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Preface



MechanicsisasubjectwhichisprettyclosetomyheartandIamenjoyingteachingthissubjecttothe
buddingengineersformorethanlasttwodecades.Mypassiontowardsthisfundamentalsubject,com-
montoalmostallengineeringdisciplines,grewwithtimeanditmademeinclinedtowardsitsminute
intricacies,manifestedinsubjectslikefracturemechanicsorbiomechanics.

Outofthem,BiomechanicsisaveryspecialonewhereIhadthechancetolearnalotoffascinating
thingsfrompracticalexperienceandthroughvariousexperiments.Ireallyfounditinterestingandchal-
lengingtocorrelatetheresultsfoundintheexperimentswiththetheories.But,withthepassageoftime,
Ifeltthatthelaboratorysimulationinexperimentswasoftentoodifficultandcomplicated.Anddespite
beinganexperimentalist,Ihadtotakethehelpofcomputationalapproachtosolvelotofproblems.
Tobehonest,beitsolidBiomechanicsorfluid,theefficacyofthecomputationaltechniqueshasoften
provedtobehandy,realisticanditenhancedthetheoreticalunderstandingaswell.Butchallengesare
stillthere.Theuseofstandardcodesorwritingnewcodesarestillthemostpreferredapproaches,rather
thanaddressingthecomplicatedandreal-lifebio-physicspuzzles.Hereliesthescopeofnewventure
inthedomainofBiomechanics.

Thepresentcompilationisaspecialonewherespecialcarehasbeentakentostrikeaproperbalance
betweenthetwoapproaches.Itpresentsawellthoughtofsequenceofarticlescateringtheacademic
interestofawidevarietyofpeople,studentsaswellaspractisingprofessionals.

Theorganisationthebook,thepresentationoftheproblemandsolution,thecorrelationwithreallife
scenarioisverygood.Ihavenodoubtthatitisgoingtobeaveryusefulbookwithagreatpotentialto
offerexceptionalexposureforallconcernedinthedomainofbiomechanics.

Chapter 1: Studies involvingapplicationsofmechanics in thebiological systems tounderstand
differentphysiologicalprocessesdatesbacktoancientperiod.Thedevelopmentofthesubjectgained
momentuminthemedievalandrenaissanceperiodbydifferentstalwartsinthefieldofscience,like
Galileo,daVinci,vonHelmholtztonameafew.However,itisnotverylongagowhenthecomputational
approach,wasrecognizedandacceptedasthepotentiallyimportantavenueforexploringbiomechanical
phenomena.However,asthecomputersbecamemoreandmorepowerful,itwaspossibleforthescien-
tistsandengineerstosimulatemorecomplexphenomenahavingcomplexthree-dimensionalgeometries,
dynamicallychangingloadingconditionsandinteractionbetweenmultiplephases,includingfluid-solid
interactions.Thisbookchaptergivesadetaileddescriptionoftheevolutionofdifferentcomputational
approachesinthefieldofbiomechanics,alongwiththeircomparativebenefitsandshortcomingsfrom
ahistoricalperspectivewithfuturedirectionintheresearch.

xv
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Chapter 2:Finiteelementmethod(FEM)isamongthemethodsofapproximationwhichisabundantly
usedtosolvethereallifeproblemsthosecannotbesolvedwiththeanalyticalmethods.Thebiological
systemsarecomplexinnatureintermsofgeometry,materialproperties,functioningandcasetocase
deviation.Thusthestandardanalyticalmethodssuffercatastrophiclimitationsinthisarea.Mainlyfor
thisreasonBiomechanicsishighlyenrichedwiththeintegrationofFEMwhichopensanewwindow
withextendedcapabilitiesagainstalogicallyacceptablemarginofapproximation.Thischapterfocuses
ondesigningofcustomizedmedicaldevices(orthopaedicanddental implants)andcorrelatingtheir
designwiththepresentedclinicalconditionand,thus,leadingtoacriteriaofdesignprescriptionbased
onclinicalcondition.

Chapter 3: Theproposedchapterwillcoverthefundamentalsofproductdesignprinciplesforad-
ditivemanufacturinginmedicaldevices,withakeyfocusonorthopedicimplantsandrelateddevices.
Thechapterwilldescribecommonlyusedadditivemanufacturingprocessesformedicaldevicesand
orthopedics,keydesignconsiderations,andhowthathasopeneduppossibilities inhealthcare.The
chapterwilldetailthefundamentalsofdesignprinciples,whichareexpandingtheboundariesofrapid,
meaningfulinnovationandpositivelyimpactingtheinnovationcyclesofawiderangeofindustries.It
willdescribehowtopologyoptimization,withthehelpofcomputingpower,isprovidingdesignengi-
neersthetoolstoaccuratelyunderstandstructure-functionalrelationshipsofdesigns,andintheprocess,
re-imaginethebiomedicaldesignsoftomorrow.

Chapter 4: Theimpactofthemusculoskeletalsystemonhumanlocomotionisacquiredusingforce
platforms,motionanalysissystemsandEMGmarkers.Thekineticandkinematicparameterscanbe
obtainedusingtheforceplatform,EMGmarkersandmotionanalysissystem.Thevideosarecaptured
usingthemotionanalysissystemandanalyzedusingsuitablesoftware.Ifthetypicalgaitpatternisir-
regular,itindicatesadisorderorabnormality.Anabnormalgaitcycleorpatternmayriseduetojoint
pain,musclestrain,deformitiesofbone,weaknessandotherimpairmentsinlimbs.Thegaitanalysis
isusedtostudyvariousgaitabnormalities.Theobtainedpatternofabnormalsubjectsisclinicallycor-
relatedfortheassessmentofgaitdisorder.Gaitanalysishasawiderangeofapplicationslikesportsfor
enduringathletes’performanceandinjuryprevention,inrehabilitation,post-surgeryanalysis,designof
orthoticsandshoes,andbiomechanicsstudiesofastronauts.

Chapter 5: AfterTotalHipArthroplasty(THA),highdemandsofproblemoccursinthefemoral
fixationespeciallyforelderlypatientsduetoperiprostheticfractures.Fractureshappenedinthefemur
afterTHAwasclassifiedbasedonvancouverperiprostheticfemoralfracture.Choosingthefixationfor
thesetypesofspecificfracturetypesarechallengingduetopatternandorientationofthefractureinthe
THAprosthesis.Severalresearchersarereportedtheclinical,experimentalandcomputationalstudies
aboutthefailureoffixationmethodsandtheyhighlightedtheremediesandscopeinthefurtherstudies.
Mostoftheauthorsrecommendedthecomputationalstudieshavingtheadvantagetopredicttheinner
behaviourofthebonebecauseinvivo/invitrostudiesavailabilityofthespecimenarelimitedanditneeds
ethicalclearance.Thecurrentstudyfocussedoncomputationalstudiesinperiprostheticfracturesaims
todiscussthethreedimensionalmodelcreation,meshgeneration,materialproperties,boundarycondi-
tions/loading,limitation,opinionsandfuturethoughtsinimplantdesign

Chapter 6: Theunderstandinginthebiomechanicshelpsustounderstandtheproblemsinvolvedin
thecervicalspine.Themostcommonproblemsinthecervicalspinearecervicalspondylosis,herniated
disc,degenerativediscdiseaseandspinalstenosis.Thesurgeriestotreattheseproblemsareanterior
cervicaldiscectomyandfusionsurgery,cervicalspinalfusion,laminectomy,laminoplastyandartificial
discreplacements.Thepost-surgeryeffectsoftheimplantsandthesurgicalstudiescanbesimulated

xvi
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usingnumericalsimulation.Inthenumericalstudybyvaryingthedesignoftheimplantsandbyvarying
thematerialmodelsthesimulationcanbeconductedandthebestcomescanbeusedfurtherforinvitro
study.Intheinvitrostudythelocalstressandstrainscannotbecalculatedbutthefiniteelementstudy
providesaclearinsightinthestressandstraindistributionacrossthefullstructure.Insummarythepre
surgicalclinicalevaluationcanbeconductedusingthenumericalstudyandtheinvitroexperimentsto
understandthebiomechanicsofcervicalspinewithimplants.

Chapter 7: Sportsbiomechanicshelps tounderstandthesportmovementsandhelps to increase
theperformanceofindividuals,andpreventsinjury.Understandingthemechanicsinvolvedinevery
sportiscrucialforkinesiologiststorecoverfromtraumaticoroveruseinjuries.Eachsportactivityhas
differentphases,andineachphase,thekineticsandkinematicsarestudiedforbetterunderstanding.
Computationaltechnologieshelptounderstandsportsmovementsandforcesdevelopedduringmotion
andprovideproperguidancethatcanbefollowedtoavoidinjuriesandenhanceperformance.Theaspects
ofbiomechanicalanalysisofsports,injuriesandtheircausesinsports,varioustechniquesforrecording
andanalysisofsportsmovementsandlastly,performanceimprovementandpreventinginjuryusingthe
analysisarediscussedinthischapter.

Chapter 8: Tissueengineeringfibrousscaffoldsplayacrucialroleinregenerativemedicine.This
chapterdiscussestheunderlyingmechanicsandvariousapproachespresentlyavailabletomodelthese
scaffoldsandtheirlimitations.Thefibrousscaffoldsaresubjectedtoforcesordeformationattwovery
different lengthscales, i.e.,macroscopic forcesduringmechanicalcharacterizationandmicroscopic
cellularforces.Thescaffoldbehavesverydifferentlyunderthesetwoloadingconditionsandveryfew
computationalframeworkscapturethetruenatureofthescaffoldundermicroscopicloading.Theau-
thorshavealsobrieflydiscussedaboutthetwodifferentwayshowacellcansensethestiffnessofthe
underlyingscaffoldandhowitdiffersfromthemacroscopicstiffness.

Chapter 9: Theaorticvalveiscomposedofcollagen,elastin,proteoglycan,valvularinterstitialcells
(VIC),andvalvularendothelialcells(VEC).Intheopencondition,theaortavalveallowsbloodtoleave
theheart,andintheclosedcondition,itpreventsthebackflowofthebloodtotheleftventricle.How-
ever,whentheaorticvalvecupsbecomenarroworthickened,cuspmotionisimpairedandobstructs
thebloodflow.Thischapterinvestigatesthestructureandcompositionoftheaorticvalvecuspandthe
roleofVIC,VEC,andcross-talkofVEC-VIC.Inaddition,biomechanicalcharacterizationoftheaortic
cuspssuchasuniaxial,biaxial,flexure,three-pointbending,cantileverbending,andviscoelasticitywas
discussed.Furthermore,etiology,invitrocellcultureandinvivoanimalmodels,andexvivomodels
mimickingaorticstenosisandregurgitationweresummarized.

Chapter 10: Withtheadvancementofcomputerpower,computationalsolutionisconsideredasa
usefulpredictivetoolforstudyofthebloodflowthroughdiseasedartery.Thebloodflowisgovernedby
thecontinuityandNavier-Stokesequations.WomersleynumberandReynoldsnumberarephysiologically
importantnon-dimensionalflowparameters,haveexistenceinthenon-dimensionalgoverningequations.
Inthecomputationalsolution,themathematicalflowmodelledisestablishedconsideringsomebound-
aryconditions,andthenitissolvedbynumericalsimulations.Thegoverningequationsareconverted
todiscretisedformandthensolvednumericallybyreadilyavailablecommercialCFDsoftwareandor
byin-housedevelopedCFDcodeusingdifferentalgorithms.Gridindependencetestandvalidationof
CFDmodelarethecrucialpartsofcomputationalsolution.Thepresentchapterdeliverstheknowledge
onimpactoffluidmechanicsonarterialdiseasesandcomputationalsolutiontechniques.

xvii
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Chapter 11: Digestionoffoodformsanessentialprocessinalivingorganism.Digestionoffood
canbeclassified into twocategories; (i)mechanicaldigestionand (ii)chemicaldigestion.Whereas
mechanicaldigestioncontributestothephysicalbreakdownoffoodusingmechanicalforces,chemical
digestioncontributesviabreakingdownthechemicalbondspresentinthefood.Theprocessismani-
festedbymuscularcontraction.Theintestinedevelopsundulationsviacontractionofthemusclefiber
thatinvolvescontractionandrelaxationofmusclefibers(referredtoastheperistalsis).Asaconsequence,
themomentumgeneratedby themuscularcontractionserves todevelop fluidmotion in the lumen,
whicheventuallyleadstomixingandtransport.Whereasthebodilysecretionsofthedigestiveenzymes
participateininnatedigestion,thegutflora,ontheotherhand,alsoinfluencedigestiontoanextentby
meansoffermentation.Smallintestinalperistalsisservesasthekeymediator,whetherthedigestion
proceedsnormallyduringphysiologyorabnormalleadingtopathology.

Chapter 12: Manyresearchersandurologistsarepresentlystudyingdifferentdesignsofureteral
stentstoadvancethefeatureoftheirsurgeriesandthesucceedingrecoveryofthepatient.Withtheaim
ofhelpduringthisdesignprocedure,severalcomputationalmodelshavebeenestablishedtosimulatethe
performanceofvariousbiologicaltissuesanddeliveranaccuratecomputationalenvironmenttoestimate
thestents.Though,asaresultofthehighdifficultyofthecomplicatedissues,theygenerallyintroduce
interpretationstocreatethesesimulationsasmalleramountcomputationallytrying.ADJstent(double
J)isusedtoimprovetheblockingofurineintheupperurinarytractwhilethereisureteralstenosis,
whichcausesthedisturbanceofnormalurineflowandaffectsrenalorkidneyfailure.Theintention
ofemployingaDJstentistoconfirmenoughurineflowintheureter,buttheDJstentperformsasa
foreignbodyintheurinarytractandsometimesactsasadifficultyinachievingsatisfactoryurineflow.

Chapter 13: PCNLorPercutaneousnephrolithotripsyisoneoftheforemostinterventionalsurgical
treatmentmodalitiesforbigkidneystones,whichismorethantwocentimetersindiameter.Withthe
applicationofminiaturizedprocedures,thesignsforpercutaneousnephrolithotripsyhavebeenincreased
tosmaller renalstones.Particularlyforurologists’surgeonswithoutanaccentonendourology, it is
challengingtoindicatethedevelopingmultitudeofexistingmethodsandprocedures.Severalmakers
haveestablisheddifferentpercutaneousnephrolithotripsymethodswithchangingdiametersanddiffer-
entfeatures.Thesuggestionsforthedissimilarmethodsareintersecting.Reflectivestudiespresented
decreasedcomplicationrates.Thischapterdefines thepresentlyavailablemethodsforpercutaneous
stonesurgicaltreatmentwiththeirparticularitiesandsuggestionsandstudiesthesteeringofasurgical
flexibleneedleintothekidneytotakeoutthestonebythisprocedureandfiniteelementmodelanalysis
forceofsurgicalneedleanddeformationofkidneytissuemodel.

Chapter 14: Birdshavealwaysfascinatedscientiststoawholenewareaofflightmechanism;through
bio-mimicryoftheseflyers.Theseflyerscansustainandcontroltheflightthroughclevermaneuvering
byflappingtheirwings.Itinvolvesanintricateaerodynamicforceproductiontogeneratesufficientlift
forcetoovercomethedragandperformusefulmaneuvers.Developmentoftheforcesdifferswidely
amongthespeciesduetonaturalselectionoftheflyers.Asfarastheflappingmechanismisconsidered,
itisveryefficient.Thedifferencesinflightmechanismsmaybeexploredbydeterminingthekinemat-
ics,kineticsandaerodynamicsoftheflyers.Wingkinematicsdeterminestheaerodynamicforceswhich
varywithflappingspeed.Themaneuverabilityandstabilityareregulatedbycomplexmuscleactionand
neuralcontrol;allowingtheflyertoperformspecifictasks.Computationalmodelshaveemergedasa
powerfultooltopredicttheflowaroundtheflyerswithpotentialexplorationofthecomplexinteractions
betweentheskeletalsystem,sensorysystemandneuralcontroloftheflight.
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Chapter 15: ThisstudydealswithestimatingthetrajectoryofCOVID-19coronavirusadheringto
horizontallyprojectedrespiratorydroplets,consideringthegeographicaltitude.Thesizeofthevirusesand
respiratorydropletsisthefactorthatdeterminesthetrajectoryofthemicroparticlesinaviscousmedium
suchasair;Forthispurpose,agraphiccomparisonofthediametersandmassesofthemicroparticles
thatareproducedinrespiratoryactivityhasbeenmade.Theestimationoftheverticalmovementofthe
microparticlesthroughtheairisbasedonStokes’Law,anditwasdeterminedthatrespiratorydroplets
smallerthan10μmindiameterhaveverysmallterminalvelocities;inpractice,theyarefloatingforbrief
secondsbeforeevaporatingintheair;Regardingthehorizontaldisplacementofrespiratorydroplets,
framesfromBeggstodetermineitsscope.

Ifeelhonouredtowritefewwordsaboutthisvaluableendeavour.Iwishallsortsofsuccess
Bestwishes

Abhijit Chanda
Jadavpur University, India
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ABSTRACT

Studies involving applications of mechanics in the biological systems to understand different physi-
ological processes date back to ancient times. The development of the subject gained momentum in the 
medieval and renaissance periods by different stalwarts in the field of science, like Galileo, da Vinci, 
von Helmholtz, to name a few. However, it is not very long ago that the computational approach was 
recognized and accepted as the potentially important avenue for exploring biomechanical phenomena. 
However, as the computers became more and more powerful, it was possible for the scientists and engi-
neers to simulate more complex phenomena having complex three-dimensional geometries, dynamically 
changing loading conditions, and interaction between multiple phases, including fluid-solid interactions. 
This chapter gives a detailed description of the evolution of different computational approaches in the 
field of biomechanics, along with their comparative benefits and shortcomings from a historical perspec-
tive with future directions in the research.

INTRODUCTION

Biomechanics is the study of why and how a living thing moves through a certain environment in order 
to complete a task. It is focused on the laws of mechanics applied to different biological systems includ-
ing human body. Humans, like all other life forms on the earth, are constantly subjected to the universal 
force of gravitation, as well as internal and external influences. From a very general perspective of life 
every human being desires to improve their quality of lifestyle. The structure, function, and mobility of 
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the human body may be analyzed, and the resultant knowledge can be utilized to assess and improve 
quality of life, by studying the interplay of these forces and their consequences in health and disease. The 
musculoskeletal system is responsible for the weight bearing and mobility of the human body, which in 
turn is regulated by a sophisticated neurological system that maintains a highly coordinated mechanical 
contact that exists between the bones, muscles, ligaments, and joints of the musculoskeletal system. Any 
kind of injury, bruises, lesion, degeneration or deformity, caused to any part of the musculoskeletal sys-
tem will change the entire mechanical interaction, leading to inefficient movement, instability, and loss 
of normal ranges of motion for the joints. Proper understanding of the mechanical environment and its 
modification, manipulation, and control, on the other hand, can help prevent injury, correct irregularities, 
and speed up healing and rehabilitation and improve performance in normal and sporting activities. As a 
result, using different analysis techniques to understand the biomechanics of human movement is useful 
for determining root cause of a disease, formulating therapy recommendations, and assessing treatment 
outcomes and performance of the sportspersons.

Biomechanics is broadly divided as

1.  Kinematics
a.  Quantitative analysis
b.  Qualitative analysis

2.  Kinetics
a.  Statics
b.  Dynamics

3.  Anthropometry

The human body consists of numerous joints and muscles that are necessary for performing daily 
routine functions. As a result, numerous musculoskeletal movements might be used in coordination to 
complete a particular type of movement. A cognitive process used to compensate for a cognitive impair-
ment. Someone, who is worse in terms of spatial than that of verbal abilities, for example, may employ 
compensating methods to address spatial challenges, such as mentally rotating a geometric figure using 
linguistic processes. While this compensatory mechanism is crucial for dealing with the effects of muscu-
loskeletal injuries or diseases, it makes non-invasive assessment of internal forces challenging. Anatomi-
cal modelling and noninvasive movement data, such as segment position and strain on force-measuring 
devices, are being combined to produce reliable findings for estimating the physiological movements.

Computational biomechanics is a promising topic of study that analyzes different body parts ranging 
from the orthopedic ones like the foot, ankle, knee, hip, lower limb, spine, head, and teeth at the tissue 
level, as well as soft tissue organs. (Sweeting & Mock, 2021) One of the key areas where computational 
methods where employed is orthopedic biomechanics. It provides the information on the complex bio-
mechanical characteristics of normal and abnormal human joints in order to bring innovative orthopedic 
therapy and rehabilitation strategies to light. The insight thus obtained allows the surgeons to map and 
perform surgical operations with more precision and with better outcome. Computer-assisted surgical 
systems have the potential to enhance clinical outcomes and healthcare delivery efficiency. It also aids 
in the establishment of a foundation for computer-integrated medicine by retrieving clinically relevant 
data on the physical condition of the underlying biology at the cell, tissue, organ, and system levels.
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HISTORY OF BIOMECHANICS

The study of human motion using the laws of mechanics started since the ancient time. Biomechanics 
has its origins in a scientific concern with the human body and its anatomy. Papyri from Egypt dated 
from 1700-1600 BC, such as the Edwin Smith and the Ebers papyri, show this kind of curiosity. Em-
balming procedures needed knowledge of anatomical structures, although this field was only emerging 
at the time. Hippocrates (460-377 BC) founded modern medicine in the 4th century BC, despite the 
fact that anatomical and physiological information was limited due to the human body’s inability to be 
dissected. Hippocrates, on the other hand, treated diseases and joint problems using logic and reasoning. 
(Innocenti, 2018) To Aristotle, projectile motion and trajectory attracted him, making him recognized 
as the “Father of Kinesiology”. He has also written a book named ‘About the movement of Animals’. 
Kinesiology is the scientific study of movement of human beings in a safe and secure mannered in order 
to accomplish the task effectively. Late 1800s to 1900s is designated as the kinesiology era. The concept 
of biomechanics emerged from physical education as a specialized area of research in the mid-1960s and 
1970s. The most fascinating era of biomechanics is in the mid 20th century and since then till now there 
is continuous development in the field of biomechanics at a rapid pace never seen before.

Some of the key scientists and their contribution in the field of biomechanics is briefed below:

1.  In the second century, Galen of Pergamon (130-201 or 216), the Roman emperor Marc Aurèle’s 
doctor, circumvented the prohibition on human dissection by examining animal anatomy, particularly 
the anatomy of the maggot monkey. This frequently erroneous anatomical information would remain 
constant for over 1300 years, until the Flemish doctor Andreas Vesalius (1514-1564) performed 
human dissections, which would revolutionize human anatomy and science.

2.  Leonardo da Vinci (1452-1519) was one of the first to dissect human beings. He is responsible 
for many anatomical descriptions of bones, joints, and muscles. In his Codex Atlanticus essay, 
Leonardo da Vinci detailed the mechanics of human movement in various planes of space for the 
first time.

3.  Galileo elevates mechanics to the status of a science (1564-1642). Indeed, he was enthralled by 
mechanics and movement. He studied medicine and science, and his work on the center of gravity 
resulted in the validation of several theorems. He was also enthralled by the pendulum and the fall 
of bodies.

4.  Giovanni Alfonso Borelli (1608-1679) made essential attempts at scientific analysis of living 
beings’ movement in space i.e. locomotion using Galileo’s theory of mechanics. He compared a 
man’s movement to that of a miniature boat and its rower in his work De motu animalium (1679), 
noticing parallels between the foot’s support on the ground and the support of the shovel paddle 
in the water. In the second phase of his study, he attempts to characterize the internal forces, or 
muscle contractions. Borelli studied mobility on land, in the water, and in the air in walking animals, 
swimming fish, and flying birds.

5.  When Eadweard Muybridge (1830-1904) took the first series of images of a movement in space, 
the scholarly interest in human mobility has developed. At the time, there was debate over whether 
the horse’s four legs could be in the air at the same moment during a gallop. Muybridge had 12 
cameras in a line in 1878. Each camera is fired past by a galloping horse. This initial set of images 
demonstrated that the horse’s four legs are all in the air at the same time.
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6.  In 1881, Muybridge was approached by the French scientist Étienne-Jules Marey (1830-1904), who 
was interested in investigating the mechanics of flying birds. At the time, France was the epicentre 
of scientific research impact in different fields. The group was led by Professor E.J. Marey of the 
Collège de France. Among the scientists who participated in this group were Carlet, Demeny, Pages, 
Marey (1872), Carlet (1872) and Mare (1873, 1874).

7.  Guillaume-Benjamin Duchenne (1867, 1873) and Adolf Fick (1860, 1866) have made substantial 
contributions to a better knowledge of the muscular and articular systems.

8.  Christian Wilhelm Braune (1831-1892) and Otto Fischer were influenced by Marey’s work (1861-
1917). After Braune’s demise, Fischer continued the research. He used four chronophotographic 
devices to improve Marey’s movement study approach. While researching walking, experiments and 
data analysis were more precise, and the results were more significant. He arrived to the conclusion 
that when walking, the lower limb does not behave like a pure pendulum, but rather is influenced 
by the muscle forces.

9.  Rudolf Fick, the son of Adolf Fick and a pupil of Otto Fischer, is the author of the early twentieth-
century anatomy book Manual of Anatomy and Mechanics of the Joints. In the three parts that make 
up the book, each muscle and joint is methodically covered. At this time, Jules Amar’s (1879-1935) 
work, which related articular motion theories to human physiology for the rehabilitation of amputee 
patients in need of prosthesis, was very crucial. Amar invented the “dynamographic sidewalk,” 
which measures patient pressures on the ground and allows him to personalize prosthesis for them. 
This equipment gave rise to the force plate, which can now be found in almost every biomechanics 
laboratory. During First World War, the number of cases of lower and upper limbs amputations 
increased considerably. As a result, a number of scholars (including Mommsen (1918), Shede 
(1918), Bloch (1919), Schmetz (1921), Verth (1927), and others) focused their efforts on the study 
of movement and the development of prostheses.

10.  Ivan Sechenov (1829-1905), a physiologist, and Peter Lesgaft, a physicist and anatomist, were 
among the first to establish biomechanics in Russia (1837-1909). The international face of Russian 
biomechanics is Nikolai Bernstein (1896-1966), a neurophysiologist with a background in mechanics 
and mathematics. The purpose of this scientist and his colleagues’ research was to improve work-
ers’ performance by studying human mobility. The term “biomechanics” was coined by Bernstein 
to characterize the application of mechanical principles to the study of motion.

11.  The Movements of the Human Body, a landmark study on sports biomechanics, was published 
in 1938 by K. Michael Ivanitski (1895-1969). Over 100 research publications on the functional 
anatomy of movement in relation to physical education and sports have been published by him. 
Among the Russian scientists of the mid-twentieth century, we must highlight Lev Nikolaev (1898-
1954), whose work Guide of Biomechanics Applied to Orthopedics, Traumatology, and Prosthesis 
(1947-1950) proved his expertise gained during WWII. Following WWII, experimental biomechan-
ics research in Germany was effectively ceased, while the rest of Europe was badly damaged. For 
obvious reasons, only work on assisting millions of invalids through the development of prostheses, 
orthoses, and orthopedic research was supported. After that, the scientific epicenter migrated to 
North America. Near the close of the twentieth century, movement analysis sciences resurfaced in 
Europe and Asia.

12.  Basler, a German physicist, focused on mobility in the 1930s. He was particularly interested in the 
human body’s center of gravity. He created a specific dynamometer to examine the response forces 
of the foot on the ground.
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13.  Various scientific studies undertaken by American scientist Elftman in a Colombian institution 
took place between 1938 and 1943. He investigated the distribution of mass at the feet, the role of 
the arms while walking, body rotations, and ground reaction forces, among other things. His name 
is most known for designing the first force plate, which was published in the prestigious scientific 
magazine Science in 1938.

14.  Scherb, a Swiss scientist, published his studies on muscular activation in the 1940s. When he 
walked on a treadmill, several muscles’ electrical potential was recorded by him. Myokinesiology 
was the name he gave to his technique. He used his findings to rule out potential muscle issues and 
undertake post-transplantation controls. He was one of the first scientists to promote the ;’theory 
that the neuromuscular approach for autonomic actions like walking is acquired through experience 
and is deeply recorded for the rest of one’s life.

APPROACHES IN BIOMECHANICS

Conceptual, physical, and mathematical models have all been demonstrated to be successful in biome-
chanics. Only a few occasions have conceptual models been used to elucidate a notion without requiring 
physical construction or mathematical investigation. Models that represent many body segments and 
muscles, as well as sophisticated bone shapes, range in complexity from the extreme simplicity of some 
walking and running models to the complexity of models that represent multiple body segments and 
muscles. The more straightforward the model, the more evident which features are required for the es-
timated outcome. Computer models have been increasingly popular in the field of biomechanics during 
the last decade, thanks to fast expanding computer power. Multi-body models and numerical models 
are the two most common types of biomechanical computer models. As a medical imaging tool, mesh 
creation and material modeling are important to accomplish the purpose of individualizing the model. 
Possibly on parallel computer architectures, this chain of tools is necessary. (Alexander, 2003)

Biomechanics has one fundamental limitation: due to ethical issues, the forces and pressures inside 
the human body are notoriously difficult to quantify. Since the body and environment are intertwined, 
biomechanics measurement technology tends to concentrate on this interaction. Electromyography (EMG) 
measures the action potentials of contracting muscles using electrodes attached to the skin, whereas 
force platforms dynamically calculate reaction forces when a person walks or runs across the sensors. 
Different models in computational biomechanics are as follows:

Conceptual Models

In biomechanics, conceptual models that do not require mathematical analysis are utilized only infre-
quently. It could be a system for assisting individuals in learning about, understanding, or simulating the 
subject the model represents. Conceptual models are representations of real-world objects.

Physical Models

In biomechanics, physical models have been proved to be useful for a variety of applications. For start-
ers, a physical model can demonstrate how a suggested method actually works. Observations that would 
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have been difficult to make on live animals or plants in the past have been made using physical models. 
Stress patterns in irregularly formed bones were studied using photoelastic models.

The Finite Element Analysis

The finite element method (FEM) is a prominent numerical analysis approach widely used for obtaining 
approximate solutions to a wide variety of engineering problems by solving systems of partial differ-
ential equations (PDEs) on a computer in different fields of engineering etc. It has been emerged as a 
sophisticated computer methodology for structural stress analysis established in engineering mechanics. 
It is a recent method for numerical stress analysis that has the benefit of being adaptable to irregularly 
shaped objects with heterogeneous material characteristics. Such numerical tools may lead to a better 
understanding of particular tissues’ responses and interactions.

In 1972, the FEM was used for the first time in biomechanics. The basic idea behind FEM is that 
a solution region has to be designed analytically with the aid of some discrete elements, the method 
popularly known as discretization. In other way, this is of utmost use where the user needs to choose 
a physical situation that may be described by a system of partial differential equations with complex 
geometry (e.g. the human head or knee), an analytical (mathematically correct) solution is impossible 
because of the complex geometry.

The general procedure of FEM can be summarized to have the following steps:

• First of all, the object of interest has to be chosen, and a discrete representation or discretization 
of the domain or the object of interest has to be generated.

• The physical behavior of the object of interest is to be defined by selecting the appropriate inter-
polation functions.

• All the systems of equations are formulated accordingly, and stiffness matrix (The mechanical 
qualities of the underlying structure are essentially represented by a stiffness matrix) is set up.

• Solutions to all the system of equations are computed for the nodes and are interpolated across the 
elements. It makes the problem’s numerical solution ready.

The application of FEM in the orthopedic as well as dentistry is undeniably vast. In 1972, the finite 
element method (FEM) was brought to orthopedic biomechanics to assess stresses in human bones. 
Since then, this approach has been used more often for stress assessments of bone and bone-prosthesis 
systems, fracture fixation devices, and numerous tissues other than bone.

Although the FEM yielded a limited number of noteworthy results and helpful concepts during its first 
decade of application in this sector, numerous articles served to demonstrate its possibilities and limits. 
The approach is now well established as a tool for fundamental research and design analysis in orthopedic 
biomechanics, and the number of publications that employ it is fast growing. Meanwhile, as advanced 
computing system evolved, the method’s capabilities are expanded, along with the rising sophistication 
of computers, ensuring exciting future possibilities. However, as the biological structures involved, as 
well as the clinical difficulties, are complicated, scientific development in this domain necessitates a solid 
grasp of engineering mechanics on the one hand, a great comprehension of mathematics on the other, 
coupled with a sound knowledge of the biological systems where the result of the analysis belongs to.

Stress analysis of dental structures has been a popular topic in recent years, with the goal of iden-
tifying stresses in dental structures and improving their mechanical strength. The mouth cavity, as we 
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all know, is a complicated biomechanical system with restricted access. As a result, the majority of 
biomechanical research in the oral environment, such as orthodontics, restorative dentistry, endodontics, 
prosthodontics, and so on, has been done in vitro. Apart from the orthodontics, FEM is successfully 
applied to different weight bearing joints of the human body, such as hip, knee and shoulder joints as 
well as different segments of spine.

THE EVOLUTIONARY FRAMEWORK IN COMPUTATIONAL BIOMECHANICS

Computational methods and tools in biomechanics are used for the analysis of mechanical interactions 
that have naturally transferred from traditional engineering fields to the study of the cell, tissue, and organ 
biomechanics. Models that describe and predict behavior have become increasingly complicated, despite 
the availability of current computational tools, as it aims to replicate the complex mechanical behavior 
of the biological systems. Despite the fact that these models have yielded sufficiently good results in 
predicting the behaviour of the system under inspection, their utility is occasionally questioned. The 
validation and verification of models are insufficient, which has led to criticism. So, different strategies 
are employed to examine and validate the model and explain the principles of verification, validation, 
and sensitivity studies. In computational biomechanics, model analyses and interpretations are the key. 
Real-world examples are provided for a better understanding of evolution. This chapter provides a drone 
view of the computational methods that has been evolved with the growth of digitization. The evolu-
tion of computational biomechanics has been strategized on the basis of physiological parameters and 
biological systems. Here we have categorized it as follows:

MAJOR AREAS OF RESEARCH ASSOCIATED WITH 
COMPUTATIONAL BIOMECHANICS

• Musculoskeletal Biomechanics
• Orthopaedic Biomechanics
• Cardiovascular Biomechanics
• Injury Biomechanics
• Sports Biomechanics
• Cellular Biomechanics
• Rehabilitation Biomechanics

Section I: Musculoskeletal Biomechanics

Musculoskeletal biomechanics study involving computational approaches is one of the prominent areas of 
biomechanical studies. The computational techniques can be used to assess the gait patterns of different 
subjects, joint forces and range of motions in health and diseased conditions, as well as understanding the 
internal mechanical environments of the musculoskeletal systems using numerical techniques like FEA.

1.  Computational Modeling of Trabecular Bone Mechanics: The porous structure of the trabecular 
bone contains bone marrow, which provides a particular habitat for a range of cell types, including 
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mesenchymal stem cells (MSCs). The fact that marrow possesses the properties of a fluid while 
being surrounded by bone that is prone to deformation has prevented prior experimental and 
computational investigations from accurately representing the complex mechanical environment 
imposed on MSCs. As a result, past experimental and computational studies have been unable 
to adequately depict the complex mechanical environment in the trabecular structures. A recent 
achievement in this research was the construction of a fluid structure interaction (FSI) model of 
trabecular bone and marrow to predict the mechanical environment of MSCs in vivo and analyze 
how this environment varies throughout osteoporosis. (Birmingham et al, 2010, Lycke et al, 2019)
Lower bone mass and a variety of marrow viscosities, both of which are associated with osteopo-
rosis, were utilized to study the impact of lower bone mass and a variety of marrow viscosities on 
the shear stress induced inside bone marrow utilizing these methods. The findings show that shear 
stresses generated inside bone marrow under physiological loading circumstances are within the 
range that has been shown to cause a mechanobiological response in MSCs in vitro. Furthermore, 
a decrease in bone marrow viscosity reduces marrow shear stress, whereas a decrease in bone mass 
increases marrow shear stress.

2.  Computational Modeling of Extravascular Flow in Bone: The resident cells of bone tissues are 
the micromachines in charge of maintaining and modifying tissue shape to meet the demands of 
bone’s dynamic, physiological activities. Mechanical strain causes extravascular fluid flow, which 
transmits mechanical and chemical signals that affect bone cell function. On the other hand, the 
mechanisms by which cell-scale processes are transmitted to functional adaptation at the organ scale 
are unknown. Researchers can use predictive multi-scale models to digitally analyze the effects 
of certain model parameters, increasing efficiency and speeding up the discovery of functional 
adaptation processes. The creation of computer modeling tools is meant to predict the relationship 
between mechanical stress of bone, load-driven fluid flow, and molecular transport augmenta-
tion inside bone. Recent research has found that common idealizations in geometry, geographical 
distribution and material features of cells and tissues reduce the accuracy of extravascular flow 
projections. Fluid drag-induced stresses on cell surfaces, for example, are underpredicted by or-
ders of magnitude when pericellular fluid space geometries are idealized. (Steck et al, 2010) New 
bottom-up methodologies will help researchers decode the mechanical and chemical signals that 
make up the mechanophysiological environment of bone at several length scales, which is crucial 
for understanding mechanotransduction and how cells adapt bone tissue in health and disease. 
(Terkawi et al, 2022)

3.  Computational Modeling of Cell Mechanics in Cartilage: Mechanical interactions between 
cells and their extracellular matrix influence mechanotransduction in mammalian tissues. It is now 
possible to estimate material characteristics and their variations with critical parameters such as 
location, age, and disease thanks to the discovery and implementation of solid-based computational 
techniques for multiphasic continuum models of articular cartilage cells (chondrocytes). Models 
for a variety of in vitro micromechanical test designs for evaluating cell characteristics, as well as 
simulations of mechanical cell-matrix interactions under physiologically acceptable stress condi-
tions, are among the uses. The computational approaches, which include applications to contact 
concerns and multiscale modelling, use the boundary element method (BEM) and the finite element 
method (FEM) (Haider et al, 2010)
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Section II: Evolution of Computational Biomechanics 
Approaches for Physiological Fluids

Computational methodologies and tools for analyzing mechanical events in biological systems have 
readily moved to the study of cell, tissue, and organ biomechanics from traditional engineering domains. 
Despite the availability of modern computer capabilities, models that explain and forecast the future 
have gotten increasingly sophisticated as biological systems’ mechanical activity has become more 
complex. Despite the fact that these models have produced positive research outcomes, their usefulness 
is occasionally called into doubt. Model validation and verification are insufficient, which has resulted 
in criticism. The link between the constructs and the concepts of verification, validation, and sensitivity 
studies are explained. In computational biomechanics, model analysis and interpretation are critical. 
For a better understanding of evolution, real-life examples are offered. Some of the applications of the 
computational biomechanics in the area of physiological fluids are given below.

1.  Immersed Boundary/Continuum Methods: In the study of biological systems, the relationship 
between fluid and solid structure is crucial. Accessible finite element codes and computational 
fluid dynamics codes have historically been linked via staggered iterations. Despite this, intricate 
dynamical system behaviours are usually lost in the process, despite the simplicity of the approach. 
For this reason, the researcher focused on the fluid-solid interaction (FSI) systems as a whole in 
order to capture the dynamical aspects of the system and develop efficient methods for system model 
reduction. (Wang, 2006) Since its inception, the immersed boundary technique has been applied to 
a wide range of problems. The first application of this strategy was for the structures that are very 
flexible and have a less stringent time step constraint. Both elastic fibre and beam (rod) networks 
can be utilized to mimic complicated nonlinear systems in modern versions of immersed boundary 
techniques. Immersed finite element formulations have also incorporated advanced nonlinear solid 
models. The implicit compressible immersed continuum approach’s preliminary results demon-
strate that correct time steps can be used for stiff FSI systems. Furthermore, immersed boundary/
continuum approaches can be used to tackle compressible fluid flow issues.

2.  Computational Modeling of ATP/ADP Concentration: The ability of vascular endothelial cells 
(ECs) to adapt to mechanical stresses resulting from blood flow is crucial for proper vascular 
function, and abnormalities in this area can result in major problems. EC mechanotransduction is 
important in vascular pathology. Intracellular calcium mobilization by ECs is one of the first and 
most important reactions to flow. Calcium mobilization is stimulated in ECs because the adenine 
nucleotides ATP and ADP are present outside the cell, indicating how flow modifies the EC-surface. 
Knowledge of ATP/ADP levels is required to comprehend the calcium flow response. (Choi & 
Barakat, 2010) Because quantifying ATP/ADP concentration at the EC surface experimentally is 
difficult, researchers have concentrated their efforts on building mathematical models that quantify 
the effect of flow on ATP/ADP concentration at the EC surface.

3.  Multiscale Transport and Absorption with Intestinal Function Using a Lattice-Boltzmann 
Method: When dealing with related multiscale flow problems, scalar transport is used. A two-
dimensional model is obtained using a lattice-Boltzmann model with a multigrid approach and 
changing boundaries, but the method is directly generalizable to three dimensions, and the ap-
proaches were used to investigate nutrient intake at the small intestine epithelium. The fine grid is 
nested within a coarse grid in this design, having an overlap region between the two grids. Due to 
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the information transfer between the two grids, mass and momentum are conserved while stress is 
maintained. The scalar is subjected to a modified moment propagation strategy, which allows for 
greater Schmidt numbers than competing methods. The shifting borders were treated using second-
order boundary conditions, which interpolated to the exact wall position. Scalar transport from the 
border to a temporary lattice node was constructed for scalar and scalar flux boundary conditions, 
and it was then projected back to the node adjacent to the boundary. (Wang et al, 2010) A macro-
scale cavity flow was simulated on the lower surface with micro-scale finger-like protuberances 
moving in a pendular motion as a model of macro-micro scale interactions in fluid motions, scalar 
mixing, and scalar uptake at the surface of the villi that line the epithelium of the human intestines 
to demonstrate the method’s utility.

Section III: Computational Evolution of Cardiovascular Biomechanics

In cardiovascular development, the interaction of genetic and epigenetic (environmental) factors is 
dynamic. Despite the fact that the majority of current research focuses on genetic factors, it is clear 
that mechanical plays a vital role in the development of the heart and blood vessels. Understanding the 
interplay between mechanical and developmental processes is essential for detecting changes that can 
lead to congenital cardiovascular problems. Tissue engineering, infarct repair, and other fields could 
benefit from this information. Engineers are investigating the impact of mechanical pressures on car-
diovascular morphogenesis, which is a relatively new subject in developmental biology. The prior idea 
included volumetric increase and active contraction. The next sections explore the use of this and other 
ideas to cardiovascular development difficulties.

1.  Vascular Hemodynamics Computational Modeling: In addition to biochemical considerations, 
hemodynamic parameters governed by lumenal geometry and blood flow rates are likely to have 
a role in the development of cardiovascular disease. Although the function of flow variables in 
aneurysmal illness is still contested, several computational and experimental studies have been re-
lated certain hemodynamic characteristics to the onset and progression of atherosclerotic plaques. 
The approaches used in applying Computational Fluid Dynamics (CFD) to model patient-specific 
flow have also been demonstrated. Typical modelling assumptions and boundary conditions are 
used to define post-processing and visualization techniques. The current improvements in medi-
cal imaging and numerical approaches (Rayz & Berger, 2010) lead to further development of the 
computational modelling will grow into a therapeutic tool that will provide patient-by-patient 
guidance for cardiovascular disease treatment.

2.  Computational Modeling of Coronary Stents: Both medical device design optimization and 
cardiovascular surgery pre-operative simulation can benefit from realistic computer modelling. The 
study of fluid and solid stress can reveal important information on tissue interaction and response 
mechanisms. In approaches for fluid and solid modelling connected to stents, the hemodynamic 
and mechanical data generated by simulations are discussed in terms of their consequences on 
vascular health and mechanotransduction. (Chen & Kassab, 2010)

3.  Aortic Heart Valves Computational Modeling: The mechanics of the aortic heart valve can be 
studied through computational modelling. In the heart valve, solid components interact with a fluid 
domain, resulting in complicated dynamical and mechanical behaviour. There is no standard way 
to modelling the heart valve at the moment, and numerous strategies have been utilized to address 
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the various components of heart valve modelling. The imposition of the load, the simulated seg-
ment of the cardiac cycle, the inclusion of the fluid component of the problem, the intricacy of 
anatomical components, and the description of material properties are all examples of differences 
in technique. Simplicity saves time and money, but it may compromise accuracy. More physiologi-
cally appropriate models will be possible when modelling techniques progress and are used. (Croft 
& Mofrad, 2010) Computational research on the aortic valve has resulted in a better knowledge 
of normal valve mechanics, new insights on sick valve evolution, and predictions of the durability 
and efficacy of surgical repairs and valve replacements.

Section IV: Computational Evolution of Soft Tissue Biomechanics

Computational biomechanics of soft biological tissue is boosting our ability to address transdisciplinary 
difficulties in academia, industry, and medicine. Soft biological tissue such as the artery wall, the heart 
wall with the heart valves, and the ligament are studied using some of the available computational meth-
odologies. The inherent complexities of the biological microstructure and functions of each researched 
soft tissue are briefly reviewed, research effort related to constitutive modelling is catalogued, and a 
sample constitutive model for each analyzed soft tissue is explored in further depth. Residual stresses, 
as well as biological processes like growth and remodeling, are described. (Usyk & McCulloch, 2003)

1.  Mathematical and Computational Foundations of Biomechanical Imaging: The term “biome-
chanical imaging” refers to the measuring of mechanical properties of tissues in situ and in vivo. 
(Barbone & Oberai, 2010) The mechanical property distributions can be visualized to create the 
tissue pictures. The capacity to scan the tissue while it is being deformed by external pressures is 
critical to the method. Image processing is used to infer the displacement (or, in some circumstances, 
velocity) field across the region of interest. An inverse problem for the appropriate mechanical 
features is presented using the measured displacement fields, an assumed form of the tissue’s 
constitutive equation (e.g., linear elastic), and the rule of conservation of momentum. (Barbone & 
Oberai, 2010)

2.  Meshfree Computational Method: In the late 1970s, meshless methods (MMs) were first uti-
lized to solve astrophysics problems. It is not necessary to explicitly link nodes in MMs since the 
spatial domain is represented by a collection of nodes (cloud of points) rather than by elements 
as in most mesh-based techniques (e.g., finite difference method, finite element method, finite 
volume method). A brief discussion of the applications, advantages, and disadvantages of many 
MMs developed and applied in the context of computational biomechanics. (Garg & Pant, 2017) 
The meshless total Lagrangian explicit dynamics methodology operate alongside strong and weak 
formulations, as well as novel interpolation algorithms such as modified moving least squares and 
the discretization correction particle strength exchange method. The approaches’ usefulness in 
multiscale issues, as well as their inherent parallelization and advantages over classic mesh-based 
numerical methods, can be analyzed through diverse applications. MMs are common numerical 
approaches that can be used to solve difficult engineering problems. MMs will be sturdy enough 
to be deployed by industry after extensive and rigorous research in the field.

3.  Computational Biomechanics of the Human Cornea: The increased use of corrective refractive 
surgery has piqued scientists’ curiosity in the human cornea’s biomechanical activity. To improve 
the success of surgical treatments, it is critical to understand the link between mechanical and 
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optical performance. This entails the creation of trustworthy computer imaging, modelling, and 
virtual training methods. A good biomechanical model can accurately replicate refractive surgery 
in both healthy and sick corneas, which lowers the risk of surgery failure (exploring the possibil-
ity of successful surgery), how a computer model of corneal biomechanics can be used to aid and 
improve clinical practice can be possibly shown. Photorefractive keratectomy (PRK), laser in situ 
keratomileusis (LASIK), and laser subepithelialkeratomileusis are the most popular refractive error 
correction methods (LASEK). More clinical outcome research and the utilization of new technol-
ogy, techniques, and procedures have been done as a result of the technique’s effectiveness. The 
scientific interest in the biomechanical activity of the human cornea is further explained by the 
growing popularity of corrective refractive surgery. (Lycke et al, 2019)
The majority of the computational studies focus on testing method modelling, material character-
ization to account for the stroma’s underlying microstructure, standard surgery technique outcome 
prediction, and intraocular pressure measurement accuracy. Unfortunately, basic science research 
has lagged behind clinical advances, and the anatomic, biologic, and physiologic aspects of the 
wound healing process following refractive surgery remain unknown and unmolded. Improved 
predictability of refractive surgery outcomes, novel surgical options for damaged corneas, and 
preoperative detection of eyes at risk of developing ectasia following refractive surgery could all 
be aided by a better understanding of corneal biomechanics. It could be crucial in the development 
of a corneal replacement in the near future.

Section V: New Scope in Dentistry

The application of biomechanics in dentistry is a topic less discussed. This is because it is often as-
sumed that its application in orthodontics and implantology relates to the movement of the mandible 
or the application of forces. As a result, the basic information and essential ideas necessary in this field 
for study and comprehension of the nature of tissues have not been particularly effective. (Manea et al, 
2019) Biomechanics is an important branch of study in dentistry. It enables complete understanding 
of the nature and mechanical characteristics of oral tissues, mandibular and temporomandibular joint 
movement, and external agents to which the entire stomatognathic system is exposed.

COMPARATIVE ANALYSIS OF DIFFERENT METHODS

For everyday computational biomechanics applications, current computational models have the poten-
tial to become commodities in the future. Thanks to the availability of models and related resources, 
others will be able to grasp their capability, assess their quality, and repurpose them for other use cases 
without having to rebuild them. The biomechanics community has recognized this opportunity and has 
begun to lay the framework for a computational modeling and simulation sharing culture, with some 
success. The community became aware of the issues in model sharing as many groups sought to include 
model exchange strategies into the workflow of academic research. There are initiatives and rules that 
are synergistic, yet they are sometimes redundant or contradictory. The architecture and attitude for 
sharing models is improving, and simulation software is expanding to support open science and hence 
more data for computer simulations. There are differing views on what should be shared, why it should 
be shared, how it should be shared, and when it should be shared. All of this looks to be creating a 
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positive dynamic inside the community and among diverse stakeholders, which will aid in driving the 
model sharing culture toward a unified understanding backed by a long-term platform. It is possible to 
have a greater knowledge of how this system operates, particularly the symbiotic interaction that ex-
ists amongst oral tissues, through it. This offers up the prospect of better diagnosis, treatments, and the 
identification of more appropriate repair materials. One of the probable reasons why it is not viewed as 
important anymore is because it is deemed impracticable to utilize owing to the sophisticated handling 
required for its experimentation.

FUTURE ANALYSIS

Computational biomechanics employs variety of scientific disciplines, including computer science, math-
ematics, mechanics, and biology. As a result, the expansion of this field depends on the development in 
technology to enable faster implementation of the base disciplines. The effectiveness of computational 
biomechanics must be judged in terms of how accurately it can predict material behaviour and as a 
consequence, how successfully it helps to augment quality of life.

The progress of computational biomechanics both in terms of societal as well as natural occurrence 
has been visualized over the past few years in solving various biological or biomechanical problems. We 
can explain a lot more today than we could before when the computational biomechanics was a vague 
idea and was solely associated with engineering. In the realm of medical research, computational bio-
mechanics is projected to have one of the most significant impacts. The human body is a complicated 
system in which various mechanical and fluid processes occur at all times. Computational biomechan-
ics may aid in the accurate modeling of processes such as blood flow through the human body, organ 
and limb function, and much more. Medical practitioners and researchers will be able to develop more 
advanced treatment procedures as a result of this. It also helped in the field of prosthetics, orthodontics 
and rehabilitation.

It is apparent that models of physical and biological systems have given computational biomechan-
ics a bright future Integration of biological, quantum, and molecular mechanics has made this possible 
through the use of computer simulations. As a result, a variety of systems, including communication, 
medical, military, and industrial, to mention a few, have seen significant improvements.
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ABSTRACT

Finite element method (FEM) is among the methods of approximation, which is abundantly used to 
solve the real-life problems that cannot be solved with the analytical methods. The biological systems 
are complex in nature in terms of geometry, material properties, functioning, and case-to-case devia-
tion. Thus, the standard analytical methods suffer catastrophic limitations in this area. Mainly for this 
reason, biomechanics is highly enriched with the integration of FEM, which opens a new window with 
extended capabilities against a logically acceptable margin of approximation. This chapter focuses on 
designing customized medical devices (orthopaedic and dental implants) and correlating their design 
with the presented clinical condition and, thus, leading to a criteria of design prescription based on 
clinical conditions.

INTRODUCTION

The standard analytical methods of solution have got only limited scope to solve the real life laws of 
physics. The space and time dependent problems are often expressed as partial differential equations 
(PDE)s whose solution can be addressed through methods of approximation. There are few established 
numerical methods of approximation like finite element method (FEM), finite volume method (FVM), 
finite difference method (FDM), etc. These methods and their differences are precisely mentioned by 
Bjorn Sjodin in Machine Design (https://www.machinedesign.com)(Sjodin, 2016). This chapter gives 
an overall idea of the working mechanism of solid structural analysis using FEM. It is focused on the 
biomechanical problem of design customization of orthopaedic and dental implants.
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BACKGROUND

Designing of medical devices has been greatly benefited by the integration of FEM in the product 
development process over the last decade (Driscoll, 2019). FEM is a numerical tool, which is used to 
solve boundary value problems. In this method, a complex entity is considered to be a combination of 
finite number of small entities of regular configuration, known as Elements. As for example, in case of 
solid structural analysis, a complex geometry is considered to be composed of an aggregation of small 
geometrical elements of regular shape (Fig. 1a). We can take the example of a complex brick structure 
(Fig. 1b). It’s quite difficult to identify the status of stress or deformation of any particular point within 
the irregular structure. But we may calculate these entities for each brick, which is a regular structure. 
Each brick passes its force output to the next brick in the sequence, and there this force acts as the input 
force. Once the mechanical parameters of all the bricks are calculated, we can aggregate the individual 
outcomes and obtain the overall results for the whole structure or for any particular zone of interest. 
Unlike the bricks which are cemented to each other through the interfacing surface, the elements in the 
FE system are connected to each other at certain defined points, known as Nodes, which can pass infor-
mation from one element to another. A system of field equations is considered, expressed as PDEs, that 
represent the particular aspect of physics we are concerned with. This is calculated for each element and 
the individual contribution of each element is assembled to obtain the system output. With this consider-
ation, mechanical analyses of complex and irregular structures are possible which is otherwise impossible 
through analytical methods. This clearly indicates that the analytical outcome will be approximated to an 
extent dependent on the structural complexity and the number of elements we break it to. The process 
of breaking down the complex structure into finite number of elements is known as Meshing. The more 
the number of elements we will mesh the structure into (resulting in smaller elements), more closer we 
will be able to reach to the real outcome (Fig. 1c). But solution with higher mesh size is achieved against 
higher computational demand. Generally, this method generates stiffness matrices and solves them. The 
size of these matrices increases with increase in number of elements, imposing higher computational 
load. This is further elaborated under the section ‘FE Analysis’.

This chapter focuses on use of FEM in design customization of prosthetic replacements in orthopaedic 
and dental sciences. Design customization of the prosthetic components has been tried to maximize the 
biomechanical outcome. There are documented cases of failure of total hip replacement (THR) owing to 
stress shielding (Kraaij et al., 2014; Yamako et al., 2014a; Yamako et al., 2014b). Stress shielding occurs 
as a result of difference in stiffness of the implant material with that of the portion of the bone it replaces 
and the bone tissue that surrounds it. This issue can be partially addressed by using isoelastic stems where 
the incompatibility of material stiffness is reduced by proper material selection (Kärrholm et al., 2002; 
Yamako et al., 2014a). But achieving a material of appropriately required stiffness at required location 
is often a fantasy. Moreover, biocompatibility is certainly a concern while choosing materials for in vivo 
use, reducing our choice of materials. Alternatively, isoelasticity has been realized by introducing differ-
ent grades of porosity into the implant design while using the conventional Ti alloys as implant material 
(Boobalan and Shankar, 2013; Fernandes et al., 2004; Mattheck et al., 1990; Ruben et al., 2012; Ruben 
et al., 2007; Schmidt and Hackenbroch, 1994; Virulsri et al., 2015; Yang et al., 2009). At this juncture, 
it may be understood that introduction of porosity parameters should be customized according to the 
particular case presented by each subject. FEM is an essential tool for carrying out research on design 
customization owing to the complexity and non-uniformity in the models involved.
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MAIN FOCUS OF THE CHAPTER

The problems in biomechanics are associated with complexity and irregularity of structure, materials, etc. 
Solution of such problems is particularly improved by incorporation of FEM. This chapter is focused on 
design customization of orthopaedic and dental implants. Damage of peri-implant bone, leading to implant 
loosening over time, is a major concern in this area. Among the leading causes of implant loosening is 
aseptic resorption of bone due to stress-shielding. Here, an approach to solve this issue is described that 
involves incorporation of internal porosity and design customization, worked out using FE analyses.

Figure 1. Meshing of a complex irregular geometry of biomechanics into finite number of elements, each 
having a regular geometry. (a) The irregular geometry of the mandible has been meshed into elements 
of regular tetrahedral shape. (b) The concept is similar as building a complex brick structure, where 
each of the bricks is having a regular geometry. (c) More the number of elements more closer will be 
the outcome to reality.
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FINITE ELEMENT MODELLING IN BIOMECHANICS

The mechanical environment at each point within a biomechanical system can be analyzed and inter-
preted through FEM which is otherwise impossible to obtain experimentally. Moreover requirement of 
surgical placement of sensors in-vivo for data collection, which is a hazardous and expensive process, is 
not required. Here only a reconstructed anatomical model is required. Thus it is widely used in the field 
of biomechanics and has become a popular method for biomechanical analysis.

Orthopaedics and Dental sciences form a significant area of biomechanical research and this chapter 
is focused on these areas. Orthopaedic implantation is generally done for artificial replacement of a 
diseased joint or for fracture fixation. In Dental sciences implantation is done to replace one or multiple 
damaged teeth. Generally the implant materials are stiffer than normal bone. Consequently, when it is 
placed longitudinally along the bone axis as in femoral stem in case of THR, the load is mainly borne 
by the implant, reliving the surrounding bone from load bearing. Thus the implant gets stressed more 
while the surrounding bone is shielded from being stressed. Hence, the difference in stiffness between 
the bone and the implant material results in a condition known as stress-shielding in the surrounding 
interfacial bone. Bone is a smart living material which senses the external mechanical stimulus and 
remodels itself accordingly. The concept of bone remodelling is elaborated under the Case study 1. The 
mineral content in the bone is physiologically regulated by the activities of special cells within the bone, 
known as osteoblasts (mineral depositors) and the osteoclasts (mineral removers). Stress-shielding is a 
debilitating situation as the bone senses lack of load bearing and thus, its requirement. Then osteoclastic 
activity takes over the osteoblastic activity, leading to overall bone resorption and damage. This is among 
the major causes of loosening and failure of load-bearing implants. In this backdrop, it is anticipated that 
the stiffness reduction of the implant can address the issue of stress shielding in many cases. Moreover 
the stiffness of the implant component should be in accordance to the stiffness (in turn, density) of the 
surrounding bone and the portion of the bone replaced by the implant volume. Thus the process of stiff-
ness reduction of an implant component must take into account the bone physiology and other subject 
characteristics such as body weight.

It has been reported that the clinical outcomes of several new materials and designs of joint replace-
ment component are below expectation (Cipriano et al., 2008; Massoud et al., 1997). This boils down 
to the need for preclinical evaluation based on the variation of subject parameters that the components 
would experience clinically (Fisher, 2011; Harris, 2012; Hua et al., 2014; Langton et al., 2011; Wagner 
et al., 2012). In order to come down to an implant design, that would reduce stress shielding, there is 
requirement for rigorous analysis of stress/strain environment in every point of the peri-implant tissues 
and within the implant over time in different load cases and finally, customization of the implant design 
for the particular clinical case. But such study in physiological relevance is almost beyond possibility 
using classical experimental or analytical procedures. FEM provides a computational simulation of 
the real life affairs which is capable for analyzing the biomechanical environment in each element and 
node at different points of time according to the loading configuration, though with some degree of ap-
proximation. It is becoming indispensable in the preclinical evaluation, owing to its specific advantages 
over experimental studies like the provision of obtaining site specific in vivo results (Stops et al., 2012).
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STEPS OF GENERATION OF FINITE ELEMENT MODEL IN BIOMECHANICS

Generally the steps involved in a complete FE analysis in biomechanics are reconstruction of the ana-
tomical model, meshing each structure into elements, identification of material properties of each object 
and assignment of the same, application of surface behaviours at different interfaces within different 
anatomical objects, provision of the boundary conditions (this may include several load cases), analysis, 
observation and interpretation of the outcome post processing. If the study contains some in-vivo / in-
vitro devices (e.g. orthopaedic/dental implants, prosthetic heart valves, intravenous stents, plates and 
screws to address bone fracture, external prosthetic devices for amputated subjects, external orthopaedic 
/ dental orthotic devices, etc.) then some further steps may be appended to the process. This includes 
modelling of the device in CAD, importing the CAD model into the FE interface, positioning of the 
in-vivo / in-vitro device to assemble them with the anatomical models to simulate the clinical condition, 
identification of material properties of the object(s) of such devices, its surface behaviour at the human-
device and inter-device interfaces, etc. Such steps need to be completed before the analysis.

Reconstruction of Anatomy

As an initial phase of virtual simulative study in biomechanics, the body part which is under the purview 
of the study has to be modelled. The procedure for generating the most near-natural anatomical model is 
through reconstruction from imaged data of real life. Generally this is the scanned data from magnetic 
resonance imaging (MRI) or computed tomography (CT) procedures. The reconstruction is done on 
the basis of the gray values, resulting from the X-ray opacity. This is expressed in terms of Hounsfield 
Units (HU).

Hounsfield Units (HU)

It is a scalar quantification of X-ray opacity. It is calculated based on the values of linear attenuation of 
X-rays by a particular substance. As the X-ray beam passes through a medium, it gets attenuated on its way. 
Its intensity after it travelled (w) cm from the reference point within the medium is obtained from Eq. 1

I I e
w

w= × −
0

m  (1)

Here I0 and Iw are the X-ray intensities at the reference point and at a distance of (w) cm from it re-
spectively. (𝜇) is the linear attenuation coefficient.

From Eq. 1, we can obtain the expression for the linear attenuation coefficient (𝜇) as shown in Eq. 2.

m = ln( / ) /I I w
w0

 (2)

The HU scale is a linear transformation of (𝜇) taking distilled water at standard pressure and tempera-
ture (STP) as the reference. HU of distilled water at STP is considered as zero. Materials having X-ray 
opacity higher than water have positive values of HU whereas materials having X-ray opacity lower than 
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water have negative values of HU. The HU of air is considered as −1000. With these considerations, 
HU of a material (m) is calculated using Eq. 3.

HU
m

m water

water air

= ×
−

−
1000

m m
m m

 (3)

Here 𝜇m, 𝜇water and 𝜇air are the linear attenuation coefficients of the material (m), water and air re-
spectively.

It is quite relevant that the X-ray opacity of one particular material is directly related with its mass 
density. But different materials will have different X-ray opacity for one particular mass density. There 
are various empirical equations to relate the mass density with the HU value for different materials.

Figure 2. Reconstruction of femur. The first part shows the reconstruction after putting the threshold of 
HU values and slice-wise deleting the selected areas outside AOI. The second part shows reconstruc-
tion after further slice-wise editing to create the femur model as a single solid body and smoothing the 
manual slice-wise editing errors.
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The area of interest (AOI) in each of the scanned slices, i.e. the area corresponding to the image of 
the structure which we are going to model, can be identified through proper area selection operation. 
These patches can be considered to be stacked in a pile with their location in the plane of the slice that 
each of the patches belongs to. The perpendicular gap in between them can be interpolated to reconstruct 
the anatomical geometry (Fig. 2). Thus, it is obvious that less the gap between the slices, more accurate 
would be the reconstructed model

The author used the medical reconstruction software MIMICS® (Materialise NV, Leuven, Belgium) 
for this purpose. Here, the scanned data is imported in Digital Imaging and Communications in Medicine 
(DICOM) format and a separate file is formed for each scanned case. The selection of area in each slice 
of a file is initially done on the basis of HU values of each pixel. It is created tough proper selection of 
the upper and lower thresholds of HU and based on this a ‘Mask’ is created. All the pixels, whose HU 
values (calculated from the gray values) falls between the applied upper and the lower thresholds, are 
selected. This is applied to all slices simultaneously. The shortcoming of this method is that areas outside 
our AOI, having HU within our applied range, would be selected simultaneously while some area within 
our AOI may fall out of the range and, thus, would remain unselected. This problem is addressed by slice-
wise editing the Mask. This is done manually, this time not on the basis of HU but simply like graphical 
painting and erasing operation. In this way a clean selection of the patches corresponding to a particular 
anatomical object can be obtained manually. Even after creation of the 3D model by interpolating these 
patches, the model can be smoothened to remove the errors of manual boundary selection in each slice.

Preparation of the FE Model

After reconstruction of the 3D model, the volume is imported into the FE software interface. The author 
used ANSYS® (ANSYS Inc., Pennsylvania, USA) for FE modelling and analysis. The procedure adopted 
by the author for transferring the reconstructed model from MIMICS® to ANSYS® is described hereafter.

First the surface of the 3D model is meshed into multiple triangular areas in MAGICS® (Materialise 
NV, Leuven, Belgium) which, in this case, is an ancillary package with MIMICS®. These areas were 
imported in ANSYS® where the solid 3D mode was recreated.

If the model contains multiple reconstructions (e.g. the knee joint which will contain portions of 
femur, tibia and fibula and the patella and may also contain the articular cartilages, ligaments, etc.), 
each of them needs to be brought into one ANSYS® interface following the same procedure. The model 
may contain artificial devices such as implants, fracture fixation plates and screws, etc. Such devices 
may be designed separately in other CAD software like SolidWorks® and CATIA® (Computer Aided 
Three-Dimensional Interactive Application), both of which are products of Dassault Systèmes, Vélizy-
Villacoublay, France. These devices should be designed in real (non-magnified) scale and imported 
into the same FE interface with the anatomical models. These objects are then properly placed in ac-
cordance with the anatomical models. This placement may include virtual removal certain portions of 
the anatomical models and Boolean operations for insertion of a device within the anatomical model. 
As for example, to create the model (one side) simulating total hip replacement (THR), the hemipelvis 
and the femur of the corresponding side have to be reconstructed. The implant components; like the ce-
ment layer (in case it is simulating a cemented fixation), the acetabular shell and liner, the femoral head 
and the femoral neck-stem component; need to be modelled in a CAD package. While assembling these 
objects, the anatomical femoral head and neck parts need to be virtually removed, followed by place-
ment of the implant components and the cement layers (if present) in their respective position and using 
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Boolean operation to simulate implantation. Additional removal of portions of the anatomical models 
will be required to simulate the broached areas of the femur and the hemipelvis. The entire model is then 
meshed in the FE software. Figure 3 shows FE modelling of femoral stem implant into femur, considering 
simplified physiological loading. The author used 10 noded tetrahedral elements for this purpose owing 
to its compatibility with MIMICS® in the further procedures. The used element is SOLID187 which has 
three degrees of freedom at each of the 10 nodes, i.e. translation in x, y, and z directions.

The surface behaviours at the various interfaces are to be defined. These interfaces are those between 
the various anatomical structures (e.g. femoral head and acetabular cartilage in a FE model of natural 
hip joint), between anatomical structure and device (e.g. between femoral stem and surrounding bone) 
or between the various components of a device (e.g. between acetabular shell and liner). The surface 
behaviours can be frictional (the coefficient of friction, i.e. µ, has to be defined), bonded (i.e. µ = 1), 
frictionless (i.e. µ = 0), etc. Such definition has to be done even when the surfaces are initially non-contact, 
but they are expected to come in contact during operation. For example, there may be a gap between the 
acetabular shell (inner diameter 48mm) and the acetabular liner (outer diameter 47.88mm) for engineer-
ing clearance. If such surface characteristics are not defined, the FE program would be unable to identify 
the restrictions of motion of one component due to the existence of another component. Considering 
the previous example, if the surface behaviour between the non contacting acetabular shell and liner is 
undefined, the liner volume would go through the shell volume without recognising its existence.

It has been already discussed that finer mesh will reduce the errors of approximation in the FE 
analysis. But it demands higher computational power of the system and consumes much more time for 
each analysis. In this backdrop, it is clear that an optimization of the mesh size is required based on the 
demands of the model and the computational power available.

Figure 3. FE modelling and post-processed results. (a) reconstructed femur and model of implant, virtual 
osteotomy of femoral head and implant fitment through Boolean operation; (b) meshed model with bound-
ary conditions and (c) contour plot of von Mises strain over the longitudinal interfacial surface of femur.
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Selection of Mesh Size

If we reduce the size of the elements (i.e. generate finer mesh), the computational demand will increase. 
We need to stay within the limits of the computational power available with us. While doing so, we 
may miss the critical delicate contours of certain areas of the model which might be of importance to 
us. This is shown on a non biomechanical example model in figure 4(a). In order to avoid this problem, 
different mesh sizes may be used at different zones of the model (Fig. 4b). This can be self adaptive, 
such that finer mesh would be automatically generated in the locations of curvatures or delicacies, while 
keeping the rest of the volume grossly meshed. Else it can be due through manual selection of the zones 
of interest. In the second case, we may keep the general element size bigger, while denote certain AOI 
where a different size (finer) or even type of mesh will be applicable.

In this way, the design intricacies in the particular AOI are maintained while the number of elements 
in the overall model can be kept reasonable.

Assignment of Material Properties

After the meshing is done, the material properties of each of the objects are to be defined. For solid 
models, if the operational stress at every location is anticipated to be within the elastic limits of the 
corresponding material, then the material properties are provided in terms of elastic modulus, Poisson’s 
ratio and density. But if plastic deformation at any point is anticipated, then the non-linear stress–strain 
characteristics of such materials has to be defined considering multiple points of the stress-strain curve 
of the specific material. The material properties of the device volumes are considered as uniform. But 
the anatomical components are heterogeneous in nature. For example in the mentioned case of THR, the 
anatomical structures are the femur and the hemipelvis. We know that bone is a thoroughly heterogeneous 
material. Its property varies from point to point and thus assignment of its material properties is done on 

Figure 4. Controlling the mesh size: (a) systemic application of mesh refinement (b) application of mesh 
refinement on selected locations. The pictures are taken from Finite element mesh refinement, multiphys-
ics cyclopedia, COMSOL (https://www.comsol.com, accessed on 15th September, 2021).
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an element-wise manner. It is done based on voxel-wise X-ray opacity (in terms of HU) as on the scanned 
data from which they have been reconstructed. For this purpose the bone elements are again transported 
back to the MIMICS® interface. The average of the HU values of all the voxels within the volume of each 
element is assigned to the particular element. The density of the element is calculated from this average 
HU value using some established empirical equations which are defined for some particular materials 
(e.g. Eq. 12). The value of elastic modulus of bone is also calculated similarly in an element-wise manner 
using other established empirical equation (e.g. Eq. 12). The Poison’s ratio of bone is to be provided in 
addition to this. The author obtained this value from the existing literature. Thereafter, the elements to 
the anatomical structures are transferred back to the FE interface. The device volumes are assigned with 
their material properties in the FE software itself. The procedure of assignment of material properties 
to the anatomical structures can also be done in a simplified manner in the FE software as well. But in 
his case it wouldn’t be done in element-wise manner. For example, the femur can be splitted into two 
volumes, one corresponding to the cortical bone and the other the cancellous bone. Average properties 
of these two types of bones can be assigned to them respectively.

Provision of Boundary Conditions

After the FE model is prepared, the working loads and the location where it is held fixed are to be de-
fined (Fig. 3b). In biomechanics, these working loads are the physiological loads to which the system is 
exposed to. It includes the body weight, muscle tension, ligamentous constrains, etc. While application 
of these loads the area over which it is applicable is identified and in most cases it is applied as a dis-
tributed load over this area. Bodyweights may, sometimes, be considered to be working at some nodes 
inside some bone (e.g. the head of thee femur) for simplification (Ghosh et al., 2015). The loads are to 
be applied maintaining their appropriate directions. Loads can be applied to the nodes in the Cartesian 
‘x, ‘y and ‘z directions. In order to ensure proper direction, the load vector needs to be resolved according 
to the Cartesian directions. An alternative procedure is to orient the nodes, on which the load would be 
applied, angularly, without shifting their location, so that any of the reoriented Cartesian axes of those 
nodes will point exactly towards the loading direction. Then the load may be applied as a single vector 
in that reoriented axis.

The FE model must have some movement restriction at some point. Otherwise it would be a case of 
unconstrained motion in space and will have no solution. Some location(s) within the model have to be 
considered as fixed. These locations can be one or more surfaces or portion(s) of one or more volumes 
and the movement restriction is applied on the respective nodes. These locations would belong to one 
or few of the modelled objects and the restrictions would be imposed on the rest of the objects through 
surface definitions at interfaces with these objects and so on. Based on the loading directions, we may 
need to restrict the movement of the nodes in all the three Cartesian directions, or any two directions or, 
even in some cases, any one of the directions.

FE Analysis

In FE analysis, a series of algebraic equations are formed regarding the displacements of the nodes con-
sidering the stiffness of the material, the applied forces and the boundary constraints. The equations are 
formed automatically behind the interface of the FE software. This set of equations may be represented 
in the form of matrix as mentioned in Eqs. (4).
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Kij uj = fj (4a)

Kij is the stiffness matrix, uj is the displacement matrix of the individual nodes and fj is the matrix 
of force applied on each node. These can be more expanded as:
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 (4b)

uj is the displacement of the jth node, fj is the force applied on the jth node and Kij is a member of the 
stiffness matrix which is the influence of jth displacement on the ith force.

Different geometries of the elements are considered in FE method which includes line element (one 
dimensional), shell element (two dimensional), volume element (three dimensional), etc. There are 
different types of elements within each of these categories. For example the volume elements can be 
tetrahedral, hexahedral, etc. A tetrahedral volume element can also be either 4-noded or 10-noded. The 
line element is discussed here because of its simplicity.

Line Element

The force vectors of a line element under tension is shown in figure 5(a). The displacement of the two 
nodes i and j under tension are resolved into the horizontal (ui and uj and the vertical (vi and vj components.

The elongation of the element can be expressed as

Figure 5. Line element (a) a single line element with force vectors, (b) a truss containing two bars, (c) 
consideration of the truss to be composed of two line elements and (d) consideration of the forces on 
each element.
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Now we know that � �
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� �  where P is the applied load (in N), L is the initial length 

of the element (in m), E is the Elastic Modulus of the material (in N/m2) and A is the cross-sectional 
area (in m2) perpendicular to the line of application of P. The load P can also be resolved in vertical and 
horizontal directions considering both the nodes i and j. Thus:
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Substituting 𝛿 from Eq. 5, we can write:
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In equation 7, [F] denotes the ‘Force Matrix’, [K] denotes the ‘Stiffness Matrix’ and [D] denotes the 
‘Displacement Matrix’.
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Considering the truss structure (Fig. 5b), initially it needs to be meshed into multiple elements. Since 
here the structure is extremely simple, we have considered it to be meshed into just two elements (Fig. 
5c). Here we have 3 nodes as 1, 2 and 3. We have to consider each of these elements as separate entities. 
Nodes (1) and (2) are associated with element (1) while nodes (2) and (3) are associated with element 
(2). Each element is exposed to a load condition (Fig. 5d). Equation 7 applies for each element. Let us 
consider the ‘Stiffness Matrix’ for elements (1) and (2) as k(1) and k(2) respectively. Thus,
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For element (2):
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For analysis of the entire structure, these individual Stiffness Matrices are to be assembled to form 
the equation for the system.

 (9)

Equation (9) gives an idea about how the computational demand increases to solve bigger Stiffness 
Matrix as number of elements increases. Hereafter comes the consideration of fixed boundary condi-
tions. In the given example, nodes (1) and (3) are fixed. Thus the values of u1, v1, u3, and v3 are zero. 
This reduces Equation (9) as:
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Further, if we consider only vertical displacement of node (2) then value of u2 will also become zero. 
Thus Equation (10) can be further simplified as:
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Post Processing of the Outcome

After the analysis, the generated results need to be seen and retrieved up to the required extent and in 
the required format. The results of our interest may be viewed by plotting their contour over the object 
geometry (in the form of a continuous color plot) (Fig. 3c) or the results of the nodes or elements of 
the zone of interest may be listed for achieving their exact value. We may want to retrieve the results of 
stress (directional, von Mises, etc.), strain, displacement, etc.

CASE STUDIES

In different research studies, the author tried to analyze the biomechanical environment of the implant 
and peri-implant bone in cases of Orthopaedic and Dental implantation, through FE analysis, in order 
to suggest some design features that may enhance the post-implantation biomechanical outcome. The 
scenario of Orthopaedic implantation that the author considered were related to THR. The stress/strain 
contour over the interfacial bone and the stress/strain distribution within the implant volume were studied. 
The implant stability and biomechanical response of periprosthetic bone around THR devices depend on 
a plethora of parameters, including design of articulating materials, gait cycle and physiological param-
eters. These parameters were considered individually and their effect on the biomechanical response was 
analyzed. The bone models were reconstructed from CT data using MIMICS®. The implant geometries 
were modelled using CAD softwares: CATIA® and SolidWorks®. FE modelling and analyses were done 
in ANSYS®. Assignment of the material properties for the bone was done element-wise based on the 
attenuation of X-ray. The average attenuation of X-ray in the voxels within the periphery a particular 
element is used to assign the material properties to that element. This is done in MIMICS® when the 
meshed models of the bone parts were imported from ANSYS® for this purpose. Virtual osteotomy and 
implantation was done through slice and Boolean operation. After FE analyses, the contour of the desired 
outcome were viewed through pictographic display of results (the contour plot) whereas the exact values 
from were extracted from the results in the text form (the list result).
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CASE STUDY 1

Study to estimate the role of pre-surgical bone condition and bodyweight in customization of stiffness 
of femoral stem, in case of THR, to improve the periprosthetic biomechanical response (Chatterjee et 
al., 2020)

Background

Customization of the component designs was generally based on the anatomical geometry. This study 
demonstrated for the first time the importance of other subject parameters, such as bone condition and 
body weight, to be considered while such design customization. Here internal hollowness has been 
introduced as the modality of stiffness reduction. The external morphology of the femoral stem was 
customized according to the femoral geometry (including the geometry of the marrow lumen) while the 
internal hollowness architecture was matched to the stiffness requirement according to bone condition 
and body weight. The aim was to attain close to natural strain distribution, and thus stress distribution, 
at peri-implant bone, to reduce interfacial bone loss due to stress-shielding over time. The biomechanical 
outcomes were obtained through FE analyses. Preservation of interfacial bone over time has been studied 
here through analysis of bone remodelling, carried out through manual coding in ANSYS®.

Methods

The customized model of femoral stem was generated in CATIA®. Virtual osteotomy and implantation 
was done in ANSYS®. The broached channel for implant insertion was simulated by cutting the bone 
over the implant by a surface generated by extruding the boundary edges of the implant roof. 10-noded 
tetrahedral elements (SOLID187) were used for meshing (Aversa et al., 2016; Chatterjee, 2013; ten Broeke 
et al., 2014). Equation 12 shows the empirical relation of density (ρ in g.cm-3) and Elastic Modulus (E 

Figure 6. The overall work flow.
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in MPa) with HU values (Anderson and Madigan, 2013; Majumder et al., 2007; Norman et al., 2013; 
Rieger et al., 2013; ten Broeke et al., 2014; Yamako et al., 2014b).

𝜌 = 0.2389 + (0.0008531 × HU) (12)

E = 6850 ×  𝜌 1.49 

The solid implant was considered as the standard based on which the advantages of incorporated 
hollowness was studied. The un-implanted femur was modelled for comparison for studying the effect of 
implantation. All models were provided with same constraints and interfacial characteristics. They were 
loaded with joint load and muscle loads, whose magnitude depended on the body weight. The parameters 
that were varied in this study were categorized as Subject parameters and Implant parameters. The Subject 
parameters were ‘Bone condition (density)’ and ‘Body weight’. The scanned data, which belonged to a 
subject with average bone density (in this case, female), was chosen for FE modelling. Four other bone 
conditions were simulated by manual alteration of the bone density as 80%, 90%, 110% and 120% of 
this average case. Three cases of body weights were considered as: 70kg (~686.47N), 90kg (~882.6N) 
and 110kg (~1078.73N). The Implant parameters were: ‘Type of hollowness’ and ‘Extent of hollowness’.

The criterion for selecting the design of the implant was least deviation of strain in the periprosthetic 
bone as a result of implantation. The overall strain deviation from the natural femur was calculated by 
a scalar parameter defined in this study and designated as ‘M’ such that:

M
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𝜖x, 𝜖y, and 𝜖z are the average strains within each zone of the interfacial bone in x, y, and z directions, 
respectively, while that of the corresponding zones in natural (in-implanted) models are 
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y
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' .
Obviously, lower value of ‘M’ is desirable for an implant design. Thus the option of the values of the 

implant parameters was chosen for a particular subject parameter considering the lowest value of ‘M’. 
Thereafter, its perpetual effect on the bone formation/resorption over the surrounding bone in the cancel-
lous epiphyseal bone region was estimated through custom coded Bone remodelling algorithm (BRA)

Bone Remodelling Algorithm (BRA)

This algorithm was prepared through coding in Ansys Parametric Design Language (APDL). The objec-
tive is to study the perpetual effect of the alteration of loading environment, created due to implantation, 
on the bone density over time. This is an iterative FE solution procedure based on the concept that the 
bone density changes according to the external mechanical stimulus. The osteocytes have canaliculus 
structures which sense the mechanical stimulation and send feedback to some specialized surface lin-
ing cells (osteoblasts and osteoclasts). The osteoblasts and osteoclasts are capable of laying down bone 
mineral matrix and resorping them respectively. Thus the bone density is controlled according to the 
applied loading. Since any external loading scenario will produce different loading environment at dif-
ferent points within the volume, the extent of bone remodelling is different for zone. Thus BRA was 
applied in element-wise manner in the FE model. The BRA prepared by the author is meant to register 
the alteration of bone densities over time in response to the implantation. Thus here, a simplification is 
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imposed in the assumption that the natural bone is having most optimized loading scenario and is not 
subjected to remodelling. Though this assumption is not strictly true, but it can be adopted to study the 
bone remodelling which is due to deviation of loading because of implantation. Thus the remodelling 
stimulus is calculated here based on the deviation of the biomechanical environment due to implantation.

For each element, the change in the density in each iteration (∆𝜌 is obtained according to Equation 14.
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‘S is the mechanical stimulus for remodelling. ‘k’ is the reference stimulus. ‘𝜓’ is the adaptation rate,
taken as 129.6 g/[mm2Jg-1 month] (Ghosh and Gupta, 2014; Weinans et al., 1993). v(𝜌 ) (mm2mm-3) is 
the internal free surface area per unit volume of bone.

‘S was obtained for each element from the averaged elastic strain energy density (U for unit bone 
mass, over a loading history (n, (Eqn. 14b (Ghosh and Gupta, 2014; Ghosh et al., 2013a):

S
n

U
voli

n
i�

�

�
�

�

�
�

�
�1

1
.�

 (14b)

‘k’ was obtained in a similar manner from the natural (intact) bone.
In equation 14a we see that when we subtract the reference stimulus ‘k’ from the obtained stimulus 

‘S, there is a factor of threshold (sk). We consider that there is no change in bone density if the value of 
‘S is within (1±s)k. This is termed as the ‘Dead zone’ (Fig. 7). In this study, the value of (s) has been 
taken to be 0.75.

Figure 7. Change of bone density according to the applied mechanical stimulus. The position of the 
reference stimulus (k), i.e. the stimulus existing in the natural bone, the ‘Dead zone’, the zones of bone 
densification and bone resorption, the zone where the cancellous bone turns cortical and the zone of 
total bone loss are clearly shown in this graph.
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Moreover, it can be anticipated that v(𝜌 ) cannot be measured. We can predict that higher density of
cancallous bone is associated with for number of internal filamentous boney structures, leading to higher 
value of v(𝜌 ). Thus, here also an empirical equation (Eqn. 14c) (Ghosh et al., 2013a; Martin, 1972, 1983)
was used to formulate it as a function of the bone density, as clearly indicated by its symbol [v(𝜌)].

� � � � � � �� � � � � � � � �0 0293 8 512 4 887 1 568 3 718 1 6352
2 3 4 5

. . . . . .  (14c)

The bone density can increase up to that of the cortical bone, denoted in Fig. 7 as (𝜌 max). Here it is 
taken as 1.84 g/cm3. After a particular iteration, the altered density of each element is obtained from 
which their altered Elastic Modulus is calculated as according to Eq. 12. With these altered material 
properties, solution is again done in the next iteration. If the density of a particular bone element (e) 
reaches 𝜌 max it is excluded from the remodelling iterations. If 𝜌 e is less than 0.13 g/cm3, it is considered 
as complete bone resorption, as hence also excluded from the remodelling iterations. Each iteration can 
have multiple sub-steps with different loading scenarios considering different phases of an action (e.g. 
gait cycle). These sub-steps are performed one after the other without altering the material properties of 
bone. In this case, after the full iteration is completed, we will consider the averaged stimulus (S) of all 
the sub-steps for Eq. 13(a) for preparing the material properties element-wise for the next iteration. If 
the change in bone density for the concerned element ‘e’, (i.e. ∆𝜌 e is negligible for a particular element 
(≤0.005), we assume that it has attended a condition of optimized density required for the situation and 
will not remodel further. So this element will excluded from this iterative procedure further. The overall 
iterative process is terminated after a decided number of iterations. Figure 8 shows the entire working 
flowchart for the iterative bone remodelling procedure.

Figure 8. The working flowchart for the iterative procedure of bone remodelling.

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



34

Finite Element Analysis in Biomechanics
 

Solutions and Recommendations

Based on the FE analyses, internal hollowness within the femoral stems has been tuned according to the 
existing bone condition (bone density) and bodyweight in order to prevent stress-shielding and finally 
implant loosening. The importance of these subject parameters has been established for implant design 
customization for achieving required biomechanical environment. These parameters should be used to 
customize the stiffness of the implant, while its overall shape has to be customized according to the 
bone geometry. Special attention is required for higher body weights since in this case, if we use higher 
internal hollowness, implant tends to fail if the bone is stronger while damage of bone tends to occur 
for it is weaker. Thus the extent of hollowness needs to be reduced. A special finding of this FE study 
is that a gradual shift of the orientation of the internal hollowness from medial to lateral direction has 
been advised as the bone conditions varies from stronger to weaker. This ensures favourable interfacial 
bone remodelling over time.

The findings of this study are likely to facilitate designing of femoral stems for achieving better physi-
ological outcomes and enhancement of the quality of life of patients undergoing THR.

CASE STUDY 2

Study on the effect of functional stiffness gradation of dental implants on the biomechanical response, 
considering single or multiple loss of molar teeth (Chatterjee et al., 2019).

Background

Here also hollow channels were introduced within the implant screws (IS) designs for overall stiffness 
reduction. Extensive FE analyses were involved to associate the porosity type and approach of implanta-

Figure 9. The overall work flow for this case study.
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tion with the type of dental loss presented. Two contrasting radial gradients of diameters of the hollow 
channel were designed. Two clinical situations of edentulism of one side of the mandible i.e. a) loss of 
one molar (first), and b) loss of all the three molars, were considered in this study. Absence of single/
multiple teeth can be addressed either by dental implantation (Turkyilmaz et al., 2007) or by using a dental 
bridge supported over the adjoining natural crowns on both sides. Additionally, some studies report use 
of dental bridge supported over Osseo integrated implants (Fernandez‐Redondo et al., 1998; Li et al., 
2006; Li et al., 2004a, b; Li et al., 2005; Pietrabissa et al., 2000; Quinn et al., 2010; Shi and Fok, 2009). 
Figure 10 describes few among the approaches of implantation for the loss of a single/multiple teeth. 
The implant supported dental bridge (ISDB) designs are used in cases where there is a loss of at least 
three consecutive teeth (Fig. 10b). In these designs, all of the prosthetic crowns are not supported by IS. 
Some crowns in the middle are supported by the surrounding prosthetic crowns. The terminal crowns 
are associated with IS. This design reduces the bone invasion and also risk of fracture in between two 
consecutive IS. In case of consecutive loss of many teeth (as in case of total edentulism) there are more 
implant screws in between to support the entire bridge architecture (Fig. 10c).

FE analyses have been extensively utilized to study the dental implant biomechanics (Lin et al., 2008; 
Natali et al., 2010; Turkyilmaz et al., 2007). These studies included areas like analysis of design misfits 

Figure 10. Few among the approaches of implantation in different clinical situations. (a) Implanta-
tion for a single dental loss (https://www.perioperio.com), (b) implant supported dental bridge (ISDB) 
configuration for loss of three consecutive teeth (https://www.karpovichdental.com) and (c) ISDB for 
complete mandibular edentulism (https://www.sanfranciscodentalcare.com).

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



36

Finite Element Analysis in Biomechanics
 

(Pietrabissa et al., 2000) or incorporation of a specific design feature like Morse taper (Toniollo et al., 
2012) and so on. Chen et al. (2012) adopted 3D FE analysis to study the biomechanics for 3 missing 
posterior teeth in the mandible, either implanted individually or treated with fixed partial denture sup-
ported by two implants.

In this study, both the implantation approaches were simulated for multiple mandibular dental loss (loss 
of three molars on the right side), i.e. individual implantation and implant supported dental bridge. Loss 
of a single molar was also considered as the other clinical scenario. FE was used to model and analyze 
the combined effect of radial gradation of porosity of IS, length of IS and the implantation approach on 
the biomechanical environment over the peri-prosthetic bone, under physiological masticatory loading.

Methods

The modelling and analytical aspects here are similar to the Case Study 1. Here the dental implant models 
were generated in SolidWorks®. The design of the individual implant, that was modelled here, was com-
posed of 4 components: the IS (Ti-6Al-4V), the abutment (Ti-6Al-4V), the locking screw (Ti-6Al-4V) 
and the crown (porcelain). In case of the bridge construction, the complete component architecture was 
modelled for the 1st and the 3rd molar areas, while only the crown (supported by the adjacent prosthetic 
crowns) was modelled for the 2nd molar.

Empirical equations similar to Eq. 12 were used to calculate the density and Elastic Modulus from 
HU, mentioned here as Eq. 15 (Lin et al., 2009; Roy et al., 2017).

𝜌 = 1.028 + (0.000769 × HU) (15)

E = 2349 ×  𝜌 2.15 

The meshing, the FE analysis and post-processing of the FE outcome were done in a similar manner 
as in Case Study 1.

Solutions and Recommendations

It has been found that the functionally graded IS with increasing density from periphery to core provides 
desirable interfacial bone stress. Considering this situation, the IS length of 11mm ensures best biome-
chanical environment. Regarding the implantation approach for multiple molar loss, similar biomechani-
cal condition has been found with both individual implantation and dental bridge configuration. Thus 
dental bridge configuration may be considered as a choice owing the other benefits described previously.

CASE STUDY 3

Study on the influence of parameters of acetabular shell in case of THR (shell design and liner mate-
rial) and subject parameters (bone condition and body weight) on the biomechanical environment in the 
peri-implant bone (Chatterjee et al., 2018).
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Background

This study establishes the biomechanical response of periprosthetic bone in the acetabulum with pre-
clinically tested liner materials together with new shell design for different subject conditions. Here, 
the impact of shell design and liner material on the biomechanical response of periprosthetic bone has 
been analysed using FE method.

The conventional material for joint replacement was metal. Ceramic materials have been used for 
bearing surfaces in THR for their increased wear resistance (Cilingir, 2010; Slonaker and Goswami, 
2004; Zhang et al., 2010). Moreover, the ceramic wear particles are reported to be less hazardous to the 
body than metals (Essner et al., 2005; Warashina et al., 2003). Polymers can also be used in this case. 
The conventional polymer for this purpose is ultra high molecular weight polyethylene (UHMWPE). 
Its wear resistance can be reduced through cross-linking and reducing the free radical concentration 
(Muratoglu, 2001; Muratoglu et al., 2001; Muratoglu et al., 1999). It is then known as highly crosslinked 
UHMWPE (HC−UHMWPE). High density polyethylene composite with hydroxyapatite and alumina 
(HDPE−HA−Al2O3) has been developed as an alternative polymer and its osseointegration property 
has been established (Bodhak et al., 2009; Nath et al., 2007, 2009; Saha et al., 2012; Saha et al., 2010; 
Tripathi and Basu, 2014; Tripathi et al., 2012; Tripathi et al., 2013).

Developments in design of the acetabular shell put forward some altered designs. This included, among 
many others, a design with twelve fins and another design with three spikes(Baleani et al., 2001; Perona 
et al., 1992). An increase of the axial and frontal stability was found with the finned design (Baleani et 
al., 2001). The overall component motion was mostly decreased with the spiked design (Perona et al., 
1992). This is especially required for bone ingrowth.

This study involves FE modelling of the entire hemipelvis considering the case of THR. It includes 
HC−UHMWPE and HDPE−20%HA−20%Al2O3 as liner materials and both the above mentioned 

Figure 11. The overall work flow for this case study.
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finned and spiked shell designs. It also includes a new design of combination of these both. The subject 
parameters included bone condition and bodyweight. Physiologically relevant load cases of a gait cycle 
were considered.

Methods

The modelling and FE analysis in this study is similar as the previous Case Studies. Cement-less implant 
has been simulated. The implanted model consisted of the operated hemi-pelvis, acetabular shell, liner 
and the prosthetic femoral head. The natural model consisted of the natural hemi-pelvis, natural femoral 
head and articular cartilage. The empirical equations (similar to Eq. 12 and 15) used here to calculate the 
density and Elastic Modulus from HU are as follows (Anderson and Madigan, 2013; Ghosh and Gupta, 
2014; Ghosh et al., 2013b; Ghosh et al., 2015; Taddei et al., 2004):

For pelvis,

𝜌 = 1.028 + (0.000769 × HU) 

E = 2349 ×  𝜌 2.15 (16)

For femoral head,

𝜌 = 0.2389 + (0.0008531 × HU) 

E = 6850 ×  𝜌 1.49 

21 muscles were considered, whose magnitude was based on body weight (Dalstra and Huiskes, 
1995; Mukherjee and Gupta, 2016). 8 significant phases of a complete gait cycle were simulated based 
on these muscle loadings and also joint load (Dalstra and Huiskes, 1995). Three bone conditions and 
three body weights were considered.

Solutions and Recommendations

The finned shell design was found to be recommendable for all subject conditions. The new combined 
design also produced significantly good biomechanical environment either for the stronger or the weaker 
bone condition. But its effect was insignificant for normal (medium) bone condition.

FUTURE RESEARCH DIRECTIONS

The theory of bone remodelling should be further improved in future that may include the effect of 
electrical stimulus and consider the loading scenario of activities other than just walking so that the oc-
cupation of the person can also be included as a parameter of the remodelling algorithm. Moreover, apart 
from remodelling of only bone, other remodelling aspects such as angiogenesis, neurogenesis, etc., as 
a result of the altered mechanical stimulus, should also be modelled in FEM. As a simple extension of 
the study of acetabular shell design (presented here as Case Study 3) asymmetry in the finned structure 
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may be considered in terms of density and shape/size of the fins in the postero-superior region (the area 
that is mainly subjected to compressive load during weight bearing) in comparison to the other locations.

CONCLUSION

FEM is an essential tool in investigations in the field of biomechanics. In case of THR, a internally 
hollow femoral stem is recommended for better biomechanical outcome. While the external shape of 
the stem may be customized according to the femoral geometry, the shape and orientation of the in-
ternal hollowness may be customized according to the density of the existing bone and body weight. 
Considering the acetabular components, finned structure of the shell has been recommended. In case of 
dental implants, an increasing gradient of porosity from core towards periphery has been recommended 
to achieve desired peripheral bone biomechanics. For consecutive multiple dental loss, an implant sup-
ported dental bridge configuration is more desirable as it ensures invasiveness without a compromise 
in biomechanical outcome.
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KEY TERMS AND DEFINITIONS

Bone Remodelling: It is a continuous process over time by which the old bone tissue is replaced by 
new ones. Additionally, through this process, the bone re-adjusts its structure and density in a location 
wise manner if there is any alteration in the biomechanical environment which may be a pathology, 
altered activities, etc.

Element (in FEM): It is a building block of the volume of an object and is of a regular geometry 
which is any one of the list of geometries that a FE software package contains.

Implant: A medical device surgically inserted within the body. Their uses include replacement of a 
joint or support to a fractured bone (orthopaedic), replacement of lost tooth/teeth (dental), maintenance 
of arterial lumen (stent), reconstruction of breast or buttocks (cosmetic), etc.

Mesh (in FEM): The process of virtual splitting of a volume into multiple blocks of regular shape 
(elements) in a FE model.

Node (in FEM): The points through which the various elements connect to each other and transfers 
force, displacement, etc. in a meshed FE model.

Stress-Shielding: Reduction of physiological stress from the bone at a particular location, often 
due to implantation, resulting in depletion of bone tissue in that location, as governed by Wolff’s law.

Total Hip Replacement: Surgical process of replacing the articular surfaces of the hip joint by the 
acetabular and femoral implant components.
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APPENDIX: ABBREVIATIONS

AOI : Area of interest
APDL : Ansys parametric design language
BRA : Bone remodelling algorithm
CAD : Computer aided design
CT : Computed tomography
DICOM : Digital imaging and communications in medicine
FDM : Finite difference method
FEM : Finite element method
FVM : Finite volume method
HC−UHMWPE : Highly cross linked UHMWPE
HDPE−HA−Al2O3 : High density polyethylene composite with hydroxyapatite and alumina
HU : Hounsfield Units
IS : Implant screw.
ISDB : Implant supported dental bridge
LS : Locking screw
MRI : Magnetic resonance imaging
PDE : Partial differential equations
STP : Standard pressure and temperature
THR : Total hip replacement
UHMWPE : Ultra high molecular weight polyethylene
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ABSTRACT

The chapter will cover the fundamentals of product design principles for additive manufacturing in 
medical devices, with a key focus on orthopedic implants and related devices. The chapter will describe 
commonly used additive manufacturing processes for medical devices and orthopedics, key design 
considerations, and how they have opened up possibilities in healthcare. The chapter will detail the 
fundamentals of design principles, which are expanding the boundaries of rapid, meaningful innova-
tion and positively impacting the innovation cycles of a wide range of industries. It will describe how 
topology optimization, with the help of computing power, is providing design engineers with the tools 
to accurately understand structure-functional relationships of designs and in the process re-imagine the 
biomedical designs of tomorrow.

INTRODUCTION

Additive manufacturing is a general term for technologies which, based on a geometrical representation, 
creates physical objects by successive addition of material (ISO/ASTM 52900:2015). These technologies 
are used across applications in various industries such as healthcare, aerospace, architecture, automobiles, 
archaeology, consumer goods, toys, food and entertainment.

All definitions for terms and nomenclature associated with additive manufacturing technology used 
herein are according to ISO/ASTM 52900:2015.

Applications of additive manufacturing, also referred to as “3D printing”, span across multiple ap-
plications in both metallic materials and plastics. Common additive manufacturing techniques used for 
metallic materials include Laser Rapid Manufacture (LRM) or Direct Metal Laser Sintering (DMLS) 
and Electron beam Melting (EBM). Commonly used additive techniques for plastic materials are Fused 
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Deposition Modeling (FDM), Material Jetting (MJ), Stereo-lithography (SLA), Multi Jet Fusion (MJF) 
and Selective Laser Sintering (SLS). Most additive manufacturing methods make use of one or more 
of the below principles:

1.  Vat photopolymerization: This is an additive manufacturing process in which a liquid photopolymer 
is selectively cured by light-activated polymerization in a vat1.

2.  Material extrusion: This is an additive manufacturing process in which a material is selectively 
extruded through a nozzle or orifice1.

3.  Material jetting: This is an additive manufacturing process in which droplets of a material are 
selectively deposited1.

4.  Binder jetting: This is an additive manufacturing process in which a binder liquid is deposited on 
layers of powdered materials, selectively joined together, and then followed by a densification 
process (Mostafaei et al., 2021).

5.  Powder bed fusion1: This is an additive manufacturing process in which thermal energy is used to 
selectively fuse regions of a powder bed.

Depending on the materials that each of these techniques can build, they are used for different types 
of applications across both product prototyping and large-scale manufacturing. For example, while FDM 
is widely used to prototype complex geometries out of relatively low-cost plastic materials within a short 
amount of time, SLS is more commonly used to manufacture more structurally sound parts with better 
surface finish over a longer build time. Figure 1 describes some of the common additive manufacturing 
technologies, their underlying principles and their material compatibility for different types of applications.

In healthcare industry and research, both plastic and metal additive technologies are being rapidly 
adopted globally across multiple applications. The orthopedic implant industry has seen an explosion of 
additively manufactured prostheses over the last two decades, and currently is one of the highest com-
mercial users of large-scale additive manufacturing.

Additively manufactured spinal cages are currently used to treat patients undergoing spinal fusions, 
3D printed hip stems and acetabular cups are used to treat patients undergoing total and partial hip ar-

Figure 1. Additive manufacturing technologies
Source: 3D Hubs, Knowledge Database
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throplasty procedures, and additively manufactured femoral and tibial implants are being increasingly 
used to treat patients undergoing total and partial knee arthroplasty procedures.

There are several technical and financial advantages of shifting from traditional manufacturing 
techniques such as milling, forging, casting etc. to additive manufacturing, when it comes to fabricating 
orthopedic implants. Some key advantages are described below:

Patient-Specific Applications

Human anatomy is structurally complex, hence difficult and expensive to accurately fabricate using 
traditional manufacturing techniques. Additive technologies, when used in conjunction with 3D segmen-
tation and modeling tools, are able to fabricate anatomical models of interest as well as patient-specific 
implant models from medical scans of patients. Examples include 3D printing of mandibular surgical 
models for planning of oral surgery, 3D printing of custom pelvic plate for cancer patients with severe 
pelvic bone loss, 3D printing of custom dental implants and 3D printing of patient-specific knee cutting 
guides for knee arthroplasty surgery.

Light-Weight Structures

Additive manufacturing allows the use of specific lattice structures, with pre-determined porosity, to be 
integrated within build volumes of medical devices, which can reduce overall material weight while main-
taining the required strength of the part. Such modulation of micro-structure within a part is not possible 
with traditional manufacturing techniques. Different lattice structures such as diamond and cylindrical 
cell patterns are commonly used in additive designs. Topology optimization is another technique used 
to light-weight part designs, such that material is added where needed and removed from where it is not 
needed, depending on the actual function of the part. A topology optimized part is often a geometrically 
more complex version of its parent version that lends itself to additive manufacturing techniques while 
being lighter, cheaper and often stronger than the parent part. Light-weighting has several advantages 
such as lowering stress shielding effect in implants, reducing material and manufacturing cost, and im-
proving surface properties of the device (surface porosity can allow for bone on-growth). Example is a 
3D printed porous hip stem for hip arthroplasty surgery that allows for cement less fixation into bone.

Accelerate Product Development Cycles

Traditional manufacturing methods such as casting, injection molding etc. often require up-front capi-
tal investment into expensive castings and molds, which in turn often go through multiple iterations 
depending on the evolution of the part design. Additive manufacturing does not require such iterative 
capital investments, and hence is quicker and cheaper to iterate a design through. This greatly reduces 
the overall time and cost of product development cycles.

Part Consolidation

Two or more parts of a multi-part device assembly can be combined and consolidated into a single part 
build, using additive manufacturing techniques, in the process reducing the number of components and 
eliminating the need for subsequent assembly process(es). This is common in automobile and aerospace 
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industries, where multiple parts are built concurrently in the “as assembled” state, resulting in significant 
cost and time savings. Surgical instruments often involve multiple component assemblies, and hence 
offer potential opportunities for part consolidation in the future.

DESIGN FOR ADDITIVE MANUFACTURING

Given the promise of additive manufacturing today, especially in healthcare and orthopedics, it is important 
to understand that designing for additive manufacturing technologies requires a different approach than 
traditional manufacturing methods. To a design engineer, additive manufacturing promises a substan-
tially greater design freedom than traditional manufacturing techniques such as milling, casting, forging, 
molding, etc. There is a paradigm shift from “design what we can make” for traditional manufacturing 
technologies to “make what we can design” for additive manufacturing techniques (Zeidler, 2020).

Figure 2 shows a staircase model illustrating different levels of adoption for additive manufacturing5, 
at the tip of which is Design for Additive manufacturing (DfAM), which when optimized can deliver new 
product designs that are truly customized for performance and deliver use benefits over their lifetimes.

When starting to design for additive manufacturing, it is critical to select the most suitable additive 
manufacturing process for the given application, out of the many available 3D printing techniques and 
materials. Below are the considerations of the end application to keep in mind, when selecting an optimal 
additive manufacturing process:

Figure 2. Staircase model showing different models of adoption of additive manufacturing5

Source: Additive manufacturing staircase, 2022.
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Form

It is important to understand the required print size, surface finish, visual and tactile feel. This will be 
dependent on what this part will be used for – For example, is it a quick prototype to communicate general 
shape? Or, is it intended to communicate final look and feel of the part to an end user?

Fit

The required accuracy and precision of the detailed features on the printed part, and subsequent need 
for post-processing (milling, sanding, etc) are important aspects to consider, when choosing the addi-
tive manufacturing process. This could be dependent on what this part is intended to be used with - Is it 
intended to mate with a machined part with tight tolerances? Or, is it intended to mate with another 3D 
printed part? Is the interface a tight clearance fit or a loose fit?

Function

The required structural strength and material properties of the final part need to be understood with 
regards to the limitations of the different additive manufacturing techniques as well as extent of required 
support structures. This is dependent on what this part will ultimately be used for – For example, is 
it intended to be subjected to a mechanical test against pre-determined criteria, to gain confidence on 
structural integrity of the design?

Cost and Time

Depending on the size, complexity and required attributes of the part as described above, the preparation 
time, build time, clean up and post processing times, and subsequently the overall cost of the part will 
need to be considered when designing for a specific additive manufacturing method.

Additive manufacturing technologies have different dimensional accuracy, build size, layer thickness 
and support requirements, which need to be considered when selecting the most suitable process for a 
given design. Below are capabilities of some of the more common additive manufacturing technologies for 
both metallic and plastic materials that are used in orthopedics and in general across healthcare industries.

FDM

1.  Dimensional Accuracy: For desktop FDM printers, the dimensional accuracy is within ± 0.5%, 
with maximum accuracy within ± 0.5 mm. For industrial FDM printers, the dimensional accuracy 
is within ± 0.15%, with minimum accuracy within ± 0.2 mm.

2.  Layer Height: Layer height for FDM ranges between 50 – 400 µm, with typical layer height of 200 
µm.

3.  Build Size: Typical build size for desktop FDM printers is 200 x 200 x 200 mm, and upto 900 x 
600 x 900 mm for industrial FDM printers.

4.  Support Structures: Design for FDM does not always need support structures. Moreover, dissolv-
able support structure materials are available.
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SLA

1.  Dimensional Accuracy: For desktop SLA printers, the dimensional accuracy is within ± 0.5%, with 
maximum accuracy within ± 0.10 mm. For industrial SLA printers, the dimensional accuracy is 
within ± 0.15%, with minimum accuracy within ± 0.05 mm. Overall, SLA offers a greater dimen-
sional accuracy as compared to FDM for a given design.

2.  Layer Height: Layer height for SLA ranges between 25 – 100 µm, with typical layer height of 50 
µm. Hence, SLA offers a greater z-resolution than FDM for a given design.

3.  Build Size: Typical build size for desktop SLA printers is 145 x 145 x 175 mm, and upto 1500 x 750 
x 500 mm for industrial SLA printers. Whereas desktop SLA printers have smaller build volumes 
overall as compared to FDM, industrial SLA printers can build taller components as compared to 
FDM, provided those designs can be oriented accordingly.

4.  Support Structures: Design for SLA always needs support structures, unlike FDM.

Material Jetting

1.  Dimensional Accuracy: The dimensional accuracy is within ± 0.1%, with maximum accuracy 
within ± 0.05 mm. So material jetting offers a greater dimensional accuracy as compared to both 
FDM and SLA for a given design.

2.  Layer Height: Layer height for material jetting ranges between 16 – 30 µm, with typical layer height 
of 16 µm. Hence, material jetting offers a greater z-resolution than both FDM and SLA for a given 
design.

3.  Build Size: Typical build size for material jetting printers is 380 x 250 x 200 mm, and upto 1000 x 
800 x 500 mm. Hence, material jetting printers can build designs bigger than that of FDM printers 
but still smaller than those for SLA printers.

4.  Support Structures: Design for material jetting always needs support structures, unlike FDM. 
However, unlike SLA, support structure materials are always dissolvable.

Binder Jetting

1.  Dimensional Accuracy: The dimensional accuracy is within ± 0.2 mm. So binder jetting offers 
a comparable dimensional accuracy to FDM, but inferior to SLA and material jetting for a given 
design.

2.  Layer Height: Layer height for binder jetting is typically 100 µm. Hence, binder jetting offers a 
superior z-resolution to FDM, but inferior to SLA and material jetting for a given design.

3.  Build Size: Typical build size for binder jetting printers is 400 x 250 x 250 mm, and upto 1800 x 
1000 x 700 mm. Hence, binder jetting printers can build designs bigger than that of FDM, SLA 
and material jetting printers.

4.  Support Structures: An added advantage of design for binder jetting is that does not need support 
structures, unlike FDM, SLA and material jetting.
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SLS/MJF

1.  Dimensional Accuracy: For SLS and MJF printers, the dimensional accuracy is within ± 0.3%, 
with maximum accuracy within ± 0.3 mm. So both these plastic 3D printing processes offer a 
dimensional accuracy comparable to FDM and binder jetting, but inferior to SLA and material 
jetting for a given design.

2.  Layer Height: Layer height for SLS and MJF printers ranges between 70 – 120 µm, with typical 
layer height of 100 µm. Hence, SLS and MJF offer a z-resolution that is comparable to binder jet-
ting, superior to FDM, and inferior to SLA and material jetting for a given design.

3.  Build Size: Typical build size for SLS and MJF printers is 300 x 300 x 300 mm, and upto 750 x 
550 x 550 mm. Hence, SLS and MJF printers can build designs comparable to FDM, but smaller 
than that of SLA, material jetting and binder jetting printers.

4.  Support Structures: An advantage of design for SLS and MJF printers is that it does not need sup-
port structures, unlike FDM, SLA and material jetting.

DMLS

1.  Dimensional Accuracy: For DMLS printers, the dimensional accuracy is within ± 0.1mm. So this 
metallic 3D printing process offers a dimensional accuracy comparable to that of SLA and material 
jetting, while being superior to FDM, binder jetting, SLS and MJF for a given design.

2.  Layer Height: Layer height for DMLS printers ranges between 30 - 50 µm. Hence, DMLS offers 
a z-resolution that is comparable to SLA, slightly inferior to material jetting, while being superior 
to FDM, binder jetting, SLS and MJF processes for a given design.

3.  Build Size: Typical build size for DMLS printers is 250 x 150 x 150 mm, and upto 500 x 280 x 360 
mm. Hence, DMLS printers can build smaller designs than other additive manufacturing processes.

4.  Support Structures: A disadvantage of design for DMLS printers is that it always needs support 
structures.

In addition to considering the end application of a given design as well as the capabilities of the dif-
ferent additive manufacturing processes, a design engineer also needs to consider specific design features 
and their impact on manufacturability using the different additive processes, when selecting the most 
optimal method. Below are some key considerations of design features.

Build Envelope

The very first step is to determine the overall size of the part and its build envelope corresponding to an 
additive manufacturing process. The build envelope for a given design is limited by the maximum build 
volume of the machine and powder supply. When designing the build envelope for a given design, it is 
important to orient the part such that its outer boundaries do not violate the build envelope along any 
dimension, including along the z-direction (direction of build) in the fully built state.

Whenever possible, multiple parts should be closely spaced on the build plate of the machine, such 
that they do not violate the build envelope as well as each other in the fully built state. This would ensure 
efficient usage of the build plate for a single run of the machine.
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Resolution

Multiple factors contribute to the resolution of a 3D printed part, such as layer thickness, minimum wall 
thickness and STL model mesh size.

The primary factor affecting part resolution and surface finish of a 3D printed part is the layer thick-
ness of the additive manufacturing process used to fabricate it. Figure 3 shows the effect of different 
layer thicknesses on surface finish of a 3D printed part.

As described earlier, it is important to weight the pros and cons of the different additive processes 
to select the most suitable layer thickness for the end application of the printed part. Reducing the layer 
thickness proportionately increases the build time and vice versa, so it is important to implement the 
largest layer thickness that will still produce a part of sufficient resolution for the end application.

The minimum wall thickness of the part design determines the smallest size feature that needs to be 
resolved in the printed part. It is important to understand the minimum wall thicknesses that different 
additive manufacturing processes can support, in order to choose a suitable method for the given design.

Table 1 specifies the minimum recommended wall thickness for some common additive manufactur-
ing processes.

Figure 3. Macro view of FDM prints of varying layer thickness (50, 200 & 300 µm layer height from 
left to right) at the same scale2

Table 1. Minimum recommended wall thickness for additive manufacturing processes

Additive manufacturing process Minimum wall thickness (mm)

FDM 0.8

SLA 0.5

Material jetting 1.0

Binder jetting 1.0

SLS / MJF 0.7

DMLS 0.4
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DMLS offers the greatest resolution for metallic designs, whereas SLA provides the best part resolu-
tion for plastic components.

The inherent 3D resolution of a part is driven by the size of the triangular mesh that is used to define 
the part surface geometry within the “standard tessellated language” (STL) format of the digital CAD 
file. A given part design needs to be first converted from its native CAD format to the STL format, while 
specifying the triangular surface mesh size. Each of these triangular facet elements is enclosed within 
three vertices and its orientation is defined by a unit normal vector. The smaller the size of the triangular 
mesh, the higher is the part resolution and vice versa.

Orientation

Orientation of a given part on the build plate needs to be designed such that the part is well supported 
throughout the additive build process while minimizing support structures. Improper orientation of a 
part will trigger the need for additional supports, which will increase the need for post-processing as 
well as affect final surface finish of the part.

In general, orienting a part such that it has inclined surfaces at an angle greater than 450 with respect 
to the horizontal ensures that the structure is self-supporting, whereas a part orientation where an inclined 
surface is at an angle lesser than 450 requires external support structure to be added to the inclined surface.

The surface finish of a fabricated part is greatly dependent on part orientation on the build plate. 
In order to obtain a good surface finish, it is important to orient a part such that most of its surfaces or 
features are at an angle within the range of 600 - 1400 with respect to the horizontal. Surfaces inclined 
closer to the horizontal (either at an angle < 600 or > 1400) are likely to have a rougher surface finish.

Supports

When designing for additive manufacturing, it is important to keep in mind the intended build orienta-
tion, resulting locations of support structures and accordingly specify critical features and dimensions.

As mentioned above, supports are needed to provide stability to surfaces that are inclined close to 
the build plate during the build process. In addition, supports are also required to prevent warpage in a 
part with large overhangs, that sustain large residual stresses during the build.

Part locations, where support structures are required, generally come out rough when support struc-
tures are removed. Hence, significant post-processing steps, in the form of machining, sanding, blasting 
etc, need to be done on those surfaces to bring those features within specifications. When designing 
a part, up-front understanding of this process will allow a design engineer to accordingly avoid those 
surfaces when specifying inspection datums or critical dimensional tolerances, so as to reduce the need 
for extensive post-processing and limit finished part cost.

Overhangs

Large overhanging features are unstable and likely to sink or warp during an additive build process. 
Hence, it is important to design overhanging features for stability during an additive build.

Horizontal overhangs greater than 1 mm length should be avoided, if possible. Wherever possible, 
they should be replaced with inclined surfaces that are self-supporting, convex or concave surfaces.
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If a part design has internal undercut features, it is very important to convert the horizontal overhang 
features (figure 4 left image) into angular or curved, self-supporting geometry (figure 4 right image), to 
ensure that support structures are not trapped within the part.

Holes

Hole features within a design need to be oriented either axially perpendicular to the build plate, or in-
clined such that the angle between the hole axis and build plate is within the range 600 – 900. This will 
ensure that that the form error of the cylindrical hole feature and support structures are both minimized.

If hole features are oriented parallel to the build plate, support structures formed within the hole will 
be difficult to be removed, especially in the case of blind holes. In the case of unavoidable hole features 
that are oriented parallel to the build plate, consider designing the hole shape to be non-circular in order 
to compensate for distortion in the final shape, or build to size and accept some distortion. Alternatively, 
as shown in figure 5, consider designing for a “tear-drop” or “diamond-shape” hole, leaving perimeter 
material stock around the hole feature, for subsequent machining of the stock material to create circular 
hole feature in finished part.

Material Removal

When additively manufacturing a hollow part, escape holes need to be included within the design to 
allow for removal of the unused and trapped material or powder from within the hollow part.

The location of the escape hole should be designed, wherever possible, such that it is aided by gravity 
in the trapped powder flowing out of it.

The size of the escape hole is dependent on the material being used as well as the design of the part. 
In general, a minimum 3 mm diameter is recommended for escape holes.

Figure 4. Design for additive manufacturing - overhang features
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Windows

Similar to hole features, use self-supporting design elements such as inclines, radii and arches to improve 
dimensional accuracy and surface finish of the window feature.

Window edges might be likely to sag towards the build plate in the direction of gravity, so design 
in more dimensional tolerance in the direction of sagging as opposed to the other direction. This will 
allow any mating relationships of the additively manufactured window feature to be preserved at worst 
case material condition.

Threads

Thread features are, in general, difficult to build to required form and size specification as well as re-
quired surface finish at the end of an additively manufactured process. Subsequent machining of the 
thread feature is generally required to meet required specifications.

External threads are easier to fabricate by additively manufactured processes than internal threads, 
mainly due to the relative ease of access to the helical thread turns for an external thread feature. Internal 
threads, if part of a design, need to be accordingly modified to preserve extra stock material that can 
be subsequently machined away to create the final thread form. Care should be taken to ensure that any 
support structures and powder are removed after the additive process, prior to machining of internal 
thread features.

Cavities

As described earlier, cavities or internal features need to be designed such that they are self-supporting, 
such that a subsequent difficult, expensive and time-consuming support removal process is not required.

In the case of designs where self-supporting internal cavities are not possible, powder escape features, 
such as through holes, channels and slots, need to be implemented in the design, to allow for removal 
of excess powder and proper cleaning of the printed part.

Figure 5. Design for additive manufacturing - hole features
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Any porous surfaces should be made externally accessible such that a power wash, cleaning or 
blasting process can be subsequently applied to remove the excess powder from within the pores of the 
additively manufactured part.

Labelling

One of the advantages of additively manufacturing a design is the ability to integrate part labelling within 
the part fabrication process. Part identifying information such as part number, lot number etc. can be 
applied onto or cut into a surface of the design, which will then be printed as a part feature. Additional 
part marking steps such as laser marking, embossing, engraving etc. are not needed, as is the case of 
traditional manufacturing processes.

Distortion

For additive manufacturing processes, temperature fluctuations constantly occur at the micro scale during 
the build process, which lead to residual stresses that can cause local distortions in part geometry over the 
course of a build. Such distortions show up in the final printed part as feature deformation and warpage.

It is important to address this build-up of residual stresses throughout the build process for a given 
design, and accordingly add reinforcing structures such as flanges, connecting ribs, thicker walls etc 
around areas of the design that are more susceptible to distortion.

Figure 6 shows an example design on the left that has thin wall sections which are likely to distort 
during the build process due to residual stresses, resulting in form error in the finished part. A way to 
address this would be to add a connecting rib at the bottom of the design (right image), which strength-
ens the wall sections and stiffens them against residual stresses, thus creating a part free of distortion 
at those features.

Aspect Ratio

Aspect ratio is another important consideration when additively building tall structures upon a build 
plate. Aspect ratio is defined as the ratio between the height (above build plate) of a feature and its larg-
est cross-sectional dimension.

For a given cross-sectional size, as part height increases, the likelihood of instability and distortion 
of an unsupported feature also increases. Hence, it is important to consider strengthening tall features 

Figure 6. Design for additive manufacturing – preventing distortion
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within a design accordingly, and as much as possible, avoid features with very high aspect ratios. As 
a general rule of thumb, it is recommended to maintain a design aspect ratio for minimally supported 
features to less than 10, and not to exceed an aspect of 20.

Porous Surfaces

Additively manufactured porous surfaces cannot be subsequently machined. It is important for a design 
engineer to delineate porous and solid additively manufactured regions within a part design, and allow 
for sufficient machined stock within a base solid region over which a porous region is built.

If a porous region is adjacent to a load-bearing region in a design, consider designing in a solid rim 
region bordering the intended load-bearing region that separates the porous region from it, since porous 
structures are significantly weaker sections of a part for any given material.

For any subsequent machining of part features after the additive build process, in order to create the 
final part, it is important to identify solid regions within the part, and avoid porous features, as holding 
faces for fixturing as well as for proper datum dimensioning for purposes of final part inspection.

Weight Reduction

Part weight or volume is a key factor in the overall time and cost to additively manufacture a part. Any 
opportunity to reduce part volume and weight can improve part yield, reduce cost and potentially also 
reduce part distortion.

It is important to identify and understand the functional requirements of a design, in order to stream-
line a part geometry for optimal material volume/weight while still ensuring that the part design meets 
all its performance requirements.

One technique that allows a design engineer to achieve this is called Topology Optimization. Topology 
Optimization is a computational method to iteratively achieve an optimized topology of a part, such that 
its volume is minimized, while ensuring that a pre-determined set of structural and strength requirements 
are met. The following sections describe Topology Optimization in more detail.

TOPOLOGY OPTIMIZATION

Topology optimization is defined as a mathematical method that optimizes material layout within a given 
design space, for a given set of loads, boundary conditions and constraints, with the aim of maximizing 
the performance of the system6.

In medical device design, topology optimization is used to create an optimal material distribution 
within a given implant or device design using the finite element method (FEM). Other common areas of 
applications of topology optimization are aerospace, civil engineering and automobile engineering. For 
a given design of a medical device or orthopedic implant, topology optimization can be used to explore 
innovative design concepts early on in the development cycle, and in the process identify an optimized 
geometry and material distribution of the design that can be additively manufactured.

The objectives for topology optimization on a given design may include one or more factors such as 
overall stiffness, maximum principal stress, displacement, temperature etc, depending on the functional 
requirements of the device. The constraints within which topology optimization is performed could be 
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mass, volume, specific features to include or exclude, among others. For example, in a given design 
loading areas and fastener interfaces can be excluded from topology optimization and hence retained as 
part of the output design. The goal is always to maximize the performance of a design for a given set of 
loads, boundary conditions and constraints. The input design is almost always a discretized (meshed) 
CAD model that is used to create a finite element model using the above parameters, which in turn is 
iteratively solved to generate an output faceted model. The output model often has a different number of 
mesh elements than the input model and requires additional modeling changes to make it manufacturable 
by one or more of the additive processes.

Some common computer-aided engineering (CAE) tools used to perform topology optimization are 
ANSYS Workbench (version 18 or higher), Autodesk NetFabb and SolidThinking Inspire, among others. 
The sequential steps of a topology optimization workflow for a given design are described below, when 
implemented using ANSYS Workbench. Other topology optimization tools use a very similar workflow.

Generate Input Model

A given design CAD model is brought into SpaceClaim environment for model editing. Any feature 
detail such part labelling and other cosmetic features, not required to be within the scope of topology 
optimization, may be removed here. In addition, sharp corners of the native CAD model should be 
rounded to prevent mathematical discontinuities within the simulated solution. Any part of a feature 
likely to be under a load or boundary condition can be delineated as a separate surface at this stage, to 
be able to select that specific area for applying the load or boundary condition later.

Discretize Model

The SpaceClaim model is then brought into ANSYS Workbench for performing topology optimization. 
The first step is to generate a mesh spanning the entire model. It is important to make sure that the mesh 
size is small enough to be able to generate at least 3 mesh elements across the smallest feature detail 
or thinnest cross-section of the design. Specific areas of a component may need to have a finer mesh 
than other areas, depending on the geometry. When a multi-component assembly is being analyzed, 
different mesh sizes may need to be implemented for different components, depending on their size and 
geometric complexity.

Apply Material Properties, Loads, Boundary 
Conditions and Constraints to Model

Depending on the functional requirements that are being analyzed as part of the topology optimization 
exercise, apply the different material properties, loads and boundary conditions on the discretized model 
that will simulate intended use of the medical device. In addition, identify any areas of the design that 
would need to be excluded from optimization scope, or in other words, areas of the design where material 
should be conserved. These are known as “exclusion constraints”. In general, loading areas and sup-
porting boundary conditions are applied as exclusion constraints, and hence regions of the design that 
remain conserved between the input and output models. Another common constraint that is applied is a 
minimum threshold mass that the output model should not violate, when compared to the input model 
mass. For example, a 30% mass constraint would imply that the analysis can continue to optimize until 
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70% of the mass of the input model has been removed, but no further. After applying all loads, boundary 
conditions and constraints, care should be taken to ensure that the model is neither under-constrained 
nor over-constrained.

Set Objectives for Topology Optimization

Depending on the end application of the design and manufacturability of the design, objectives should be 
set for the analysis. Commonly used objectives used in structural analyses include specifying a maximum 
principal stress criterion, a minimum tensile yield safter factor, a maximum displacement value, among 
others. These criteria are boundary limits for one or more of the variables that the solver is calculating 
at each iteration, after modifying the material distribution of the design space. As soon as the analysis 
identifies that one or more of these criteria are reached at a given iteration, it will stop iterating further 
and generate the faceted model from the last iteration as the final output. In some cases, one or ore more 
structural parameters of interest might be mutually opposing in nature (for example, stiffness and dis-
placement), and care should be taken to apply the worst-case criterion as the objective that is applicable 
to the end application of the design.

Run Topology Optimization

Once the finite element model is ready, the topology optimization analysis can be run. The FEM solver 
calculates physical parameters of interest, dependent on the material properties, loads and boundary 
conditions of the model, at each of the mesh elements. After each iteration, mesh elements within the 
optimization design space, that have parameter values farthest away from the pre-defined objective cri-
teria, are removed, such that defined constraints are not violated. The above process continues to repeat 
itself until one or more of the objective criteria is met, and the final faceted model is generated as output 
of the analysis (Diegel et al, 2019).

Refine Design According to Optimized Model

The output faceted model generally has rough edges and an uneven topology. Hence it is typically over-
laid onto the original CAD model in a CAD environment (Creo, SolidWorks etc), and non-overlapping 
material is removed from the parametric CAD model. An alternative method is to re-model the design 
based on the boundaries of the topology optimized faceted model. Once the final parametric CAD model 
is generated in this way, this optimized model represents the best material distribution of the original 
design, given the functional requirements of that device (Leary, 2019).

Validate Optimized Model and Prepare For 3D Printing

It is always a best practice to validate the optimized CAD model by running a finite element analysis 
(FEA) on it that is identical in materials, loads and boundary conditions to the topology optimization 
model. The resulting parameters of interest (example, maximum principal stress, stiffness, displacement 
etc) should be near identical in magnitude and relative location to that of the topology optimization model. 
This validates the topology optimization analysis. The optimized CAD model can then be converted into 
STL format, and is ready for additive manufacturing (Mirzendehdel & Suresh, 2017).
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Figure 7 shows an example of design evolution of an additively manufactured aluminum alloy bracket, 
using topology optimization. This reduced the number of parts from 4 to 1, eliminated 44 rivets, thus 
reducing the overall weight by 35% and increasing the part stiffness by 40%. This illustrates the power 
of topology optimization, as an integral part of design for additive manufacturing, in improving a design 
and significantly reducing its cost (Bendsoe & Sigmund, 2011).

In summary, design for additive manufacturing has enormous potential in design and innovation 
across hi-tech industries such as aerospace, automobiles and particularly medical devices. Topology 
optimization is an integral part of design for additive manufacturing, and is being increasingly used early 
on in development cycles in the orthopedic implant industry, and continues to hold tremendous promise 
in re-imagining medical device designs of tomorrow.
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ABSTRACT

The impact of the musculoskeletal system on human locomotion is acquired using force platforms, mo-
tion analysis systems, and EMG markers. The kinetic and kinematic parameters can be obtained using 
the force platform, EMG markers, and motion analysis system. The videos are captured using the motion 
analysis system and analyzed using suitable software. If the typical gait pattern is irregular, it indicates 
a disorder or abnormality. An abnormal gait cycle or pattern may rise due to joint pain, muscle strain, 
deformities of bone, weakness, and other impairments in limbs. The gait analysis is used to study various 
gait abnormalities. The obtained pattern of abnormal subjects is clinically correlated for the assessment 
of gait disorders. Gait analysis has a wide range of applications like sports for enduring athletes’ per-
formance and injury prevention, in rehabilitation, post-surgery analysis, design of orthotics and shoes, 
and biomechanics studies of astronauts.
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INTRODUCTION

Biomechanics deals with the study of living organisms, particularly their structure and function, using 
the principle of mechanics. Human locomotion is the act of walking, running, jumping that includes 
coordinated joint movement through muscle forces that involve motor control and the musculoskeletal 
system (Nutt et al., 1993). The biomechanics that deals with human locomotion are termed gait analysis. 
It is the method to assess human movement and measure the Range of Motion (ROM) during locomotion.

The gait analysis is the quantitative assessment measuring motion with or without force. The kinetic 
parameters are Ground Reaction Force (GRF), Centre of Mass (CoM), Centre of Pressure (CoP), whereas 
the kinematic parameters are velocity, acceleration, and angle. The techniques involved in analyzing gait 
analysis are motion capture, inertial system, EMG (Electromyography) and force platforms. The impor-
tance of gait analysis is assessing gait disorder due to bone deformities and motor control impairment. 
The clinical approach for analyzing gait disorders is concerned with evaluating the body balance and its 
symmetry of motion pattern. The gait analysis has vital parameters that help to assess the movements. 
Various computational techniques are used to measure the kinetics and kinematics parameters during 
gait analysis.

This chapter discusses the various phases of a gait cycle, gait parameters, gait abnormalities and 
computational techniques available for measuring gait. The chapter also briefs about different applica-
tions of gait.

GAIT CYCLE

Gait is a cyclic process, where the same set of movements repeatedly occurs to enable the forward pro-
gression of the body. This set of coordinated movement aim to move the body with support and transfer 
of weight of the body. Thus, a gait cycle is a period between the heel strike of a foot which has support 
function to subsequent heel strike of the same foot while other foot advances for the next support position.

Phases of Gait Cycle

The gait cycle is divided into the following events:

• Heel strike
• Foot flat
• Heel-rise
• Opposite initial contact
• Toe-off
• Feet adjacent
• Tibia vertical
• Heel strike

The events of the gait cycle of a leg are categorized into two periods: stance and swing (Perry, 1992). 
Figure 1 represents the different phases and sub-phases of the gait cycle. The stance phase is when the 
reference foot is grounded, and the swing phase is when the reference foot is no longer touching the ground.
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The gait cycle has a period called double support, where both the limbs are in contact with the ground, 
which occurs twice in the stance period. The single support period in the stance phase occurs when only 
one leg is in contact with the ground. The stance period has the supportive role and the swing period 
has a forward progression role. The block diagram in Figure 2 represents the division of the gait cycle.

These phases perform three tasks to move the body in forward progression:

• Weight acceptance
• Single limb support
• Limb advancement

Figure 1. Schematic diagram of different phases of the gait cycle.

Figure 2. Block diagram of the gait cycle showing various sub-phases.
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Weight Acceptance

The weight acceptance task aims to absorb shock limb stabilization and preserve progression of the body

• Initial contact occurs when the feet strike the ground, also known as heel strike. Repeated progress 
occurs over heel strike to foot flat in the stance limb for forward progression of CoG.

• Loading response is the phase where the weightage of acceptance occurs where the knee flexes 
slightly for shock absorption as the heel strikes on the ground and stabilize the single-limb support.

Single Limb Support

The single-limb support task is responsible for weight-bearing stability and progression of the body.

• Mid-stance of single-limb support is the first phase where the advancement of the swing limb oc-
curs and moves ahead of the stance limb as the weight is transferred to the forefoot of the stance 
limb.

• The terminal stance of single-limb support is the last phase which starts with heel rise of stance 
limb and proceeds until the other (swing) foot strikes the ground.

Limb Advancement

The limb advancement task helps in foot clearance from the ground, position the limb for the swing 
phase, and executes limb advancement.

• Pre-swing is the final double support period in preparing the supportive limb for the swing period 
and lifting off the stance foot from the ground.

• Initial swing is the first phase of the swing period. During this phase, the knee flexes to the maxi-
mum. The initial swing starts with the toe-off with the reference foot (stance limb).

• Mid-swing is the second phase of the swing period, ending with the vertical tibia.
• The terminal swing is the final phase with the complete limb advancement and positions the limb 

for the next gait cycle.

A gait cycle consists of two double and two single supports, as explained in Figure 3. The approximate 
proportion of double and single support is 1:4. Overall, the stance period is 60%, and the swing period 
is 40% of the gait cycle (Kharb et al., 2011).

Table 1 explains the various sub-phases of a gait with hip, knee, ankle movement during locomotion.

Centre of Gravity

The centre of gravity (CoG) is the point where the body’s whole weight is concentrated and relates to the 
body’s posture. The CoG is the vertical entity on which the balance and stability of any object depend. It 
is crucial to understand and visualize the line of gravity acting downward through CoG while determin-
ing the balance or stability of the individual. A person is stable when the line of gravity is within the 
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walking base. An increased or decreased walking base can cause abnormal gait patterns. The greater 
displacement of CoG from the midpoint is due to the larger Base of Support (BOS).

The CoG is the point that lies in front of (approximately 2 cm for a typical adult human) the second 
sacral vertebra. However, the anatomical position of the CoG varies with the different postures of the 
body. The CoG moves forward in a sinusoidal curve vertical or lateral during walking or running. The 
vertical trajectory of CoG viewed in the sagittal plane traces the sinusoidal curve with two higher and 
lower curves in a gait cycle. During loading response and pre-swing, the CoG is lowest, while in the 
mid-stance and mid-swing phase, the CoG is highest. The lower curves are governed by pelvic rotation, 
knee, ankle, and foot interaction, whereas the higher curves are governed by pelvic tilt and knee flexion 

Figure 3. The time dimension of a gait cycle

Table 1. Kinematics of lower extremities during gait

Phases Hip Knee Ankle

Initial Contact(IC) 30° flexion by contraction of rectus 
femoris muscle.

5° flexion by hamstring and 
extension by quadriceps.

Plantar flexion by tibialis anterior 
muscle.

Loading response Adductor magnus and gluteus 
maximus muscles contraction. Flexion of 15° to 20° occurs. 10° to 15° plantar flexion is 

increased.

Mid-stance 10° extension by contraction of 
gluteus medius muscle.

Maximum flexion and then 
extension occurs.

Supinated and dorsiflexed by 
contraction of triceps surae.

Terminal stance 10° to 13° goes to hyperextension 
and then flexes. Flexed from 0° to 5°. Supinated and Plantar flexed.

Pre-swing Less extended. 35° to 40° flexed. Plantar flex 20°.

Initial swing Extend to 10° and flexed by 
iliopsoas muscle contraction. Flexes of 40° to 60° occurs. From 20° plantar flexion to 

dorsiflexion.

Mid-swing It is flexed to 30° by adductors.
It flexes 60° and 
sartorius muscle contraction of 
30°.

Tibialis anterior muscle 
dorsiflexed.

Terminal swing Flexes 25°to 30°. Locked extension. Neutral position.
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in the stance period. Figure 4 illustrates the vertical displacement of CoG at different phases in a gait 
cycle. The lateral displacement of CoG occurs predominantly during the mid-stance. In contrast, the 
lateral displacement of the pelvis limits the lateral displacement of CoG.

The CoG plays an essential role in analyzing the asymmetric gait. Since the kinetic and kinematic 
data are used in analyzing the gait pattern, the CoG needs to be optimized for the regular pattern (Tesio 
& Rota, 2019).

Determinants of Gait

Six determinants are considered to minimize the energy expenditure during a gait cycle. These are

• Pelvic rotation
• Pelvic tilt
• Stance knee flexion
• Foot mechanisms
• Knee mechanisms
• Hip adduction

Pelvic Rotation

The pelvic rotates in the transverse plane during the swing phase’s forward progression, preventing the 
vertical excursion. The maximum pelvic rotation occurs just before the initial contact of the limb with 
4° rotation at each side of the plane. The pelvic rotation reduces the angle of hip flexion and extension. 
During pelvic rotation, the stride length is longer than the pelvic flexion of the advancing limb (Saunders 
et al., 1953).

Figure 4. The Centre of Gravity (CoG) vertical displacement at different gait phases.
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Pelvic Tilt

Pelvic tilt occurs in the frontal plane, which is slightly tilted over the swinging limb. It prevents the 
horizontal displacement of CoG by the maximum tilt of pelvic occurring at the mid-swing phase with 
a 5° drop at the swing limb. The pelvic tilt reduces the height of the apex of the CoG

Knee Flexion

The knee flexion shortens the limb in the middle of the stance phase. Knee flexion reduces the vertical 
height of the CoG.

Ankle and Foot Mechanism

The foot or ankle is dorsiflexed in the early stance period when the knee is extended. The CoG is lowered 
in the vertical displacement. As the knee is flexed, the foot or ankle is plantarflexed at the late stage of 
the stance period while the ankle lengthens the limb at heel strike. Both smoothen the CoG curve and 
reduce the lowering of CoG, thereby minimizing the energy expenditure.

Lateral Displacement of the Pelvis

The lateral oscillation of CoG occurs by horizontal movement of the pelvis to provide balance. The 
lateral displacement of the pelvis reduces the displacement of the CoG in the horizontal plane. In con-
trast, the other displacements reduce the CoG in the vertical plane. These determinants should function 
together, exhibiting a smooth CoG curve to reduce energy expenditure. Since determinants determine 
the displacement of the CoG, it helps study the kinetics and kinematics of the gait (Banaszkiewicz & 
Kader, 2014). Figure 5 illustrates the six determinants of gait showing minimum displacement of CoG.

Figure 5. Schematic showing six determinants of gait during A) pelvic rotation B) pelvic tilt C) knee 
flexion D) ankle mechanism E) foot mechanism F) lateral displacement of the pelvis
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Ground Reaction Force

The ground reaction force is the external vertical force exerted on the body. The vertical anteroposterior 
and mediolateral GRF act between the foot and the ground as the body progresses forward. The subject’s 
weight corresponds to the GRF during the anatomical position. As the body moves, the GRF increases 
with the increase in acceleration of the body.

The GRF can be calculated as:

GRFi = m(ai + g) (1)

where,

m = mass of the body. 

a = acceleration of the body. 

g = acceleration due to gravity. 

i = axis (x, y, z) 

The centre of pressure (CoP) is the position of the vertical projection of the GRF vector acting 
downward at the area of contact with the ground. The CoP is considered a reflection of the body’s neu-
romuscular responses to imbalances of the CoG (Winter, 1995). The difference between the CoG and 
CoP is proportional to the horizontal acceleration of CoM.

Energy Expenditure

The body experiences energy expenditure during locomotion. Expenditure of kinetic energy and genera-
tion of potential energy is required for gait as the body moves forward (Winter et al., 1976). The energy 
used by an individual during walking can be divided into three types:

• Energy is consumed during the contraction and relaxation of muscles as they accelerate and deac-
celerate the limb for movement.

• The heart’s activity increases due to muscular movements and thus also improves breathing, which 
consumes energy.

• The basal metabolism is the minimum amount of energy that an individual can consume at rest is 
irreducible.

Oxygen consumption occurs during locomotion can estimate the energy expenditure of the gait. The 
energy exchange occurs between kinetic and potential energy produced during walking, and the energy 
transfer occurs between limb segments. The head, arm and trunk (HAT) was studied through the sagittal 
plane, whereas other planes showed a negligible energy consumption. The linear motion’s kinetic energy 
was considered neglecting angular motion’s kinetic energy (Waters & Mulroy, 1999). At the stance 
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period, the CoG of HAT elevates vertically, producing kinetic energy for the forward progression. The 
elevation reaches maximum converting kinetic energy to potential energy during the mid-stance phase.

The energy can be expressed as energy/unit time (oxygen consumption) or energy/unit distance (oxy-
gen cost). The energy/unit time includes the basal metabolism and the energy expenditure of the heart 
and the breathing. Oxygen consumption is the amount of O2 consumption per minute. The oxygen cost 
is the amount of O2 consumption per unit distance travelled during walking (ml/kg/meter). The rate of 
O2 consumption is the power required per minute (ml/kg/minute). The O2 cost is the energy consumed 
to perform walking. The O2 cost is the rate of O2 divided by the walking speed. It is reported that the 
O2 cost is higher in children and decreases in adults (Harris & Wertsch, 1994). The energy expenditure 
associated with gait abnormalities is higher, as the patient experience more stress in the muscles for lo-
comotion. Thus, the gait analysis measures the energy expenditure to decrease the stress on the muscles 
and the joints (Chambers & Sutherland, 2002).

GAIT PARAMETERS

It is essential to know the gait parameters to understand the gait analysis and characterize the gait pat-
tern. The main parameters of gait analysis are spatial-temporal parameters. The other parameters include 
kinetic, kinematic, anthropometry and dynamic EMG based parameters.

The Spatio-temporal parameters are basic gait analysis parameters, including cadence, step length, 
stride length, velocity, and speed. Few parameters are explained below.

• Step length is the point of the heel strike of one foot to the heel strike of another foot. Two steps 
make one stride, also known as a gait cycle, which is defined from the initial point of contact of 
the reference foot to the initial point of contact of the same reference foot.

• The sum of the two-step length is the stride length.
• The number of steps per unit time (steps/min) is known as cadence. The average cadence for a 

normal healthy subject is between 90 to 120 steps per minute.
• Cycle time (s) = 120/cadence (average cadence for the healthy subject)
• Speed (m/s) = (stride length*cadence)/120 or stride length/cycle time
• Step time is the interval between one foot’s initial contact to another foot’s contact.

The parameters involved in kinetics are GRF, joint reaction forces, moments and plantar pressure. 
Kinematic parameters involved in measuring the motion of body segment without considering the forces 
are angles of the different joints (ankle, knee, hip), acceleration, velocity and angular motion of the joint 
segments. The dynamic EMG records the electrical activity of muscles by recording and measuring 
the voltage potential generated by the muscle’s electrochemical activities. The electrical activity of the 
muscle is one of the critical parameters used for gait analysis. Anthropometric parameters involved in 
measuring body dimension are BMI (body mass index), height, weight and limb length.

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



74

Gait Analysis
 

GAIT DISORDERS

An abnormal gait is the irregular pattern of the gait cycle due to neurological impairment (loss of motor 
control and coordination), orthopaedic problem (skeletal deformities and its degeneration) and other 
medical illness (heart failure, obesity). The gait pattern is altered and may vary with age, gender and 
physical health. The gait disorders are classified according to neurologic, orthopaedic, and other dys-
functions. The soft tissue impairment causes passive mobility, preventing standard postures and ROM 
at the joints required for walking and running. Contractures are one form of deformity experienced on 
a subject when positioned in a single posture for a longer period of time. The fibrous connective tissue 
undergoes a structural change due to prolonged inactivity of soft tissue, which stiffens, thereby causing 
a reduced movement around that location.

Other deformities that could affect the gait are abnormal joint contours, which again affect the ROM, 
or congenital disorders like a club foot (talipes equinovarus). The club foot is an inward position of the 
foot instead of being neutral and unable to rest the foot on the ground completely. Club foot is congenital 
where the children experiencing this are unable to land their foot flat.

The next factor that could influence the gait pattern is muscular problems. If the muscles are weak, 
insufficient strength in the muscle occurs during locomotion for proper coordination. The other cause of 
muscle weakness is atrophy, thinning or loss of muscle function. Disuse causes thinning and weakening 
muscles, whereas muscle cramping occurs when overexcited. Spasticity is another muscular problem 
where the muscle gets overexcited for prolonged contraction. It causes neurological problems like cere-
bral palsy, which affects the brain.

Pain is another cause of pathological gait, which occurs due to excessive tissue tension. Joint pain 
could be another cause for a person with impairment to walk. Pain can lead to deformities like contrac-
tures (Simon, 1993).

The various gait disorders are classified as follows:

Musculoskeletal Disorder

Antalgic Gait

A person suffering from unilateral antalgic gait disorder will have a shorter stance period. The body’s 
weight is loaded on the affected limb to avoid pain, causing a limp. The person lifts his foot and lowers 
it in a fixed ankle position to reduce the load on the affected limb. The lower extremities abnormalities 
such as knee osteoarthritis, sprain in ankle and pain in the hip cause antalgic gait. Walking aids are used 
to decrease the pain in the affected limb.

Coxalgic Gait

The coxalgic gait is characterized by shifting the upper torso of the painful hip and is caused by the 
decrease in the hip abductor. The antalgic gait may constitute a coxalgic gait pattern that minimizes the 
affected limb’s weight-bearing load. A gluteus medius lurch, abductor lurch, or the Duchenne sign is 
the torso’s shifting during the single-limb stance period. The shifting of the upper torso toward the af-
fected hip reduces the moment arm of the body’s gravity. This reduces the abductor forces to maintain 
the statc equilibrium, which leads to a decrease in joint reaction force.
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Trendelenburg Gait

The Trendelenburg gait is the tilt of the pelvis that occurs with a similar appearance to the coxalgic gait. 
It is characterized by a single stance period of the affected hip by the drop of the contralateral hemipel-
vis. The upper torso is shifted to the affected limb, similar to the coxalgic gait. The Trendelenburg gait 
is caused by a decrease in abductor movement and is common in polio patients. As in coxalgic gait, the 
abductor force decreases but cannot maintain pelvis level, dropping the contralateral hemipelvis.

Muscular and Myelopathy Disorder

Steppage Gait

The steppage gait is the foot drop where an individual has a weakness in ankle dorsiflexion due to lifting 
the limb higher than the usual so that the foot does not drag on the ground. As the foot is dropped, the 
toe of the affecting limb makes contact with the ground before the foot’s heel hits the ground. This gait 
disorder is also known as slap gait, as it makes a thud sound when the toe hits the ground. The patients 
having steppage gait is unable to stand on their heel.

Waddling Gait

Waddling gait exhibits weakness in hip and thigh muscles which causes instability of the pelvis. The 
person will have difficulty in standing from a sitting position. Elevation of the hip occurs with the swing 
limb which leads to a waddling appearance. It characterizes muscular dystrophy. The patients bend the 
trunk towards the stance period to prevent hip elevation during the swing phase.

Myelopathic Gait

Myelopathic gait is cervical spondylotic myelopathy causing disturbance in gait and balance problems. 
The hypertrophy of ligaments and degeneration of osteophytes cause the spinal canal to narrow and 
compress the cervical spinal cord.

Neurological Disorder

Cautious Gait

The cautious gait is the excessive degree of changes in an individual’s gait pattern. The patients have a 
broad walking base, slow gait, stooped posture. Phobic gait is one of the cautious gait disorders where 
the patients have an extreme fear of falling. Walking aids like crutches or holding the other person’s 
hand can be used to improve cautious gait.

Spastic Gait

The spastic gait involves both the lower and upper extremities causing spasticity. It is characterized by 
dragging the stiffened limb in semi-circular motion on the affected side (circumduction). The spastic 
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gait is categorized as spastic paraparetic and spastic hemiparetic gait. The spastic paraparetic gait is 
characterized by bending of legs in an adducted position near the hip, bending or extension of knee and 
feet in plantar flexion postion. The spastic hemiparetic gait is characterized by inward bending of arms, 
pronated forearm and flexed fingers. The lateral movement of the leg is the characteristic of hemiparetic, 
also known as Wernicke-Mann gait.

Ataxic Gait

Ataxic gait is the lack of coordination of movement causing unsteady walk with a wide base. The patients 
suffering from ataxic gait have varying step lengths of irregular movement. The patients with cerebellar 
dysfunction experience ataxic gait. Titubation occurs when the patient’s body oscillates back and forth 
or side to side.

Parkinsonian Gait

Parkinson gait is characterized by impaired postural stability. These patients have bradykinesia causing 
small steps with difficulty in initiating the steps. They have higher step frequency rather than higher 
step length while walking faster. Further impairment increases as the disease progresses, resulting in a 
slow gait with a broader walking base and short step length.

TECHNIQUES OF GAIT ANALYSIS

Various equipment, accessories, and software used for measuring the gait pattern are discussed so that 
the reader will oversee various types of tools/software for analyzing the comprehensive gait pattern. 
In earlier days, only Spatio-temporal parameters were measured with less sophisticated equipment, 
resulting in inappropriate gait evaluation (Davis, 1988). The latest advancement in technology helps 
measure additional data like joint angle, GRF and gait energetics (Baker, 2007). The main parameters to 
be measured are categorized as kinematic and kinetic data. The kinematic data characterize the motion 
through the geometrical description of the human segments in 2D or 3D. The motion analysis system 
comprises infra-red cameras and reflecto-markers are used to obtain the kinematic parameters such as 
displacement, velocity and acceleration. An inertial measuring unit (IMU) sensor is used as a wearable 
device, a combination of accelerometer, gyroscope, and magnetometer for kinematic measurements. 
The videos are captured using the motion analysis system and analyzed using a suitable track manage-
ment software like Qualisys Track Management (QTM™) and Visual 3D software. The limitations of 
kinematic data are mechanical artefacts and correct placements of the reflecto markers.

The kinetic data characterize the forces and moments. The kinetic parameters such as GRF, muscle 
forces, and foot pressure are measured using force platforms and pressure mats. The limitations of kinetic 
data are frictional forces and visco-elastic properties of soft tissues causing a possible error in calculating 
muscle forces concerning movement. Before carrying out the experiments, calibration of the gait equip-
ment/tools is essential. Figure 6 explains the gait analysis techniques used for measuring the gait profile.
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Kinematics

The kinematics deals with studying human motion without considering the forces involved in the move-
ment. The individual body’s portrayal is streamlined to a progression of a series of rigid bodies or sec-
tions moving in 3D (6 degrees of freedom). The clinical implications of the information recorded are 
the movement of anatomical joints across the various planes (sagittal, transverse and frontal) at the foot, 
lower leg, knee and hip level. Cadence, step length, walking speed, stride length, stride time, duration of 
single-limb support and double limb support is additionally part of kinematic data. It also characterizes 
the joint angles, pelvic tilt, extension/flexion of the hip, extension/flexion of the knee and plantarflexion/
dorsiflexion of the ankle. The most commonly used tools for measuring the kinematic data are motion 
capture unit, goniometry and IMU sensors.

Goniometers

The goniometers are potentiometers used to measure the movement of joints as angle measurement. The 
latest goniometer used is the electro goniometer, a rotary type potentiometer. These goniometers use a 
variable resistor attached to the limb segment, which is fixed by cuffs around the limb and the joint to 
be measured. The resistance of the potentiometer varies when the movement occurs by producing an 
electrical output. The other goniometers used for gait measurement are flexible strain gauges and polar-
ized light goniometers. The limitation of using these goniometers is that the angle can be measured only 
for one plane at a time and requires accurate calibration for the joint axis.

Motion Analysis

The motion capture analysis has advancement from simple to sophisticated equipment with more accuracy, 
multimodal, camera-based, and cartesian optoelectronic anthropometer(Hachinski, 2008). Previously, 
the markers system was used for motion analysis and placed according to the planes of the body. There 
are three landmarkers with regard to the planes: sagittal plane landmarkers, coronal plane landmarkers, 
transverse rotation markers. The sagittal landmarkers of the hip is the greater trochanter since the centre 

Figure 6.Various techniques for measuring gait profile
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of the hip position is difficult to locate. The knee joint is more prone to direct placement of markers in 
the sagittal plane. The ankle is between the centre of the joint and the lateral malleolus. The landmark-
ers for the ankle is placed on the lateral malleolus. The sagittal landmarkers are the posterior-anterior 
and superior iliac spines at the pelvis. The coronal landmarkers of the pelvis is placed at two anterior 
superior iliac spines. The middle of the patella is the coronal landmarkers for the knee. For the ankle, 
the middle of the distal tibia is the coronal landmarkers. The arc of rotation is difficult to find the loca-
tion and capture. Thus, the transverse rotation markers are placed at the middle of the limb’s segment 
anteriorly or lateral side of the limb.

Currently, optoelectronic technology is used for measuring the motion analysis of the human gait. 
The optoelectronic system uses marker points that convert the reflected or emitted light signals into 
electrical signals from the markers and are used for gait analysis model construction. The light signals 
are emitted by active markers where small LEDs attach to the body in the region of interest, whereas 
the lights are reflected by the passive markers, which are IR (infra-red) light and are again captured by 
the cameras. For an accurate calculation, the markers are placed close to the joint’s centre of rotation.

Before developing these systems, therapists and doctors view the patient’s walking pattern to evaluate 
the clinical gait analysis without a basic visual system. First, they need to identify the deviation of the 
gait pattern from the normal pattern with a detailed and systemic view. Secondly, the identified abnor-
malities should be described as a term of pathology. As it is not a direct result, it is the combination of 
the patient’s recompense and the effect of pathology.

Data is collected as “frames”, which varies between 50 and 1 kHz depending on *the system used for 
acquisition. Apart from calibrating, the error may occur due to misplacement of markers at anatomical 
landmarks and the soft tissue, skin, muscle artefact. Thus, there should be knowledge of displacement 
of tissue and muscle during the evaluation of gait to better evaluate the movements (Baker, 2006).

Inertial Measuring Unit (IMU)

The IMU is the sensor embedded with an accelerometer, gyroscope, and magnetometer that measures the 
acceleration, angular rate, and magnetic field direction. It is based on micro-electromechanical systems 
(MEMS), which are low cost, compact and used for real-time tracking in the orientation of the objects 
where it is used. Placing the sensor at each limb segment helps determine the limb segment’s orientation 
independently. This sensor is used as 6 DOF OR 9 DOF depending upon the application. The accelerom-
eter uses Newton’s second law of motion, where the net force acting on the body is proportional to the 
acceleration of the body. The joint angle can be measured by integrating the angular velocity obtained 
by integrating the acceleration from the sensor, which is expressed as,

q = = ∫∫∫∫ v a  (2)

θ = joint angle 

v = angular velocity 

a = angular acceleration 
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The transducers like piezoelectric and piezoresistive sensors are used for accelerometers as IMU 
sensors (Muro-de-la-Herran et al., 2014). The gyroscope principle is based on the Coriolis effect, which 
gives the angular velocity, segment inclination, joint angle of the body segment where it is placed. The 
magnetometer is used to increase the reliability of the combination with accelerometer and gyroscope 
and make the global reference frame possible (Surer & Kose, 2011).

The IMU sensors give the joint’s measured angle and angular rotation for gait analysis. It is used to 
diagnose abnormal gait, fall detector, and segment orientation. It is placed on the limb segment such 
as the thigh and shank to determine the joint’s angle and segment orientation through acceleration data 
and angular rotation (Seel et al., 2014).

The joint angle measurement through IMU is used with 3D optical markers, which can be used for 
precise joint angles. VICON™ optical motion system and Xsens™ IMU sensor are used to estimate the 
joint’s angle, resulting in a novel method from real-time measurement (Seel et al., 2014).

Kinetics

The kinetic parameters are governed by Newton’s second law and Euler’s law of motion. A state of 
equilibrium exists at each joint such that the moments balance the externally applied forces. The product 
of body weight (in percentage) and leg length gives the moment. Once the moments, angular velocities 
and joint angles are determined, the power at various joints is calculated. The GRF has a load of verti-
cal patterns with normal cadence as an ‘M’ shaped curve (Harris & Wertsch, 1994). Figure 7 illustrate 
a schematic diagram of the ‘M’ shaped curve of GRF. 

Figure 7. The ‘M’ shaped curve of the vertical GRF
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F m acc
x x
=∑ *  (3)

F m acc
y y
=∑ *  (4)

F m acc
z z
=∑ *  (5)

where,

F F F
x y z
, ,ååå = summation of joint reaction forces in x, y, z components. 

m = mass of the segment. 

acc acc acc
x y z
, , = x, y, z components of linear accelerations of the centre of mass of the limb segment. 

The joint moments are calculated using Euler’s law of motion

M I a I I
x xx x zz yy y z
= + −( )∑ w w  (6)

M I a I I
y yy y xx zz z x
= + −( )∑ w w  (7)

M I a I I
z zz z yy xx x y
= + −( )∑ w w  (8)

where,

M M M
x y z
, ,ååå = summation of x,y,z components of joint moments applied to the limb seg-

ment 

I I I
xx yy zz
, , = mass moments of inertia of the limb segment along x,y,z direction respectively. 

a a a
x y z
, , =  the angular accelerations of the centre of mass of the limb segment around the x, y, and z 

directions, respectively. 

w w w
x y z
, , = angular velocities of the centre of mass of the limb segment around the x, y, and z directions, 

respectively. 

Power is calculated as
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P M
x x x
= w  (9)

P M
y y y
= w  (10)

P M
z z z
= w  (11)

Total power: P P P P
x y z

= + +∑  (12)

Force Platform

The force platform is used for measuring kinetic data. The force platform/plates use the sensors on the 
platform, which calculated the forces and moment with a flat surface as a tracking path. The force plate 
has a piezoelectric or force transducer typically. This force platform is insole with embedded sensors or 
pressure mat, which helps establish pressures or force profiles. The output of the force platform gives 
the components of the GRF vector as vertical, anteroposterior, mediolateral and the position of CoP of 
the body.

Electromyography

It measures the electrical activity of muscles by recording the muscle action potential generated in the 
muscle. The instrumentation unit for recording EMG signals is the surface electrode, amplification and 
conditioning of signal, transmission of signal, data display, and storage unit. The surface and fine-wired 
electrodes are commonly used in gait analysis. The surface electrodes are non-invasive and are placed 
on the skin using a conductive gel to minimize the electrical impedance. The limitation with the surface 
electrode is that they cannot record a specific part of the muscles. In order to overcome the limitation of 
the surface electrodes, a fine-wired electrode is used, which invasively measures the electrical activity 
of an individual muscle. It consists of a pair of fine wire inserting into the muscle through a hypodermic 
needle. The amplitudes of EMG signal from surface and fine-wire are small, and without amplifica-
tion, it does not allow direct recording. A differential amplifier is used for signal conditioning. A high 
common-mode rejection ratio (CMRR) eliminates electrical noise by these electrodes. The EMG sig-
nals recorded by fine-wired and surface electrodes have a different known frequency range of spectral 
characteristics. The EMG signals from the surface electrode range from 10 Hz to 350 Hz, whereas the 
signals from fine-wired electrodes have a frequency range of 10 Hz to 1000 Hz (Abu-Faraj et al., 2015).

The EMG measured from muscle indicates the muscular effort level used during an activity. The 
difference in amplitude of the EMG represents the measure of muscle tension. When the amplitude in-
creases, the gait speed also increases with comfortable movement. The timing of EMG is important in 
gait assessment as it can relate to the gait cycle phases. In pathological gait, EMG can be used to evaluate 
neuromuscular disorders deformities of the hip and ankle (Abu-Faraj et al., 2015).
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Other Techniques

The other techniques used in gait analysis are imaging systems like ultrasound and MRI used to measure 
anthropometry data (height, BMI, waist to hip ratio) by analyzing the dimension of the body from the im-
age obtained and modelling the geometric structure in 3D view (Ganley & Powers, 2004). The magnetic 
system using ferromagnetic markers are used and analyze the body locomotion by movement pattern of 
the markers. The acoustic system that uses ultrasound pulse determines the position of the movements. 
Machine learning is recently used in gait analysis for diagnosis and rehabilitation (Prakash et al., 2018).

The combined kinematic/kinetic techniques are used with multiple regression techniques for asym-
metry gait (Jena et al., 2021).

APPLICATIONS OF GAIT ANALYSIS

Gait analysis is used in many applications like sports for enduring performance and injury preven-
tion for athletes, rehabilitation for patients with movement impairment, and design orthotics/shoes for 
differently-abled subjects. In sports, the loading behaviour of foot and neuromuscular activities are as-
sessed for many games. An athlete’s energy expenditure limb segment acceleration is evaluated by gait 
analysis. The gait parameters are assessed during the exercise and training of the athlete, which helps 
to understand the athlete’s body motion and improvement of performance. In rehabilitation, the gait 
pattern needs to be restored. A robot assistive system is used to drive the gait performance, increase the 
load-bearing, improve EMG signal. The lower and upper extremities amputation is evaluated by gait 
pattern analysis. The gait analysis helps in studying the body’s motion by modelling the body segment 
and analyzing the movement by simulation. The clinical gait analysis is used to diagnose the disorders 
associated with locomotion.

Gait Analysis in Sports

In sports, gait analysis is essential to improve the athlete’s performance and prevent injury. High-speed 
and high-resolution camera systems are used to evaluate the body posture during sports activities. In 
the triple jump, gait is used to study and analyze the neuromuscular activities of the athlete to obtain 
maximum horizontal speed during the jump with a higher degree of impact force during take-off. By 
analyzing the neuromuscular response, proper training and exercise can be suggested to improve the 
athlete’s performance (Perttunen & Heinonen, 2000). The kinematic data of soccer players is measured 
using wearable and vision sensors as a gait analysis system. Recurrent Neural Network (RNN) is used 
for classifying and recognizing soccer gait in real-time. The study revealed the foot kinematics data as 
the most reliable in classifying and recognizing soccer gait patterns (Akhtaruzzaman et al., 2016).

The typical injury that occurs in runner athletes is patellofemoral pain. A recent study determined 
the altering step time and patellofemoral joint loads during running. The study revealed that an increase 
in step rate and reduction in stride length decreases the patellofemoral load and influential factors in 
biomechanics (Heiderscheit, 2014). Videotaped observation gait analysis is used to assess athletes re-
lated to the injury or pain. It measures the kinetic and kinematic parameters through the retro-reflective 
tape, digital camera and treadmill (Whittle, 1985). It is also important to evaluate an athlete’s strength, 
stability, flexibility, mobility for improved performance in static and dynamic conditions.
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Gait Analysis in Rehabilitation

Rehabilitation is vital in a patient’s life with injury. It provides recovery of the injured body segment to 
the maximum degree of recovery and improves the quality of the patient’s life. Restoring the gait with a 
natural pattern is one of the main factors in rehabilitation. In evaluating ROM and subjective gait (param-
eters), a physiotherapist assesses the gait analysis of an injured patient (Keegan, 2011). A disorder like 
cerebral palsy, Parkinson are examined through gait analysis and proper rehabilitation treatment is given 
for their recovery. A robot assistive system drives gait performance, increases load-bearing, and improves 
the EMG signal. The robotic system reduces the burden of the therapist by controlling the forces and 
positions with accuracy and reliability. During the recovery period, the force between the affected limb 
of the patient and robot should not be greater, leading to secondary injury and limiting rehabilitation.

Other Applications

The upper and lower extremities amputation is evaluated by obtaining and analyzing the gait pattern. The 
upper extremities include the shoulder, spine and arm, whereas the lower extremities include the hip, 
knee and ankle. These extremities are impaired or injured due to neuromuscular disorder or trauma. Gait 
analysis determines the pattern of the subject with disorder or trauma and suggests a suitable rehabilita-
tion. The prosthesis design is aided by determining the gait pattern of the subject. The problem of fitting 
the prosthesis and its gait deviation can be studied for proper fit and performance of the prosthesis. The 
gait analysis is also used to study a high-heeled shoe’s rollover characteristics over an inclined surface. 
The study showed that walking surfaces have large radii of curvature at the early stage and late stage of 
the stance period in an inclined plane (Mishra et al., 2019).

In total joint arthroplasty, the replacement for hip, knee, or ankle evaluation is needed to analyze the 
longevity and biomechanics properties of the implants. Thus, gait analysis is important in studying the 
joint during replacements. The total knee arthroplasty showed a difference in stability and forces at the 
knee joint affect longevity and patient satisfaction.

Orthotic devices maintain the gap between the heel and the ground for proper ankle motion. The 
study determines the proper ground-level walking using an orthotic polypropylene material device, 
which reduces the plantar foot pressure and maintains a proper ROM. The finite element analysis shows 
a decrease in the plantar foot pressure with an orthotic device (Jena et al., 2020).

SUMMARY AND CONCLUSION

Human gait is a bipedal movement that involves the movement of the hip, knee and ankle. The compu-
tational measurement of kinetics, kinematics, musculoskeletal activity, foot pressure, energy expenditure 
as gait parameters can be assessed by gait analysis. The gait analysis assesses the performance of athletes 
and in rehabilitation for restoring the differently-abled patients. With advancements in technologies, 
efficient, portable, non-invasive techniques for monitoring, measuring, diagnosing the gait pattern mini-
mizes testing time with improved clinical evaluation. Design and development of low-cost devices with 
multi-sensing measurements are essential for enhanced usability in gait analysis. Improved computational 
algorithms are designed for signal processing and provide significant benefits in real-time applications 
for analyzing and interpreting the data. The evolution of technology in the near future can replace 3D 
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motion capture with imaging systems like 3D MRI and fluoroscopy. A more integrated system needs to 
be developed to measure the gait parameters that are impossible to measure directly from the body, like 
net joint moment and intersegmental forces. As the future scope, advanced modelling of the musculo-
skeletal system and its simulation can be used to study the motion analysis of the body. Therefore, gait 
analysis could be a potential diagnosing tool for analyzing human motion in rehabilitation.
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APPENDIX: LIST OF ABBREVIATIONS

BMI: Body Mass Index
BOS: Base of Support
CoG: Centre of Gravity
CoM: Centre of Mass
CoP: Centre of Pressure
EMG: Electromyography
GRF: Ground Reaction Force
HAT: Head, Arm and Trunk
ROM: Range of Motion
RNN: Recurrent Neural Network

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



88

Copyright © 2022, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter  5

DOI: 10.4018/978-1-7998-9078-2.ch005

ABSTRACT

After total hip arthroplasty (THA), high demands occur in the femoral fixation, especially for elderly pa-
tients due to periprosthetic fractures. Fractures happened in the femur after THA was classified based on 
Vancouver periprosthetic femoral fracture. Choosing the fixation for these types of specific fracture types 
are challenging due to pattern and orientation of the fracture in the THA prosthesis. Several researchers 
have reported the clinical, experimental, and computational studies about the failure of fixation methods, 
and they highlighted the remedies and scope in the further studies. Most of the authors recommended the 
computational studies having the advantage to predict the inner behaviour of the bone because invivo/
invitro study availability of the specimen are limited and it needs ethical clearance. The current study 
focussed on computational studies in periprosthetic fractures and aims to discuss the three dimensional 
model creation, mesh generation, material properties, boundary conditions/loading, limitation, opinions, 
and future thoughts in implant design.
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INTRODUCTION

Degenerative disease often affects the elderly patient’s that may causes injury in the joint structures and 
cartilage tissue. Total hip arthroplasty (THA) is a surgical procedure that has been used for pain relief 
and to restore the physiological function from various hip diseases. Total hip arthroplasty (THA) adopted 
in two well established methods for implant fixation namely cemented and uncemented (Press fit). The 
signals received to the patients for THA in advanced level of osteoarthritis, fracture in the femur neck, 
developmental dysplasia of the hip, advanced level of osteonecrosis of the femoral head and spondylitis 
of the hip joint. Almost 90% of the patients achieved physiological motion and complete pain relief 
after THA (Beckenbaugh, & Ilstrup, 1978), (Siopack et al. 1995). To assess the treatment options and 
to study the biomechanical behaviour of the fixation post-surgery. More than one decade, research was 
adopted on periprosthetic fracture in femur using in vitro and in silico methodologies. In vitro studies 
were conducted in the laboratories, current studies higher number of cadaveric femora specimen (healthy/ 
osteoporotic) were used for biomechanical studies. Limitations of in vitro studies is availability of the 
fresh cadaver in wide range of sample in a short period (Konstantinidis et al., 2010), (Lehmann et al., 
2010), (Lenz et al. 2013), (Lenz et al., 2014). To overcome this problem, synthetic femur was used to test 
experimentally to mimic healthy, injured, repaired and healed conditions (Ebrahimi et al., 2012). Over 
the last decades, rapid rise in the use of in silicon studies to analyse the phenomena of inner structure 
behaviour that cannot be clarified by experimental methods. Finite Element models of the intact femur 
bone and femur fixation has been developed based on the medical image to evaluate the surgical interven-
tions and also to investigate the risk of fracture in the post operative condition in femur (Periprosthetic 
Femoral Fracture). In this chapter the FE modelling procedure, material, meshing, loads, and detailed 
biomechanical behaviour that can provide the intrinsic parameters like stress and strain is discussed.

METHODOLOGY

CT image is the basic requirement to develop the surface model of the femur bone to perform the bio-
mechanical analysis. The surface model derived from CT images in dicom format will be represents 
three-dimensional anatomical shape of the femur. These models are created by implementing no. of 
arrays of segmentation and region tool to define the smooth surface model without any noise. Mesh 
was generated in the different components of the femur bone and fixation assembly to define material 
properties, loading conditions to get the strain, stress distribution of the whole structure of the femur by 
studying the relation between the displacement and force on every element.

GEOMETRICAL MODELLING OF FEMUR AND ITS FIXATIONS

The geometrical information of the femur was extracted from subject specific femur to construct the 
three-dimensional model using three techniques like CT scan, Synthetic bone scanning, dry bone scanning 
and simplified bone model. Initial stage, X-ray was performed on the subject to ensure not affected by 
disease. Then CT scanning was performed on the subject at the lower extremity region to get the details 
of the femur. The slice-by-slice details of the CT image was taken at the minimum slice for the healthy 
person. After scanning the total length of the femur was compared with the literature (Wang et al., 2016). 
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Due to ethical constrain and limited availability of the volunteers, researchers moved to developing the 
synthetic femur for experimentation and computational studies. Synthetic femur was scanned using 
computed tomography (CT) at a slice thickness of 0.5mm and received in the DICOM format (Gee et 
al., 2021), (Chen et al, 2012), (Duboy et al., 2011). In other case, a dry bone of the femur without any 
surface damage was carefully selected and it was scanned using portable coordinate measuring machine 
to generate the surface model of the dry femur bone. In the above all the cases, CT scanned data was 
imported in to Mimics software (The Materialise Group, Leuven, Belgium) to generate the surface model. 
The surface model having gap in the surfaces to be rectified by smoothening the surface to remove the 
noise using Geomagic (3D Systems, US). The bone plate, stem and screws are modelled using model-
ling software based on information specified in the manufacturer’s catalogue and literature (Moazen et 
al, 2013), (Saha et al., 2011) (Samiezadeh et al., 2015). In some studies, the model was simplified as a 
standard geometrical model for further studies (Kim et al., 2011), (Leonidou et al., 2015).

FINITE ELEMENT MODEL OF FEMUR

The development of tetrahedral or hexahedral finite element mesh in the surface model is based on geo-
metrical parameters generated from subject specific models. After meshing convergence test was caried 
out by increasing the number of elements or changing the size of the element. Parameters like stress and 
displacement (< 1% to 5%) are kept for solution convergence provide marginal change to select the size 
or number of elements for the model. The bones and implants material properties were assumed to be 
isotropic and linearly elastic, with an appropriate range of young’s modulus and Poisson ratio. Material 
properties of cortical bone, E = 12.4 – 20 GPa, ʋ = 0.26 – 0.30; Trabecular bone, E = 0.155 GPa, ʋ = 
0.30; Cancellous bone, E = 0.1 – 0.104 GPa, ʋ = 0.30 – 0.35; Bone plate, E = 96 – 113.8 GPa, ʋ = 0.30; 
Stem and screws, E = 200 – 210 GPa, ʋ = 0.30; PMMA cement mantle, E = 2 – 2.45 GPa, ʋ = 0.18 – 
0.30 were set to fixed values. The material properties were derived from the previous studies [9 -17].

BOUNDARY CONDITIONS

The boundary conditions of the finite element model were arresting and applying the pressure on the 
surface of the model. Loads acting on femur bone at an adduction angle of range between 7˚ to 15˚ 
depend on the aims of the analysis. The distal portion of the femur bone was rigidly fixed and the trans-
ferred load from the upper extremity to the proximal region of the femur was applied. An axial load of 
500 N to 3000 N was applied on the ball tip by considering a person weight to 3 – 4 times of the body 
weight. The contact surface between bone bone–screw, bone–cement, and plate–screw, were set to bond 
(Duboy et al., 2011).

RESULT AND DISCUSSIONS

Stress and strain distributions were obtained from the biomechanical analysis by applying different load-
ing conditions were discussed in the following section. The different type of fixations was used to study 
the stability of the fixation after periprosthetic fracture. Leonidou et al. (2015) used multidirectional 
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locking plate fixation for intact and osteoporosis conditions. Stress and strain were lower by using this 
internal fixation and also stronger and more stable compare to other group of devices (Wang et al., 2016). 
Similarly, Gee at al used semi rigid plates to rise the healing rate by maintaining the maximum stresses 
in cortical bone in compare with metal plate (Gee et al., 2021). Additionally, proximal wire was added 
with locking plate obtained better fixation stability in the treatment of Vancouver type B1 periprosthetic 
fracture (Chen et al., 2012). In most of the studies, maximum amount of load was observed by metal 
implants that lead to ‘stress shielding’ even after fracture healing (Ebrahimi et al., 2012). To avoid stress 
shielding, the composite plate was proposed for the alternate replacement of metal implant to increase 
the compressive force and relative movement in the fracture site for better healing (Kim et al., 2011), 
(Dhason et al., 2020).

Some of the limitations were adopted during simulation, muscle, ligament and soft tissue effects are 
not considered in most of the studies. Weight bearing applied by the patient after post-surgery almost two 
times higher than the recommended by surgeons. Similarly, for bone isotropic material properties were 
assumed to simplify the problem, but in real bones the characteristic might be nonlinear, anisotropic, 
and viscoelastic properties in the different region of the bone. Additionally, relative motion between the 
bone and implants, bone and bone cement, implant and bone cement are not considered in most of the 
studies for approximation. In future studies, effects of realistic boundary condition, realistic material 
properties of bone and feasibility of using composite bone in-vivo performance to be studied (Wang et 
al., 2016), (Gee et al., 2021), (Dhason et al., 2020).
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ABSTRACT

Understanding biomechanics helps us to understand the problems involved in the cervical spine. The 
most common problems in the cervical spine are cervical spondylosis, herniated disc, degenerative disc 
disease, and spinal stenosis. The surgeries to treat these problems are anterior cervical discectomy and 
fusion surgery, cervical spinal fusion, laminectomy, laminoplasty, and artificial disc replacements. The 
post-surgery effects of the implants and the surgical studies can be simulated using numerical simula-
tion. In the numerical study, by varying the design of the implants and by varying the material models, 
the simulation can be conducted and the best comes can be used further for in vitro study. In the in vitro 
study, the local stress and strains cannot be calculated but the finite element study provides a clear in 
sight in the stress and strain distribution across the full structure. In summary, the presurgical clinical 
evaluation can be conducted using the numerical study and the in vitro experiments to understand the 
biomechanics of cervical spine with implants.
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INTRODUCTION

Anatomy and Bio Mechanics of Cervical Spine

The human beings spine known are a complex arrangement that provides support, control, and trans-
mission of the trunk and extremities also safeguard the spinal cord (Oxland, 2015) (Oxland, 2016). The 
cervical spine segment is an intricate arrangement of bones, spinal segments, joints, nerves, muscles 
and connective tissues. The anatomy of the bony spine is separated into the cervical vertebrae - seven, 
the thoracic vertebrae - twelve, the lumbar vertebrae - five, and the ossified sacral - five and coccygeal 
segments – four respectively (Shapiro, & Risbud, 2014). The human spinal column is a mechanical 
wonder that provided both rigidity and flexibility. The arrangement of the spinal stake allows sufficient 
motion in the sequence from the head, trunk, and pelvis; offers safeguard of the spinal cord; handovers 
force due to weight and bending moments from the superior body to pelvis; provides a suspension and 
assists as a pivot for the head (Galbusera, 2018). From C1 to S1, the vertebral bodies are formed by the 
articulating parts of vertebrae, which are separated by, the posterior facet joints and intervertebral discs 
(IVD’s) (Galbusera, 2018) (Sharabi, et al., 2018). The IVD’s tend to be statically load supporting joints, 
while the role of the facet is dynamically sliding and gliding joints (Malandrino, 2018), (Wade, 2018). 
A curved design of the column has amplified resistance to compression forces. The cervical spine is the 
topmost spine of the human spine and consists of seven vertebrae (Oxland, 2015). The important role 
of the cervical spine acting as the mobile bearing of the human head and safeguard the spinal cord. The 
cervical spine anatomy divided into lower, middle and upper cervical spine. The kinematic parameters 
which are involved in the spine are the elastic zone and the neutral zone. The region which restrict the 
motion is called as the neutral zone and the elastic zone will have a stiffer and generates a non linear 
resistance towards the applied motions. The IAR is the point which allows the cervical spine to bend 
and rotate and it is formed as a natural point.

FUNCTIONAL ANATOMY OF VERTEBRAE, INTERVERTEBRAL 
DISC, LIGAMENTS AND MUSCLES

The vertebrae is the small bone that stacks on top of one another. It supports the body weight, safeguard 
the spinal cord and attach the ligaments in the spine to allow flexibility and movement. The frontal por-
tion of a vertebra is termed the vertebral body. The latter portion is named the neural arch or vertebral. 
The vertebral is further separated into the posterior elements and the pedicles.The following elements are 
the transverse processes, Interior articulated process, spinous process, articular processes, and laminae 
(Yoganandan et al., 2000). Facet joints are attached directly to the neural arch and transfer a substantial 
amount of compressive load to the lower segments. The intervertebral discs are made up of annulus (a 
tough, collagen fibers elastic ring in outer) surrounding a soft gel center (nucleus). The intervertebral 
discs damping the spine during loading and bending actions. The ligaments are fibrous elastic bands or 
connective tissues in the sheet form of connecting two or more bones, cartilages, or structures together. 
It provides constancy to a joint during movement and rest. In the cervical spine, the muscles perform 
the role for holding up posture, rotation of the neck, and ranging the neck backward.
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MECHANICAL PROPERTIES OF CERVICAL SPINE

The mechanical properties of the vertebral trabecular bone were the discussed here. The lading modes 
were tensile, compressive and shear. In the tensile load the ultimate strength is 1.33 MPa to 3.53 MPa 
(Kopperdahl et al., 2002). The compressive load the ultimate strength is 0.038 MPa to 10.6 MPa (Kop-
perdahl, & Keaveny, 1998). The yield strength during the compression load is 0.1 MPa to 24 MPa.The 
ultimate strain in the compressive load varies from 0.96% to 2.30%. and during the load is 1.09% to 
2.51%. The yield strain in the tensile load varies from 0.71% to 0.88%. The compressive load varies 
from the 0.65% to 0.87%. The load transfer mechanism in the spine is achieved by the intervertebral 
disc the mechanism and the pattern are the main factors to be understood. It transmits the load from the 
upper segment to the lower segment and maintains the stability of the spine. In the intervertebral disc 
the annulus is the outermost component which is made of fibers and the nucleus is made of collagen. 
The circumferential tension was applied and the failure was occurred at 2.7 MPa. and the failure strain 
is 0.3 In the tensile behavior the maximum strain rate is 4 percentage per seconds (Newell et al. (2017).

MAJOR ISSUES IN HUMAN CERVICAL SPINE

The major problems in the human cervical spine are disc degeneration, muscle disorder, joint dysfunc-
tion, arthritis, vertebral fracture. Muscle disorder is the superior back pain is caused by irritation of 
muscle, tension, or tightness. Joint Dysfunction is the pain caused by the attachment ribs in the spine 
at respective level of the thoracic spine. Herniated discs - In the spine, disease due to degenerative disc 
causes pain. Arthritis is caused because of swelling due to arthritis in the spine can cause pressure to 
the nerve, tenderness, and restricted range of motion. Disorders in the facet joint of the spine can effect 
from osteoarthritis. Vertebral fractures in terms of compression fractures due to osteoporosis are a major 
cause of spine pain in the elder age.

FINITE ELEMENT STUDY IN CERVICAL SPINE

The finite element study of the cervical spine will provide valuable information for clinician in under-
standing the treatment strategies. In the FE models the model generation is a tedious process to mimic 
the real behavior of the soft tissues. The material models are considered to define the behaviour of 
the soft tissues. Generally, in the FE models the bones are considered as the rigid and solids and the 
intervertebral disc is considered as the both linear and non-linear material models (Arab et al., 2020), 
(Biswas et al., 2019), (Bhattacharya et al., 2019). The ligaments of the cervical spine is considered as 
from the force deflection curves which are calculated from the experimental results. In some models 
the linear material properties also considered. The loading conditions are defined as both static and 
dynamic models. In the static models generally the range of motion and the stress distribution across 
the vertebrae, intervertebral disc and the ligaments are calculated. The loading conditions applied in the 
static modes are compressive preload 50 N is considered it replicated the head weight (Manickam et al, 
2021), (Manickam, & Roy,a, 2021), (Manickam, & Roy,b 2021). The moments applied in the top of the 
endplate varies from ±2 Nm for all the physiological motion. In the dynamic models used to study the 
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injury prediction can be simulated in that the compression load will be varied 200 N to 1200 N. All the 
finite element simulations were validated against the experimental data.

IMPLANTS IN THE CERVICAL SPINE

The different implants are cages, screws, rods and plates. In the anterior and the posterior interbody fu-
sion are done using the cages. The main purpose of the cages is it restores the height of the intervertebral 
disc after the implantation. For the disc degeneration disease and the interbody fusion cage can be the 
alternate solution. Cages acts as a spine stabilizer which is implanted between the vertebrae to maintains 
the intervertebral height and the lordosis curve (Warburton et al., 2000). The grafts were provided to 
fuse with the adjacent vertebrae. The major problem in the cages are subsidence, implant loosening and 
migration of the cage. The shape of the cage plays major role in making the fusion with adjacent seg-
ments. The screws are used to hold the vertebrae together with the plates and rods. The rods are used 
to improve the stability to the spinal implant. The spinal rods are named as Harrington rods which adds 
stability for the spinal structure. The plates used in the spinal stabilization and it prevent the pullout of 
the implants. Pedicle screws are used in all types of spinal surgery for deformity correction, tumor de-
compression and stabilization, fracture stabilization, and fusion surgery for degenerative disease (Gupta 
et al., 2021), (Biswa et al., 2018), (Manickam et al., 2022), (Roy et al., 2014). The S-type dynamic cage 
is the dynamic implant which provides motion after the anterior cervical discectomy and fusion surgery 
(Manickam et al., 2021), (Manickam & Roy, a,b, 2021).

MATERIALS USED FOR THE IMPLANT IN THE CERVICAL SPINE

The cages are manufactured using the Titanium, PEEK, ceramic and acrylic materials. The new upcoming 
materials which are newly introduced are bioactive glass, Silicon Nitride, Apatite-Wollastonite, poly(ε-
caprolactone) +HA (biodegradable). The screws are made up of titanium doped with hydroxyapaptite, 
calcium phosphate and tantalum and the new upcoming carbonated apatite (Warburton et al., 2000). The 
rods used in the spinal implant are Titanium, cobalt chromium alloys, PEEK, stainless steel and nitinol. 
The new upcoming materials are titanium molybdenum, biodegradable materials. The plates are made 
up of titanium and the new materials are biodegradable materials.

CONCLUSION

The basic biomechanics and the anatomical structure of the cervical spine was discussed. The major 
issues related to the cervical spine was elaborately discussed and the finite element study acts as tool to 
analyze the structure. The implants used for the cervical spine and the materials used for the develop-
ment of the implant were discussed here.
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ABSTRACT

Sports biomechanics helps one to understand the sport movements and helps increase the performance 
of individuals and prevent injury. Understanding the mechanics involved in every sport is crucial for 
kinesiologists help patients to recover from traumatic or overuse injuries. Each sport activity has dif-
ferent phases, and in each phase, the kinetics and kinematics are studied for better understanding. 
Computational technologies help to understand sports movements and forces developed during motion 
and provide proper guidance that can be followed to avoid injuries and enhance performance. The 
aspects of biomechanical analysis of sports, injuries and their causes in sports, various techniques for 
recording and analysis of sports movements, and lastly, performance improvement and preventing injury 
using the analysis are discussed in this chapter.

INTRODUCTION

Major thirst for studying sports biomechanics is to understand movements in each sports activity and 
help the athletes to enhance their performance and prevent injuries resulting from the wrong movement 
(Knudson, 2007). The primary reason for the damage is the lack of coaching on proper movement 
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techniques right from their juvenile stage of practising and playing (Gearity & Murray, 2011). Sports 
biomechanics research can assist athletes and coaches in training and educating individuals to improve 
performance while reducing the risk of injuries (Gee, 2010). Sports biomechanics is associated with both 
kinematics and kinetics. Kinematics helps to understand the movements involved in a sports activity. 
Generally, movements are termed based on planes and the axis they occur. Movements in the sagittal 
plane are flexion and extension, movement in the frontal plane is adduction and abduction, movement in 
the horizontal plane is internal rotation and external rotation. Some sport includes projectile motion, and 
this is based on optimum projection angle. On knowing this projection angle, flight time and range are 
calculated, which helps to improve the performance (Jeklin, 2016). Kinetics is the study of the action of 
movements caused by force. Translational and rotational kinetics are also involved in the sports activity. 
This chapter discusses sports surfaces, injuries in performing sports, and techniques used to measure 
the performance. The biomechanical aspects of different sports activities will also be discussed here.

TYPES OF SPORTS SURFACES

There are different types of sports surfaces. The performance of sports surfaces depends on the proper-
ties and combination of materials used to build the sports surface. Sports surfaces evaluation should be 
done priorly because their mechanical property might affect the performance of a sports person (Katkat 
et al., 2009). Sports techniques can be improved on making a perfect surface for a particular sport. They 
are natural and synthetic surfaces for indoor and outdoor games. If the surface property is changed, 
it is necessary to change the technique, as each surface has its characteristics; this might help reduce 
the injuries caused by sports surfaces (Dixon et al., 2015). The sports surface also helps in improving 
the performance of the individual. Sports surfaces behaviour is based on surface characteristics such 
as friction, traction, compliance, resilience and hardness. Sports surfaces are classified as natural and 
artificial surfaces.

Natural Surfaces

The natural surface is made up of grass and sand. The soil texture determines the mechanical strength 
of the sand-based sports turf (Guisasola et al., 2010). It is necessary to provide the required amount of 
recovery time after every use, which would lead to an increased lifetime of grass than expected. Also, 
when surfaces are used frequently, wear damage of surface is increased (Stiles et al., 2009).

Artificial Surfaces

The artificial surface is prepared using various synthetic materials based on the requirement of the sport. 
It is made up of polymeric material like PVC, polyurethane, maple hardwood, vulcanised rubbers for 
indoor sports. It is usually made with sand dressed in artificial grass courts and polymeric surfaces for 
outdoor games for athletic events. Various artificial surfaces are explained in the following section.
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Concrete and Asphalt Surfaces

They are usually used for running and marathons. These surfaces have better traction, high resilience 
and low compliance. These surfaces are a bit riskier and are prone to injury (Dixon et al., 2015).

Sprung Wooden Floors

These surfaces are usually prepared for practising gymnastics. On proper maintenance of these wooden 
floors, its lifetime can be increased. These surfaces reduce impact shock. They behave elastically for more 
significant weight, whereas surface manifest point elasticity for small weights (Walker & Subic, 2013).

Cast in-Situ Elastomers

For athletics events, the most preferred surface is cast in-situ elastomers. These surfaces have good du-
rability and are easy to install. The top layer is made with cross-linked polymers such as polyurethane 
or with natural/synthetic latex, beneath this asphalt layer of about 25 mm, 100 mm of bitumen macadam 
material, 200 mm basement with crushed compact. As the polymeric surfaces get aged, they start to 
degrade and wear. The thermal effect on degradation might lead to a loss of surface resilience.

Synthetic Fibre Textile Surfaces

These surfaces have improved dimensional stability. PVC or foam rubber is used for the backing to have 
more compliance. They are laid loosely and bounded to subfloors by adhesive joints, and each section 
is connected by overlapping and cutting (Schoukens, 2009).

Synthetic Turf

Synthetic turf surfaces are synthetic fibres or ribbon woven, knitted or tufted into backing fabric to cre-
ate a mattress like structure. The pile strands are fixed to the backing using a rubber latex binder to get 
dimensional stability, structural integrity, and better flexibility. They are placed on the concrete over 
many layers of stone and soil by placing a flexible foam shock pad in between. Shock pads help reduce 
injury due to falls and provide good resilience and a suitable environment for playing. These surfaces 
are used in American football, hockey, soccer, tennis and baseball, which use synthetic fibres. Energy 
absorption, recovery and compliance are affected by temperature (Jastifer et al., 2019).

Generally, the sports surface system is distinguished by sub-base, mid-layer and performance-surface 
layer. The role of the sub-base and mid-layer is to bear the load and absorb the shock, respectively. 
Currently, there are many sports surfaces engineered for both indoor and outdoor games based on the 
requirements of players-surface interaction and ball-surface interaction in different sports. Even though 
few sports such as football, cricket and golf stick to natural sports surfaces, most sports are getting 
adapted to synthetic sports surfaces because the maintenance of artificial surfaces is more accessible 
than the natural surface. Therefore, designing a sports surface that can maintain high performance even 
under high usage is the main challenge for surface engineers.
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INJURIES TO JOINTS AND TISSUES IN SPORTS

Injuries occur when joints or muscles experience more loads than usual when the load applied exceeds 
the tolerance limit (Twist & Eston, 2005). Sports injury reduces the performance of the individual. Based 
on the time taken to recover from injuries caused, a sports injury can be classified as minor, moderate, 
and severe. In minor injury, athletes take one to seven days to recover, and in mild injury, athletes take 
eight to twenty-one days for their recovery. In contrast, athletes require more than twenty-one days to heal 
in severe injury. Different types of injury occurrence depend on load characteristics such as load, load 
rate, the magnitude of load and frequency of load repetition (Edwards, 2018). Injuries are classified as 
traumatic injury and overuse injury. Traumatic injury is due to external forces, whereas overuse injury 
occurs due to frequent trauma and does not allow tissues to undergo self-repair (Finch & Cook, 2014; 
Smoljanovic et al., 2009). Also, sports injuries have an impact due to the usage of sports equipment 
and footwear. Generally, it gets fractured when the load is applied to a structure beyond its strength. 
Energy dissipation is associated with the magnitude of the applied load. When energy dissipation is 
higher, intramolecular bonds in soft tissues and bones are cracked, and more tissues are destroyed and 
cause more complex fractures (Bahr, 2009). Mainly, injuries occur at the joints and in their surround-
ing tissues. Usually, joint injuries are a combination of bone injury and soft tissues associated with it, 
namely ligaments, cartilage and muscle tendons (Getgood et al., 2019). So, soft tissue injury involves 
the repair mechanism such as inflammations in damaged tissue area, repairing the damaged tissues and 
degeneration of most damaged tissues (Ashkavand et al., 2013).

Articular Cartilage

Cartilage is classified into three types such as articular cartilage, elastic cartilage and fibrous cartilage. 
They are categorised based on their elasticity, structure and strength. The intervertebral disc and me-
niscus are classified as fibrous cartilage; the outer ear is classified as elastic cartilage, which protects 
the joints by forming extra protective layers are classified as hyaline or articular cartilage (Bhosale & 
Richardson, 2008). The primary function of articular cartilage is to impart low friction to the respec-
tive joints, which enables the joints to accept the weight in various ranges of motion for performing 
the necessary activity (Sophia Fox et al., 2009). Articular cartilage is liable to deformation; it enlarges 
the load-bearing area to subsidise the stress concentration. Articular damage occurs due to progressive 
degeneration of articular cartilage or traumatic incidents. Sometimes, articular cartilage cells can heal 
based on the spot of injury and range of damage (Buckwalter, 1998). Cartilage injuries occur without 
any fractures. When they experience too much load (Mithoefer et al., 2009) than their usual bearing 
capacity, wear and tear of cartilage occur, further progressing into osteoarthritis. On repeated loading 
conditions, swelling occurs, cartilage gets fractured in case of severe traumatic injury and overuse of 
joints leads to osteoarthritis (Thelin et al., 2006).

Ligaments

It is known that ligaments are connective tissues that connect bone to bone. The primary function of 
ligaments is to provide stability to joints, control joint movements, and impart the load at joints (Ander-
son, 2001). Usually, sprains occur when joints undergo excessive motion, which is not severe, but when 
ligaments are stretched far from the normal range, this might cause everlasting deformation of ligaments 
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(Smith, 2005). Ligament failure occurs when the limb experiences twisting and bending loads, and also 
it is dependent on load rate (Chen et al., 2019). Ligament tear has many effects: losing limb stability, 
misalignment of joints, loss of mechanoreceptors that sense motions, and irregular contact pressure. Re-
covery of injury may take several months, but the recovered ligament does not have mechanical property 
equivalent to the previous ligament (Hauser & Dolan, 2011). Those with less muscle strength or any 
records with ligament injury are more susceptible to ligament injuries (Murrell et al., 2001).

Tendons

Tendon injury is a common injury. Muscle injuries or sudden strain to muscle might occur due to improper 
muscle relaxation. Tendons usually connect the bones to the muscle (Lin et al., 2004). Muscle fibres 
and tendons are damaged during traumatic injuries or overuse of muscles. Tendon injuries are of two 
types: chronic and acute tendon injuries. Chronic tendon injury is characterised by decreased strength 
and reduced movements in tendons, whereas acute tendon injury is associated with complete or partial 
rupture (Nourissat et al., 2015). These injuries occur in rapid muscle contraction.

Joint Injury

The Pelvis and Hip Joint

Even though the pelvis is made of cancellous bones, they have enormous strength. These cancellous 
bones have an excellent shock-absorbing property which helps in reducing the stress concentration (Tyler 
et al., 2010). Pelvic girdle injuries are rare in sports, but in some cases, due to compression of high en-
ergy loads, this might affect pelvic girdles. When the femur is experiencing torsion, axial compression, 
shear and bending loads in combination, femoral fracture occurs. The hip joint transmits the force to 
the femur, which has bending, shear, and compressive components, showing more probability of getting 
fractured at different sites. Continuous loading in femur bone increases the fracture rate in joggers and 
long-distance runners (K. Anderson et al., 2001).

The Knee Joint

Knee injuries occur when they experience bending, trauma, or twisting, which is unusual from anatomi-
cal design. Other factors for causing knee injury are overuse of the knee, improper guidance to athletes, 
and high contact sports, which results in a frequent change in direction (Thacker et al., 2003). Knee 
injuries can be fatal with more complications, sometimes leading to dysfunction, or sometimes reversible 
with few damages. Soft tissue injuries are also associated with the knee joint, such as meniscus dam-
age, ligamental tear and sprains. The knee joint comprises the patellofemoral joint, tibiofemoral joint, 
meniscus, posterior cruciate ligament, medial collateral ligament, medial meniscus, lateral meniscus, 
lateral collateral ligament and the anterior cruciate ligament (Allen et al., 1995). The primary function 
of the meniscus is to distribute stress, shock-absorbing, acting as a lubricant to the joints and providing 
stability in the medial-lateral direction and the anteroposterior direction. Cruciate ligament withstands 
hyperextension of the knee, lateral collateral ligament is resistant to adduction and abduction (Miller & 
Thompson, 2014). Despite fractures, ligamental injuries are much more common. Usually, ligamental 
damage occurs when the knee experiences axial load and movement in the outwards direction with 

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



105

Injury Prevention and Improving the Performance of Athletes
 

external rotation. This loading condition causes ligament tear, medial collateral ligament, medial me-
niscus, and the anterior cruciate ligament (Weiss & Whatman, 2015). Usually, it is the anterior cruciate 
ligament that experiences more disruption. Meniscus tear usually happens on a rotating body about the 
knee bearing weight. Sudden change in direction with more significant acceleration is also responsible 
for a meniscus tear (Takeda et al., 2011).

The Ankle Joint

Runners often experience ankle-foot injuries, and gymnasts are prone to ankle injuries (Vormittag et al., 
2009). Soft tissues surrounding joints are more prone to inflammations and sprains. Plantar flexions of 
the ankle and inversion load-bearing lead to sprain in the lateral ligaments, and eversions cause sprains 
in the medial ligament. Forced dorsiflexion causes damage to the tibiofibular ligaments (Bonnel et al., 
2010). Damage to the posterior tibial tendon or the peroneal tendon causes tendonitis, which usually 
occurs in runners—continuous serving movements or jumping leads to rupture of the Achilles tendons 
(Longo et al., 2009).

In summation, injuries to the human musculoskeletal system by loading effect was discussed in this 
section. The difference between overuse and traumatic injury in soft tissues and bones were discussed. 
The impact of injuries in soft tissues and its characteristic were also discussed.

USE OF SPORTS EQUIPMENT AND TECHNIQUES IN INJURY

Sports equipment is generally used to improve performance provide safety to the performer. Though 
they are helpful to the athlete, this causes some inconvenience and injuries. Sports equipment includes 
footwear, surfaces, protective equipment and clothing. Slight changes in the comfort of shoes or surfaces 
might alter the muscle pattern (Nigg et al., 1999; Nurse et al., 2005).

The interface between the footwear and the sports surface is crucial for lower limb injuries. Both 
compliant and non-compliant surfaces impact injuries for athletes (Mears et al., 2018). Compliant surfaces 
might lead to fatigue injuries; though non-compliant injuries have improved impact loading conditions, 
it causes injury to athletes. It is mainly stated that natural surfaces are suitable for running because they 
have good smoothness, desirable resilience, and proper compliance. Non-compliant and hard surfaces 
cause lower back pain and injuries in the lower extremity. Synthetic surfaces are stiffer, which causes 
injuries in tendons and joints. The hard ground has less compliance which increases chances for tendon 
injury and causes calf muscle inflammations. Usage of inappropriate footwear might increase the in-
cidence of injury. Generally, normal walking foot strike patterns vary for individuals using normal flat 
footwear and pointed heels (Mishra et al., 2019). So, when it comes to sports activity, it is suggested to 
use proper footwear that satisfies the sports person’s requirements to avoid injuries.

Shoes with poor grip affect the balance and might cause muscle tear. Different shoe soles can be 
designed to improve performance and comfort (Reinschmidt & Nigg, 2000). Also, how this affects the 
foot strike pattern is analysed by performing gait analysis (Morio et al., 2009). Tendons stretch more on 
subjecting to heavy load, which causes Achilles’ tendinitis. This occurs on wearing poorly fitted shoes 
(Schepsis et al., 2002). Protective equipment such as wrist guards knee and ankle braces, prevents or 
reduce ligament sprains. However, usage of this equipment might increase the chances of injury (Finch 
& Cook, 2014).

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



106

Injury Prevention and Improving the Performance of Athletes
 

Sports technique is the most critical parameter to be focused on by an athlete for improving perfor-
mance. Every athlete follows different techniques in their field of sports. Sports like running, javelin 
throw, long jump, high jump and others have different techniques. Sometimes, a change in technique or 
practising a wrong technique leads to injuries. A few examples are discussed in this section. The first 
example briefly discusses the different running techniques and changing running style.

Runners are classified based on the striking of the foot. The types of strikes are Rearfoot strike (RFS), 
forefoot strike (FFS) and midfoot strike (MFS). Heel strikes the ground first and is followed by contact 
of toe in RFS, whereas in FFS, ball of the foot strikes the ground first, and in MFS, both the ball of the 
foot and heel strike the ground simultaneously. Running techniques can be changed, but this change in 
practice can be helpful or detrimental (L. M. Anderson et al., 2020). Sometimes, it helps in preventing 
injuries. Usually, coaches prefer to change the running technique from RFS to non-rear foot runners 
(NRFS) to manage or prevent injuries. On this transition, it is observed that athletes with patellofemoral 
pain changing to NRFS helps to reduce pains in lower limbs. When runners shift from the FFS technique 
to RFS, runners are capable of performing all common mechanical characteristics as persistent RFS 
runners (L. M. Anderson et al., 2020).

According to the study done by Daoud et al. (2012), different running styles influence injury rates. 
Both intrinsic factors and extrinsic factors are responsible for running injuries. Intrinsic factors include 
any history of injuries, abnormalities in biomechanical aspect, body mass index and sex. The extrinsic 
factors that influence the damage are core strength, shoes, flexibility and duration of training. Also, 
studies say that emerging runners usually adopt landing in FFS or MFS to reduce injuries and improve 
speed. Factors affecting running injuries are the stress factor caused by the magnitude of joint movements 
and the rate of joint movements. This continuous stress causes musculoskeletal damage and damages 
to connective tissues. In this study, 52 experienced and trained athletes were observed over some time. 
All these athletes were long distant runners and middle-distant runners trained by the same coach. All 
the details of daily routine training, including total distance covered daily, duration of training, and 
performance, were recorded for every athlete. The 2D video analysis technique was used to identify the 
foot strike pattern. It is pretty difficult to assess the athlete’s foot strike in every training, but the overall 
majority of foot strike pattern used by athletes is identified. Based on the analysis, it is reported that 
when the heel makes initial contact with the ground with a positive plantar angle is categorised as RFS.

Similarly, when the ball of the foot is making initial contact with the ground, it is categorised as FFS 
and when both heel and ball of the foot makes simultaneous contact in-ground is classified as MFS. 
Statistical analysis was done between FFS and RFS on various factors such as injury rate, FFS injury 
rate, traumatic injury rate and RFS injury rate. Based on the obtained results, it is classified that 69% of 
athletes are habitual FFS runners, 31% of athletes are regular RFS runners, and traditional MFS runners 
are not present. Many repetitive injuries were observed during the monitoring. It is classified that 25% 
of athletes faced mild injury, 40% had a moderate injury, and 35% had a severe injury. Among traumatic 
injuries, 54% had mild injuries, 33% had moderate injuries, and 13% had severe injuries. Common re-
petitive injuries observed in athletes are iliotibial band syndrome, Achilles tendinopathies, medial tibial 
stress syndrome and patellofemoral pain syndrome. Foot strike pattern is a significant factor for causing 
injury. It can be concluded from this study that runners should be familiar with types of running form and 
injuries associated with it. Also, the athlete should know about reducing the loading impacts. Moreover, 
it is hypothesised that habitual FFS experience minor injury compared to RFS runners.

Biomechanics uses the principle of kinematics to study human motion. It helps people understand 
the damages occurring in the body due to heavy loads or any accidental injury. Second example briefs 
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about the occurrence of injury in javelin throwers. According to the study done by Wei & Yalong (2021), 
injuries that occurred in the last stage for javelin throwers in the elbow is studied, and the reason for the 
cause of injury and improving performances are analysed. The aerodynamic factor is the most predomi-
nant factor that can improve the performance of the javelin throwers. The primary reason for throwing 
elbow injury is improper training or techniques, leading to poor muscle strength and ligament toughness 
around the elbow, which fails to adapt to high-speed throwing and strength. The case study, reports that 
it is tough to get accustomed to the speed of the swinging arm, which results in elbow joint damage and 
ligament damage, when the antagonistic and coordinating muscle is not balanced. Due to repetitive shots, 
local muscles and ligaments undergo fatigue, which damages the muscles and ligaments of the throwing 
elbow joint. Injury prevention can be done by using elbow pads to keep up the stability of joints. Elbow 
joints have to be activated before training and relaxation to boost blood circulation and nutrition at the 
joints. To improve athletes’ performance, athletes must focus on building up muscle strength ligament 
toughness. Proper guidance must be given on training new techniques; otherwise, this might lead to 
misguidance. Muscle fatigue can be reduced by exercising regularly with appropriate guidance. This 
helps control the movement speed and helps to attain a good recovery effect. Focusing on training and 
techniques on proper throwing can reduce injury and improve performance.

BIOMECHANICAL ANALYSIS OF SPORTS PERFORMANCE

Performance improvement is a significant factor that has to be focused on in sports biomechanics. Gener-
ally, performance is increased by the coordinated movement pattern. Sports movement is also associated 
with the coordination of joints and the musculoskeletal system. For every movement to occur, bones, 
joints and soft tissues surrounding the joints are involved. Every sport has different activities and has 
distinct actions. Particular joints or muscles experience force, pressure, moment, and friction at every 
action or movement. Coordinated movement pattern in the body is the most critical parameter in sports 
biomechanics and exercise. Biomechanics or body movements are commenced from the neural signals 
of the central nervous system (Prochazka & Ellaway, 2012).

Biomechanical analysis of sports can be grouped into three levels: qualitative analysis, quantitative 
analysis, and semi-quantitative analysis. In qualitative research, observations are based on recorded 
videos, cine films, or real-time (Bartlett, 1999). This analysis helps us to know whether the technique 
is done correctly. Qualitative research helps the coach identify the flaws in performance and provide 
information to improvise the training to improve the sports performance of the individual.

Quantitative analysis is done to study the kinematic of the sport and help to improve the performance. 
This analysis helps to perform the detailed evaluation of techniques used by sportsperson and help in the 
betterment of performance. It also helps in the thorough assessment of movements and helps to define 
performance parameters that individuals can implement to enhance their performance. The semi-quan-
titative analysis is done when appropriate quantitative analysis does not measure a particular movement. 
Knowing the biomechanics of every activity is very important for analysing, and this knowledge helps 
improve sports performance and reduce injury. So, here in this section few examples of sports activities 
such as ballistic activity, running and javelin throw are discussed.
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Analysis of Ballistic Movements

Ballistic sports activity such as hitting, throwing, jumping and kicking skills has three phases: prepara-
tion, action, and recovery (Bartlett, 1999). Every step has its different biomechanical characteristics. 
The long-jump is a ballistic activity. Muscle control and joint coordination are essential activities to 
monitor performing various movements or actions. In the long jump, take-off and landing decide the 
performance of the individual. The angle at which the athlete take-off is coordinated with the athlete 
horizontal take-off speed. Greater the take-off speed, the greater the range (Bridgett & Linthorne, 2007). 
Biomechanical characteristics of different phases in ballistic activity are generally discussed below.

Preparatory Phase

Biomechanical activity in the preparation phase is mentioned as follows:

• The body prepares to put itself in a favourable position for getting into the action phase.
• It maximises the acceleration path.
• It initiates the sequence of muscle action.
• Here, the agonist’s muscles are activated and stretched. The response is decided based on require-

ments like force and speed, such as phasic or tonic responses. The phasic response requires a faster 
backswing, whereas the tonic response requires a greater backswing. The preparation phase must 
be short and slow to control the output of both phasic and tonic responses to achieve reasonable 
accuracy.

• Muscle length of agonist’s muscle is increased to the point at which tension is maximum by using 
length-tension relationship.

• The elastic energy of the agnostic muscle is stored, and it pays off in the action phase.
• The Golgi tendon organ is activated to interrupt muscle contraction. It relaxes the agonist muscle 

by activating the antagonist muscle to contract in the action phase.

Action Phase

In this phase, many of the principles of coordinated movement patterns are observed. Muscle action is 
sequenced according to the movement pattern of each segment at the required time. Muscle sequence 
is initiated from a large muscle group followed by smaller, faster muscles distal to limb. This sequence 
increases the speed of movement as segmental movement increases. Actions are commenced with 
minimum inertia. Also, force in each segment is applied in the direction of motion. At last, redundant 
degrees of freedom is controlled (Bartlett, 1999).

Recovery Phase

In this phase, movements are decelerated in a controlled fashion by appropriate muscle contraction. Also, 
a temporary stability position is achieved in this phase.
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Running

Running is cyclic activity; running stride is defined as toe-off of one foot to toe-off of the same foot. 
Running has two supporting and recovery phases (Geiringer, 1995). In the supporting phase, one leg is 
off the ground, whereas both legs are not in contact with the ground in the recovery phase. This phase 
is also known as the flight phase. Running is distinguished from walking by the absence of a double 
support phase. The recovery phase is short for jogging, and as the running speed increases recovery 
phase gets elongated.

Phase Analysis of Running

Running activity is divided into two-phase phases, such as the supporting phase and the non-supporting 
phase. Each phase is subdivided into three sub-phases. The Block diagram in Figure 1 explains the 
various stages of running activity.

Supporting Phase

The first phase is a foot strike; it is the moment where the foot strikes the ground. In this phase, the 
primary function is impact absorption. The mid-support phase follows this. To hold up bodyweight, 
this phase prolongs to maintain forward momentum. This phase is distinguished by shortening limb 
length about the lowest centre of mass position. The third sub-phase is the take-off phase. This phase 
involved the extension of the limb and accelerated the body to move forward and lift the body upwards 
at the same time.

Non-Supporting Phase

The non-supporting phase has three subphases: follow-through, forward swing, and foot descent. In the 
follow-through phase, hip extension is reduced, followed by the flexion of the thigh and initiates the knee 

Figure 1. Different phases of running
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flexion. The forward swing phase prepares the foot descendent and characteristic function to amplify 
the upward and forward ground reaction thrust. The recovery leg starts to swing forward, harmonising 
with the opposite leg during take-off. In the last subphase, it tends to arrest the forward motion of the 
foot and leg. This phase imparts an active landing for an easy and smooth foot strike.

Javelin Throw

The javelin throw is a highly coordinating sport in which all joints in the body need to coordinate. The 
throwing distance is affected by aerodynamic factors like gravity wind. Three types of throwing move-
ment are classified: sidearm, overarm, and underarm (Bartlett, 2014).

The javelin throw is an example of the overarm throw. Movements involved in this are withdrawal 
of javelin followed by crossover, then start of delivery stride followed by foot landing and release. The 
ultimate goal in javelin throw is to increase the throwing distance, generally called “maximisation of 
throwing phase” (Menzel, 1986). Distinguishable phases of javelin throw are as follows: Approach run, 
release phase, braking phase and flight of the javelin. The approach run and release phase is subdivided 
into two sub-phases. The Block diagram in Figure 2 explains the various phases of javelin throw.

Approach Run

The approach run is divided into the acceleration and release-preparatory phases.

• Acceleration phase

The target of the acceleration phase is to achieve the highest approach velocity. This is to increase the 
throwing distance of the javelin. This phase is initiated by an approach run and ends with the start of the 
withdrawal of the javelin. Along with the highest approach velocity, other factors influence biomechani-
cal activity, including stride length, acceleration phase duration, and stride rate.

Figure 2. Different phases of javelin throw 
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• Release preparatory phase

The preparatory release phase is initiated with the javelin’s withdrawal and terminated with the release 
of javelin by stepping into the braking phase. This phase aims to attain biomechanical objectives such as 
achieving the highest velocity and proper body position on the foot’s landing on the throwing arm side. 
Factors affecting biomechanical response are stride length and landing angle.

Release Phase

The release phase is subdivided into one leg support phase and two leg support phases. Two leg support 
phase is also known as the bracing phase. The release phase in Figure 3 begins with placing the bracing 
leg on the throwing arm side and terminates when the hand loses its contact with the javelin. This phase 
mainly focuses on the releasing velocity of the javelin, the angle at which javelin is released. The rate 
at which javelin is released significantly impacts the throwing distance. The aerodynamic factor affects 
the angle of release, which α0 denotes. The angle of release in javelin is less than shot put because of the 
influence of aerodynamic characteristics. Along with releasing angle of the javelin, the angle of attitude 
(β0) also impacts the javelin’s flight. In the javelin throw, the horizontal distance is reduced if the angle 
of attitude is high; this hurts the athlete’s performance.

To have high releasing velocity, impulse transmission from the trunk to javelin should be proper. The 
athlete achieves the maximum momentum to throw. The momentum and energy are transferred from 
the lower extreme (hip) to the javelin. However, lower limbs and joints attain maximum velocity before 
the upper extremities. The knee angle in the bracing leg should be varied between 160 to 180 degrees to 
reduce the trunk and lower extremities’ rate, reducing the momentum. The bracing leg should be placed 
with full grip to have more excellent impulse transmission. Also, the bracing stride should be more 
significant; this helps sound impulse transmission (Menzel, 1986).

Figure 3. Release phase of javelin 
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Braking

In the braking phase, the main objective is to reduce the braking distance and the approach velocity. The 
approach velocity has to be reduced by the athlete to avoid crossing the foul line at the final stage. Two 
biomechanical factors influencing this phase are the centre of gravity (CG) velocity and body position 
at the end of the release phase. Even though approach velocity is reduced in the bracing phase, the CG 
velocity of the athlete remains high at the time of release. Minimising the CG velocity in the release 
phase helps the athlete reduce the final phase length.

Flight of the Javelin

The flight phase is dealt only with the javelin. It is the release period of a javelin from the athlete’s hands 
to the initial contact with the ground. The aerodynamic factor or force significantly impacts the javelin 
during its flight phase. This force functions concerning the javelin’s centre of pressure (CP) because of 
the difference in velocity of wind and javelin. Figure 4 represents that CP and CG are located in different 
positions, creating pitching moment (PM). Turing of the direction of javelin downwards is guided by 
PM. If the PM is large, the distance between the CP and CG is also significant. The distance between 
the CP and CG is more remarkable for the short distance covered. Two aerodynamic forces operating 
on javelin are the lift force and drag force. The force acting against the flight direction is called drag 
force (D), and the force acting vertically is known as lift force (L). Both aerodynamic forces depend on 
airflow, flight direction, attitude angle and wind direction.

Kinesiological Analysis of Sports Movement

Kinesiology specialists should have broader knowledge about the movements and human physiology 
to improve the individual’s recovery. The range of joint motion and activity of the muscle is analysed. 
Electromyography and goniometer techniques analyse the muscle activities and range of joint movements, 
respectively. Knowing these parameters helps in improving the performance of sportsperson. Coaches 

Figure 4. Aerodynamic factors in-flight phase
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should also have better knowledge about these physiological movements to guide the athlete in the right 
way to improve their performance. Here, the role of a kinesiologist is to analyse muscle strength muscle 
contraction during activities and measure the joint angle. Techniques used in this analysis are electro 
goniometer and electromyography are discussed in the subsequent section.

TECHNIQUES IN MEASURING THE PERFORMANCE OF ATHLETES

Many computational techniques have been emerged to study sports biomechanics. Some methods that 
use computational analysis for kinetic and kinematic analysis are video camera, electromyography, force 
platform, 3D motion capture and inertial motion capture with wearable technologies. Each technology 
has limitations and advancements over the other technologies. Technologies use sensors, markers, high-
speed video cameras, infrared light strobes, force plates to study the kinetics and kinematics involved. 
Advancement in techniques helps in reducing the error betterment of measurement of kinematic and 
kinetic data.

Goniometer

A goniometer measures the joint range during various movements (Gronley & Perry, 1984). The con-
ventional goniometer has a movable arm and a stationary arm to measure slow movements. In an electro 
goniometer, a traditional protractor is replaced with a potentiometer. As the joint movement occurs, the 
resistance of the potentiometer varies and produces an electrical output. This output is analogous to the 
joint displacement. The challenges involved are that while knee movement is captured, the knee joint 
axis and system joint axis have to be correlated. The major drawback is that joint angle measurement 
can be done for a single plane alone, for which proper calibration for the system joint axis is required. 
This instrument seems too difficult to fit for joints having more degrees of freedom.

Electromyogram

Electromyogram (EMG) is a technique used to quantify muscle activity. It is measured by placing the 
sensors on the required muscle. The invasive and non-invasive procedure is available. Based on the type 
of electrodes used, it is categorised as invasive and non-invasive procedures (Gronley & Perry, 1984). 
Surface electrodes are placed on the skin’s surface in non-invasive procedures, and needle electrodes are 
inserted in the region of interest for invasive procedures. These electrodes measure muscle contraction 
and need to be amplified due to low output voltage. The EMG data are used to quantify gait parameters 
and help in correlating EMG signals with muscle tension during the gait cycle.

Many computational technologies are used to know about physiological movement during sports 
performance (Baca et al., 2009). Learning about muscle actions and joint activities more deeply help 
the coaches and kinesiologist increase sports performance and prevent injuries.

Motion Analysis

For motion analysis, 2D and 3D motion capture technology with integrated cameras are available. The 
prime difference between the 2D and 3D analysis is based on the calibration and reconstruction process 

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



114

Injury Prevention and Improving the Performance of Athletes
 

(Colyer et al., 2018). The solitary camera is placed parallelly to the subject plane of motion of interest in 
2D camera analysis. Since in 3D analysis, movement in all the planes has to be focused, multiple cameras 
are placed in complex format (Akhtaruzzaman et al., 2016). Also, reconstruction must be performed at 
every point of interest on the subject. For this purpose, markers are used to identify the point of inter-
est, and it has to be captured by at least two cameras for processing. Usage of markers causes motion 
artifacts. So, before the reconstruction process, artifacts have to be eliminated. Usage of markers might 
lead to the displacement of their initial position leading to errors. To overcome this limitation, marker-
less technologies were developed using video systems, image features, and algorithms that define the 
model pose location and shape (Zago et al., 2020). In this markerless motion capture system, two types 
of cameras are used, namely a depth-sensing camera system where it senses the depth via the projection 
of light. This is more useful in a real-time system. They are also known as RGB-D cameras; they can 
capture colour and depth (Zago et al., 2020).

Inertial Sensors

Inertial sensors consist of accelerometers, magnetometers and gyroscopes. The combination of these 
sensors provides information about the object’s orientation, gravitational force, and velocity (Muro-
de-la-Herran et al., 2014). The accelerometer working principle is based on Newton’s law of motion. 
According to Newton’s law of motion, acceleration of the body is proportional to the net force acting 
on the body. With a combination of accelerometer and gyroscopes, acceleration and angular velocity 
of the body is obtained. Velocity is obtained by integrating acceleration, while the position is obtained 
by combining the body’s velocity, and flexion angle is obtained by integrating angular velocity. So, 
signals received from the accelerometer is filtered, and a classifying algorithm is applied to calculate 
the number of steps taken in a particular period. The working principle of the gyroscope is based on the 
Coriolis effect, where all bodies revolve around an axis develop rotational inertia. Moment of inertia is 
used to determine the rotational inertia of a body. Thus, gyroscopes provide a body’s angular velocity, 
joint angle, and segment velocity. Magnetometers measure the direction and strength of the magnetic 
field. In biomechanics, the system’s reliability can be increased by using a magnetometer in combination 
with an accelerometer and gyroscopes (Surer & Kose, 2011). Inertial Measurement Unit (IMU) sensors 
are made of inertial sensors, which is used to measure the kinematics of the subject. It is mainly used 
in gait analysis to study gait profiling. The sensors are widely used in wearable technologies (Muro-
de-la-Herran et al., 2014). Acquiring data using accelerometers and gyroscopes helps determine spatial 
orientation with respect to an inertial frame. Though the gyroscope produces relative orientation, it has 
drift and distortion errors. The accelerometer eliminates these drift errors in the horizontal plane, and the 
magnetic sensors compensate for drift error in the vertical plane (Fong & Chan, 2010). This technique 
helps to study the locomotion of individuals with injuries and helps provide proper treatment and guid-
ance to recovery fast and also used in gait analysis, which helps improve performance. This technique 
is more suitable for studying the kinematics of the lower limb.

Force Plate

Force plates are used to measure the ground reaction force and ground reaction momentum in gait 
profiling (Higginson, 2009). Load cells are placed in the corners of the force plate. These load cells 
consist of either piezoelectric element, strain gauge or force sensing resistors based on the sensitivity, 
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pressure range and linearity. Force plate with piezoelectric elements on experiencing force gets distorted 
and provides a measurable voltage directly proportional to the applied force (Anton & Sodano, 2007). 
Similarly, force plates with force sensing resistors work based on contact resistance. Force sensing resis-
tors are conductive polymer film, which changes its resistance to experiencing pressure. The conductive 
polymeric film consists of conducting particles and non-conducting particles in matrix form. When an 
external force is applied on the surface, this article comes in contact with the sensor electrode, which 
changes its resistance. The amount of change in resistance is directly proportional to the applied force 
(Sadun et al., 2016). Likewise, the working of the piezoelectric sensor is based on the piezoelectric ef-
fect. When the piezoelectric material experiences force, microscopic structures are distorted, resulting in 
dipole and an electric field. These electric charges are analogous to the applied force, which is measured 
using a charge amplifier. Generally, force plates are fixed in the ground for having easy calculations of 
the centre of pressure (Higginson, 2009).

Force plates are used for gait profiling of different actions and exercises. Gait analysis is more help-
ful in determining the heel strike and toe-off of walking and running patterns (Sinclair et al., 2011). 
Gait profiling of running helps us understand the various biomechanical aspects of running or other 
sports activity acutely. It allows the coaches to give the athlete proper training to change their pattern 
and techniques to improve their performance. Sometimes, sports injuries are fatal, and it is a challenging 
process in rehabilitation to bring back the original function. Rehabilitation centres require many inno-
vative approaches to solve the problem (Jena et al., 2020). So, gait analysis also helps in rehabilitation 
engineering to study how the prosthesis helps athletes and improve prosthesis can be done based on the 
study. Different regression techniques are used to determine gait asymmetry by validating symmetry 
indices (Jena et al., 2021).

CONCLUSION

The main objective of sports biomechanics is to reduce injury and improve sports performance by studying 
various physiological movements. Kinetics and kinematics involved in each sports activity and exercise 
are studied to understand better muscle activity, joint actions, and musculoskeletal functions. Coaches 
and kinesiologists need to understand it more profoundly to provide suitable training and good treatment 
for faster recovery of injuries. Computational techniques help study physiological movements during 
sports activity and help the coaches provide required training for the individual athlete to improve their 
performance and reduce the injuries during training sessions. The study of sports biomechanics analyses 
the body loading condition and helps prevent injury by performing exercise more safely.
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ABSTRACT

Tissue engineering fibrous scaffolds play a crucial role in regenerative medicine. This chapter discusses 
the underlying mechanics and various approaches presently available to model these scaffolds and their 
limitations. The fibrous scaffolds are subjected to forces or deformation at two very different length 
scales (i.e., macroscopic forces during mechanical characterization and microscopic cellular forces). 
The scaffold behaves very differently under these two loading conditions, and very few computational 
frameworks capture the true nature of the scaffold under microscopic loading. The authors have also 
briefly discussed the two different ways a cell can sense the stiffness of the underlying scaffold and how 
it differs from the macroscopic stiffness.

INTRODUCTION

The fibrous systems are quite ubiquitous in the biological world. They are found in various forms ranging 
from purely fiber networks to composites which are characterized by an isotropic protein phase along 
with structural protein fibers (Dunlop & Fratzl 2010). From the length scale view point the cytoskeletal 
elements form the smallest fibrous structures in biological systems followed by extracellular matrix 
(ECM) fibers and finally the supra-cellular fibers such as silk and animal hairs (Lodish et al. 2008; Heim 
et al. 2010). The principal responsibility of these materials is to deliver structural integrity to the cell or 
tissue or organism as a whole and it is achieved by the appropriate mechanical properties of individual 
fibers in the system along with their arrangement (Figure 1) (Dunlop & Fratzl 2010; Lodish et al. 2008). 
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The arrangement of the constituent fibers is usually dependent on the biological context of the system. 
These fibrous structures are also under a regular renewal or recycling, although at different time scales 
depending on the biological context (Figure 1). This turnover at different levels is essential to several 
physiological functions (Lodish et al., 2008; Tabassi & Garnero, 2007).

For the interest of this chapter the fibrous systems at the extracellular matrix level play a central role. 
In the ECM fibrous structures are formed by the proteins secreted by the cells of various load bearing 
tissues (Frantz et al., 2010; Muizniek & Keeley, 2013; Han et al., 2011). Collagen fibers are one of the 
central players in these systems. They are classified in several categories based on their sequences and 
post-translational modifications (Frantz, 2010). Some of the important examples where collagen fibers are 
central to ECM are articular cartilage, bone, skin and other structural tissues. In these example tissues the 
collagen fibers are arranged in a very specific architecture including aligned and random configurations. 
As an example, in articular cartilage (AC), collagen fibers are organized in a three-layered structure with 
alternative aligned and random structures (known as Beninghorff architecture) (Schipper et al., 2008; 
Clark, 1990; Muir et al., 1970; WEISS et al., 1968; Minns & Steven, 1997; Bullough & Goodfellow, 
1968). On the other hand, in ligaments these fibers take an aligned but wavy arrangement (Strocchi et 
al., 1992; Yahia & Drouin, 1989). Apart from collagen, elastin is another fiber which is an integral ele-
ment of soft connective tissues such as skin and elastic cartilage (Mithieux & Weiss, 2005; Keith et al., 
1977). Elastin fibers also take different structural morphologies depending on tissue functions (Keith 
et al., 1977; Murakumo et al., 1995; Cheney et al., 2015), for example random arrangement in alveolar 
structures, and flexor tendon (Mercer & Crapo, 1990; Ritty et al., 2002) and aligned arrangement in 
ligaments (Grant et al., 2013). Apart from providing structural strength to the tissue, these ECM fibers 
also facilitate cell adhesion and growth which has led to their use as substrates in tissue engineering 
applications where they are known as tissue engineering scaffolds.

FIBROUS SCAFFOLD IN TISSUE ENGINEERING

Owing to their ubiquity and role in the physiological functions, fibrous materials are extensively utilized 
for the application of tissue engineering scaffolds. Depending on the source of the scaffold the fibrous 
scaffolds used in these applications can be divided into two categories- (i) protein fibrous matrices, which 
are derived from the biological tissue by processes such as decellularization, (ii) synthetic fiber materials, 
which are produced in labs with many polymeric materials such as poly (L-lactic acid) (PLLA), poly 
(lactic acid) (PLA), poly (lactic-co-glycolic acid) (PLGA) etc. One challenge with the synthetic fibrous 
scaffolds is their lack of cell adhesion molecules. For this these materials are to be modified by some 
surface treatment which lets cells adhere onto them easily.

In tissue engineering applications, cells are added to these scaffolds of desired architecture and me-
chanical properties. The effect of the scaffold mechanics on the response of the cells like differentiation, 
proliferation, migration, adhesion, etc, are widely studied and known by the researchers. Some of the 
key findings in this domain are summarised and tabulated in the Table 1 below.

Since the fibrous scaffolds are utilized for the application of tissue engineering extensively, an under-
standing of their mechanics is essential for an optimal designing of scaffold for any given application.
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MECHANICS OF FIBROUS SCAFFOLDS

Given the importance of the scaffold mechanics, as described above, there has been a huge amount of 
experimental investigations and mathematical/computational modeling works to understand their me-
chanics. In experiments, researchers have looked at the response of single fibers under elongation and 
bending (Carlisle et al., 2009; Tan & Lim, 2006; Carlisle et al., 2010; Chen et al., 2008) and also that 
of the fibrous scaffolds under uniaxial (Gentleman et al., 2003; Nerurkar et al., 2007; Hadjizadeh et al., 
2011; Hong et al ., 2011; Mauck et al., 2009; Stella et al., 2010; Pu et al., 2014)/ biaxial (Gilbert et al., 
2008; Knezevic et al., 2002; Sander et al., 2009) elongations, and shear (Driscoll et al., 2011; Gittes & 
Mackintosh, 1998). In the experiments, the mechanical tests on the fibrous scaffolds have demonstrated 
a non-linear nature of stress-strain curve, irrespective of the fiber material. This nonlinearity has been 
characterized by the presence of a small J-shaped “toe” region in the stress-strain curves (Figure 2). 
Furthermore, at high elongation strains, these scaffolds have been shown to fracture due to the breaking 
of constituent fibers.

Figure 1. Fiber diameters and their arrangement in biological systems.
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However, as far as the effect of the fiber structure on the scaffold mechanics is concerned an increase 
in the fiber alignment has been shown to coincide with a stiffer mechanical response (Yan et al., 2012; 
Ramasamy & Akkus, 2007).

Table 1. Compendium of key results in this domain.

Reference Conclusion Substrate and cell type

Differentiation of stem cells

Engler et al., 2006 Substrate stiffness determines stem cell lineage Human mesenchymal stem cells (hM-SCs), 
polyacrylamide gels

Cell growth

Hadjipanayi et al., 2009a Faster cell proliferation on stiff substrates Adult human dermal fibroblasts, collagen scaffold

Ghosh et al., 2007 Cells with stiff and organized cytoskeleton on stiff 
substrates

Adult human dermal fibroblasts, 
hyaluronan and fibronectin gels

Yeung et al., 2005 Substrate stiffness dependent cell spreading
NIH-3T3 mouse fibroblasts, bovine aortic 
endothelial cells, Human blood neutrophils, 
polyacrylamide gels

Cell motility

Lo et al., 2000 Cells migrate towards stiffer substrate, also known as 
durotaxis

3T3 fibroblasts, polyacrylamide gels coated with 
type-I collagen

Ng et al., 2012 Collective cell migration on stiff substrates MCF10A cells, PAA gels

Hadjipanayi et al., 2009b Directional cell migration on scaffolds with 
directional stiffness Adult human dermal fibroblasts, collagen scaffold

Cell polarity

Zemel et al., 2010 Stress fiber alignment hMSCs, polyacrylamide and hyaluronan gels

Prager-Khoutorsky et al., 
2011 Cell polarization and elongation on stiff scaffolds Human fibroblasts, PDMS

Figure 2. Nonlinear response of polystyrene fiber scaffold (left panel) and plantaris tendon of sheep as 
reported in (Ker, 1999) (right panel).
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MATHEMATICAL/COMPUTATIONAL MODELING OF SCAFFOLD MECHANICS

In addition to the experiments, several mathematical and computational modeling approaches have also 
been used to study the fibrous scaffold mechanics. Roughly speaking, one of the main goals of the math-
ematical/computational models has been to establish connections between structure and mechanics of 
these scaffold materials (Breuls et al., 2002; Bass & Kuiper, 2008; Lacroix et al., 2006; Stylianopoulos 
et al., 2008; Argento et al., 2012). One can divide these “in-silico” works based on the approaches they 
take towards this goal, as described below.

Modeling Approaches

Different approaches formulate models of the mechanical response of fibrous scaffolds based on dif-
ferent physical properties of the fibers and their arrangement, and therefore, provide understanding at 
different levels. These approaches also make several different assumptions (which also put limitations 
on these approaches) about the scaffolds which we will be discussing next.

Lattice Based Models

In this approach the fibrous scaffolds are considered as a regular arrangement of lattice or unit cells 
(Stylianopoulos et al., 2008; Stylianopoulos & Barocas, 2008; Kabla & Mahadevan, 2007) where lat-
tice sites are connected with each other via the fibers. Therefore, this approach links the microscopic 
mechanics of individual fibers with that of the scaffold as a whole. This method has also been used to 
look at the failure behavior of the fibrous scaffolds under large deformations (Hadi eta l., 2012). As the 
fiber arrangement in the ‘unit cells’ can be specified, this approach also has the capability to establish 
a relationship between the structure and the mechanics of the fibrous scaffolds.

This computational approach has been used to unravel many fundamental properties of the mechan-
ics of the fibrous networks. In one remarkable work (Broedersz et al., 2011), fibrous networks were 
modeled using lattice base framework with variable connectivity to look at the role of the single-fiber 
mechanics and network structure on scaffold response. In this approach the energy of the whole system 
is formulated in terms of the stretching of fibers
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where μ and κ are the elastic moduli of fibers, l is the lattice unit length, u is the displacement field, and 
r are the vector connecting the two lattice sites. The response of the scaffold is obtained by the mini-
mization of the system energy along with the specified boundary conditions. These works show that at 
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low connectivity of the lattice the scaffold response is mainly due to the fiber bending whereas at high 
connectivity it is due to the stretching of the fibers.

In another work, the same modeling approach was used to investigate the response of the fibrous 
scaffold against localized forces. In this work it was shown that the network nature of the scaffolds can 
even amplify the mechanical active stresses which are applied by the cells. These amplification in the 
mechanical stress can be thought of as a mechanism of the long range mechanical interaction between 
the cells.

Although this approach has immense utility and application, it also suffers from a limitation which is 
due to their fundamental (not always justifiable) assumption of structural periodicity. Since experimental 
techniques for the fabrication of these scaffolds does not allow sufficient control over their structure the 
‘periodic structure assumption’ has a very limited scope.

Discrete Fiber Networks

In this approach, as the name suggests, the scaffold is modeled as a collection of discrete fiber elements. 
The model considers each and every fiber in the system separately and estimates the collective response 
of the whole matrix from that of individual fibers (Abhilash et al., 2014; Ma et al., 2013). Here, the 
structure of the fibrous scaffolds are virtually generated using computational means or obtained from the 
imaging of physical samples. Since one can generate a computational structure, this method provides a 
very fine control over the scaffold structure. This approach also requires the knowledge of the constitutive 
response of the single fibers which is usually modeled as either an elastic beam (high flexural rigidity) 
or string (low flexural rigidity) (Abhilash et al., 2014; Ma et al., 2013), depending on the application.

In one recent work (Abhilash et al., 2014) on the remodeling of the fibrous scaffold due to cellular 
forces the system was modeled as discrete fiber network. The response of the fibers was written in terms 
of the total energy of the system
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where the individual fibers were modeled as flexible Timoshenko beam. Here N is the total number of 
fibers, E is the Young’s modulus, G is the shear modulus, I is the second moment of area, ∂u/∂s is the 
axial strain, ∂v/∂s is the rotation of the fiber cross-section, ψ(s) is the rotation of the plane perpendicular 
to the normal axis of the fiber, λ is the shear correction factor, u is the axial displacement along the 
fiber axis s and v is the displacement along the transverse axis. The system response under quasistatic 
loading was obtained by minimization of this energy functional. This model shows alignment of the 
scaffold fibers due to the cellular forces and a heterogeneous deformation of the scaffold. Similar to the 
lattice-based models this modeling approach also shows long distance transmission of the forces in the 
fibrous scaffolds.

The details of the scaffold architecture this approach can incorporate makes this approach a very 
powerful method for the study of the mechanics of the scaffold. This strength can, however, sometimes 
also become the weakness of this approach in the sense of the requirement of large computational re-
sources. Further, the exact architecture of the fibrous scaffolds is not always known in as much details 
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as required by this method. Most of the imaging methods which give us information about the fiber 
arrangement in the scaffold are of destructive nature and the structural information obtained from one 
sample is not necessarily applicable for a different sample. This limitation of the approach is sometimes 
handled by not incorporating very detailed scaffold structure information in the model but only its sta-
tistical description which is usually translatable from sample to sample. We are going to look at such 
statistical modeling approaches next.

Statistical Models

This method is somewhere in between discrete fiber models and continuum formulation (shown below). 
In this approach the fiber arrangement is described not in its complete detailed information but in terms 
of the statistical probability density functions (PDFs). As an example, the arrangement of the fibers in 
a fibrous scaffold made up of straight fibers can be described in terms of the fiber angle probability 
density function pθ(θ) with

� � � �p d� � � 1 (4)

If the fibers in the scaffold are curved then the information about the degree of the fiber curvature 
can also be described in terms of another PDF pl(l). Following this structural description, the response 
of the fibrous scaffold is written in as the collective response of all the fibers in the system. In one work 
(Rizvi & Pal, 2014), the shear and normal components of the scaffold response against scaffold shear 
deformation are written as
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respectively. Here ε is the macroscopic scaffold shear strain, σ(γf) is the constitutive relation of the fiber 
material with γf as the fiber strain, a is the cross-sectional area of the fiber. This modeling approach has 
been utilized to look at the relationship between the scaffold structure and its macroscopic mechanical 
response (Rizvi & Pal, 2014; Rizvi et al., 2012).

One common drawback in all of the three aforementioned approaches is the undefined nature of the 
mechanical stresses. Since these approaches consider each fiber the conventional measures of mechanical 
stresses are not well defined in these works. This, sometimes, becomes a big limitation of these approaches 
while comparing the response of the scaffold with the regular continuum materials. For this we will look 
at the continuum approach which is also used to study the mechanical response of fibrous scaffolds.

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



128

Computational Modeling of the Mechanics of Tissue Engineering Fibrous Scaffolds
 

Continuum Mechanics Formulation

This approach is driven by the assumption of the microscopic length scale of the scaffold being consider-
ably smaller than that of the experimental investigation. This assumption leads to the formulation which 
consider fibrous matrices as elastic continua with fibers embedded in an isotropic phase (Holzapfel et 
al., 2000). The continuum assumption also puts a constraint on the system that fibers are rigidly attached 
to the isotropic phase. This puts a limitation on this approach for the study of the fibrous scaffolds if the 
scaffold does not have the isotropic phase. With these assumptions, this approach obtains the scaffold 
response as the collective response of its phases- isotropic and fibrous (Holzapfel et al., 2000; Federico 
& Gasser, 2010; Wang et al. 2014). These methods are also capable to incorporate the structural char-
acteristics of the fibers in the model in the form of degree of fiber alignment to obtain the structure-
mechanics relationship (Federico & Gasser, 2010).

In one recent work this approach was used to look at the long-range transmission of the cellular 
forces in a fibrous collagen scaffold (Wang et al. 2014). In this work researchers used the discrete fiber 
network model to look at the effect of the fiber alignment, applied force, strain stiffening, cell aspect 
ratio etc. on scaffold response. For this response of the whole system was written in terms of the energy 
density function
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where the first two terms correspond to the response of the isotropic phase and the final term stands for 
the response of the fibers. With this description, one can define the Cauchy stress as
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where C=FTF is the right Cauchy-Green deformation tensor. Here function f(λa) describes the response 
of the individual fibers. In this work the fibers are shown to get aligned due to the cellular forces and 
also along range force transmission is observed. There have been some extensions (Federico & Gasser, 
2010) of this modeling approach where the fiber arrangement is described in terms of the probability 
density functions, akin to that in the statistical models.

With this description of the modeling approaches utilized for the study of the scaffold mechanics, we 
now focus on the mechanical response of the fibrous scaffolds and its dependence on the experimental 
length scale.

Dependence of Fibrous Scaffold on Size

In experiments, mechanical behavior of the scaffold can be characterized either by the uniaxial elongation 
or shear mechanical testing or by techniques which study the localized mechanical properties, such as 
atomic probe microscopy. Similarly, the cells seeded on the scaffold also apply very localized forces to 
the scaffold to sense their stiffness and other mechanical characteristics. This shows that the application 
of forces/deformation to the scaffolds can be applied at two length scales. We focus on this aspect now.
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Macroscopic Mechanics

In the conventional mechanical test in the scaffold of size typically 1cm×1cm is held between two ends 
of mechanical testing machine and uniaxially elongated. Given this large sample size relative to the fiber 
diameter the response obtained from this approach can be called “macroscopic mechanical response” 
of the scaffold. In modeling works also the elastic moduli of the scaffold are estimated by performing 
such an experiment “virtually”. As described earlier, these modeling works have shown that the scaffold 
response shows a nonlinear nature. Most of the modeling approaches are in qualitative agreement about 
the macroscopic response of the fibrous scaffold. In few recent modeling works (Rizvi et al., 2012), 
however, it has been shown that the macroscopic response of the fibrous scaffold can also depend on 
the size of the sample used in the mechanical testing. This implies that the mechanical characterization 
of the fibrous scaffolds requires an additional care in measurement and reporting for the reproducibility 
of the elastic moduli values. Furthermore, using the statistical modeling approach it has also been dem-
onstrated that the two fibrous scaffolds with different structural arrangement of fibers can have same 
macroscopic stress-stress response (Rizvi & Pal, 2014). Despite this recent observation, the elastic moduli 
obtained from the macroscopic mechanics of the fibrous scaffold is often taken to be the same as the 
mechanical stiffness sensed by the cells seeded on scaffold. This can sometimes lead to contradictory 
experimental outcomes.

This limitation of the use of macroscopic elastic moduli as surrogate of the mechanical properties 
sensed by cells also makes it important that we should characterize the microscopic mechanical proper-
ties of the scaffolds.

Microscopic Mechanics

For the characterization of the microscopic mechanical response of the scaffold we apply a localized 
force or displacement to the scaffold and estimate the resulting displacement or resistant force, respec-
tively. This is akin to the forces exerted by the cells to the scaffold via focal adhesion. The microscopic 
mechanical response of the fibrous scaffolds have not been looked at that extensively till now. One reason 
for this is the lack of any straightforward experimental setup for the application of localized forces in 
the manner of cells. AFM can apply localized forces but the nature of AFM forces is different from that 
by cells since the forces applied by the cell are in the plane of contact between cell and scaffold and for 
AFM forces it is not the case.

In a recent computational work (Mech & Rizvi, 2021), however, the microscopic mechanics of the 
fibrous scaffold has been characterized using discrete fiber modeling approach. This discrete fiber model 
estimates the displacement field in the fibrous scaffold due to localized point force and demonstrates 
an anisotropic behavior. Further, it was shown that the displacement field in the fibrous scaffold decays 
exponentially with respect to the distance, from the point of force application. This result is in contrast 
to the known solutions to the Kelvin problem in three-dimensional elasticity where the displacement 
decays as a power law. Furthermore, the work also looks at the stiffness sensed by a cell under two 
conditions. First, when cell applies a constant strain and estimates scaffold mechanics in terms of the 
resistance displayed by the scaffold. Second, when cell exerts a constant magnitude of force and scaffold 
compliance is sensed in terms of its deformation. It was seen that under constant deformation applica-
tion scenario, the stiffness sensed by the cell is proportional to the macroscopic elastic moduli, such as 
Young’s modulus.
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However, in the second scenario the stiffness sensed by the cell also depends on the stiffness of the 
cell itself (Figure 3). Researchers showed that the stiffness of the same fibrous scaffold sensed by two 
different cells can differ by many orders of magnitude. This result also implies that one fibrous scaffold 
can provide very different mechanical microenvironment to different cell types. This implies that an 
immense care is required in the experimental characterization tests and during modeling the mechanical 
response of the fibrous scaffold. This also shows that the reporting of only macroscopic elastic moduli, 
such as Young’s or shear moduli, may not always be sufficient for the complete description of the scaf-
fold mechanics.

CONCLUSION

In this chapter we have attempted to give a brief overview of different modeling approaches which are 
utilized for the study of the mechanics of the tissue engineering scaffolds. All of these approaches are 
based on different assumptions and, therefore, are limited in their scope. Furthermore, authors have also 
not looked at the transport of the fluid through these scaffolds which is also an extremely important aspect 
of the scaffold design. Another aspect not covered in here is the viscoelastic nature of the fibrous scaf-
folds and its modeling. Due to the nature of the materials used for the application of tissue engineering, 
the viscoelastic response can also be very important in some application where a dynamical mechanical 
loading is applied to the scaffold. For this, readers are referred to papers such as Rizvi et al., 2016. The 

Figure 3. Scaffold stiffness as sensed by different cell types.
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information covered in this chapter can be used to study and investigate the mechanical response of the 
tissue engineering fibrous scaffold for their better design and optimized structure.
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ABSTRACT

The aortic valve is composed of collagen, elastin, proteoglycan, valvular interstitial cells (VIC), and 
valvular endothelial cells (VEC). In the open condition, the aorta valve allows blood to leave the heart, 
and in the closed condition, it prevents the backflow of the blood to the left ventricle. However, when the 
aortic valve cups become narrow or thickened, cusp motion is impaired and obstructs the blood flow. 
This chapter investigates the structure and composition of the aortic valve cusp and the role of VIC, 
VEC, and cross-talk of VEC-VIC. In addition, biomechanical characterization of the aortic cusps such 
as uniaxial, biaxial, flexure, three-point bending, cantilever bending, and viscoelasticity was discussed. 
Furthermore, etiology, in vitro cell culture and in vivo animal models, and ex vivo models mimicking 
aortic stenosis and regurgitation were summarized.

INTRODUCTION

The aortic, mitral, pulmonary, and tricuspid valves are the main component of the heart that regulates the 
unidirectional flow of blood (Misfeld & Sievers, 2007). The aortic valve contains the cusp, sinotubular 
junction, sinus, and coronary ostium. During the cardiac cycle, the aorta valve opens and allows the blood 
to leave the heart, and in closed conditions, it prevents the backflow of the blood (Lindman et al., 2016). 
Between the years 1990-2017, of the 100 000 death reported due to total valvular heart diseases, 61% is 
associated with aortic valvular diseases (Bermejo et al., 2021). When the aortic valve cups become narrow 
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or thickened, cusp motion is impaired and obstructs the blood flow, causing diseases like stenosis and 
regurgitation (Lindman et al., 2016; Misfeld & Sievers, 2007). In aortic stenosis, the aortic valve opening 
becomes small and inhibits the blood flow from the heart to the aorta. In aortic regurgitation, the aortic 
root and annulus dilate, leading to cusps malfunction and backflow of blood (Sawaya & Søndergaard, 
2018; Zhu et al., 2021). Currently, treatment for aortic stenosis and regurgitation is with the mechanical 
or bioprosthetic heart valves. Both bioprosthetic and mechanical valves have been associated with health 
risk complications (Lerman et al., 2015; Otto, 2002; Zakikhani et al., 2019). The mechanical valves are 
prone to thrombosis, inflammation, and infection. The problem associated with the bioprosthesis valve is 
calcification, improper closure, and leakage due to the thickening of the valve cusps (Sider et al., 2011; 
Tsang et al., 2018). Currently, treatment for valvular diseases lacks an understanding of the initiation 
and progression of calcification of the aortic valvular diseases. The in vitro and in vivo animal models 
are robust platforms, and it is a rapid tool in identifying therapeutic interventions and can study early 
mechanisms of disease progression and pathogenesis (Sider et al., 2011).

This book chapter covers the structure, and mechanical properties, of aortic cusp during health and 
disease conditions like stenosis and regurgitation and in vitro, in vivo, and ex vivo models to simulate 
stenosis and regurgitation. Section 2 reviews the aortic cusp structure and composition, the role of val-
vular endothelial cells (VEC) and valvular interstitial cells (VIC), and cross-talk between VEC and VIC. 
Section 3 discusses the biomechanical response of human, porcine, and ovine aortic cusp under various 
mechanical testing conditions such as uniaxial, biaxial, flexure, three-point bending, and viscoelasticity. 
Section 4 discusses the diseased conditions of aortic valve stenosis and regurgitation. Further, in vitro 
cell culture model to study calcification process and in vivo mice, porcine models, and approaches to 
mimic aortic stenosis and regurgitation were summarized.

STRUCTURE AND COMPOSITION OF THE AORTIC CUSP

Aortic Cusp Structure

The aortic cusp is composed of four main components: commissural region or hinge, belly region, and 
lannula with nodule and coapting surface [Figure 1 (A, B, C)] (Misfeld & Sievers, 2007; Tseng, 2011). 
The central belly region of the cusp is transparent and the lannula appears crescent in shape. The three 
cusps meet at the coaptation and nodules are present in the midpoint of the coapting surface. Typi-
cally, the three aortic valve cusps (left coronary, right coronary, and non-coronary) are thin, flexible in 
nature, and consist of three layers: ventricularis, spongiosa, and fibrosa [Figure 1 (D, E)] (Hasan et al., 
2014; Tseng, 2011). The cusp consists of 13% elastin fibers and 50% collagen by dry weight (Misfeld 
& Sievers, 2007) (Vesely, 1997). The fibrosa contains more collagen and fewer elastin sheets arranged 
in the circumferential direction [Figure 1 (F)]. Elastin is made up of elastic protein, and during the load-
ing conditions, it stores energy and, in unloading conditions, it releases to the collagen, as a result, the 
valve return to its original position (Adham et al., 1996). Among the three layers, the ventricularis is the 
thinnest and contains more elastin sheets than fibrosa (Hasan et al., 2014). Spongiosa consist of a large 
amount of glycosaminoglycan (GAG) and a few fibrous proteins (Butcher et al., 2011). The outer layers 
of the aortic cusp are lined with VEC and VIC are present throughout the aortic cusps layers [Figure 1 
(E)] (El-Hamamsy et al., 2010).
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Aortic Valvular Endothelial Cells

The endothelial cells in the aortic valve maintain a non-thrombogenic blood contact surface and transfer 
the essential nutrients to the VIC (Frater et al., 1992). The VEC appear cobblestone-like morphology, 
form a monolayer on the cusp surface, and are arranged perpendicular to the direction of blood flow 
[Figure 2 (A)] (Deck, 1986). Due to the continuous movement of the cusp, the shear stress is challeng-
ing to quantify (Butcher et al., 2011). During the progression of stenosis conditions, the shear stress 
values vary from 30-1500 dyne/cm2 (Weston et al., 1999). Sucosky et al., (2009) exposed the fibrosa 
side of VEC of a porcine aortic cusp to an ex vivo pulsatile bioreactor to study the shear stress. The result 
shows that exposing the fibrosa side induces the up-regulation of inflammatory receptors and BMP-4 
expression in the VEC.

Figure 1. Detailed representation of aortic valve cusps structure and composition(A) commissural re-
gion or hinge, belly region, and coapting surface of aortic cusp (Tseng, 2011); (B) SEM image of aortic 
cusp in hinge, belly and coaptation region, scale bar at 200 µm (Tseng, 2011); (C) Surface morphology 
of valve leaflet at 1000 X magnification (El-Hamamsy et al., 2010); (D) Schematic representation of 
aortic cusp layers - fibrosa, spongiosa, and ventricularis (Hasan et al., 2014); (E) Histological images 
of fibrosa, spongiosa and ventricularis layers stained with Movat’s Pentachrome, scale bar at 200 µm 
(H Tseng., 2011); (F) Arrangements of collagen, elastin, proteoglycan in radial and circumferential 
direction in aortic cusps layers (Korossis., 2018).
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Aortic Valvular Interstitial Cells

Valvular interstitial cells are dynamic populations of different phenotypes such as myofibroblast, smooth 
muscles, fibroblast, cardiac muscle cells (Rutkovskiy et al., 2017). They exhibit smooth muscles and 
myofibroblast cells characteristics (Yperman et al., 2004). During culturing of cells, VIC appears 
cuboidal-like structure and elongated spindle-shaped, and once after confluent, and exhibit swirling 
patterns [Figure 2 (B)](Taylor et al., 2003). The primary function of the VIC is to organize and remodel 
extracellular matrix proteins to withstand the tissue strain during the cardiac output (Porras et al., 2017). 
During the cardiac process, the pressure gradient changes across the cusp cause loading and unloading of 
the cusps. Weston & Yoganathan (2001) reported that VIC mechanotransduction is affected by pulsatile 
hemodynamic shear stress and bulk matrix shear stress.

Interaction of VEC-VIC

VEC and VIC synergistically work to maintain the cusp structure and valvular function (Tseng et al., 
2014). α-smooth muscle actin (α-SMA) is a marker protein that helps to differentiate between VEC and 
VIC. Usually, VEC-VIC interaction occurs naturally during cusp tissue homeostasis (Butcher et al., 
2011). The damage of VEC causes thrombosis, inflammation, and lipid accumulation in cusps (Rutkovs-
kiy et al., 2017). As a result, activation of VIC calcification and stenosis (Rajamannan, 2011; Tseng et 
al., 2014). Tseng et al., (2014) designed a three-dimensional co-culture model for VIC-VEC using the 
magnetic levitation method as an alternate for two-dimensional VEC-VIC studies and suggested that 
the VEC-VIC co-culturing has anti-thrombotic activity. Butcher & Nerem (2006) also designed three-
dimensional co-culture models for VIC-VEC to study the effect of shear stress. The result shows that 
the co-culture model enhanced the endothelial cell to stabilize the VIC proliferation, increased protein 
synthesis, decreased glycosaminoglycan.

Figure 2. A full confluent monolayer of VIC (A) & VEC (B) under phase contrast microscope, scale bar 
20 µm (Liu et al., 2007)

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



141

Biomechanics of the Aortic Valve in Health and Disease
 

MECHANICAL PROPERTIES OF AORTIC VALVE

This section discusses the biomechanical properties of the aortic cusp obtained explicitly from the human, 
porcine and ovine models, reported to load under different mechanical conditions. The different mechani-
cal studies performed on the human, bovine, porcine, and ovine species were summarized in Table 1.

Uniaxial Testing

The uniaxial stress-strain behavior of the human aortic valve cusps is shown in Figure 3 (Li et al., 2001). 
The aortic cusps exhibit a non-linear response with an ultimate tensile strength ranging from 2 to 4 MPa. 
This ultimate strength is significantly higher than the physiological stress in the natural body (Butcher 
et al., 2011). The aortic cusp Young’s modulus is 2-10 kPa and 20-100 kPa in the radial and the circum-
ferential directions, respectively (Billiar & Sacks, 2000). Vafaee et al., (2018) studied the mechanical 
testing on the human cadaveric cryopreserved aortic cusp at a displacement rate of 10 mm/min at 37 
°C. The failure load in the circumferential direction was 6.25±0.89 N, and in the radial direction was 
0.47±0.35 N. Stradins et al., (2004) performed comparative studies on the aortic and pulmonary valves 
from 11 human cadaveric hearts. In the circumferential direction, the pulmonary valve has higher tensile 

Table 1. Biomechanical testing of the aortic cusp from different species, methods, strain rate, medium, 
and temperature mentioned below

Species Method Strain rate Temperature References

Human Uniaxial 10mm/min 37°C Vafaee et al., 2018

Porcine Uniaxial 5mm/min - Zhou et al., 2013

Porcine Uniaxial 10mm/min 37°C Lee et al., 1984

Human Uniaxial 10 mm/min 37°C Desai et al., 2018

Porcine Biaxial 5mm/min 37°C Billiar & Sacks, 2000

Human Biaxial 60N/min 37°C

Martin & Sun, 2012Porcine Biaxial 60N/min 37°C

Ovine Biaxial 60N/min 37°C

Porcine Biaxial 60N/min - Stella et al., 2007

Porcine Biaxial - 37°C Borghi et al., 2013

Porcine Biaxial 60N/min RT
Liao et al., 2008

Porcine Flexural - 22°C

Porcine Flexural 25 mm/min RT Ragaert et al., 2012

Porcine Flexural - 22°C Lovekamp et al., 2006

Porcine Three-point 
bending - RT Brazile et al., 2015

Porcine Three-point 
bending - RT

Merryman et al., 2006
Porcine Cantilever 

bending Flexural angle of 30° -
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strength than the aortic valve. Koch et al., (2010) reported the anisotropy behavior of porcine aortic cusp 
during diastolic valve conditions up to 10% strain.

Biaxial Testing

Martin & Sun (2012) compared the biomechanical properties of aortic cusps obtained from human, 
porcine, and ovine models. The biaxial response shows that aortic cusps exhibit anisotropic behavior. 
Specifically, the human aortic cusp was stiffer than porcine and ovine cusps, and there was no signifi-
cant difference between the non-coronary, left coronary, and right coronary cusps within any species. 
Stella & Sacks (2007) performed the regional separation of fibrosa and ventricularis from the porcine 
aortic cusp by microdissection technique. The biaxial test result shows that the fibrosa and ventricularis 
exhibit anisotropic behavior. Similarly, Chaparro et al., (2020) investigated the biaxial testing of mouse 
aortic cusp, and the study concluded that the cusp is stiffer in the circumferential direction. Billiar & 
Sacks, (2000) performed a comparative study between the native porcine aortic cusp and glutaraldehyde 
fixed aortic cusp. The comprehensive study indicates that the native cusps were more extensible than 
glutaraldehyde-fixed cusps.

Figure 3.The diagram illustrates the pattern of tissue specimen mechanically stretch under (a) uniaxial 
and (b) biaxial testing
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Flexural Testing

Flexure is a distortion method that occurs in the aortic cusp during the cardiac cycle, and it helps to 
study the biomechanics of the valve (Mirnajafi et al., 2006). Different methods for studying the flexural 
properties of the aortic cusp are shown in Figure 4. The flexure experiment was performed using three-
point bending tests and cantilever bending tests. The flexural properties of the aortic cusp are calculated 
by using Bernoulli–Euler equation. In most of the flexural study experiments were performed on the 
central or belly region of the aortic cusps (Brazile et al., 2015; Merryman et al., 2006; Ragaert et al., 
2012) These studies reported flexural properties such as extension break, maximum load, and stiffness 
parameter precisely on the preconditioned porcine aortic cusps. The maximum load is 14.76±4.39 N for 
the left coronary cusp, 14.45±3.04 N for the right coronary cusp, 16.04±5.68 N for the non-coronary 
cusp. The stiffness is 7.25±1.48 N/mm on the left coronary cusp, 7.74±1.95 N/mm on the right coro-
nary cusp, 7.64±1.65 N/mm on the non-coronary cusp, respectively. The overall result suggests that 
there is no significant difference in the flexural study in the cusps. Lovekamp et al., (2006) studied the 
contribution of GAG to the mechanical properties of the porcine aortic cusp. The flexural rigidity of 

Figure 4. Different methods for studying the flexural properties of the aortic cusp. (a) Three-point 
bending; the sample is fixed between the two brace and the point (P) load applied by the third beam 
(Merryman et al., 2006); (b) Cantilever bending; the aortic cusp tissue attached to the fixed end and 
the point in which (P) bending to the free side with the help of reference post (Mirnajafi et al., 2006); 
(c) Stress-strain behavior of aortic cusp in circumferential and radial directions (Li et al., 2001).
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the cusp determines by bending the specimen in the curvature direction and with and without enzymatic 
treatment. During the relaxed state, the curvature of the tissue increased, and the stiffness of native and 
enzyme digested tissue decreased significantly.

Three-Point Bending

The three-point bending mechanism works on the principle of linear beam theory. Using three-point 
bending testing, the fatigue properties of aortic valve cusps can be obtained. In the three-point bending 
test, the rectangular specimens were attached with the sleeves and placed between the two stationary 
rods. The black graphite and cyanoacrylate are used as markers in the specimen to determine the sample’s 
deformation and length (Gloeckner et al., 1999). Brazile et al., (2015) reported the effective bending 
modulus of the aortic cusp, mainly focused on the momentum-curvature relationship of cusp against 
the bending and curvature bending in the radial and circumferential directions. Initially, the momentum-
curvature relationship is determined by using the Euler-Bernoulli equation. The effective bending 
modulus of curvature at 0.025 mm, in the circumferential direction, is 231.548±28.467 kPa against the 
curvature and is 159.169±36.606 kPa with curvature. Whereas in the radial direction, 421.776±72.193 
kPa against the curvature, and 97.227±35.124 kPa with curvature. Merryman et al., (2006) studied the 
effect of cellular contraction on the flexural stiffness of the aortic valve in the circumferential direction. 
The result shows a 48% increase in cusp stiffness with VIC when bent against curvature. In contrast, 
curvature direction resulted only in a 5% increase in cusp stiffness with active VIC.

Cantilever Bending

The cantilever bending is based on the principle of simple beam theory. In the test, the aortic root is 
fixed to the calibrated bending bar and a known load was applied to the cusp using a cantilever beam 
configuration (Mirnajafi et al., 2006). These experimental conditions almost mimic the deformation 
occurring in the cusp’s commissural region connected to the aortic root. The aortic wall’s bending and 
flexion stresses are caused by the aortic cusps’ reversal curvature and flexion (Deck, 1986). Mirnajafi 
et al., (2006) quantified the stiffness of the porcine aortic cusp in the commissural region. The modulus 
was greater in the reverse direction than the forward direction at a flexure angle of 30°. Gloeckner et 
al., (1999) studied the flexural rigidity in the belly region of glutaraldehyde fixed porcine aortic cusp. 
In the circumferential direction, the stiffness was higher against the cusp curvature.

Viscoelastic Properties

Stella et al., (2007) studied the biomechanical properties of porcine aortic cusp and mitral leaflets. The 
stress relaxation percentage of the aortic valve in the radial direction is 27.51% and, in the circumferential 
direction is 33.28%. There are no significant differences between the stress relaxation response of the 
aortic cusp and the mitral valve leaflets. Tseng et al., (2013) studied the role of GAG in the viscoelastic 
properties of an aortic cusp by digesting GAG with different concentrations of hyaluronidase. The result 
indicates that GAG plays a major role in lubricating tissue motion and decreases the cusps stress. Mer-
ryman et al., (2009) explored the viscoelastic properties of aortic VIC during diastole conditions using a 
micropipette aspiration technique. During diastole conditions, the creep was 4.65%, and stress relaxation 
was 4.39%. Bhatia & Vesely (2005) experimented with the role of GAG on the porcine aortic cusp by 
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using 0.1 M NaOH. The removal of GAG reduces the water content and the viscoelasticity response 
of the aortic cusp. Similarly, Borghi et al., (2013) used hyaluronidase, chondroitinase, and keratanase 
enzymes to study the role of GAG on the porcine cusp. The presence and depletion of GAG significantly 
influence the viscoelastic properties, but there are no changes in the stiffness of cusps before and after 
enzymatic treatments. Lee et al., (1984) examine the viscoelasticity properties of the porcine native aortic 
cusp. The cusp is stiffer in the circumferential direction than radial direction as the collagen fibers are 
alignment is randomly in the radial direction and well-aligned in the circumferential direction.

ETIOLOGY OF AORTIC STENOSIS AND REGURGITATION

In vivo model is essential to study the initiation and progression, molecular mechanism, biomechanics, 
and cellular interaction during aortic stenosis. The most common animal model to study cardiac aortic 
valvular diseases are mouse, rabbit, and porcine. This section discusses the causes and progression of 
aortic stenosis and regurgitation, in vitro model to imitate stenosis conditions and experimental results, 
and in vivo animal models deliberately to induce calcifications and ex vivo model to create experimental 
regurgitation results.

Aortic Stenosis

In aortic stenosis, the aortic valve opening becomes thin and inhibits the blood flow from the left ven-
tricle to the aorta. During these conditions, there is an increase in pressure in the left ventricle and aorta 
to maintain the cardiac output (Weinberg & Kaazempur Mofrad, 2008; Zakikhani et al., 2019). The 
clinical factor associated with aortic stenosis includes smoking, diabetics, age factor, and hypertension 
(Otto, 2002). In healthy individuals, VIC is responsible for maintaining and remodeling the extracellular 
matrix. The patient with a bicuspid aortic wall has more likely to cause calcified aortic stenosis (Wein-
berg & Kaazempur Mofrad, 2008). One of the reasons for calcified aortic stenosis is that a decrease in 
the number of VIC in the human aortic valve cusps leads to degeneration of collagen fibers. Another 
reason is that abnormal mechanical signals in valve cusps lead to VIC dysfunctions (Taylor et al., 2003; 
Weinberg & Kaazempur Mofrad, 2007).

VICs play a crucial role in the progression of the calcification process (Bogdanova et al., 2019). In 
order to study aortic stenosis, the VIC cells from the human, porcine, sheep, rat, and bovine models 
were isolated from the coronary cusps using collagenase enzymes and magnetic assisted cell sorting 
(Bogdanova et al., 2019; Latif et al., 2015; Rajamannan, 2011; Tseng et al., 2014; Zabirnyk et al., 2020). 
For calcification studies, the VICs specifically supplemented with osteogenic medium, pro-calcifying 
medium, to induce the cells calcification process (Rutkovskiy et al., 2017). This medium contains 
β-glycerophosphate, dexamethasone, and ascorbic acid, essential for calcium crystal formation (Babu et 
al., 2008). The calcium formation at the molecular level is detected by increasing alkaline phosphatase 
activity and transcriptional factors like Runx2 and BMP2. At the microscopic level, calcium deposition 
is detected using alizarin red, Von Kossa staining, and Arsenazo dye (Bogdanova et al., 2019; Chen et 
al., 2009). Agozzino et al., (1994) studied the gross anatomy of surgically removed aortic cusp from the 
210 patients diagnosed with aortic stenosis. The microscopic examination shows calcium deposition, 
and fibrosis occurs in the cusp. Bogdanova et al., (2019) isolated the VIC from the human calcified 
aortic cusp and cultured it for 21 days without an osteogenic medium to study the potential of stem 
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cell-like properties. However, the VIC cells cultured for healthy cusp have multipotency compared to 
the calcified aortic cusp.

The mice model is the most widely used model to study aortic valve stenosis. It has several advantages, 
including lost cost, easy management, shorter generation time, clone key specific molecule mediators, and 
matrix Gla protein knockout mice that mimic aortic valve calcification. Another way of studying aortic 
stenosis is by giving high cholesterol diet plan; this increases valve thickness, activation of osteoblasts, 
macrophage accumulation, and mineralization (Matsumoto et al., 2010). In human beings, congenital 
disability occurs due to mutation in the transcriptional regulator of NOTCH 1 (Garg et al., 2005). This 
NOTCH 1 level is usually expressed in mice during postnatal growth. Deleting a periostin protein-coding 
gene negatively regulated NOTCH 1 in mice and developed with bicuspid-like morphology (Tkatchenko 
et al., 2009). The porcine model is an excellent model for studying calcified aortic valvular disease due 
to its hemodynamics, cusp biomechanical properties, heart anatomy, lipid profile, and lipid metabolism 
similarity to the human being (Gerrity et al., 2001). A high cholesterol diet plan can induce calcification 
by feeding animal model supplements with 10-20% fat, 1.5-2% cholesterol, 0.7-1.5% sodium cholate. 
Another way of studying the calcification process is by bringing the mutation in LDLR and apolipopro-
tein genes, leading to atherosclerotic lesions without a diet plan.

Aortic Regurgitation

Aortic regurgitation is due to improper closure of the aortic valve leading to backflow of blood. The 
cause of aortic regurgitation is a combination of factors, including dilation of the aortic root, annulus, 
and malfunction of valve cusps (Maurer, 2006; Sawaya & Søndergaard, 2018). Clinically, aortic regur-
gitation is classified as acute and chronic conditions. In acute aortic regurgitation, a sudden increase 
in volume loading of the left ventricle leads to reduced ejection fraction. This disease condition occurs 
in infectious endocarditis, disruption of the valve after transcatheter aortic valve replacement surgery. 
There is a progressive increase in left ventricle stroke volume during chronic aortic regurgitation, caus-
ing chamber dilation and hypertrophy. In this condition, elevation occurs in the wall stress of the aortic 
cusp and the left ventricle response with compensatory eccentric hypertrophy. As a result, the cardiac 
output is eventually reduced due to eccentric hypertrophy and chamber dilation in the left ventricle. The 
aortic cusps were repaired by performing Cabrol stitch, re-implantation technique, or ring annuloplasty. 
However, repair of aortic regurgitation is not widely accepted (Pettersson et al., 2008). Most of the 
studies performed only on the porcine model for mimicking aortic regurgitation conditions due to its 
similarity profile with human beings (Dixon et al., 1999; Gerrity et al., 2001). Zhu et al., (2021) studied 
the aortic regurgitation in a porcine aortic cusp, and the result shows that detaching the two largest cusps 
can significantly increase the regurgitation volume compared to the controls.

CONCLUSION

Biomechanical characterization studies of the human aortic cusp are limited due to the less availability 
of fresh specimens. Considerably, there are many biomechanical studies performed on the aortic valve 
cusps of bovine, porcine, and ovine species. Also, uniaxial and biaxial testing studies dominated the 
mechanical testing compared to other flexural, three-point bending experiments. Utilizing the existing in 
vitro, in vivo animal models, and ex vivo models, detailed investigations on aortic stenosis were studied 
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using various approaches. However, in vivo models mimicking the aortic regurgitation conditions is 
limited. More in vitro, in vivo, and ex vivo calcification studies are required. Studying homeostasis and 
disease progression in-depth can lead to discovering novel therapies for aortic valve disease.
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ABSTRACT

With the advancement of computer power, computational solution is considered as a useful predictive 
tool for study of the blood flow through a diseased artery. The blood flow is governed by the continuity 
and Navier-Stokes equations. Womersley number and Reynolds number are physiologically important 
non-dimensional flow parameters and have existence in the non-dimensional governing equations. In 
the computational solution, the mathematical flow modelled is established considering some boundary 
conditions, and then it is solved by numerical simulations. The governing equations are converted to 
discretised form and then solved numerically by readily available commercial CFD software and/or 
by in-house developed CFD code using appropriate algorithms. Grid independence test and validation 
of CFD model are the crucial parts of computational solutions. The chapter delivers the knowledge on 
impact of fluid mechanics on arterial diseases and computational solution techniques.

Fluid Mechanics in 
Arterial Diseases:
Computational Study

Dipak Kumar Mandal
Department of Mechanical Engineering, College of Engineering and Management, Kolaghat, India

Partha Goswami
 https://orcid.org/0000-0001-8267-3652

Kolaghat Thermal Power Station, West Bengal Power Development Corporation, India

Nirmalendu Biswas
Department of Power Engineering, Jadavpur University, Salt Lake, India

Nirmal K. Manna
Department of Mechanical Engineering, Jadavpur University, Kolkata, India

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://orcid.org/0000-0001-8267-3652


154

Fluid Mechanics in Arterial Diseases
 

INTRODUCTION

Motivation on blood flow study through the diseased artery and to write a book chapter is felt by the 
need in obtaining a better understanding of the influence of flow phenomena on initialization, progres-
sion, and formation of atherosclerosis. It is hoped that such type of chapter may provide the compara-
tive necessary information to achieve the basic fluid mechanical phenomena in the arterial circulation 
system. This chapter helps to enhance the knowledge of hemodynamics reference to cardiovascular 
response, which may help to design of prosthetic devices rationally. With the increasing performances 
of computer hardware and software, at present days, a computational study is being increasingly used in 
biomedical research of diseased arteries. Understanding flow dynamics and flow disorders due to flow 
restriction called stenosis is essential to study yet now numerically and experimentally. The disease is 
due to the formation of stenosis commonly called atherosclerosis. It is a complex problem as the artery 
is elliptical, elastic, porous; the shape of the stenosis is asymmetrical; inlet flow is pulsatile, blood is 
non-Newtonian and heterogeneous, blood property varies concerning human beings. This study of flow 
dynamics and hemodynamics parameters may be solved by CFD (due to the invention of commercial 
software) by using high-speed computer.

Last few decades, researchers are working on this area numerically or experimentally. Among them, 
Zendehbudi and Moayeri have compared the velocity distributions, streamline contours and wall shear 
stresses for physiological flow and pulsatile flow through an axisymmetrical constricted (61% area) artery. 
(Zendehbudi & Moayeri, 1999) They have performed the relevant numerical computations considering 
the blood as Newtonian and laminar flow. The constitutive equations have been solved by using the 
SIMPLER (Semi-Implicit Method for Pressure Linked Equations Revised) algorithm (Patankar, 1980). 
Apart from that, they have also discussed the pressure drop across 56% area reduction (PR=33.33) of 
the cosine-shaped restriction with for steady flow with Reynolds number varying from 50 to 250 to 
validate their results with the earlier experimental observation (Young & Tsai, 1973), which was found 
to be having good agreement. Lee and Xu have analysed the flow behaviour of pulsatile flow through 
trapezoidal-shaped (45% restriction by area) considering the fluid to be incompressible and Newtonian. 
(Lee & Xu, 2002) They have used two separate commercial codes CFX 4.2 and ABAQUS7 for the 
analysis. They have investigated velocity profiles, wall shear stress for the rigid and compliant tube. From 
their wall shear stress representation, it is obvious that the wall shear stress (WSS) curves for the rigid 
and compliant tube are identical. Pressure and flow separation is investigated numerically for different 
shaped restrictions (Mandal & Chakraborty, 2007a, 2007b, 2007c).

Reynolds-averaged Navier-Stokes approach is used for modelling of pulsatile and turbulent flow by 
Varghese and Frankel (2003) in stenotic vessels. CFD, Ansys FLUENT has been used and it has been 
has noted that the minimum wall shear stress occurs at distal to the stenosis. The effect of symmetrical 
and asymmetrical bell-shaped stenosis has been investigated numerically on haemodynamic parameters 
for the progression of the disease in steady and pulsatile situations. (Mandal et al., 2010b, 2011) This 
study revealed that asymmetrical-shaped stenosis predicts higher impact on flow characteristics as 
observed from their study. Two-dimensional rigid models by assuming unsteady, incompressible, and 
homogeneous blood flow with double stenosis is also solved numerically (Rabby et al., 2014), where 
cosine-shaped stenosis, inlet sinusoidal pulsatile laminar flow conditions has been chosen. The effect 
of stricture length of stenosis and its flow circulation is studied numerically and it has been found that 
restriction is the main component of disease progression. (Mandal & Chakraborty, 2008, 2009)
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The important hemodynamic parameters, WSS and oscillatory shear index (OSI) have been examined 
through realistic stenosis both experimentally and numerically for steady flow conditions (Gupta & 
Agrawal, 2015). They have shown that the developed WSS at the stenotic zone for the irregular model is 
different relative to the regular stenosis. For the irregular shaped stenotic case, the oscillations of WSS 
at the post-stenotic zone are very strong in comparison to the regular stenosis case. Blood flow study for 
double bell-shaped stenosed coronary arteries with the impact of one stenosis with the other is studied 
numerically (Mandal et al., 2010a, 2010b, 2011a). Mamun et al. have simulated numerically the effect 
of physiological pulsatile flow to investigate flow characteristics considering both Newtonian as well as 
non-Newtonian fluid and compared the results for Newtonian model, Carreau model, and cross model. 
(Mamun et al., 2016) They have observed that the cross model gives better results than other models. 
Pulsatile CFD simulations has been performed considering Womersley number as 2.065 to describe the 
pulsatile character of flow. (Stiehm et al., 2017) They have concluded that the steady-state simulations 
can be used for analyses while time-averaged values are only considered. They have also performed 
two different transient CFD simulations using a physiologic waveform at inlet condition. They have 
investigated time-averaged wall shear stress for hemodynamic analyses.

Mass transport is the phenomenon that dictates plaque formation from the perspective of initiation 
of the disease. Many people are working in this area. LDL transport and its accumulation rate at dif-
ferent physiological conditions are investigated (Santra et al., 2017, 2018, 2020). They have shown a 
significant effect on initiation of the diseases that depend on porosity of wall, percentage of LDL, and 
hyperthermia conditions.

In this chapter, an attempt has been made to show computational study of pulsatile flow through bell-
shaped stenosed artery at the stenotic zone and post-stenotic zone for the Reynolds numbers from 50 
to 200, Womersley numbers ranging from 5 to 12.5, and the percentage of restriction from 30% to 70% 
(by diameter). Three different pulsatile profiles, i.e., simple pulsatile profile, physiological pulsatile 
profile, and realistic pulsatile profile, have been considered at the inlet of considered geometries of the 
modelled artery. This computational approach to study the biological problem will help the researchers 
to get an insight into the flow physics of atherosclerotic arteries and further study can be obtained in 
realistic artery with respect to the initiation, progression, and formation of the disease, atherosclerosis.

FLUID MECHANICS IN ARTERIAL DISEASES AND HEAMODYNAMICS

Stenosis is the narrowing of an artery by forming a restriction in the inner layer of the artery. The pro-
cess of atherosclerosis called cardiovascular disease happens due to build-up and infiltration of lipid 
streams and artery walls. This plaque is formed by cholesterol, calcium, and other substances. Human 
beings cannot feel small plaque deposition. People can feel the disease at higher restriction in the ar-
tery. Arterial diseases can lead to various complications like myocardial infarction, stroke, ulceration, 
thrombosis, and aneurysm, thus affecting the human life span and quality of life of a large segment of 
the population. Therefore, understanding the initiation and formation of atherosclerosis in the human 
arteries is of critical importance.

Hemodynamics is the study of blood flow dynamics; here the blood flow is associated with the ste-
nosed artery. Many fluid mechanical factors are connected to the initiation and formation of cardiovas-
cular disease in the artery. The viscosity of blood and diameter of the conduit of blood flow depends on 
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the physiological condition of the different patients and the location of the artery in the arterial system. 
Thus, Reynolds numbers are different for different patients and different arteries to be concerned. For a 
particular artery segment of a particular human being, Womersley number solely depends on pulsatile 
flow frequency. Womersley number increases or decreases with increase or decrease in pulsatile flow 
frequency respectively. Pulsatile flow frequency varies among different human beings. Pulsatile flow 
frequency also varies with the different conditions of human beings such as physical exertion, emo-
tional exertion, smoking, drinking alcohol, some types of illness, etc. So, understanding of the effect of 
Womersley number on blood flow characteristics is important for a better pathological interpretation.

The important hemodynamic parameters are wall pressure, streamline contour for representing 
recirculation zone, peak and low (WSS), and OSI to represent oscillation in wall shear stress. The im-
portance of and physiological significance of all parameters are essential to know before initiating any 
research work in this area. The wall pressure has a great role in developing atherosclerosis plaque. At low 
pressure, a suction action is exerted in this zone that may tear the artery by damaging the endothelium 
layer, in turn, initiating the formation of plaque development (Gessner, 1973). The formulation of flow 
separation and development of flow recirculation zone in the flow field is considered relevant for the 
formulation of plaque deposition. At this recirculation zone, the flow stream stagnates and recirculates 
that in turn raises the concentration of blood constituents, mostly lipid and fibrin (Tu et al., 1992). The 
trapping of lipid particles aggravates the mass transport process through the arterial wall, which may 
eventually coalesce to form atheromatous plaque. This raises the stenosis and increases the restriction. 
WSS is another parameter to control the fluid dynamic characteristics for interaction between blood and 
endothelium layer. The magnitude of WSS is determined numerically from velocity distribution since it 
is not possible to measure in vivo or in vitro. Both low and high wall shear stress are responsible for the 
initiation and progression of the disease. At high stress, it damages the arterial wall (Fry, 1968, 1969) 
that initiates the plaque deposition, whereas low WSS progresses the deposition. Low stress at the separa-
tion zone is dangerous and aggravates plaque endothelium deposition by rising mass transport through 
the wall (Caro et al., 1971). The oscillation in wall shear stress in an artery creates malfunction in the 
endothelium layer for the progression of the disease. It enhances the intimal thickening as an oscillation 
in wall shear stress rises. The effect is measured by an index called OSI (Ku et al., 1985).

Time-averaged and non-dimensional hemodynamic parameters are considered in this study for con-
sidering pulsatile inlet.

The time-averaged wall pressure is defined as follows:

p
T

p dt
w w

T
* = ∫

1

0

 (1)

In Eq. (1) the wall pressure is expressed as time-averaged normal force of the flow field acts on the 
arterial wall per unit area.

The WSS is defined as follows:

t t
w w

T

T
dt* = ∫

1

0

 (2)
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In Eq. (2) the WSS is expressed as the time average of the flow field force acts on the arterial wall 
per unit area.

The transient nature of WSS is denoted by the Oscillatory shear index (OSI). This index denotes the 
pulsatility and its magnitude varies from 0 and 0.5. This helps to locate separation and reattachment 
points. The OSI is defined as follows in Eq. (3):

OSI

dt

dt

w

T

w

T
= −
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1 0

0
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Figure 1. Computation domain of artery model
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Modelling of Stenosed Artery

The shape of stenosis is difficult to predict that does not follow any rule of geometry. The realistic shape 
may be like the Gaussian (bell-shaped), or cosine or sinusoidal geometry of constriction. The shape is 
asymmetrical in the realistic artery. In the present study, axially symmetric but radially asymmetric 
stenosis has been shown for better understanding. The curvature of the stenosis is chosen as bell-shaped 
Gaussian distribution profile.

The computational domain is illustrated in Figure 1 (Goswami et al., 2014). This bell-shaped stenosis 
(Misra and Shit, 2006) geometry is modelled as the following equation.

r h
m z

Lf

s

= − −











0 5

4 2 2

2
. exp  (4)

Where, m is a parametric constant, which defines the shape of stenosis. In the present study, the value 
of m is considered as 1. In general, the degree of stenosis is commonly defined as percentage occlusion 
by diameter, (Wootton and Ku, 1999), followed by the equation (5).

PR
D D h

D
f=

− −
×

( / )
%

2
100  (5)

The height of stenosis (hf) rises with an increase in the percentage of restriction. Without changing 
the distance between the start and throat of stenosis (Lsi), this is considered that the distance between 
the throat of stenosis and end of stenosis (Lse) increases as the percentage of restriction increases. In this 
present book chapter, the increment of the distance between the throat and the end of stenosis is equal 
to the increment of the height of stenosis for all considered variations in the percentage of restrictions. 
These variations of shape in the percentage of restriction and stenosis length have been shown in Figure 2.

Figure 2. Stenosis models for different percentage of restrictions
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In this work, the percentage of restrictions has been considered to be 30%, 40%, 50%, 60%, and 70% 
by diameter. The dimensions of stenosis height and stenosis diameter for different stenosis models, in 
terms of different percentages of restrictions, in the computational domain are shown in Table 1.

COMPUTAIONAL SOLUTIONS

With the advancement of computer power, a computational solution is considered a useful predictive 
tool in studying the blood flow through the diseased artery. Any in-house code or any commercial 
software like ANSYS, COMSOL can be used to address the problem. The blood flow is governed by 
the continuity and momentum equations. Womersley number and Reynolds number are physiologically 
important non-dimensional flow parameters, have existed in the non-dimensional governing equations. 
In the computational solution, the mathematical flow modelled is established considering some bound-
ary conditions, and then it is solved by numerical simulations. The governing equations are converted to 
discretized form and then solved numerically by readily available commercial CFD software and or by 
in-house developed CFD code using different algorithms. The grid independence test and validation of 
CFD model are the crucial parts of the computational solution. The modelling of the stenosed artery for 
different percentages of restriction and pulsatile flow simulation of different flow parameters and other 
features of fluid flow characteristics have been elaborately discussed in this chapter. Following these 
procedural steps, simulated results have been presented in the subsequent chapter with different focuses.

Assumptions

As mentioned artery is elastic, porous, multiple layers wall, the shape is not circular, presence of dif-
ferent constituents in blood, asymmetrical shaped restriction, and flow is too complicated, therefore, 
it is difficult to model with the realistic model. So far, almost all the simulations have been carried out 
under various simplified assumptions. The present numerical study is carried out under the situations 
of a homogeneous, incompressible, and Newtonian fluid through axially symmetric rigid stenosis. The 
flow of blood has been considered as two-dimensional, laminar, and pulsatile flow.

Flow of blood usually can be considered as a Newtonian fluid in large arteries (Ku, 1997, Fung, 
1997). Cho and Kensey have shown the wall pressure drop at the constricted area and the WSS of blood 

Table.1 Different stenosis models with percentage of restrictions

Dimensions PR 30% PR 40% PR 50% PR 60% PR 70%

hf 0.15 0.2 0.25 0.3 0.35

D 1 1 1 1 1

L 200 200 200 200 200

Li 49.9 49.9 49.9 49.9 49.9

LS 0.2 0.25 0.3 0.35 0.4

Lsi 0.1 0.1 0.1 0.1 0.1

Lse 0.1 0.15 0.2 0.25 0.3
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flow due to consideration of blood as Newtonian fluid are more or less asymptotic with the same due 
to consideration of blood as non-Newtonian fluid. (Cho & Kensey, 1991) Ishikawa et al. have noted 
that with the consideration of non-Newtonian property, the strength of the vortex and the vortex size 
is slightly different from that of consideration of Newtonian property in the analysis. (Ishikawa et al., 
1998) Therefore, Newtonian fluid approximation for blood may be regarded as an acceptable condition.

The development of plaque in atherosclerosis in arteries becomes calcified with time that reduces the 
elastic property of its wall (Liu et al., 2004), therefore rigid boundary may be assumed. However, the 
effects of elasticity on the results are very small, so an assumption of rigid tube flow is reasonable (Ku, 
1997), although the elastic arterial wall affects the flowing blood and a significant impact on the fluid 
flow dynamics. Therefore, the consideration of rigid wall of an artery in the model is an approximation.

According to some experiments, the maximum Reynolds number can be taken about 500 for stenotic 
flow that can sustain the flow to be axisymmetric. (Khalifa & Giddens, 1981) It is also to be noted that 
the arteries are not straight throughout the artery network. Thus the axially symmetric flow can be as-
sumed as a good approximation.

The blood flow in the blood vessel, especially, the flow through a narrow rigid tube can be consid-
ered as laminar flow. (Ganong, 2001) The physiological flow range of Reynolds number for the human 
artery is from 100 to 400, which is considered to be in the laminar zone. (Andersson et al., 2000, Back 
and Banerjee, 2000)

The diameter of real blood cells in blood flow is about 8×10-4 cm. If the vessel diameter is greater 
than 10-3 cm, the homogeneity assumption is valid. The effect red blood cells may be ignored for human 
arteries as the diameter varies from 0.05-0.3 cm (Lee & Fung, 1970).

Different Pulsatile Flows through Artery

Many investigators have done numerical studies considering blood flow as pulsatile at the inlet of a mod-
elled artery having stenosis and they have compared the flow characteristics for pulsatile flow. Different 
pulsatile flow profiles are observed in the human arteries depending upon the position in the arterial 
network, condition of the human body (e.g. physical exertion), and individual to individual (Long et al., 
2001, Mills et al., 1970, McDonald, 1974 and Zendehbudi & Moayeri, 1999).

In most of the experimental and numerical studies for blood flow through the artery, researchers 
have assumed a simple harmonic waveform at the inlet of the stenosis model (Ahmed & Giddens, 1984, 
Buchanan et al., 2000, Cassanova & Giddens, 1978, Lee & Xu, 2002 and Ojha et al., 1989). In this 
chapter, the first considered pulsatile flow condition (profile-I) represents simple pulsatile flow, which 
is defined by the following equation (6).

Profile-I (simple pulsatile flow):

u t
z

* *sin= +1 w  (6)

In the arterial system, the waveform is a probable physiological pulsatile flow profile at a downstream 
location. (Sherwin & Blackburn, 2005) In this present work, the second considered pulsatile flow con-
dition (profile-II) represents physiological pulsatile flow, which is defined by the equation (7) below.

Profile-II (physiological pulsatile flow):
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u t t
z

* * *. sin . cos= + −1 0 75 0 75 2w w  (7)

The third profile represents realistic pulsatile flow condition (profile-III), which is noted in the hu-
man right coronary artery (Wiwatanapataphee et al., 2006 and Goswami et al., 2019). The profile-III is 
defined by the equation (8) below.

Profile-III (realistic pulsatile flow):

u t tz
* * *. cos( . ) . cos( . ) . co� � � � � �1 0 29244 4 027 0 5908 2 6 509 0 2726� � ss( . )

. cos( . ) . cos( . )

*

* *

3 1 913

0 1980 4 1 461 0 1124 5 0 074

�

� �

t
t t

�

� � � �
 (8)

The variations of axial velocities for different profiles have been shown in Figure 3.

Governing Equations

The different conservation equations in cylindrical co-ordinates (r,z) can be written as follows:
Continuity equation:

1
0

r

ru

r

u

z
r z

∂( )
∂

+
∂

∂
=  (9)

r-direction momentum equation:

Figure 3. Distribution of Axial velocities for different pulsatile profiles
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z-direction momentum equation:
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The above governing equations, (9-11) are nondimensionalized by the following dimensionless variables:

Lengths: r*=r/D, L*=L/D, z*=z/D, t*=t/T. 

Velocities: u u U u u U
r r z z
* *,= =  

Pressure: p*=p/𝜌U2. 

The non-dimensional equations are:
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Where Wo is the Womersley number, as described by equation (15) and Re is the Reynolds number, 
as described by equation (16)

W R
o
=

ω
ν

 (15)

Re =
ρ
µ
UD  (16)
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Where 𝜔 is the radial frequency 2𝜋/T. In this work, four different values of Womersley numbers as 
4.0, 7.5, 10.0, and 12.5 from different physiological conditions of the body have been considered in this 
study (Caro et al., 1978 and Tutty, 1992). In this chapter, the Reynolds number is considered as 50, 100, 
150, and 200 respectively.

Boundary Conditions

For numerical modelling of laminar pulsatile flow, it is sufficient to consider Equations (12-14) along 
with the necessary boundary conditions. For an incompressible fluid, the velocity boundary conditions 
need to be specified all along the domain boundary. Four different boundary conditions are applied to 
the considered problem of this work. The boundary conditions are stated as bellows.

1.  On the solid wall of the artery, both the components of velocity are zero because no-slip and impreg-
nability conditions on the solid surface have been applied. These may be expressed mathematically 
as follows:-

u u
r z
* *,= =0 0  

2.  Axial velocity at the inlet has been applied as pulsatile flow condition (types of considered pulsatile 
flow have been specified in section of “Different Pulsatile Flows through Artery”)

u specified u
z r
* *= = and 0 , 

3.  Fully developed flow condition at the exit has been assumed and hence gradients have been set to 
zero, i.e.

∂ ∂ = ∂ ∂ =u z u z
z r
* * * *,0 0  

4.  On the plane or axis of symmetry, the symmetry boundary conditions have been imposed.

u u r
r z
* * *,= ∂ ∂ =0 0  

Numerical Simulations

In this study, the constitutive equations have been discretized by our in-house developed CFD code us-
ing an integral approach of finite volume approach in the non-uniform staggered grid. The SIMPLER 
algorithm (Patankar, 1980) is used for the solution.

The distribution of mesh nodes has been considered allowing higher density in the region near to the 
wall and restriction. For the advective part, the third-order upwind scheme has been used. Tri-diagonal 
Matrix Algorithm (TDMA) with Alternate Direction Implicit (ADI) scheme has solved the discretized 
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equations iteratively. The convergence of the iterative scheme has been allowed for the mass residue 
has fallen below 10-7.

The size of numerical mesh for the computational domain has been fixed as 448 x 48 after the grid 
independence test, which has been given in next section of “Grid Independence Test”.

The procedure for numerical calculations is made as per the following steps:

• Step-1: Velocity field is guessed.
• Step-2: Coefficients for the momentum equations are calculated to obtain pseudo velocities.
• Step-3: The pressure equation coefficients are calculated to solve the pressure equation.
• Step-4: Obtained velocity field from momentum equations.
• Step-5: Steps 2 – 4 are continued until the convergence criterion is achieved.
• Step-6: Calculations are repeated for each steps and periods, and comparative study of the previ-

ous period until achieving identical results over two successive periods.

Grid Independence Test

Grid independence study is essential for a CFD study to achieve the accuracy of results. One of the 
methods, Richardson extrapolation (Richardson & Gaunt, 1927) is the discretization of higher order 
estimate from lower-order discrete values (F1, F2,…,Fn). At least three grid solutions are required for the 
grid independence study (Stern et al., 2001). Roache generalized Richardson extrapolation by introduc-
ing the pe

th-order methods, which is defined by equation (15). (Roache, 1994)

F F
F F

r
h

e

pe= = +
−

−0 1
1 2

1
 (15)

The grid refinement ratio r has been adopted as 2 in this study. The accuracy can be estimated (Stern 
et al., 2001) by using the following equations (16-17).

p
re
e

=

ln( )

ln( )

e

e
32

21  (16)

Where e
i i i i

F F+ += −
1 1,

 (17)

To evaluate the extrapolated value from the above equations, the convergence conditions of the solu-
tions must be first confirmed. The feasible convergence conditions are as below;

• 0<Re ; Monotonic convergence;
 ◦ Re<0: Oscillatory convergence;
 ◦ Re>1: Divergence;
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Where Re is the convergence ratio and it is calculated by the equation (18).

R
e
=

e
e

21

32

 (18)

The Grid Convergence Index (GCI) presents the resolution in achieving the solution to an asymptotic 
value. It gives a uniform measure of convergence for proper mesh refinement (Roache, 1994). Math-
ematically it is written as the following equation (19).

GCI F
F r

i i i s

i i

i e

pe+

+=
−,

,

( )

e
1

1
 (19)

From the recommendation of Wilcox, the safety factor (Fs) has been selected as 1.25. (Wilcox, 2006)
The asymptotic range of convergence is obtained by the following equation (20)
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Three different mesh sizes, which are represented by M3 (112 x 12), M2 (224 x 24), and M1 (448 
x 48), have been arranged as per to their degree of fineness. The grid levels are marked as 3, 2, and 1 
respectively. Where, grid-level 1 represents the finest grid while level 3 represents the coarsest grid. The 
parameters have been compared with respect to maximum low wall shear stress and wall pressure drop, 
and length of recirculation (calculated from OSI value). The results have been presented in Table 2 for 
physiological pulsatile flow (profile-II) with PR= 50%, Re =100, and Wo = 10. The analysis results show 
that the calculated results using mesh size as 448 x 48 are in the condition of monotonic convergence as 
well as in the asymptotic range of accuracy.

The corresponding values of Richardson’s Extrapolated data of the exact solution have also been 
calculated and shown in Table 3.

From the numerical solutions, relative errors are presented in the Table 3 and it is clear that the errors 
monotonically converge towards zero and are only 1.34% error for maximum low WSS, 1.88% error for 
the wall pressure drop, and 1.96% error for the recirculation length, respectively, when the grid level 1 
is adopted. Therefore, this present numerical simulation uses the grid 448 ×48 (i,j).

Table 2. Analysis results for case of M1, M2, and M3 for grid independence study

Flow Characteristic F1 F2 F3 Re Pe GCI32 GCI21 Ac

Low WSS -690.59 -662.47 -591.05 0.394 1.34 8.69 3.28 1.046

Wall Pressure Drop 29.35 27.66 24.44 0.525 0.93 16.08 79.95 1.061

Recirculation Length (from OSI) 9.15 8.65 7.85 0.62 0.8 0.192 0.113 1.060
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Validation of Numerical Code

This is well recognized that the first step of the numerical analysis is the results must be validated with 
some experimental and numerical work with flow situations. In this present book chapter, pulsatile (i.e., 
unsteady) laminar flow through the restricted artery (i.e., restricted tube) has been considered by the 
authors. To validate the developed numerical code for this present work, at first, the comparisons have 
been made between the exact analytical solution of Womersley and the result of the present numerical 
simulation taking the same flow situation. The Womersley number and the Reynolds number have taken 
as 10 and 200, respectively. The sinusoidal pulsatile flow waveforms (i.e., uz*=1+sin𝜔 t*) have been 
considered for this code validation case. The Womersley velocity profile (Womersley, 1955, Taylor et 
al., 1998) for the axial component of velocity is,
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Where, JO and J1 are Bessel functions of the first kind of order 0 and 1 respectively, R is the radius 
of the cylinder, and W R n

on
= ( ) /ω υ  is Womersley number, where 𝜐 is the kinematic viscosity. The

pulsatile flow has been simulated over a long time to achieve a periodic solution, namely the solution 
that has not changed too much from one to the next cycle. The comparison between the axial velocity 
distribution with the exact solution of Womersley at four different time steps (t*=0.125, 0.375, 0.625 
and 0.875) for the sinusoidal pulsatile flow waveforms by the authors. (Goswami et al., 2015b). It shows 
a good agreement in the results of the present numerical code and the analytical solutions of Womersley.

Table 3. Result of grid independence test for PR=50%, Re=100 and Wo=10

Mesh Size (r,z) M3 (112x12) M2 (224x24) M1 (448x48) Richardson’s 
Extrapolated data

Max. WSS low -591.05 -662.47 -690.59

-699.96Error 108.91 37.49 9.3733

%Error 15.55% 5.36% 1.35%

WP Drop 24.44 27.66 29.35

29.91Error 5.47 2.25 0.5633

%Error 18.29% 7.52% 1.88%

Length of recirculation (from OSI) 7.95 8.65 9.15

9.33Error 1.48 0.73 0.1833

%Error 15.86% 7.82% 1.96%
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The present numerical results have been also compared with the experimental works (Ojha et al., 
1989) for validation of the results of the present numerical code. The geometry used in this validation 
is a 45% stenosis with the trapezoidal profile. The considered inlet waveform is a sinusoidal pulse with 
a mean Re of 575 and an amplitude variation of 360, as shown in equation (21).

u t
z

* *sin( . )= + +575 360 2 23w  (22)

For validation, the Womersley number has been taken as 7.5 and discretized into 69 time steps. 
The inlet boundary condition has been considered to be a fully developed. The inlet centerline velocity 
variation versus time, obtained from the simulation results, has been compared with that of Ojha et al. 
(1989) and that of Womersley solution in Goswami et al. (2015b). As can be seen from graph of inlet 
centreline velocity versus time, it is almost similar throughout the pulse.

The axial velocities for different locations along the axial direction in the post-stenotic region at dif-
ferent time steps, obtained from the simulation results, have also been compared with that of Ojha et al. 
(1989) and the same Womersley solution. The comparison of velocity profiles at the three post stenotic 
regions (z*= 1, z*= 2.5 and z*= 4.3) for different time steps (t*= 0.225, t*= 0.525 and t*= 0.875) was 
made in Goswami et al. (2015b). The said comparisons show good agreement between the predictions 
of present numerical simulation with experimental results that are found at different considered time 
steps and positions. Further validation of code in different area of work is made in many our research 
published work (Mandal et al., 2011b, Biswas et al., 2020, 2021a, 2021b).

OUTCOME OF COMPUTER ANALYSIS

The effects of Reynolds number, Womersley number, percentage of restriction, and type of pulsatile 
flow have been studied from the outcomes of the developed CFD code by the authors (Goswami et al. 
2014, 2015a, 2015b, 2016 and 2019) on the wall pressures, streamline contour, peak and low wall shear 
stress, oscillatory shear index and other various flow characteristics for all the combination cases of 
mild stenosis, severe stenosis, high pulsatility of flow and low pulsatility of flow respectively for simple 
pulsatile flow condition. Figures 4 (a-d) and 5 depict how the streamlines vary for different Reynolds 
number, Womersley number, flow type and percentages of restriction. The streamline contours indicate 
the area of flow separation as shown in Figure 4(a-d) and Figure 5. The streamline separates from the 
wall just after the stenosis for every case. The negative pressure gradient termed as favorable pressure 
gradient enables blood to flow through the artery. The negative pressure gradient counteracts the re-
tarding effect due to viscosity at the boundary. When the blood flow is passed through the stenosis, the 
pressure drops suddenly from the entry to the throat of the restriction, and the pressure recovers at the 
exit of the stenosis. Thus positive pressure gradient termed as adverse pressure gradient generates at 
the distal to the restriction. The separated flow occurs downstream of the stenosis due to adverse pres-
sure gradient. Permanent flow separation is found after the stenosis, regardless of the flow condition as 
shown in Figure 4(a-d). The streamlines demonstrate the larger flow recirculation zone creates for the 
simple pulsatile flow while the smaller recirculation zone creates for the realistic pulsatile flow. This 
has happened because the simple pulsatile flow condition has the lowest flow velocity and the realistic 
pulsatile flow condition has the highest flow velocity at this time step, just beginning the flow. The size 
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of flow recirculation increases as Reynolds number and percentage of restriction increases in this time 
step for all the considered pulsatile flow conditions while it decreases as Womersley number increases. 
Figures 6 to 8 have been adapted here from previous work by the author (Goswami et al., 2019). The 
variation of wall pressure axially is shown in Figure 6. This shows that the wall pressure drops gradually 
from entry to exit of the considered length of the artery for different Reynolds numbers and Womersley 
number. Pressure drops suddenly at the throat of the stenosis and the pressure raises slightly after the 
throat. The minimum wall pressure corresponds to the maximum mean velocity of the fluid flow. The 
flow area decreases at the throat of the stenosis from the entry of the stenosis and again the flow area 
increases after the exit of the stenosis. The flow area has minimum magnitude at the throat. According 
to the continuity of the flow for an incompressible fluid, the maximum mean velocity of the throat that 
corresponds to the minimum pressure at the throat. The pressure, after sharp falling at the stenosis re-
gion, the wall pressure partially recovers downstream due to the conversion of kinetic energy to pressure 
energy at the divergence section of stenosis. Wall pressure increases as Reynolds number and Womersley 
number both rises. This is also studied that wall pressure drop increases slowly at low stenosis, whereas 
this pressure drop increases markedly from moderate to severe stenosis condition, for any particular 
combination case of mild stenosis, severe stenosis, low pulsatility of flow, and high pulsatility of flow 
for all pulsatile flow conditions. From the study on wall pressure and streamline contour, it is felt that the 
study of WSS near the stenosis is important to investigate the causes behind the initiation and progression 
of arterial stenosis. Blood flow velocity changes in the stenosis zone and post-stenotic zone as the flow 
pressure gradient changes. It is understood from previous studies that the maximum velocity gradient 
exists at the throat and the minimum velocity gradient exists at the post stenotic zone. Therefore, it is very 
relevant to examine the wall shear distribution in the stenotic region as well as post stenotic zone. The 
variation of the time-averaged WSS along the flow direction in the stenotic zone is shown for different 
PR for Re 200 and Wo 12.5 in Figure 7a to show the effect of PR on peak wall shear stress. It is noted 
that TAWSS rises as the flow approaches towards the stenosis or restriction and attains a peak value at 
the maximum restricted area. Then at the downstream of the stenosis, wall shear stress decreases rap-
idly to zero, and then it becomes of negative magnitude. As the spatial and temporal magnitude of axial 
velocity increases as PR increases, the flow rate is higher for higher PR. The higher flow rate cause the 
rise in the velocity gradient in the artery wall and therefore WSS at the throat attains a higher value for 
a higher percentage of restriction. From Figure 7a, it is also revealed that peak wall shear stress value 
rises as Reynolds number increases. Figure 7b shows the variation of wall shear stress along the flow 
at the post-stenotic region to scrutinize the impact of PR on the low wall shear stress. It is revealed that 
the value of low WSS is prone just immediately after stenosis. This is supported to the existence of a 
recirculation zone downstream of stenosis. Figure 7b depicts that the WSS changes its direction from 
positive to negative when the flow leaves the stenosis and chance vice versa at the downstream flow after 
stenosis. There are two points of zero wall shear stress. The time-averaged WSS zero means the velocity 
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gradient is zero. Thus there are two points of flow stagnation. The first one is the flow separation point 
and the second one is the flow reattachment point. From Figure 7b, it is noticed that the reattachment 
length rises with as the value of PR increases. It is also observed that the magnitudes of maximum low 
WSS increase with the increase in PR and the area under low WSS also increases as Reynolds number 
increases. During the study on instantaneous streamline patterns, it has been observed that the flow field 
always changes with the time steps of a cardiac cycle. The flow reversal is noticed at each time step and 
the pattern is different. The time-averaged WSS is studied in the previous section. The time-averaged 
WSS is estimated by integrating the instantaneous wall shear stress over a cycle time. Viewing on the 
instantaneous streamline patterns, it can be revealed that the instantaneous WSSs are not the same with 
varying times of a cardiac cycle at any particular location along the axial direction of arterial length. 
Thus, there exists oscillatory WSS in the blood flow. The oscillatory shear index defines the oscillatory 
motion of WSS. It is observed from Figure 8 that the OSI has two maximum values for each of all the 
considered Re flow, one closely after the midpoint of stenosis and other one far from the midpoint. As 
can be seen in the mathematical definition of OSI, it is clear that OSI reaches its maximum value when 
the instantaneous WSS at each time step of a cardiac cycle aligns in the same direction or remains at 
the same sign. Near the midpoint, the velocity gradient is high and the instantaneous wall shear stress 
reaches its peak value for each time step and thus OSI increases at this location. At the reattachment 
point, instantaneous WSS, which remains in the negative direction, changes the sign. OSI again reaches 
its maximum value at the point of reattachment point. Therefore, the location of the second maximum 
OSI magnitude coincides with the same point of time-averaged reattachment point. The time-averaged 
reattachment points for all percentage of restrictions are clearly estimated by both WSS and OSI graphs, 
and this has a good agreement.

CONCLUSION

This study focuses on a computational study of a biological problem by using CFD. In the present study, 
flow physics with its haemodynamic factors for initiation and progression of the disease atherosclerosis 
is investigated in detail. The book chapter tells the details of different arterial diseases its hemodynamic 
factors and shows a numerical study of the pulsatile flow through a stenosed artery by using our own 
house CFD code. It is noteworthy to mention here that the process used and outcomes of computational 
analysis will enrich the knowledge in the area of arterial disease and could also be utilized for better 
design of a medical tool to detect early atherosclerosis as well as the severity of atherosclerosis. The 
systematic study of blood flow may help the medical people to make a better decision upon the treatment 
management of atherosclerosis such as exercise, medication, surgery, etc.
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Figure 4. Streamline contours for profile-I, profile-II and profile-III (top to bottom) at time step t/T=0 
for a. Re of 50, Wo of 5 and PR of 70%. b. Re of 200, Wo of 5 and PR of 70%, c. Re of 50, Wo of 12.5 and 
PR of 70% and d. Re of 200, Wo of 12.5 and PR of 70%
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Nomenclature

D Artery diameter, [m]
R Artery radius, [m]
L Total length of the computational domain, [m]
Li Length of the computational domain before stenosis, [m]
Ls Width of stenosis, [m]
Lsi Width of upstream stenosis, [m]
Lse Width of downstream stenosis, [m]
Le Length of the computational domain after stenosis, [m]
hf Height of stenosis
uz Velocity in z-direction, [ms-1]
ur Velocity in r-direction, [ms-1]
U Average velocity in r-direction at inlet, [ms-1]

Figure 5. Streamline contour for PR 30%, PR 50% and PR 70% (top to bottom) respectively at t*=0 for 
realistic pulsatile flow
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Figure 7. a. Distribution of peak WSS along axial direction for Re of 100 and Wo of 10. b. Distribution 
of low WSS along Axial direction for Re of 100 and W0 of 10

Figure 6. Distribution of wall pressure along axial direction for PR of 70% with different Re and differ-
ent Wo for realistic pulsatile flow
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µ Dynamic viscosity, [kg m-1s-1]
ρ Density, [kg m-3]
ν Kinematic viscosity, [ms-2]
T Time period of the pulsatile cycle, [s]
T Time, [s]
p Static pressure, [Nm-2]

Re  Reynolds Number = ρ
µ
UD

Wo  Womersley number = D
T2
2π
υ

pw Wall pressure[Nm-2]
τw Wall shear stress (WSS), [Nm-2]
PWSS Peak wall shear stress
LWSS Low wall shear stress
TAWSS Time-averaged wall shear stress
OSI Oscillatory shear index
PR Percentage of restriction
re Grid refinement ratio
Re Convergence ratio
GCI Grid convergence index
Fs Factor of safety
Ac Asymptotic range of convergence
pe Order of accuracy

Figure 8. a. Distribution of oscillatory shear index along axial direction for Re of 100 and Wo of 10. b. 
Distribution of oscillatory shear index at senosis zone for Re of 100 and Wo of 10
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Superscripts

* Dimensionless terms
- Time-averaged
r, z Cylindrical co-ordinates
1-1 Inlet
2-2 Exit
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ABSTRACT

Digestion of food forms an essential process in a living organism. Digestion of food can be classified 
into two categories: (1) mechanical digestion and (2) chemical digestion. Whereas mechanical digestion 
contributes to the physical breakdown of food using mechanical forces, chemical digestion contributes 
via breaking down the chemical bonds present in the food. The process is manifested by muscular con-
traction. The intestine develops undulations via contraction of the muscle fiber that involves contraction 
and relaxation of muscle fibers (referred to as the peristalsis). As a consequence, the momentum gener-
ated by the muscular contraction serves to develop fluid motion in the lumen, which eventually leads 
to mixing and transport. Whereas the bodily secretions of the digestive enzymes participate in innate 
digestion, the gut flora, on the other hand, also influence digestion to an extent by means of fermentation. 
Small intestinal peristalsis serves as the key mediator, whether the digestion proceeds normally during 
physiology or abnormally leading to pathology.
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INTRODUCTION

Digestion is the process of breaking down ingested food into a simpler form that can be easily absorbed 
by the body. It is carried out by two sets of organs, primary and assisting organs. Primary organs include 
the mouth, esophagus, stomach, small intestine, and large intestine, whereas, assisting organs include 
salivary glands, pancreas, liver and gall bladder. Primary organs function as storage, mixing and transport 
and the assisting organs helps in the facilitating the digestive process through secretion of the digestive 
juices directly in to the lumen of the primary organ

The process of digestion begins in mouth after ingestion of food (Figure 1). It is broken down into 
smaller particles by teeth (also known as mastication) and mixed with saliva to bind it together in the form 
of a bolus. It then enters the esophagus and moves towards stomach by the action of peristalsis. Stomach 
breaks down the food into simpler molecules with the help of enzyme in a highly acidic condition (pH 
1-3). Such acidic environment is crucial for digestion as it not only facilitates the mechano-chemical 
breakdown but also helps in destroying pathogens that come along with the food during ingestion.

After a lapse of 1-2 hours in the stomach, the partially digested food, also known as the chyme, en-
ters the duodenum (duodenum is first segment of the small intestine, followed by jejunum and ileum) 
through a small opening known as the pylorus. The pH of chyme entering from stomach to small in-
testine increases from pH of 1.7 to 5 at initial portion of the duodenum and then gradually increases to 
pH 6 in the distal duodenum to a pH of 7.4 in the ileum (Avvari, 2019a). Duodenum, which lies next to 
the pyloric valve, is the shortest in length of around 30 cm. It facilitates the digestion of the chyme by 
allowing the digestive enzymes from pancreas and bile juice from liver to directly enter into the lumen. 
These enzymes help in digesting carbohydrates and lipids, whereas, secretions from pancreas increase 
the pH level of duodenum to make it slightly alkaline. Jejunum, connected next to duodenum, is of length 
2.5m. It is involved in absorption of sugar, fatty acids and amino acids from digested food with the help 
of villi. Villi are small finger-like structures present throughout the interior surface of the gut. It helps 
to the effective surface area of contact for the luminal contents so the digested product can be absorbed. 
Ileum is the last section of small intestine of length 3m. It also contains small finger like projections for 
nutrient absorption similar to jejunum. It is responsible for absorption of nutrients that were not absorbed 
in jejunum. Ileum is then connected to large intestine by ileocecal valve. Food at the terminal ileum is 
then emptied into the large intestine eventually, where the final transformation of the food takes place 
via absorption of water to eliminate the waste in the form of feces before excreting it from the body.

The digestion can be classified into two types, mechanical digestion and chemical digestion.

1.  Chemical digestion

Chemical digestion involves the chemical breakdown of bonds of ingested food to produce simpler 
compounds and provide an appropriate pH balance to ease the process of digestion. This is carried out 
with the help of several enzymes and secretions such as saliva (in mouth), hydrochloric acid and gastric 
juice (in stomach), digestive enzymes (in pancreas) and bile juice (in liver). Chemical digestion starts in 
the mouth by digestion of carbohydrates content of the food by salivary amylases. In stomach, secretion 
of hydrochloric acid and pepsin aids the digestion of protein content and reduces the pH levels to 1.5-3. 
The walls of stomach secrete mucus and bicarbonate to shield itself from such low pH environment. In 
small intestine, digestive enzymes from pancreas and bile juice from liver mix together with the chyme 
coming from stomach to aid digestion during peristalsis and to increase pH levels.
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2.  Mechanical digestion

It is a purely physical process of breaking down larger particles of food into smaller particles and 
mixing them to facilitate chemical digestion. The initial breakdown of the food takes place in the mouth 
via mastication (chewing of food) by teeth and mixing with saliva by tongue. In the stomach, peristalsis 
promotes mixing of food and physical breakdown of chunks of food into smaller particles of size 2-3 mm 
so it can pass through pyloric channel. And in the small intestine the peristalsis helps in further mixing 
and agitation of the contents for increased digestibility by the enzymes; besides shearing.

Pylorus (valve-like structure connecting the stomach to the duodenum) plays an important role in 
transferring partially digested food from stomach to small intestine. Transport of chyme through pylorus 
depends on the pressure gradient across pylorus channel. Antegrade (forward moving) and retrograde 
(backward moving) flow can be observed depending on the direction of pressure gradient across this 
channel. When the volume of retrograde flow increases, this can lead to physiological condition called 
duodenogastric reflux (DGR), which is the backflow of fluid from small intestine to the stomach (Av-
vari, 2015).

In this chapter, we discuss on the digestibility of the food in the small intestine due to peristalsis. 
Peristalsis confers the mechanical forces require for the digestions, especially by facilitating various 

Figure 1. Schematic diagram of the human digestive system showing small intestine as a convoluted tube 
and its association with pancreas, liver and gall bladder.
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process such as – i) digestion by actively mixing the chyme with duodeno-biliary pancreatic (DBP) 
secretion coming from pancreas, ii) homogenization of partially digested food in small intestine, iii) 
increasing the pH in duodenal segment, iv) physical breakdown of food into smaller particles through 
generation of higher shearing forces, v) absorption of nutrients with the help of villi present at the walls 
of intestine, and vi) transport of chyme for further absorption (Avvari, 2015). Since peristalsis drives 
and interfere with the digestion of food, the parameters defining the contractility of the muscles plays a 
key role in the digestibility of the food. We also discuss the mathematical modeling of the peristalsis of 
relevance to the small intestinal digestion so as to bridge the gap between the mechanical and chemical 
digestion. Since chemical digestion is governed by the peristalsis, we also review the breakdown of food 
using digestive enzymes. This is followed by biomechanical prominence of the peristalsis to digestion 
by discussing as to how the suppression of the peristalsis may lead to pathology.

WHAT IS PERISTALSIS?

Peristalsis is a wave of contraction and relaxation of muscle fibers present in the intestinal walls. The 
wall of gastrointestinal tract is composed of two types of muscle fibers – longitudinal (outer layer) and 
circular (inner layer) muscle fibers. In human body, it helps in an involuntary transport of ingested food 
through the gastrointestinal (GI) tract. Peristalsis has been observed in esophagus, small intestine and 
large intestine of the digestive system. The main function of peristalsis involves transport and mixing 
of intraluminal content. In esophagus, it is associated with transfer of bolus from mouth to the stomach, 
in small intestine, transfer and mixing of chyme, whereas, in the large intestine, it is associated with 
transport of undigested food for further evacuation.

Circular Contraction

Small intestine can be viewed as a circular tube of certain radius. When the circular muscle fiber of 
intestinal wall contract radially, the radius of the lumen reduces. The ratio of smallest radius during con-
traction to the radius of cylindrical tube is called as ‘degree of occlusion’. During circular contraction, the 
adjacent muscle fibers of occlusion region undergo tension. Let us consider that the circular contraction 
travels in forward direction to propel the chyme from left to right direction. As the contraction traverses 
the segment, the muscle fibers present on the right hand side of contraction wave undergoes relaxation 
and the muscle fibers present on the left hand side undergoes contraction. This can be visualized as a 
sinusoidal wave of tension in the fiber traveling from left to right, which tries to accept the bolus on 
head-region and contract at the tail-end to push forward the bolus.

Local Longitudinal Shortening

Longitudinal muscle fibers are present at the outer side of circular muscle fiber. Imagine keeping a thumb 
and an index finger over your skin. When you try to bring these two fingers closer to each other, the skin 
beneath accumulates between the two fingers. Local longitudinal shortening (LLS) can be visualized in 
a similar way. Further, the LLS should be considered as a wave of contraction of the longitudinal muscle 
fibers over one wavelength of contraction. When a small section of intestine of length ‘l0’ undergoes 
contraction, i.e. the muscle fibers becomes shorter, the length l0 becomes l. The ratio of l/l0 is defines 
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the extent of local longitudinal shortening of small intestine. Similar to circular contraction, local lon-
gitudinal shortening also travels along the axis of small intestine with the same speed as that of circular 
contraction. The combination of both circular and longitudinal contraction of intestinal wall is called as 
peristalsis (Nicosia 2001; Pal & Brasseur 2002; Avvari 2019b; Avvari 2019c).

Combined Effect of Circular Contraction and Local Longitudinal Shortening

A pioneering work from Pal and Brasseur (2002) study suggest that the local longitudinal shortening 
provides for a mechanical advantage in coordination with the circular contraction to help reduce the 
amount of power required to perform peristaltic activity (Pal & Brasseur, 2002). As per the author, when 
observed from the mechanical perspective, local longitudinal shortening can help in gaining mechanical 
advantage when associated with circular contraction. This can be explained with Laplace equation for 
a thin walled cylindrical tube by considering force balance equation between net pressure (∆P) acting 
wall and the average tension (Tave) developed on the intestinal wall; where the average tension is, 

T R P
tave int�
�

. (1)

Where, Rint is the internal radius of the circular tube and t is the thickness of circular muscle fiber. 
Using this equation, difference between intraluminal pressure and external (thoracic) pressure across 
the wall, ∆P can be determined. The average tension times the effective surface area of the muscles 
corresponds to the amount of force required to propel the chyme in forward direction.

As per the equation, Tave is inversely proportional to the thickness of circular muscle fiber, which states 
that with increase in thickness of muscle layer, Tave can be reduced. Shortening of longitudinal muscle at 
the region of circular contraction, brings circular muscle fibre closer to each other. This accumulation 
of circular muscle fiber leads to increase in thickness, which eventually reduces the tension required for 
forward propelling of the chyme.

Apart from mechanical advantage, LLS also helps in transport of bolus by weakening or strengthening 
the segment in the vicinity of the contraction region. During peristalsis, the longitudinal muscle fiber of 
gastrointestinal wall present at the ahead of digesta contracts whereas circular muscle fiber in that seg-
ment relaxes to its original diameter. This simultaneous action of both the muscle fiber causes expansion 
of luminal tube. The segment of GI tract present behind of bolus undergoes opposite behavior to that of 
the segment present ahead, i.e. the circular muscle contracts and the longitudinal muscle relaxes. As a 
consequence of this, the segment ahead of bolus acts as a receiving segment and the one present behind 
the bolus acts as propulsive segment. Propulsive segment pushes the bolus to the receiving segment due 
to simultaneous action of these two muscle fibers. This causes forward movement of luminal content 
(Wood, 2004). Similar mechanism has been observed in the esophageal segment of opossum with the 
help of strain gauge. This experiment showed that both the types of muscle fiber coordinate with each 
other during peristalsis. Coordination of these fibers help in peristalsis activity to be performed at rela-
tively lower power as compared to the amount of power required to perform peristalsis with the help of 
single type of muscle fiber (Sugarbaker, 1984a; Sugarbaker, 1984b).

The peristalsis in small intestine has not been clinical evaluated for the significance of LLS, however 
has been studied from a computational perspective. As per the computational modelling, it has been 
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demonstrated that peristalsis is involved in transport as well as mixing of the luminal content in small 
intestine depending of the degree of occlusion of peristaltic wave (Avvari, 2019b; Avvari, 2019c).

MATHEMATICAL MODELLING

Multiple studies on mathematical modelling of peristalsis have been reported; where the small intestine 
has been considered as a cylindrical tube of uniform cross section of radius (R, R = 2D, where D is the 
diameter for cylindrical tube) and axial length (L). Peristaltic wave in 2D can be visualized as a sinusoi-
dal wave travelling along the axial length with occlusion (Figure 2). We can apply lubrication theory in 
the current context where the amplitude of wave is significantly small as compared to the wavelength. 
In this modelling, a fluid of power index ‘n’, with viscosity (μ) as 1000 Pa.s and density of 1 kg/cm3 
is considered for a wave moving at a velocity of 1 cm/s. For an intestine of diameter 2 cm and ratio of 
radius to axial length of 0.02, the Reynold’s number (Re) becomes very small (Re<<1) so that the flow 
can be described as laminar in the lumen (Avvari, 2019b; Avvari, 2021d).

In general, we describe the fluid model for the peristalsis for a wave travelling along small intestine 
of radius (a), wave speed (c), wavelength (λ) and wavenumber (k), where axial and radial velocity com-
ponent of fluid in the peristaltic flow being denoted as ur and uz in this section as follows, where the 
subscript ‘r’ and ‘z’ represents the radial and axial direction respectively. The parameters (denoted by 
*) are converted in non-dimensional form with the help of these characteristics parameters.
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General equation for modelling fluid flow in small intestine in cylindrical coordinate system using 
lubrication theory is given by (Avvari, 2019b),
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The pressure inside the lumen is denoted as P. Applying lubrication theory approximation to this 
problem, where the radial dimension is assumed to be significantly small compared to axial dimension, 
the wave number becomes very small (k<1), thus neglecting the higher powers of k in the above govern-
ing equation simplifies to the form,
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We have the following boundary conditions,

�
�

� � � �
�

�

u
r

u U z tz

r
z r R z B

0

0, ,
,

 .  

u u U z t
dR z t
dtr r r r R r B| , ,

,

,� �
� � � � � � �

0
0  . (9)

P P P P
z z L L= =

= =
0 0

, ,  

Where Uz,B(z,t) and Ur,B(z,t) denotes the axial and radial velocity of the intestinal wall respectively 
at position z and time t.

Local longitudinal shortening of longitudinal muscles, travelling with the same speed long axial 
direction (z-direction) as that of contraction, can be visualized as a narrow segment of length (l0) of 
small intestine contracting to a length of (l). Local longitudinal shortening can be defined as (Pal, 2002),

s z t
l z t
lLLS ,
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0

. (10)

Axial velocity of the wall is driven by the local longitudinal shortening by the equation (axial bound-
ary velocity),
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The wall movement of small intestine due to peristalsis will be governed by axial and radial velocity 
due to circular and longitudinal contraction by,

U z t U dR
dz

dR
dtr B z B, ,,� � � � . (12)

Solving the above governing equations using the boundary conditions gives the solution for axial 
and radial velocity of fluid flow due to peristalsis. A typical flow pattern is shown by a streamline in 
figure 2, with a forward transport of the fluid at the far end relative to the wave and a flow in the reverse 
direction in the occlusion region formed by the wave. As a result of this, there is stagnation of flow at 
the head-end and the other at the tail-end of the wave. We notice that the propagating contraction gives 
rise to a recirculation in the lumen, with generation of higher velocity at the center. With higher occlu-
sion this velocity increases to shear any fluid particles that comes in to this occlusion region. This can 
be looked upon as the strategy employed by the peristalsis to shear the food particles and agitate the 
luminal contents.

Figure 2. Schematic diagram of a small intestinal segment showing a constriction arising from muscular 
contraction or a peristalsis wave moving along the left to right direction. The blue dash line gives the 
streamline indicating local fluid velocity in the lumen. A zoom-in view of the mucosal folds is shown 
indicating plicae circulares, villi and the enterocyte with brush border enzymes (BBE). BBEs are the 
enzymes present at the apical surface of the enterocytes and participate in the membrane digestion of 
the food; shown here is the catalysis of polysaccharides into glucose. M refers to the microbes which 
collectively contribute to the gut microbiota; drives the fermentation of the undigested products.
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At the surface, the velocity of the fluid is equal to the local velocity of the interior surface of the 
intestinal wall and satisfies the no-slip boundary condition. With local longitudinal shortening, there is 
translation of the intestine wall along its surface, which as a consequence leads to the development of a 
tangential velocity component (Avvari, 2019b).

Shear stress at the wall of small intestine due to fluid flow can be calculated as,

z t u
t
z

r R

,� � � �
� �

. (13)

FACTORS AFFECTING THE SMALL INTESTINAL DIGESTION

Digestion is majorly driven by mechanical forces, through action of peristalsis, however depends on 
various factors as discussed in the following.

Nature of Wave

The small intestine shows two types of motor patterns- peristalsis and segmentation. Peristalsis is as-
sociated with the movement of digesta, whereas segmentation is associated with the mixing of luminal 
content to help in absorption of nutrients and water in the further sections of the gastrointestinal tract. 
There are two types of peristaltic waves observed in the small intestine- antegrade propagating wave 
(APW) and retrograde propagating wave (RPW). APW is responsible for forward movement of digesta 
in the anal direction and RPW is responsible for backward movement in the oral direction, which if 
prominent, can cause Duodenogastric Reflux (DGR). On the other hand, segmentation is a type of contrac-
tion which divides the small intestine into several sections and these sections contracts simultaneously. 
During contraction, the chyme present adjacent to the occlusion tends to move away from the peak of 
occlusion in both the direction. This causes local mixing of chyme with enzymes and secretions present 
in the small intestine and also promote nutrient and water absorbtion by the villi present at the walls 
of intestine (Avvari, 2015; Huizinga et al., 2014). Stationary contractions which do not propagate also 
appear in the motility (Avvari, 2021a). These contractions facilitate mixing via shearing of the contents 
while allowing for flow in the either directions of the occlusion zone (Avvari, 2021a).

Occlusion of the Wave

When the wave is traveling with certain degree of occlusion, the momentum is transferred to the imme-
diate particles lying close to the walls of intestine. Due to this momentum transfer, the author demon-
strated based on his computational approach, two types of particle trajectory of the luminal content can 
be observed, radial and axial. When the wave is traveling with degree of occlusion less than 50%, radial 
trajectory of the particles was dominant, causing mixing of the content, whereas, when it is travelling 
with more than 80% of occlusion, axial displacement of particles was observed to be dominant, making 
particle to move forward along the intestine (Avvari, 2019b).
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Frequency of the Wave

A standing wave (SW) is mainly responsible for breaking down and mixing the intraluminal content 
of the small intestine. The change in intensity and volume of mixing for change in wave frequency is 
not significant compared to APW and RPW wave velocity. Only some mixing was observed in SW at 
a frequency of 6Hz.

Wave Velocity

Mixing of intraluminal content is very sensitive to the wave velocity of APW and RPW. It has been seen 
that, the transpyloric flow (i.e. flow from stomach to small intestine via pylorus) increases with wave 
velocity. Furthermore, it also affects the intensity and volume of mixing in a similar manner. With an 
increase in velocity from 1cm/s to 4cm/s, degree of mixing increases by ten folds. Mixing index (which 
determines the degree of dispersion of solute or suspended material to cause homogeneity of solution) in 
duodenum is observed to be greater than 1.005. For standing wave (SW), wave frequency is considered 
rather than velocity. (Avvari, 2015)

Multiplicity of the Wave

We now state the effect of an increasing number of waves on pumping, the intensity of mixing, and the 
volume of mixing for the three contraction types. An increase in the number of waves showed an increase 
in pumping effect from stomach to duodenum for all three contraction types. In terms of mixing, for 
APD contraction, the intensity of mixing can wither increase or decrease, on the other hand, for SW and 
RPW, the intensity of mixing was observed to increase with wave multiplicity. In the case of volume of 
mixing, SW showed a negligible effect, whereas, for APW and RPW, a direct relationship was observed.

Rheology of the Content

Fluid can be categorized as Newtonian and non-Newtonian fluid (Takahashi, 2011). Rheology of the 
content also modulates the flow in the lumen (Avvari, 2021b). Considering the peristaltic wave to move 
from left to right hand side, the left side region in the vicinity of occlusion creates lower pressure due to 
relaxation of circular muscle fiber, whereas the right side region shows higher pressure due to contraction 
as compared to the pressure at the occlusion region. Due to lower pressure generated at the left side, this 
causes backward movement of chyme. Thus, it can be predicted that for shear-thickening fluid, backward 
flow can be higher as compared to the shear-thinning fluid. For non-Newtonian fluid of flow behavioral 
index, n, it has been studied that the pressure gradient from left to right side of occlusion increases with 
increase in the value of n. Similar cases can be correspondingly observed for wall shear stress. There is 
development of higher shear stress for shear-thickening fluid (n>1) as compared to shear-thinning fluid 
(n<1). With increase in wall shearing values, the axial velocity at the occlusion region is also increased. 
Hence, it can be reported that the rate of global transport of luminal fluid can be seen faster for shear 
thickening fluid and slower for shear thinning fluid (Avvari, 2019b).
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DIGESTION OF FOOD

The human digestive system offers a diverse environment for the digestion of food. In stomach, it en-
counters a highly acidic environment (pH 1.5–3.5) which eliminates any microorganism that enters into 
the body via ingestion of food. This ensures that the food is free from any microbes and prevents any 
kind of infection. There are few exceptional cases where the microorganisms can sustain such harsh 
environment such as H. Pylori, which employs urease dependent and urease independent mechanisms 
for the survival (Scott et al., 2002; Ansari & Yamaoka, 2017). The stomach however does not support 
the growth of microorganisms; as evident from the reduced concentration of microbes ~103-104 number/
cc (O’Hara & Shanahan, 2006; Sender et al., 2016). It also implies that the microbial competition for 
food is hereby suppressed and eliminates any possibility of microbial foraging in the stomach and upper 
bowels. Stomach facilitates the digestion of food under harsh acidic condition where enzymes such as 
pepsin and gastric lipase function to breakdown the proteins and fats. Carbohydrates however are not 
broken down chemically in the stomach due to lack of enzymes to digest it.

As the chyme (food from the stomach) enters into the small intestine it undergoes transition in terms 
of pH due to neutralizing effect of the alkaline secretions from pancreas and duodenal mucosa. The 
small intestine provides a platform for digestion of diverse food components through provision of various 
enzymes and provision of suitable environment for its optimal function. If the enzymes are secreted by 
the pancreas directly into the lumen, it facilitates the luminal digestion, whereas digestion occurring at 
the mucosa (by virtue of having catalytic enzymes at the apical surface of the enterocytes, also known 
as brush border enzymes) facilitates membrane digestion. Both these types of digestion contribute to 
the metabolism of various food components. To facilitate the process and timely digestion of food, the 
small intestine provides a large surface area of contact for the intestinal contents with the mucosa through 
formation of villi and microvilli (Figure 2).

The food ingested comprises of carbohydrates, proteins and fats, with carbohydrates typically ac-
counting for more than 50% of the energy in terms of calories on an average. The chemical breakdown 
of the food is driven by the digestive enzymes which cleaves specific bond such as the glycosidic bond 
in carbohydrates and peptide bond in protein. The chemistry of the digestion involves in food breakdown 
is discussed in the following with reference to its composition.

Carbohydrates

Carbohydrates form the main source of energy for human body. They occur in either simple or complex 
form – simple carbohydrates comprises of monosaccharides, disaccharides, trisaccharides and complex 
carbohydrates. Simple sugars exits in form of monomer units such as the glucose, galactose and fructose 
(monosaccharides), sugars with two monomer units such as sucrose, maltose and lactose (disaccharides) 
are also commonly found. Complex sugars such as starch, fibers and glycogen have more number of 
monomer units bounded by 1-4 glycosidic bond and 1-6 glycosidic bonds. Starch contributes to major 
source of energy as they are very commonly found in stable foods. It occurs in two forms – amylose 
(glucose units are linked in a straight chain with alpha 1-4 glycosidic bond) and amylopectin (polymer of 
glucose unit with branching using alpha 1-6 glycosidic bond). Fibers (such as cellulose, hemicellulose, 
lignin and pectin), which are consumed at lower rate, are made up of many sugar units bonded together 
by beta glycosidic bond; render them mostly indigestible by the digestive enzymes. Digestion is driven 
by the breakdown of the bonds. For example, the pancreatic α-amylase enzyme cleaves the alpha 1-4 
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glycosidic bonds in starch into smaller units such as the maltose, maltotriose, and α-limit dextrins; con-
tributes to luminal digestion. The smaller units such as the disaccharides (maltose) and trisaccharides 
(maltotriose) are further hydrolyzed by the brush border enzyme (such as maltase-glucoamylase and 
sucrase-isomaltase) glucose, galactose, and fructose molecules, which can then be absorbed by enterocytes 
and delivered into the bloodstream (Levin, 1994; Southgate, 1995). There are two active sites in maltase 
glucoamylase. The maltase site hydrolyzes the maltose and maltotriose’s terminal 1,4-linked D-glucose 
residues to produce D-glucose. In addition to hydrolyzing 1,4 connected glycosidic links when next to 
a 1,4 linkage, the glucoamylase site hydrolyzes 1,6 glycosidic linkages, resulting in D-glucose. Sucrase 
isomaltase likewise contains two active sites, each with its own molecular specificity. The sucrase site 
hydrolyzes sucrose into glucose and fructose, and it can also partially hydrolyze maltose. The isomaltase 
component catalyses the digestion of 1,6-dextrin bonds.

Before the polysaccharides are further hydrolyzed or transported, any disaccharide or free monosac-
charide generated in the bulk phase must diffuse across the enterocyte’s surface. At the surface, water 
becomes more densely structured, forming an unstirred layer that stretches outwards into the bulk phase. 
The sort of stirring present in the gut lumen determines the thickness of this unstirred layer. If just linear 
flow is present, the unstirred layer thickness can be rather thick; however, if turbulent flow is present 
or the villi are motile, the unstirred layer thickness can be quite small. Early research revealed that the 
unstirred layer in several small intestines was large and thus served as a diffusion barrier for molecules, 
particularly those that were highly permeant across the mucosa. This could be a crucial component in 
obtaining a precise quantitative characterization of the kinetics involved in hexose transfer (Levin, 1994)

Active transport, facilitated diffusion, and passive diffusion are three ways for movement through the 
enterocyte brush boundary membrane. The active transport is driven by the sodium-dependent transporter 
present on the enterocytes which allows the entry of the glucose into the cell. This glucose eventually 
enters into the capillaries through diffusion from the epithelial cells. Galactose is delivered similarly to 
glucose, using the same transporters. Galactose is absorbed predominantly from the breakdown of lactose 
because it is not found as a monosaccharide in nature. Fructose is transported fully through facilitated 
diffusion. When fructose enters the enterocytes, it uses a different transporter than glucose; yet, when 
fructose and glucose escape the enterocyte and enter the capillaries, they use the same transporter. Fructose 
absorption is significantly slower than glucose absorption and is quantitatively constrained (Levin, 1994)

Proteins

Protein also contributes to significant portion of the diet. The luminal digestion is facilitated by the 
pancreatic enzymes and digestion at the mucosa by the brush border enzyme. The enzymes for protein 
digestion are triggered in the small intestine’s duodenum with the alkaline secretions from pancreas, 
resulting in an increase in pH with a consequence of inactivating the gastric enzymes while activat-
ing enzymes secreted by the pancreas. Enteropeptidase, a brush boundary enzyme found in duodenal 
enterocytes, initiates pancreatic enzyme activation. Endopeptidases such as trypsin, chymotrypsin, and 
elastase break the bond present interior to the protein. The endopeptidases carboxypeptidases A and B 
convert proteins into oligopeptides. In humans, intestinal protein digestion is more important than gastric 
digestion for protein assimilation. (Erickson & Kim, 1990; Gary, 1971).

The proteolytic enzymes specializing in the breakdown of the peptide bond can be classified into 
two – exopeptidase (cleavage at the terminus) and exopeptidase (cleavage within the chain). Some of 
these enzymes target C-terminal residues, whereas others target N-terminal residues. They produce free 
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dipeptides or amino acids as a result of their activity. Aminopeptidase, for example, has a high specific-
ity. Internally, endopeptidases cut peptide chains, resulting in smaller peptide chains. Enteropeptidase 
(or enterokinase) is a brush border enzyme that catalyses conversion of trypsinogen to trypsin, a key 
pancreatic protease. Mostly found in the enterocytes of the duodenum. It helps activate trypsin, chy-
motrypsin, elastases, and carboxypeptidases A and B by initiating a cascade of proteolytic processes. 
The most abundant aminopeptidase N removes the N-terminal amino acids from smaller peptides in a 
sequential manner. There are further four peptidases which provide relatively faster catalysis, especially 
by cleaving peptides having a proline residue. Prolyl peptides are catalyzed by the enzymes at its amino 
terminus by dipeptidyl aminopeptidase IV and aminopeptidase P. While at the carboxy terminus the 
prolyl peptides are catalyzed by the angiotensin-converting enzyme and carboxypeptidase P. The brush 
border membrane also contains many neutral metallo-endopeptidases and glutamyl aminopeptidase 
which also facilitate the digestion at the membrane (Erickson & Kim, 1990).

The small intestine absorbs the amino acids (including short peptides) using active transport systems 
(using transporter such as PepT1) and eventually enters the circulation for the first time. Those entering 
the enterocytes are catalyzed by the cytoplastic peptidases. Although the small intestine absorbs about 
95% of dietary protein, the remaining amino acids, undigested proteins, and unabsorbed peptides, whether 
dietary or endogenous, enter the large intestine. These components are digested further by the intestinal 
microflora in the large intestine. The small intestine acts as a link between the gut lumen and the rest of 
the body, controlling the amount and pace of amino acid transport from dietary protein to the liver and 
systemic circulation via the portal vein. Because some amino acids are used for local metabolism, not all 
amino acids that pass through the gut enter the circulation (e.g., oxidation, protein synthesis) (Have, 2007).

Fats

The digestion of fats in the duodenum is facilitated firstly by emulsification, where bile salts partici-
pate in the digestion by allowing the conversion of the fat globules into a miniscule, that is, micelles. 
Micelles provide a large surface area for lipid digesting enzymes to catalyze the reaction; a mechanism 
which amplifies the digestion of fat globules in comparison to case without emulsification. The three 
major enzymes involved in lipid digestion are pancreatic lipase, phospholipase A2 and cholesterol ester 
hydrolase, which participate by hydrolyzing the micelles, breaking them down into fatty acids, mono-
glycerides, cholesterol and lysolecithin. Lipolysis (lipid triglycerides are hydrolyzed into a glycerol and 
three fatty acids) takes place in the cytoplasm, where the fatty acids are oxidized by beta-oxidation into 
acetyl CoA. After lipolysis, the glycerol enters the glycolysis pathway as dihydroxyacetone phosphate 
(DHAPJ) (Ahmadian et al., 2011). Phospholipase B1, neutral ceramidase, and alkaline sphingomyelinase 
are the most important brush border enzymes for fat digestion. Pancreatic enzymes do not breakdown 
sphingolipids. The hydrolysis of these lipids is carried out by the brush border alkaline sphingomyelin-
ase and neutral ceramidase. Phospholipids and sphingolipids can be found in minute levels in almost 
every meal, but they’re especially abundant in eggs, soybeans, cream, and cheese (Hooton et al., 2015).

At the apical membrane, the products are released and diffuse into the enterocyte. Fat digestion is 
further taken forward in the cell, with further re-esterified to produce lipids, triglycerides, cholesterol, 
and phospholipids. Inside the cell the fatty acids and monoglycerides are transported into the endoplasmic 
reticulum which is used for packaging into chylomicrons. Chylomicron makes its way into the lymphatic 
circulation (Carey et al., 1983; Phan, 2001).
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FERMENTATION IN THE SMALL INTESTINE

Microbial foraging gives a new dimension to the digestion in the gut. In physiology the oral route of 
microbial entry is highly regulated by the harsh acidic conditions of the stomach, whereas the entry 
from the anal route has not such restriction, except for the case that the microbial growth is regulated 
by the immune system of the gut. This suggests that the anal route has no much restriction and allows 
for flourishing of the microbial colonies that establishes a symbiotic relation with the gut. It gets clear 
that there a gradient of bacterial concentration across the gut. The concentration of microbes is low at 
the duodenum (but significantly higher in comparison to stomach), however increases few fold as we 
go down the small intestine. The bacterial concentration of the digestion in colon reaches its maximum 
of ~1012-1014 number/cc (O’Hara & Shanahan, 2006; Sender et al., 2016).

Not all the food ingested undergoes complete digestion. The gut flora participates in the digestion 
through fermentation of the undigested and indigestible food components (Figure 2). It helps in further 
metabolism of the food components by provision of enzymes (these are not produced by the body such 
as the cellulase) to simpler compounds. However, due to relatively lower concentration of the microbes, 
fermentation occurring in the small intestine amounts to a small fraction in comparison to the colon. The 
microbial community is very large and majorly dominated by Bacteroidetes, Firmicutes, Actinobacteria, 
Proteobacteria, and Verrucomicrobia. It also includes fungus Candida. These essentially contribute to 
further digestion and digestion of indigestible food components such as cellulose. It also contributes to 
the formation of faeces in the process. While the microbes settle in symbiotic relation with the gut, it 
also benefits the gut in some way. Colonic bacteria synthesize vitamin K, which is a valuable addition 
to food supplies and renders clinical vitamin K insufficiency uncommon. On the other sides, it can also 
affect the digestion, if existing in greater numbers as in case of small intestinal bacterial overgrowth or 
SIBO. The digestion is preferably anaerobic and helps in conversion of the undigested food into short-
chain fatty acids (SCFAs). Along with this, there is an increase in the formation of gaseous matter such 
as methane, hydrogen, and carbon dioxide as the principal end products of fermentation. Considering 
the case of hydrogen produced during fermentation, it diffuses into the systemic circulation, makes its 
way through the pulmonary circulation to the lungs and expelled out via diffusion at the alveoli. It is 
through this mechanism that the gas produced during fermentation enters the respiration system, enabling 
the detection by breath test. The gases H2 and CO2 are the two important gases for detection of SIBO 
(Zoetendal et al., 2012; King et al., 1984).

The mechanical relevance of fermentation comes into action via elicitation of peristalsis which drives 
the fluid motion to cause mixing (buffering of the chyme with alkaline secretions and mixing with diges-
tive enzymes secreted into the lumen), absorption and transport. Together with this, peristalsis also drives 
the movement of the microbes residing in the bowels (small and large intestine). Transient infections are 
also moved out of the body by the continual movement of leftover matter through the gastrointestinal 
tract. The transport also serves the purpose of eliminating any toxins released into the lumen. While the 
normal microbiota provides a second line of defence against infection through a variety of ways, it also 
competes with potential infectious microbes for space and nutrients in the intestine.
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PATHOPHYSIOLOGY OF SMALL INTESTINAL DYSMOTILITY

Any disorders in the motility patterns (such as myopathy and neuropathy) of the small intestine can lead 
to several pathophysiological conditions. If the intestinal muscles do not elicit proper contractions of an 
appropriate strength or motility patterns of reasonable amplitude, speed and occlusion (dysmotility), it 
may reduce the digestive capacity of the intestine and the efficiency of digestion (Avvari, 2021e). Further 
motility dysfunctions also give rise to numerous digestion problems leading to indigestion or dyspepsia, 
discomfit, abdominal pain, and bloating (non-organic symptoms). When motility dysfunctions lead to 
non-organic symptoms with no damage to the tissue involving the digestive system it is referred to as 
the functional gastrointestinal disorder or FGID. In functional constipation, there is an infrequent bowel 
movement leading to hard stool formation. When partially digested food remains in intestine for prolonged 
period of time, it leads to large water absorption forming hard stools. This can be due to slower velocity 
of peristaltic wave, longer periods of segmental contraction in small intestine, or lack of high amplitude 
propagating contraction wave in large intestine. Major symptoms related to constipation include painful 
defecation and feeling of incomplete emptying after bowel movements (Klaschik et al., 2003).

In another physiological condition of passing of loose and urgent stools or functional diarrhea, there 
is a rapid movement of peristaltic wave in small or large intestine causing rapid transit of the digesta. 
This can lead to malabsorption of nutrients and water, causing loose or watery stools. Diarrhea can be 
caused due to various factors like, change in diet, pancreatic, small or large intestinal disorders, increased 
flow through ileo-caecal valve (sphincter muscle present at the junction of small and large intestine), 
and lower water absorption at large intestine. Diarrhea can be classified into two categories depending 
on the causing mechanism – distension and chemical irritation. The result of these mechanisms leads 
to motility disorders as a secondary response. Distension diarrhea is caused due to rapid movement of 
chyme (usually of the rate of 20ml/min) in small intestine because of faster peristaltic activity. During 
this rapid movement, there is less time available to absorb nutrients in the small intestine. Malabsorption 
of lactose or higher intake of fructose or sorbital can also lead to this type of diarrhea. On the other hand, 
chemical irritation diarrhea is a response of body to protect it from the toxins from chemical, bacterial 
or plants origin. When such toxins are detected in the small intestine, rapid peristaltic activity is elicited 
in response to it to remove through the formation of loose stools (Spiller, 2006).

If by some reason, the passage of digesta is blocked, either partially or fully, also known as Intestinal 
pseudo-obstruction, it leads to symptoms like nausea, vomiting and abdominal pain. The movement of 
digesta in small intestine is governed by the action of nervous system and intestinal muscles to generate 
the contraction wave. Any abnormality in these systems directly affects the functioning of small intestine 
and digestion. In case of chronic intestinal pseudo-obstruction (CIP), abnormal and inefficient peristaltic 
movement is observed and symptoms are very similar to mechanical obstruction (due to tumour or scar 
tissue formation) in the small intestine, however, no such obstruction is reported; known as pseudo-
obstruction. When weak or absence of peristaltic abnormality is observed, it is classified as myopathic 
(due to abnormalities in the functioning of muscles), whereas, if unsynchronised peristaltic activity is 
observed it is classified as neuropathic CIP (involving abnormalities in the functioning of nerves) (Col-
emont & Camilleri, 1989). CIP affects a small section of the small intestine which shows abnormality 
in the peristaltic activity. In case of myopathic CIP, due to the above-mentioned abnormaltilies, it can 
be suggested that the digestion and the nutrient absorption process can be affected which gives rise to 
symptoms like nausea, vomiting and abdominal pain. Because of long time retention of digesta in the 
intestine with less motility activity, nutrient absorption is drastically affected. If CIP is prominent for a 
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longer duration this can lead to malnutrition in children as well as adults. Such a situation can affect the 
quality of life of an individual (Gabbard & Lacy, 2013).

In situations where there is reflux of duodenal contents into the stomach or duodeno-gastric reflux 
(DGR), there is an increased risk of damage to the gastric mucosa due to the action of bile in the highly 
acidic environment and possibly cancerous formation. Patients with DGR show symptoms of nausea, 
vomiting, indigestion and abdominal pain. The reflux is driven by the retrograde movement of digesta 
from the small intestine to stomach. Pylorus, a muscular valve, plays a key role in regulating the flow 
of chyme into the duodenum. During opening of pylorus, suction is created which pulls the content 
from either side of the pylorus (stomach and duodenum) and during closure the pressure increase in the 
vicinity pushes the content on either sides (Avvari, 2021c). During opening, when the pressure gradient 
in the stomach side of pylorus is higher than the duodenal side, the process of gastric emptying (GE) 
takes place, i.e. passage of partially digested food from stomach into the duodenum, whereas when the 
pressure at the duodenal side is greater, the flow is in reversed direction. Similar reversed direction flow 
can be observed in the closing period, when the high volume of content is pushed back into the stomach. 
If the reversed flow is prominent through the pylorus, such a condition is called DGR (Avvari, 2020).

Whereas the fermentation is inevitable, the gut microbes are also responsible for causing abdominal 
bloating, diarrhea and discomfort. When the numbers of bacteria present in the small intestine increases 
beyond a certain limit we refer to the condition as the small intestinal bacterial overgrowth or SIBO. In 
healthy individuals, the normal value of small intestinal bacteria count is less than104 cfu/ml (cfu refers to 
colony forming unit). When the count becomes greater than 105 cfu/ml, it becomes a pathophysiological 
problem. One of the major causes of SIBO is reverse peristalsis (retrograde propagating wave) of digesta 
from large intestine to small intestine. Other causes can be due bacteria coming from ingested food, 
insufficient pH balance, bacterial adhesion to the walls of small intestine, intestinal pseudo-obstruction, 
etc. Our body has several defense mechanisms to prevent overgrowth of bacteria such as – eliciting an-
tegrade propagating wave (to prevent bacterial from adhering on to the gut), regulating microbial entry 
via oral route (by use of gastric secretion of acid), and eliminating the microbes (using gastric acid and 
bile secretion in small intestine), intact ileo-cecal valve (sphincter muscle present at the junction of small 
intestine and large intestine to prevent backward movement of digesta form the large intestine rich in 
microbes), and action of immune system (to prevent overgrowth) (Bures et al., 2010). In irritable bowel 
syndrome (IBS), patients show symptoms of abdominal pain, abdomen swelling due to gas and infre-
quent bowel movements. IBS is directly associated with SIBO and motility disorders. Strong intestinal 
contractions when travelling rapidly causes diarrhea and bloating whereas, and travelling with a slower 
velocity increase the chances of constipation (Whitehead et al., 1980; Camilleri & Choi, 1997).

Dysmotility can also affect nourishment of an individual through indigestion or unable to digest the 
food completely. It is advisable to regulate intake of food rich in lactose, gluten, and FODMAP; espe-
cially in those individual who cannot digest such food components. In lactose intolerance, the individual 
cannot digest the food rich in daily products; due to lack of sufficient amount of lactase, an enzyme 
that catalyzes the hydrolysis of the lactose into glucose and galactose. Lactose is the most abundant 
carbohydrate present in the milk and catalyzed by lactases which are most abundantly present in the 
small intestinal brush border lining of the small infants. Lactase expression starts plummeting shortly 
after weaning. As a consequence, many adults face with the issue of lactose intolerance due to the non-
persistence of lactase activity (Hooton et al., 2015). Similarly for food rich in gluten, certain individual 
show allergic responses to the gluten, most prominent being in celiac disease (gluten intolerance). Food 
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rich in FODMAP constituents such as the short-chain carbohydrates also have trouble in digesting it 
(FODMAP intolerance).

CONCLUSION

Peristalsis plays an essential role in the digestion of food in the small intestine. The process is mechanical 
and driven by the smooth muscle contractions of the small intestine, comprising of two muscle fibers – 
circular and longitudinal smooth muscular fibers. It is the contractility of these muscles which determine 
as to how the food is digested. In this chapter, we have studied the biomechanics of peristalsis using a 
mathematical model to define the fluid flow (or flow pattern) resulting from the intestinal motility. Stud-
ies indicate that the small intestine employs both the muscle fibers to elicit various types of contraction 
to facilitate the digestion. For example, at higher occlusion, APW transfers the content in the forward 
direction, RPW transfer it in backward direction and SW helps in the segmentation. The function is 
altered with changing geometry of the contraction wave, where the contraction also facilitates the mix-
ing, besides transport as in APW and RPW. We have also reviewed digestion from the biology point of 
view, the digestion process of carbohydrates, proteins and fats taking place in the intestine – luminal and 
membrane digestion. The microbes in the small intestine are inevitable, as it contributes to the digestion 
symbiotically in exchange for a benefit. When the peristalsis cease to function in a normal way or the 
microbial population increases beyond a limit, it give rise of various pathological condition or motility 
disorders. In conclusion, we can say that the peristalsis plays an important role in overall functioning of 
small intestine and any disorder in its motility can cause several medical problems.
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ABSTRACT

Many researchers and urologists are presently studying different designs of ureteral stents to advance 
the feature of their surgeries and the succeeding recovery of the patient. With the aim of help during this 
design procedure, several computational models have been established to simulate the performance of 
various biological tissues and deliver an accurate computational environment to estimate the stents. As 
a result of the high difficulty of the complicated issues, they generally introduce interpretations to create 
these simulations a smaller amount computationally trying. A DJ stent (double J) is used to improve 
the blocking of urine in the upper urinary tract while there is ureteral stenosis, which causes the distur-
bance of normal urine flow and affects renal or kidney failure. The intention of employing a DJ stent is 
to confirm enough urine flow in the ureter, but the DJ stent performs as a foreign body in the urinary 
tract and sometimes acts as a difficulty in achieving satisfactory urine flow.
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INTRODUCTION

At the time of normal urination, urine flows or streams from the kidney to the urinary bladder via ureter 
in normal fit persons for two causes: (a) the peristaltic movement or peristalsis, and (b) a physical event 
(Matloubiech et al., 2020). Several usual pathologies which can block or obstruct the ureters are urinary 
stones or renal stones, infections, tumorous tissues, or inflammations (Park et al., 2020). These difficul-
ties can decrease or even make problems with the normal urination and cause more severe malfunctions 
or pathologies and threats for patients (Modi et al., 2019). To resolve these difficulties, two dissimilar 
treatments are generally performed, for example, (a) nephrostomy which provisionally helps to open the 
urinary tract portion by an external flexible thin tube or catheter, and (b) ureteral stenting technique which 
attachments a flexible thin tube named stent into the ureter that helps the drain urine from the kidney. 
Both methods accomplish repairing the urine flow, reducing intra-pelvic stress, and avoiding kidney 
failure. In the processes while a stent is applied in obstructed ureters, a continuing loss of muscle tone 
happens due to this ureter stent (Kinn et al., 2002) (Demzik et al., 2021) and the ureter does not create 
the peristaltic function anymore. Hereafter, stented ureters are merely affected by the pressure gradient.

At present, all these conducts are experienced and improvedbyapplying the investigational models 
that permit mimicking exact precisely the physiological performance under dissimilarboundary circum-
stances. For urologic investigation, a pig is assumed as the perfect model, because its features (kidney 
and urethral anatomy and physiology) related to humans (Leonhäuser et al., 2019). Though, a number 
of studies are complicated or impracticable to be conducted with experimentaltests for dissimilarcauses: 
dimensionlimitations, ethical concerns, instrumental constraints, etc. Therefore, FEM (finite element 
models) and another computational software representation have been initiated as a model analysis of 
the urine flow and for supporting in the design and improvement of innovative ureteral stents (Beysens 
et al., 2018) (Al et al., 2020) (Oliver et al., 2018). Figure 1 shows flow chart of the procedure of refine 
the 3D model making. Various experiments have conducted to achieve the biomechanical characteristics 
of the urethral wall (Taguchi et al., 2018). Different ex-vivo examinations have performedby Yin et al., 
1971to find the stress-strainresults of a ureter and describe its biomechanical performs. Afterward, in-
vivo characteristics were executed by Sokolis et al., 2012, and presenting the anisotropic performance 
of ureters that demonstrated with a four-factor Fung-type strain energy function. Figure 2 shows the (a) 
CT image of urinary system, and the 3D model of (b) front, (c) side view of urinary system. Further-
more, Rassoli et al., 2014 presented important data of human ureter stress-strain results fixed with a 
four-constraint Fung-type representation and five- constraint polynomial models.

Figure 1. Refine the 3D model from MRI/CT image
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However, Computational Fluid Dynamics (CFD) simulations have been applied by many research-
ers (Zheng et al., 2015) to simulation analysis of peristaltic activities of a ureter in a two dimensional 
analysis. Later, Zhang et al., 2021analyzed that the investigation to the three dimensional case using 
finite element method for the Computational Fluid Dynamics (CFD) result. Other researchers (Kim 
et al., 2017) (Fitt et al., 2014) focused their works on the investigation of the urine flow through the 
ureter stent. The background explained investigations the biomechanical performance of a ureter and 
the urine flow for the period of peristalsis or inureter stent. All the methods to analyze the urine flow, 
but in Gómez-Blanco et al., 2016 work, were axisymmetrical Computational Fluid Dynamics (CFD) 
investigations and many of them were about peristalsis. Heexamined the three dimensional movement, 
but mimicking the peristaltic motion not the urine flow during a ureter stent.

Figure 2. (a) CT scan image of urinary system, and 3D model (b) Front view (d) Side view

Figure 3. Lithotripsy process
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In a ureteral stent process for ureter stones before and after lithotripsy (Figure 3), different types of 
DJ stents are used, such as 5Fr, 6Fr, 7Fr, and 8-Fr. The selection of stent’s size depends on the urology 
surgeon’s estimation based on the probable urine flow rate via the stent. The luminal urine flow (flow 
inside stent) is directly proportionate to the internal diameter of the stent, whereas, the extra-luminal flow 
(flow outside of the stent in the ureter) does not connect with the outer diameter of the stent (Islamov et 
al. 2017). The TFR (total flow rate) is the summation of the both two flow rates.

Here, we examined which size of DJ stent is improved at attaining a satisfactory urine flow via the 
stented ureter with the help of CFD (computational fluid dynamics) analysis to define the TFR (total 
flow rate), the sum of luminal and extra luminal flow. We have considered two different types of tubular 
4.6 mm diameter of ureter DJ stents (5Fr, 7Fr) for the study the of urine flow in three different processes 
(Table. 1).

DOUBLE-J (DJ) STENT

A Double-J (DJ) stent (Figure 4a) is applied together with metallic stents in ureteral obstruction or 
ureteral stenosis (Clavica et al., 2014). The objective of using a DJ stent is to get a passage or track for 
urine flow and to reach an adequate and satisfactory urine flow via the stented ureter (Figure 4b). The 
indwelling ureteral stent (pigtail) has confirmed its effectiveness in continuing ureteral patency in nu-
merous cases (Wheeler et al., 2012). It is broadly considered an addition to the lithotripsy procedure (an 
extracorporeal shock wave). Though malignant ureteral obstacle is treated with a DJ stent, the patency 
rate has been reduced (Pewowaruk et al., 2020).Double-J or DJ stenting is a clinical technique engaged 
to repair the drainage of upper urinary tract, in the occurrence of a ureteric difficulty or obstacle (Shilo 
et al., 2021). After DJ stent implant, stents provide an instant relief the pain by reducing the pressure in 
the renal pelvis area (Figure 4c).

Figure 4. (a) Double-J (DJ) stent; (b) Application of DJ stent (d) KUV scan image
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Though, their prolonged usage can reason encrustations and infections, because of bacterial coloniza-
tion and deposition of crystal on the stent facade, correspondingly. The act of DJ stents and in common 
of the entire ureteric stents is considered to depend extensively on urine flow area within the ureter 
stent. Though, veryfew elementary researches about the problem-solved by fluid dynamic factors on 
stent capabilities have been performed until now. These factors are frequently complicated to evaluate 
in-vivo, involving the completion of difficult and expensive investigational set of rules. The plan of the 
current study was consequently to build up an artificial model of the ureter (UM) to imitate the fluid 
dynamic background in a ureter stent. The model of the ureter was planned to reproduce the geometry of 
pig ureters, and to examine the values of volumetric flow rate (Q), dynamic viscosity (μ), and serious-
ness of ureteric obstacles that may reason significant pressures in the renal pelvis area. The circulated 
obstruction obtained by the single stent placing was also counted. Additionally, visualizationof flow 
experimentations and CFD simulations were done with the intention of additional distinguish the flow 
area in the ureter model.

MATERIALS METHODS

Here, we have investigated the interaction between urine draining and a DJ-stented ureter. A simulation of the 
renal pelvis draining through a stented ureter with a simplified geometry has been analyzed with the finite 
element method and considering the Fluid-Structure Interaction (FSI). The stresses made from the urine and 
pressures of the intra-abdominal were very small and the strains almost minor, thus, it can be considered 
that the ureter behaves as a quasi-incompressible and inelastic structure in this pressure area. The finite 
element model of the ureter was assumed to the given loads: the pressure of intra-abdominal considered on 
the ureteral wall outer surface by unattached connective tissue adjacent to the ureter, Ureteropelvic junction 
(UPJ) pressure, applied by urine in the area of the renal pelvis, and Vesicoureteric junction (VUJ) pressure, 
which is basically the fluid pressure in the bladder. The transient period is 30 sec. The length and diameter 
of the model were 228 mm and 4.6 mm correspondingly. The geometric curvature of the ureter model 
was also recognized by estimating the collected clinical data. Assume the (a) Ureteropelvic junction (UPJ) 
pressure is 652.4 Pa, (b) Vesicoureteric junction (VUJ) pressure is 254.5 Pa, and the (c) Intra-abdominal 
pressure is 534 Pa.(ii) UPJ pressure = 666.61 Pa.(iii)VUJ pressure = 266.24 Pa.

The current study examined the fluid dynamics phenomenon of urine flow inside the urinary tract. 
The urine flow was evaluated by computational fluid dynamics (CFD) models. This model was useful 
to the urinary tract as an entire to generate a non-invasive analytical implement for urinary tract ob-
stacle (due to renal stone) in both the ureter and urethra. The simulations have inferences for urological 
applications of the analysis of the urinary tract, diagnosis, urine flow properties, and probable urinary 
disease prevention by initial detection.

Table 1. Three different processes in a 4.6 mm ureter with a 5Fr and 7Fr DJ stent.

Process No. Side hole number Gap between the side holes (cm) Ang. of side hole

1 24 1.0 00, 900,1800,2700

2 24 1.0 00, 900,1800,2700

3 42 0.5 00, 900,1800,2700
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RESULTS AND DISCUSSIONS

An essential restriction of the investigation is that the ureter is basically a fibred material, so it is consid-
ered isotropic. Though, most of the stress-strain curvatures presented an additional or a smaller amount 
of isotropic manners, the intention of this overview is acceptable to a positive scope. Furthermore, to 
reflect the anisotropy in aspect, the three layers of the ureteral wall and regional variances along the 
ureter should be measured as stated by Sokolis et al., 2012.

Figure 5 shows the (a) velocity outlines noted in the normal ureteral model, (b) enlarged at the inlet 
and (c) outlet model. Velocity improved progressively during the tract from the Ureteropelvic junction 
(UPJ) to the Vesicoureteric junction (VUJ). Moreover, this does not appear useful in light of the equal 
of stresses and strains comprehended in the ureter. The consequence of submergence on the urine flow 
around the DJ stent should be evaluated in advance detail. Figure 6 shows (a) the urine flow outlines 
noted in the stone (ureteral stone) ureteral model, (b) inflamed at the internal ureter wall and (c) outlet, 
and also seen (d) the maximum pressure occurs during the urine drainage through the blockage ureter.

Figure 5. (a) Normal ureter simulation model (urine flow); (b) internal flow phenomenon; (b) external wall
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Here, to analyze the performance of different sizes of double-J (DJ) stents in the ureter. The total flow 
rates (TFR) in the double-J (DJ) stented ureters were estimated with an in-vitro analysis. Figure 7 shows 
the SEM image of DJ stent (a) side wall hole and (b) internal passage. The total flow rates (TFR) in the 
0.67mm 5Fr double-J (DJ) stent were greater than those in the other sizes of double-J (DJ) stents. Figure 
8 shows the total flow rate (TFR) in the simulations of the 4.6 mm two different type ureters (5Fr and 
7Fr). The results show that the contact between the urine and double-J (DJ) stented ureter is minor. The 

Figure 6. (a) Urine flow ureter simulation stone ureteral model (Ureteral obstruction); (b) inflamed 
at the internal ureter; (b) disturbed the urine flow (hematuria occurs); (d) Maximum pressure profile.

Figure 7. SEM image of DJ stent (a) side wall hole; (b) internal channel
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total flow rate decreased while the size of double-J (DJ) stent increased. Computational fluid dynamics 
was also used to validate the results. It was presented that the results were well-fixed with the numeri-
cal results. The total flow rates are greater in straight ureters compared to curved ureters in addition to 
in tubular ureters compared to swelled ureters. Though, there has no fixed correlation between the total 
flow rate and the presence of or the number of side holes.

CONCLUSION

A number of material replicas have been chosen to explain the ureter’s biomechanical performance and 
dissimilar positions of constants were experienced to inspect the effect of the general stiffness of the 
ureter. In proportion to the soft-tissue performance of the ureter, it can be predictable that the relevance of 
little stresses could make huge deformations. Though, in this study, it is determined that the performance 
of the ureter during urine flow is almost the similar apart from the model applied and the ureter’s stiff-
ness. Even though, the most excellent was the hyper-elastic material model, while it could confine the 
toe region of the stress-strain result analyzed by Rassoli et al., 2014 more precisely. The stresses formed 
by the urine and intra-abdominal pressures were extremely little and the strains approximately minor, 
that why it can be said that the ureter acts as an inflexible structure in this pressure reign. Alternatively, 
further efforts should be done to gain more practical models of the urinary tract in upcoming works. An 
ideal cylinder was considered to signify the geometry of the ureter. Further works should employ more 
practical geometric models offered by MRI or CT images, and, the hypothesis of the characteristics of 

Figure 8. Simulations of the total flow rate (TFR) of two different type ureters (5Fr and 7Fr).
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urine as equivalent to those of water should be accurate by achieving urine characteristics in supplemen-
tary tests. Lastly, further experiments of all the features connected to the biomechanical categorization 
of the natural tissues will be done in upcoming studies.

ACKNOWLEDGMENT

The authors would like to thank IIEST-Shibpur, Centre for Healthcare Science and Technology lab, and 
Dept. of Urology, R.G. Kar Medical College and Hospital, and thanks to Mrs. Nibedita Bardhan for 
language proof reading.

REFERENCES

Al, K. F., Denstedt, J. D., Daisley, B. A., Bjazevic, J., Welk, B. K., Pautler, S. E., Gloor, G. B., Reid, G., 
Razvi, H., & Burton, J. P. (2020). Ureteral Stent Microbiota Is Associated with Patient Comorbidities 
but Not Antibiotic Exposure. Cell reports. Medicine, 1(6), 100094. doi:10.1016/j.xcrm.2020.100094 
PMID:33205072

Beysens, M., & Tailly, T. O. (2018). Ureteral stents in urolithiasis. Asian Journal of Urology, 5(4), 
274–286. doi:10.1016/j.ajur.2018.07.002 PMID:30364608

Clavica, F., Zhao, X., ElMahdy, M., Drake, M. J., Zhang, X., & Carugo, D. (2014). Investigating the 
flow dynamics in the obstructed and stented ureter by means of a biomimetic artificial model. PLoS 
One, 9(2), e87433. doi:10.1371/journal.pone.0087433 PMID:24498322

Demzik, A., Filippou, P., Chew, C., Deal, A., Mercer, E., Mahajan, S., Wallen, E. M., Tan, H. J., & 
Smith, A. B. (2021). Gender-Based Differences in Urology Residency Applicant Personal Statements. 
Urology, 150, 2–8. doi:10.1016/j.urology.2020.08.066 PMID:33035562

Fitts, M. K., Pike, D. B., Anderson, K., &Shiu, Y. T. (2014). Hemodynamic Shear Stress and Endothelial 
Dysfunction in Hemodialysis Access. The Open Urology & Nephrology Journal, 7(Suppl 1 M5), 33–44. 
doi:10.2174/1874303X01407010033

Gómez-Blanco, J. C., Martínez-Reina, F. J., Cruz, D., Pagador, J. B., Sánchez-Margallo, F. M., & So-
ria, F. (2016). Fluid Structural Analysis of Urine Flow in a Stented Ureter. Computational and Math-
ematical Methods in Medicine, 5710798, 1–7. Advance online publication. doi:10.1155/2016/5710798 
PMID:27127535

Islamov, M., Sypabekova, M., Kanayeva, D., & Rojas-Solórzano, L. (2017). CFD Modeling of Chamber 
Filling in a Micro-Biosensor for Protein Detection. Biosensors (Basel), 7(4), 45. doi:10.3390/bios7040045 
PMID:28972568

Kim, K. W., Choi, Y. H., Lee, S. B., Baba, Y., Kim, H. H., & Suh, S. H. (2017). Analysis of Urine Flow 
in Three Different Ureter Models. Computational and Mathematical Methods in Medicine, 5172641, 
1–11. Advance online publication. doi:10.1155/2017/5172641 PMID:28659992

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



207

Computational Study of In-Vitro Ureter Urine Flow in DJ Stent
 

Kinn, A. C., & Lykkeskov-Andersen, H. (2002). Impact on ureteral peristalsis in a stented ureter. An 
experimental study in the pig. Urological Research, 30(4), 213–218. doi:10.100700240-002-0258-1 
PMID:12202937

Leonhäuser, D., Kranz, J., Leidolf, R., Arndt, P., Schwantes, U., Geyer, J., & Grosse, J. O. (2019). Ex-
pression of components of the urothelial cholinergic system in bladder and cultivated primary urothelial 
cells of the pig. BMC Urology, 19(1), 62. doi:10.118612894-019-0495-z PMID:31288793

Matloubieh, J. E., Eghbali, M., & Abraham, N. (2020). Strategies to Encourage Medical Student Inter-
est in Urology. Current Urology Reports, 21(10), 34. doi:10.100711934-020-00984-1 PMID:32767185

Modi, P. K., Kaufman, S. R., Caram, M. V., Ellimoottil, C., Shahinian, V. B., & Hollenbeck, B. K. 
(2019). Impact of Medicare Office Visit Payment Reform on Urologic Practices. Urology, 126, 83–88. 
doi:10.1016/j.urology.2019.01.013 PMID:30682462

Oliver, R., Wells, H., Traxer, O., Knoll, T., Aboumarzouk, O., Biyani, C. S., Somani, B. K., & Group, 
Y. A. U. (2018). Ureteric stents on extraction strings: A systematic review of literature. Urolithiasis, 
46(2), 129–136. doi:10.100700240-016-0898-1 PMID:27324264

Park, J. Y., Park, K., & Jeong, S. J. (2020). History of Investigative and Clinical Urology and an analysis 
of published articles. Investigative and Clinical Urology, 61(Suppl 1), S64–S69. doi:10.4111/icu.2020.61.
S1.S64 PMID:32055756

Pewowaruk, R., Rutkowski, D., Hernando, D., Kumapayi, B. B., Bushman, W., & Roldán-Alzate, A. 
(2020). A pilot study of bladder voiding with real-time MRI and computational fluid dynamics. PLoS 
One, 15(11), e0238404. doi:10.1371/journal.pone.0238404 PMID:33211706

Rassoli, A., Shafigh, M., Seddighi, A., Seddighi, A., Daneshparvar, H., & Fatouraee, N. (2014). Biaxial 
mechanical properties of human ureter under tension. Urology Journal, 11(3), 1678–1686. PMID:25015616

Shilo, Y., Modai, J., Leibovici, D., Dror, I., & Berkowitz, B. (2021). Comparative study of renal drainage 
with different ureteral stents subject to extrinsic ureteral obstruction using an in vitro ureter-stent model. 
BMC Urology, 21(1), 100. doi:10.118612894-021-00865-w PMID:34261481

Sokolis, D. P. (2012). Multiaxial mechanical behaviour of the passive ureteral wall: Experimental study 
and mathematical characterisation. Computer Methods in Biomechanics and Biomedical Engineering, 
15(11), 1145–1156. doi:10.1080/10255842.2011.581237 PMID:21660781

Taguchi, M., Yoshida, K., Sugi, M., Kinoshita, H., & Matsuda, T. (2018). Simplified method using 
kidney / ureter / bladder x-ray to determine the appropriate length of ureteral stents. International braz 
j urol: official journal of the Brazilian Society of Urology, 44(6), 1224–1233. doi:10.1590/S1677-5538.
IBJU.2017.0620

Wheeler, A. P., Morad, S., Buchholz, N., & Knight, M. M. (2012). The shape of the urine stream—From 
biophysics to diagnostics. PLoS One, 7(10), e47133. doi:10.1371/journal.pone.0047133 PMID:23091609

Yin, F. C., & Fung, Y. C. (1971). Mechanical properties of isolated mammalian ureteral segments. 
The American Journal of Physiology, 221(5), 1484–1493. doi:10.1152/ajplegacy.1971.221.5.1484 
PMID:5124294

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



208

Computational Study of In-Vitro Ureter Urine Flow in DJ Stent
 

Zhang, B., Liu, S., Liu, Y., Wu, B., Zhang, X., Wang, X., Liang, X., Cao, X., Wang, D., & Wu, C. L. 
(2021). Novel CFD modeling approaches to assessing urine flow in prostatic urethra after transurethral 
surgery. Scientific Reports, 11(1), 663. doi:10.103841598-020-79505-6 PMID:33436678

Zheng, J., Pan, J., Qin, Y., Huang, J., Luo, Y., Gao, X., & Zhou, X. (2015). Role for intravesical prostatic 
protrusion in lower urinary tract symptom: A fluid structural interaction analysis study. BMC Urology, 
15(1), 86. doi:10.118612894-015-0081-y PMID:26285823

KEY TERMS AND DEFINITIONS

CFD: Computation fluid dynamics (CFD) models effort to simulate the collaboration of gases and 
liquids where the surfaces are described by boundary situations.

DJ Stent: Ureteral DJ or double-J stents are normally used to release ureteral blockade and commonly 
as a routine part of the Ureteroscopic processes by urologist surgeons. The placement of DJ stent has the 
possible side effects for instanceurinary tract infection (UTI), flank pain due to backward urine flow.

Hematuria: Blood in urine is known as a hematuria. The causes of hematuria include inflamma-
tion of the kidney, bladder, urethra, kidney or bladder cancer, polycystic kidney disease, and or prostate 
infection etc.

Kidney Stone: Rigid bonds/deposits formed by salts and minerals inside kidneys, it is also known 
as renal calculi. Excess body weight, improper diet, various medical disorders, and certain medications 
and supplements are among the several reasons of kidney stones.

Urology: A clinical and surgical specialty which deals with the treatment of situations concerning 
the urinary tract of male and female, and the reproductive organs of male.

UTI: An infection of the urinary tract system, also known urinary tract infection. UTI can involve 
kidneys which is known as pyelonephritis, urethra which is known as urethritis, bladder which is known 
as cystitis.
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APPENDIX: ADDITIONAL INFORMATION

Computational fluid dynamics (CFD) have exemplar shifting possibly in accepting the physiological 
activities like a flow of fluids in the human body. This interdisciplinary branch of engineering has now 
prepared a significant clinical influence on the study of cardiovascular and urological disease. Numer-
ous biomechanical engineers and urologist surgeons are presently studying new strategies of ureteral 
stents to develop the feature of their procedures and the successive recovery and rescue of the patient. 
With the purpose of benefit during this design procedure, several computational simulations have been 
established to simulate the performance of dissimilar living tissues and offer a true computational back-
ground to assess the stents.
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ABSTRACT

PCNL or percutaneous nephrolithotripsy is one of the foremost interventional surgical treatment mo-
dalities for big kidney stones, which are more than two centimeters in diameter. With the application of 
miniaturized procedures, the signs for percutaneous nephrolithotripsy have been increased to smaller 
renal stones. Particularly for urologist surgeons without an accent on endourology, it is challenging to 
indicate the developing multitude of existing methods and procedures. Several makers have established 
different percutaneous nephrolithotripsy methods with changing diameters and different features. The 
suggestions for the dissimilar methods are intersecting. Reflective studies presented decreased complica-
tion rates. This chapter defines the presently available methods for percutaneous stone surgical treatment 
with their particularities and suggestions and studies the steering of a surgical flexible needle into the 
kidney to take out the stone by this procedure and finite element model analysis force of surgical needle 
and deformation of kidney tissue model.
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INTRODUCTION

Accurate needle insertion into the kidney is an essential and challenging step for successful nephroli-
thotomy process (Lahme et al., 2001) (Pelit et al., 2017). Numerous plans and surgical performances have 
been improved to effortlessly attain the appropriate renal approach (Kirac et al., 2013) (Resorlu et al., 
2013). Surgical needle placing is very significant in medical surgical area and particularly in ‘Urology’ 
as it covers huge area of renal stone surgery (Kim et al., 2020) (Srisubat et al., 2009) (Yuri et al., 2018) 
(Cabrera et al., 2020). It will help enormously in faultless the puncture in to the kidney for the duration 
of percutaneous nephrolithotomy process. Apart from applied force, density of the soft tissue, numerous 
other factors like needle tip shape (whether beveled or diamond), tip sharpness, strength of the shaft of 
needle and angle of needle in respect to tissue in heterogeneous tissue will impact on velocity of needle 
(Saussine et al., 2008). Nephrolithiasis is an important universal source of morbidity; comprises a regu-
lar urological syndrome which involves between 15% of the world population, with a following clinical 
reversion rate of around 50%. Modern techniques and surgical progresses have substitute they require for 
conventional surgery (open) with minimum invasive techniques, for example extracorporeal shockwave 
lithotripsy and percutaneous nephrolithotomy (Atassi et al., 2020). The choice of the exact renal stone 
surgical practice typically depends on the stones’ shape and size, material composition (Wilhelm et al., 
2015), and position of the calculi, the continuation of distal urinary difficulties, and anatomic dissimilar-
ity of the urinary structure (Kumar et al., 2012) (Sabnis et al., 2014). Nowadays, nephrolithotomy is the 
recognized process for removaing of the ‘Staghorn renal stone’ (Desai et al., 2017) (Wang et al., 2020) 
(Gadzhiey et al., 2020) (Aminsharifi et al., 2016). The surgical process usually involves with three most 
important phases, initially with the placing of a ureteral catheter to execute a retrospective study to estimate 
the anatomy of the kidney and to decide whether a renal stone is jamming the urinary tract (Raharia et 
al., 2019) (Fu et al., 2017). After that, the minimal insertion is done by a surgical needle from the skin 
en route for the exact calculi position (He et al., 2015). Presently medical science and engineering going 
hand in hand, different engineering applications are making medical science more advanced, like Virtual 
reality (VR)/Augmented Reality (AR), image processing, biorobotics etc. [Barua et al., 2022]. Figure 1 
shows the percutaneous nephrolithotomy (PCNL) process. The ultimate process concerns the disintegra-
tion and extraction renal stone via surgical apparatus, for example forceps, nephroscope, baskets, and 
lithotripters (Di Grazia et al., 2013) (Giusti et al., 2020) (Choudhury et al., 2021) (Lipsky et al., 2013). 
The most common problems were bleeding (7.8%), hydrothorax (1.8%), and perforation of renal pelvis 
(3.4%), blood transfusion (5.7%), and fever (10.5%) (Kallidonis et al., 2016) (De et al., 2015) (Nikić et 
al., 2014). The success rate and treatment results of the operation are extremely well recognized as be-
ing greatly dependent on the exactness and precision of the insertion step, as it have to attain the calculi 
through an accurate and precise path, which is making this phase the main challenging assignment for 
surgeons (Ichaoui et al., 2019) (Sourial et al., 2019) (Bozzini et al., 2020).

The perfect renal entrance is one with the purpose of permit total removal of the renal stoner at the 
same time as reducing the bleeding. Incorrect needle insertions often make difficulties (Barua et al., 2020), 
for example harms in the kidney and adjacent organs, and in the end discrimination the overall surgical 
achievement and patient result. Though percutaneous nephrolithotomy (PCNL) is referred as a minimal 
invasive surgery with numerous related benefits, for example creating small patient opening, minimize 
the hospitalization time, and improving recovery (Li et al., 2020) (Li et al., 2014). Figure 2 shows the 
fluoroscopic view of PCNL process during removal of kidney stone. The most familiar difficulties one 
may get anatomic target limited vision, complexity in managing the surgical tools, preventive mobility 

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



212

Computational FEM Application on Percutaneous Nephrolithotomy (PCNL) Minimum Invasive Surgery
 

in the body, high deftness levels of surgeon hand-eye organization, deflections of the surgical needle, 
affecting anatomic target, and deformations of the anatomic structure etc. (Barua et al., 2020) (Bhat et 
al., 2021) (Agarwal et al., 2008) (Izol et al., 2021). In this paper, we have analyzed the performance of 
the percutaneous nephrolithotomy technique, and also studied FEM analysis force of surgical needle 
and deformation of kidney tissue model.

PCNL (PERCUTANEOUS NEPHROLITHOTOMY) PROCEDURE

Renal stones are formed in the kidney or urinary tract because of the crystallization of different chemi-
cal compounds or minerals in the urine. Nephrolithotomy is a performance applied to remove renal 
stones in the kidney or upper ureter area, the cylindrical tube which drains urine from the kidney to the 
bladder (Hosseini et al., 2019). Percutaneous nephrolithotomy process has been performed on a lot of 
patients and is established usual of concern for urology patients with renal stones which are big, very 
hard, or opposed to other shapes of stone healing. It has restored open surgeries for renal stones in 

Figure 1. (a) Percutaneous nephrolithotomy process; (b) removing the stones from the kidney

Figure 2. (a) PCNL procedure during removal of kidney stone; (b) Fluoroscopic view of PCNL process
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the huge majority of renal stone patients (Batagello et al., 2019). Figure 3 shows the nephrolithotomy 
surgical tools. Usually, the time taken of the surgery is 3 to 4 hours. The surgery is done by creating a 
small one centimeter cut in the flank area. A tube is positioned throughout the incision inside the kid-
ney by x-ray guidance. A telescope (small) is followed by the passed throughout the tube to facilitate 
visualize the renal stone, break the stone, and take out it from the patients’ body (Gamal et al., 2015). If 
needed a laser or additional tool named a lithotripter may be helped to break up the renal stone before 
it can be removed (Prasad et al., 2020). This process has resulted in appreciably reduce post-operative 
pain, a minimize hospital stay, and earlier come back to the work and daily activities while evaluated 
to open surgery (Giusti et al., 2020). Percutaneous nephrolithotomy is usually considered an effective 
safe surgical treatment offering the maximum stone-free rates after the initial treatment as related to 
the other lithotripsy surgical techniques (minimal invasive) (Cabrera et al., 2020). Serious difficulties 
even though rare should be anticipated following this nephrolithotomy treatment. The most common 
complications related with percutaneous nephrolithotomy are being studied aiming on the risk factors, 
existing supervision, and preventing methods which essential to be taken to decrease their prevalence. 
Complications for example urine leak from nephrocutaneous fistula, perioperative bleeding, and injury 
in the pelvicalyceal system (Atassi et al., 2020).

SURGICAL PERFORMANCE OF PCNL (PERCUTANEOUS NEPHROLITHOTOMY)

PCNL (Percutaneous nephrolithotomy) is basically using as a MIS or minimally invasive surgical pro-
cess for treating complex or large kidney stones (Gadzhiey et al., 2020). From the time when its start, 
the performance of PCNL has improved by numerous modification (Giusti et al., 2020). The exercise 
of minimally invasive surgical apparatus for soft biological tissue surgery assures the decreased tissue 

Figure 3. Percutaneous nephrolithotomy surgical tools
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trauma, minimize process time, and less recovery times for the patient. Percutaneous nephrolithotomy 
robotics treatment has become an accepted area in modern medical field (Wang et al., 2020). The mo-
bility of organ tissue can make erroneous positional insertions. Mainly in needle steering procedures 
which use flexible and thin needles, huge deviations can arise between pre-operative data (images) of 
the patient, from which a process is considered, and the intra-operative prospect, wherever a process is 
performed (Cabrera et al., 2020). The efficiency of PCNL (Percutaneous nephrolithotomy) has several 
advantages in particular anatomical places, for example stones at upper urinary tract in pediatric patient 
(Atassi et al., 2020). To manage this category of present minimally invasive surgery PCNL (Percutane-
ous nephrolithotomy), the finite element model is very much valuable to calculate the force evaluation 
for tissue deformation, and secure puncture etc.

The deformation of the needle during its insertion into the kidney is described in this chapter in 
the context of intraoperative treatment of urological study based on the integrated imaging-molecular 
diagnosis. With the help of general anaesthesia, PCNL (Percutaneous nephrolithotomy) is normally 
performed. Throughout this process, a catheter is positioned in the bladder, the catheter drains urine 
from the bladder and remains in area with the employ of a balloon. An additional catheter is positioned 
into the ureter (Wang et al., 2020). A dye or contrast may be infused throughout this catheter to offer 
a better observation and confirm the exact stone position. This helps access to the kidney while your 
urinary tract is visualized with the help of ultrasound or x-rays. After stone is to be found, the kidney’s 
collecting scheme is accessed applying a thin needle and a guide-wire is sited (Atassi et al., 2020). The 
guide-wire allows safe entrée for the nephroscope, a thin tube-like device involved for viewing the in-
side of the kidney. The entrance route is cautiously opened awaiting access through the nephroscope is 
feasible. Some stones can straightly be removed by a grasper, which is called nephrolithotomy. Larger 
stones require to be broken up by a tool like a laser by they can be removed, which is known as neph-
rolithotripsy (Choudhury et al., 2021). After all stones are removed, the contrast material will use to 
verify that no stones or small pieces of the broken stone throughout a procedure in the kidney. While the 
contrast material moves simply during the bladder, which means that there are furthermore any stones 
inside the ureter. In a number of patients, a temporary small tube known as DJ Stent or Double- J Stent 

Figure 4. (a) Simulation model of needle insertion into the kidney during PCNL surgery; (b) Tissue 
deformation model of kidney during PCNL surgery

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



215

Computational FEM Application on Percutaneous Nephrolithotomy (PCNL) Minimum Invasive Surgery
 

(6 Fr 10 cm with several side holes) may be positioned to make sure that swelling does not obstruct the 
drainage of urine. The stent remains in place by curls J-shaped in the kidney and the bladder. At the end 
of the process ‘nephrostomy’ (a drainage catheter) may be positioned.

SIMULATION OF PCNL (PERCUTANEOUS NEPHROLITHOTOMY)

A surgical bevel-tip needle (dissimilar of a symmetrical needle tip) was involved to penetrate kidney 
tissue at an angle (Figure 4a). As the needle inserts at an angle outside the direction, the surgical needle 
may perhaps bend in the insertion path of the bevel. In this study, the insertion force of the simulation 
model was applied by the surgical needle on the biological kidney tissue, with the puncturing force at 
the tip of the surgical bevel needle and the friction forces the length of the needle shaft (Figure 4b). 
Here, it was assumed that the bending force of the surgical needle was minor considered to the applied 
forces (elastic) by the kidneys’ tissue to the surgical needle. We initially explain model of the kidney 
tissue and technique for computing deformations of the tissue because of the applied needle force. The 
model should also consist of the mechanical properties of tissue material and the FEM (finite element 
mesh) boundary conditions. In our present performance, we estimated soft kidney tissues as homoge-
neous, linearly elastic, and isotropic materials. For all separated tissue set, the model involves as enter 
the material properties of the tissue, like the Poisson ratio, Young’s modulus, and density. Every ele-
ment in the mesh may be allocated distinctive properties, which permits for the simulation of numerous 
tissue types in single mesh. The nodes are significant elements inside tissues are controlled to be set. 

Figure 5. Force model during PCNL surgery (Exp. & Simulation)
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Here, it was assumed that the surgical needle was not bending external portion. Once the needle has 
entered the tissue, it will bend in the direction of the bevel-tip. During the real-time PCNL surgery, the 
maximum insertion force was noticed at 3.9 N; in case of simulation, the maximum insertion force was 
3.1 N (Figure.5). As the needle may be punctured at any position, it is typically essential to adapt the 
reference mesh in real-time to check that factor boundaries are nearby where the needle tip and frictional 
force must be used. For analyzing the tip force of the surgical needle, a node is retained at the location 
of the needle tip throughout insertion process (Figure 6).

CONCLUSION

The number of PCNL (Percutaneous nephrolithotomy) performances is progressively increasing, even 
though the reality that the amount of trained urologists involving with this procedure has not kept up with 
this development factor.11 The spotlight on methodological and technologic progresses that may influ-
ence improved and easier nephrolithotomy puncture. Computer-aided surgeries and modern strategies 
are subject of current research, as they may play a significant role in the upcoming of nephrolithotomy. 
These methods have the possible to give precious interfaces between surgical tools and anatomic struc-
tures, tissue deformation, surgical robots, and improving nephrolithotomy planning and control. So, 
steering coordination could characterize a step advance to decrease the dependency of medical imaging 
and connected inadequacy in percutaneous conduction. It is predicted that future enhancements in neph-

Figure 6. Result of the biomechanics force data during PCNL (Exp. and Simulation)
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rolithotomy will include the riddance of radiation and decrease of surgical costs and time. Even though 
the progress and advance of autonomous robots may become wider the employ of PCNL (Percutaneous 
nephrolithotomy) to urologist surgeons less familiar with minimally invasive surgery, it also increases 
demanding robustness and protection issues which have to be undertake in the future.
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KEY TERMS AND DEFINITIONS

Bevel Needle: The bevel needle is such type of clinical needle used in the medicinal or clinical 
procedures.

DJ Stent: The DJ stent is known as JJ or double J stent is a ureteral stenting process to place a flex-
ible thin tube (polymer/plastic) which is temporarily in the ureter to relieve urine drains from the kidney 
into the bladder in the incident of an obstruction.

FEM: The finite element method or FEM is an extensively used technique for numerically explaining 
difference equations rising in mathematical, engineering, and biomedical modeling.

MIS: Minimally invasive surgery or MIS, surgeons apply a variety of performances to surgery with 
a smaller amount of damage to the patient’s body than with conventional surgery. Normally, MIS is held 
by less pain, reduces the hospital stay, and less difficulties.

PCNL: Percutaneous nephrolithotomy or PCNL is a performance applied to take away renal calculi 
or stones in the kidney or upper ureter which are too large for other procedures of stone treatment for 
example shock wave lithotripsy or ureteroscopy.

Renal Stone: A kidney or renal stone is basically a hard deposit of minerals and salts, in concentrated 
urine, it sticks to each together. While passing or moving through the urinary tract, it can be painful. 
The most common sign is unadorned pain, typically in the side of the abdomen and frequently related 
to nausea.
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APPENDIX: ADDITIONAL INFORMATION

Kidney or renal stone or calculi is a urological complaint that is considered by a high reappearance rate. 
The movement of the kidney stone causes renal colic or pain and the obstruction or block by renal calculi 
could affect the damage of renal function. To remove the obstacle, urologists select different treatments 
for dissimilar size renal calculi (0.3 cm < dia. < 0.6 cm). As the guidelines mention PCNL (percutane-
ous nephrolithotomy), of which normal access tracts are 24–30 Fr, which is suggested management of 
patients with ureteral or renal stones more than 20 mm or and for lesser stones like 10–20 mm of the 
lower-pole stones when anatomic factors make ESWL (extracorporeal shockwave lithotripsy) unfavorable.
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ABSTRACT

Birds have always fascinated scientists and opened their eyes to new areas of flight mechanisms through 
biomimicry of these flyers. These flyers can sustain and control the flight through clever maneuvering by 
flapping their wings. It involves an intricate aerodynamic force production to generate sufficient lift force 
to overcome the drag and perform useful maneuvers. Development of the forces differs widely among the 
species due to natural selection of the flyers. As far as the flapping mechanism is considered, it is very 
efficient. The differences in flight mechanisms may be explored by determining the kinematics, kinetics, 
and aerodynamics of the flyers. Wing kinematics determines the aerodynamic forces, which vary with 
flapping speed. The maneuverability and stability are regulated by complex muscle action and neural 
control allowing the flyer to perform specific tasks. Computational models have emerged as powerful 
tools to predict the flow around the flyers with potential exploration of the complex interactions between 
the skeletal system, sensory system, and neural control of the flight.
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INTRODUCTION

Humans have been fascinated by the beauty and intricacies of an avian flight for ages, preferably with 
the desire of performing the same locomotion; the flapping of wings. In dreams, science fiction, and 
legends, human beings have always aspired to fly using wings. Despite the state-of-the-art research in the 
area, resulting in the development of flight models such as airplanes, fighter planes, and helicopters, it 
appears that it would require a little more time to master it. Birds have already have mastered these flying 
techniques since their appearance on the earth, and it seems like they are just flaunting their ability on us.

The evolution of flight is distinctive among animal adaptations, especially in how the evolution has 
transformed the species from runners to flyers. According to the arboreal theory, there had been a pressure 
to evolve to fly (or glide) among the species on trees. However, the cursorial theory states no intermedi-
ate gliding stage for ground running bipeds that evolved into active fliers (Ostrom, 1979). Since the late 
Cretaceous period, birds have evolved from theropods and are considered “living dinosaurs” (Chiappe, 
2009). Our current understanding of avian flight evolution has strengthened with evidence from mor-
phological studies to molecular data. There is nearly a perfect harmony between the form and the flight 
performance of these species. From take-off to landing, the wingbeat kinematics is very particular to the 
desired motion. Understanding the wing motions during level flight, including forward flapping, gliding, 
soaring, stooping, slow flight, fast flight, and hovering, gives a deep insight into the manoeuvre. The 
profound admiration of the biomechanics of flight comes from arising importance of fluid mechanics 
and the structural effects on design problems of air vehicles. The The anatomical features of nature’s 
flyers can be described as advanced manufacturing devices which are capable of aerodynamic control, 
aeroelasticity, and sensing (Heers et al., 2018). Deep appreciation and recognition of flight biomechanics 
with the application of computer simulations have led to the development of bio-inspired flight systems 
such as micro air vehicles (Han et al., 2021).

In this chapter, we review the nature of forces acting on the bird during the flight and explore as to 
how it controls the flight and performs the manoeuvre. We further look at the aerodynamics of avian 
flight from the computation perspective. Following this, the problem of avian flight has been addressed 
from a biophysics perspective by introducing the wing anatomy and correlating the physiology to the 
flight. The different control strategies have been described to understand the consequence of geometri-
cal changes during different flight activities. Since decision-making for the choice of manoeuvre is an 
important part of flight control, we address the issues of the sensory-motor control of the bird also. 
The biomimetic design of a flapping wing has been discussed as an overview for bio-inspired design. 
We then conclude with the chapter overview including the future scopes and limitations of the current 
understanding of flight biomechanics.

AERODYNAMICS OF THE FLIGHT

Wing kinematics brings about the motion of air around the wings, essentially leading to the generation 
of the lift and thrust, depending on the nature of the flow. To fly, the bird has to generate sufficient force 
(lift and propulsion) as shown in figure 1 to overcome the gravitational pull and drag before gaining 
momentum for the flight manoeuvre.

Lift is the force generated to overcome the body’s weight and enable flight. As the body propels 
through a fluid, it experiences resistance to the motion, known as drag. Of the drag, the friction between 
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the solid surface of the bird and air (skin friction) is prominent and depends on the surface property of 
the body (feathers) and the air. The smooth feathers produce less drag. Another source of drag depends 
on the shape of the species and is called the form drag. The drag component dependent on the genera-
tion of lift is called the induced drag. The direction of flight is well coordinated by the vortex’s induced 
flow, giving rise to a downward aerodynamic force. This force is the induced drag as it is formed by 
the vortices’ action and depends on the magnitude of lift. Thrust is the force that the bird generates to 
move through the air that overcomes drag and weight. The magnitudes of lift (L), drag (D), and thrust 
(T), thus generated varies with the wing shape, factors affecting are wing area (A), density of fluid (𝜌),
kinematic viscosity (v), flow stream velocity relative to the wing (V), and area between the direction of 
air flow and surface of the wing (𝛼).

The above factors are related as follows

L V ACL�
1

2

2� . (1) 

D V ACD�
1

2

2� . (2)

T V ACT�
1

2

2� . (3)

Where, CL, CD, and CT are lift coefficient, drag coefficient and thrust coefficient which can be de-
termined experimentally. The drag coefficient which depends on the Reynolds number (Re), density (ρ) 
and viscosity (μ) of the fluid is given by,

R Vce � �
�
�

. (4)

The flight power requirement can be determined in the form of the metabolic power input which is 
equal to the sum of mechanical power output and thermal power losses acting on the skeletal system 
for flapping, stooping and other kinematic behaviours. Muscular power output is the sum of the inertial 
power required for the wing strokes and aerodynamic power (Paero) for the flight. Paero is given as the sum 
the parasite power PD and induced power Pi.

Paero = Pi + PD (5)

Where, Pi is equal to the kinetic energy in the downward direction per unit time and can be expressed 
in terms of lift.
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Parasite power as,

P DV V ACD D� �
1

2

3� . (7)

Where, b is the diameter equal to the wingspan.

COMPUTER SIMULATIONS OF THE FLIGHT

The underlying principles of the bird flight may be understood by considering flow over the NACA 
(National Advisory Committee for Aeronautics) aerofoils, involving wind tunnel test (NACA, 1917). 
Considering that the quest for aeroplane design was inspired by the birds in its earliest development, we 
now go back to the aerofoil design as an inspiration for exploring the bird flight, especially the flow of 
air around the bird wing. The experiments performed in laboratory limits the investigation of flow over 
the wings owing to the dynamic events of the wing flapping along the direction of bird flight. Computer 
simulation of the aerofoil employing numerical methods eliminates such limitation for flow explora-
tion. Based on the classical studies, flow over the wing surface may be described in the following way.

Figure 1. Representation of the lift (L), drag (D), thrust (T), and weight (W) acting on the body of the 
avian species during flight. 𝛽. the angle of attack, 𝜃. the stroke plane angle, 𝛼. the pronation angle rela-
tive to the body,

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



227

Biomechanics of an Avian Flight
 

Generation of Lift Force

The problem of generation of force due to wing is described in the following with reference to the cross-
section of the aerofoil using Bernoulli theorem, Coandă effect and Kutta-Joukowski theory.

As the wing cuts through the air, it splits the air into two, one travelling on the top surface of the wing 
(long length span) and the other on the bottom surface of the wing (short length span). Considering a 
hydrodynamic analogue of the problem for an incompressible fluid, according to equal transit theory, the 
fluid over the upper surface has to travel faster in comparison to fluid traveling on the bottom surface to 
meet at the trailing edge. By Bernoulli theorem, we now arrive at an important conclusion that the pres-
sure on the upper surface has to lower (due to high speed of fluid) and higher at the bottom surface (due 
to low speed of fluid) (Smith, 1972). As a consequence of difference in pressure the effecting pressure 
integrating over the surface area will lead to an upload lift of the aerofoil. This clarifies the fact as to 
why the aircraft wings are designed have a curved top side with longer length compared to the bottom 
surface. Though the description of lift generation in aerofoil using the Bernoulli theorem violates the 
assumption of incompressible fluid, it has to be considered that the analysis is only qualitative.

The concept of lift can also be described using Coandă effect where the fluid tends to stay attached 
to the curved surface over which it flows (Reba, 1966). It emphasizes the importance of curved surface 
in the proximity and its role in deflecting the air along its surface. This leads to the attachment of the 
fluid to the surface. As the fluid entrails the surface, it also drag along with it the fluid from its sur-
roundings. Essentially the effect develops a suction pressure (partial vacuum) relative to the surround 
pressure; consequently leading to the generation of lift force (as those observed in a spinning ping pong 
ball). The concept has been employed to various applications to generate high lift force such as in NO-
TAR helicopter, C-17 Globemaster III, and possible augmentation of life in MAV (Ahmed et al., 2016; 
Ahmed et al., 2017).

Let us consider another approach to assess the lift generation in aerofoil; the Kutta-Joukowski theory. 
According to this theory the lift generation depends on the strength of vortex or the circulation created 
due to the motion of fluid around the aerofoil. The theory helps in connecting lift generation with the 
circulation of air around the contours of the aerofoil.

It is worth appreciating the viscous nature of the fluid in the generation of vortex. For a viscous fluid, 
there is a variation of the fluid velocity near the surface which drags the flow of fluid over the surface; 
velocity changing from no-slip velocity at the surface to the free stream velocity in the far-field region. 
The fluid tend to move parallel to the surface, in form of parallel sheet of fluid layer; thus giving rise 
to the concept of boundary layer theory (Batchelor & Batchelor, 2000; Schlichting & Gersten, 2016). 
Within this boundary layer (region where the shear stress is significant and non-negligible in contrast 
to the free stream region where the shear stress is close to zero), the fluid flow is majorly governed by 
the viscous forces since the contribution of inertial forces on flow are negligible. Whereas outside the 
boundary layer the viscous effects can be considered as negligible to approximate the flow as inviscid 
or potential flow. Higher the viscous force, higher is the sticky-ness nature of the fluid on the surface. 
Let us consider an example to illustrate the idea of boundary layer formation. As the fluid flows over the 
flat plate and attains equilibrium condition (where flow velocity does not change with time), it would 
be observed that the part of the fluid momentum is utilized to overcome the viscous drag (friction) and 
the rest to drive the flow (pressure force). If the flow is steady, the pressure gradient is less than zero 
or negative along the stream wise direction. However, in situation where the pressure gradient becomes 
greater than zero or positive, the flow reversal takes place as in case of flow near the leading edge of 
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the aerofoil. At a point on the surface where the reversal of flow occurs is referred to as the separation 
point. Beyond the separation point there is a deceleration of the flow and flow reversal leading to the 
formation of a local circulating flow or vortex. Generation of vortices are predominantly driven by the 
dynamics interaction of the viscous nature of the fluid with inertial forces. The concept of vortex forma-
tion is discussed in further details in the following section - Significance of the vortices. Nonetheless, 
the viscous nature of the fluid is instrumental in generating the lift force in an aerofoil.

With an overview of the lift generation in an aerofoil, let us consider the effect of inclination of the 
wing with reference to the direction of flow of the fluid (angle of attack or AoA) as shown in figure 2. 
For an aerofoil, symmetric about its chord line, the flow appears to be symmetric. However with change 
in the shape, where the top surface has for longer path length compared to the bottom surface, there is 
an appearance of differences in the flow distribution about the chord line. Computer simulations, which 
also corroborates with the wind tunnel studies of the aerofoil, indicate that the lift forces is majorly af-
fected by the AoA. Results indicates that the lift generation is lower at lower AoA, however increase with 
increasing AoA, reaching peak at critical AoA (let’s say 15 degrees). Beyond this critical AoA the lift 
drops significant with small increase in AoA leading to stall; observations are synonymous with studies 
on flat plate and NACA aerofoils. The lift generation can be analysed form flow perspective as follows 
– 1) at lower AoA the flow is laminar before the turbulence picks up the momentum at the trailing edge 
(separation point), 2) with increasing AoA there is an increase in flow velocity leading to generation of 
every higher lift, however it does at the expense of moving the separation point to the leading edge, 3) 
at higher AoA introduces more drag and reduces the efficiency, and 4) finally resulting in a stall due to 
dramatic increase in turbulence leading to the rapid decrease in the lift force.

Figure 2. Lift force generation for various angles of attack (AoA) and its relation to the generation of 
streamline flow (lower AoA), recirculation (moderate to higher AoA), and turbulence with maximal 
drag (stall condition).

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



229

Biomechanics of an Avian Flight
 

Significance of the Vortices

Vortices are very much influential in setting up pressure over the wing surface. These are the circulat-
ing current of air which is produced with the movement of an aeroplane. Depending on the nature of 
circulation (clockwise or anti-clockwise), the aerodynamic lift produce may be positive or negative.

Let us consider an example of a fixed wing motion by referring to figure 2. With onset of motion of 
the wing in forward direction, the air over the top surface tends to move towards the trailing edge and 
along the downward direction (downwash). However the air from the bottom surface also arrives at the 
trailing edge to meet the air traversing along the top surface, causing interaction and development of 
circulation in the flow. It could be noted that the flow arises from bottom surface to the top surface due 
to difference in the pressure at top and bottom proximal to the tailing edge. At the leading edge, the air 
flow is upward and positive (upwash). We now establish that the upward motion of air at the leading edge 
and downward motion of air at the trailing edge leads to circulation around the wing (bound vortex). Lo-
cal to the surface, the local vortex circulate around and stay attached to the top surface of the wing. The 
bound vortices are found to be strongest at mid-region of wing span and weaken as one recede towards 
the wing tip. Based on the information of the circulation of the fluid (or strength of the local vortex) 
across the span, one may evaluate the lift across the span of the wing by applying the Kutta–Joukowski 
theorem. This gives us a well-known Lanchester–Prandtl theory, which emphasizes that the lift generation 
is not uniform but assumes a distribution (such as an elliptical load) along the span (Anderson Jr, 2010).

Along the span of the wing, the trailing edge receives the flow of air from both the top and bottom 
surface as illustrated in figure 3. Since air at the bottom surface arrives at higher pressure and encoun-
ters the downward direction of flow at higher momentum from the top surface, there is essentially any 
scope available for the air to move along the steam wise direction to expend the excess energy resulting 
from the pressure difference. This excess energy may be diverted cross-stream and towards the wing 
tip. As a result of cross-flow, wing-tip vortices are formed as the fluid from the lower wing spills up 
over and at the wing tips to accommodate the low pressure region (wing tip vortex). The bound vortices 
continue with the wing tip vortices and combines with the downwash to form a fast-spinning vortex 
which continue trailing down the wing tip (wake vortex). Considering the principle of mass and mo-
mentum conservation in qualitative sense for a compressible fluid, the air has the liberty to travel along 
the span wise direction (due to least resistance offered to fluid flow) to the wing tip and enter the top 
surface to fill up the low pressure region. In continuation, there is an occurrence of lateral movement 
of the fluid towards the wing tip at the bottom surface and away from the wing tip at the top surface. It 
may be reasoned that the fluid at the higher pressure on the bottom surface has the tendency to spread 
laterally and the fluid at the top surface has the tendency to shrink along the stream wise direction to 
accommodate fluid rolling off at the wing tip. This essentially contributes to spiralling of the wing tip 
vortices as the move down the stream. Trailing vortices are known to increase drag since a part of the 
energy goes into the production of turbulence; leading to an inducted drag and reduction in the effect lift 
force. According to the Helmholtz theory, the vortex must end up in a closed loop forming a horseshoe 
vortex. The trailing vortices on the either side of the wings are connected by a vortex over some distance 
downstream (starting vortex). During the start of the flow over the wing, there is a large difference of the 
fluid velocity at the trailing edge, which eventually rolls up forming the starting vortex. With increasing 
momentum, the starting vortex becomes stronger to shed. However, for steady flows the circulation of 
the starting vortex equals (but counter clockwise rotation) to the circulation around the aerofoil. At this 
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point we notice that the vortex no longer increases in strength with no more addition of vortices from 
leading edge; satisfies the Kutta-Joukowski condition. The flow assumes a steady flow.

Movement of the Stagnation Point

A stagnation point is a point where the flow ceases to zero velocity. Laminar flow around the wing leads 
to stagnation of flow at both the edges. Depending on the circulation (Kutta condition) and the AoA, 
the stagnation point may drift along the surface of the wing. For circulation satisfying Kutta condition, 
the rear stagnation point positions at the trailing edge of the wing. At zero and lower circulation the rear 
stagnation point appears on the upper surface and near the trailing edge, while at higher circulation the 
rear stagnation point appears on the lower surface proximal to the trailing edge. As the AoA increase, 
the flow cease to turbulence at the trailing edge. Flow along the stream wise direction ceases and re-
verses at some point on the top surface, also referred to as the flow separation point. The viscous nature 
of the fluid tends to rolls off the fluid to form eddies in the boundary layer. If the eddies are small and 
confined to the surface, it will roll and reattach at a point close to the trailing edge (flow reattachment 
point). With increasing AoA the separation point traverses along the leading edge. The turbulence wake 
behind the wing does not favour the flight, rather contributes to drag. The drag increase significantly 
with increasing AoA where beyond critical AoA (where lift is maximum), any further increase in the 
AoA will abruptly reduce the lift force causing stall.

Aerodynamics of the Flapping Wing

Unsteady flow around the aerofoil is a problem of interest to aerospace engineers; especially when dealing 
of flapping wing for possible applications in micro air vehicle (MAV) as discussed in the next section. 
Had there been no flapping, the bird flight can be compared to an aeroplane with fixed wing. Following 
numerous studies, the scope of flight capabilities of an aerofoil with fixed wing (without flapping) would 
range from low speed to high speed as determined by the shape of the wing section; for example – a 

Figure 3. Comparison of aerofoil and bird wing kinematics (showing trace of the centre of gravity or 
CG of the cross-section of the aerofoil and wing) along the direction of propulsion and formation of 
vortices around the wing.
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low camber thin wing design offers low drag and high speed; a thick/ thin and deep camber generates 
higher lift forces at low speed; and a reflex trailing edge provides low lift and high drag offering greater 
stability by limiting CoP (centre of pressure) movement (Abbott 2012).

In previous section, the flow around the wing has considered for a fixed wing with inflow at a con-
stant speed of U m/s. If we assume no inflow in the flow domain (zero inflow) then the flow around 
the wing would be resulting from wing motion at U m/s (for e.g. albatross gliding). From ground frame 
of reference, it would appear as the bird travelling a speed of U m/s without flapping. However if wing 
movement were also considered along the vertical direction then the resulting flow will have an effect 
of flapping.

The flight of a bird is driven by the nature of flapping, which leads to the generation of forces and 
vortices that determine how the flow interacts with the wing and the flight trajectory. Over one cycle of 
the wing flap, the trajectory followed by the wing’s cross-section at the mid region and those near the 
tip are different. Trace of the wing close to the tip region has long amplitude with wide AoA while at 
the mid-span the trace has small amplitude with narrow range of AoA.

With stroke of a wing (downward direction), the fluid tend to move around the wings causing cir-
culation around the tips; vortex at the leading edge are referred to as the leading edge vortex (LEV). 
LEVs contribute to generation of a lift force to overcome the weight of the bird during unsteady flight. 
If by some means or by specific manoeuvre of the wing, the LEVs are allowed to stay attached on to the 
wing or delayed then the duration of lift force generation may be prolonged (Eldredge & Jones, 2019). 
If the LEVs detach then there is the sudden stall of the flight. The bird adopts rapid manoeuvres to take 
advantage of the peak lift forces generation above the critical AoA while ensuring attachment of the 
vortices to the surface. However, if the vortex shed prematurely before the end of the flapping cycle 
then there the no enhancement in lift. The condition of stall in flapping (dynamic stall) is observed well 
beyond the critical AoA of the fixed wing (Yu et al., 2017). Understand the dynamics of vortex forma-
tion during flapping would be very useful to explore the science of avian flight (Lin-Lin et al., 2016). It 
is still a subject of investigation as to how the vortices stay close to the wing for longer duration of time 
during complex wing motions (Nan & Crowther, 2017).

WING STRUCTURE

Avian wings vary in size and shape among the species. The wing serves to develop the lift and propulsive 
forces through various wing movements such as the upstroke and downstroke. The wingspan, generally 
measured as the wing area, is the critical factor determining aerodynamic forces. Spreadable feathers, 
intrinsic muscles and skeletal joints allow wing morphing (transient shape changes during flight). The 
circular area swept by the wings is given by 𝜋b2/4 where b is the wingspan, the perpendicular distance 
between the wingtips. The wing architecture is measured as wing loading (ratio of average body mass, 
M, to wing area, A) and wing aspect ratio (squared wingspan to area of the wing). The aspect ratio is 
given as b2/A and the wing loading is given as M/A. The bird wings can be distinguished in different 
forms based on the specific adaptation of the avian species. The elliptical wing is short, broad and have 
moderate wing loading and typifies birds like jays and woodpeckers. The broad soaring wings are typi-
cal of vultures and eagles and have a long and broad shape. High-speed wings have a higher aspect ratio 
and wing loading, which helps falcons and hummingbirds. The long soaring wings are confined to birds 
to oceanic soaring birds like albatrosses as they are long, pointed and slender with a high aspect ratio 
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and wing loading (Dhawan, 1991). The wings have lightweight structures with feathers that contribute 
to aerodynamic forces required for flight. 

A thorough study of skeletal component and muscular component in the wing structure is required to 
understand the actuation of flight. The avian wings have the usual arm structure of mammals and reptiles. 
The upper arm comprises the humerus and the lower arm is made up of the radius and the ulna which 
is connected to the carpometacarpals connected to the metacarpals, refer to illustration in figure 4. The 
digits are modified particularly for flight. The pectoral girdle consists of the scapula, the clavicle and the 
coracoid. The coracoid is the strongest bone of the pectoral girdle and moves ventrally and posteriorly 
to synchronise with the sternum. The coracoid length determines the distance between the sternum and 
shoulder joint. The pair of clavicles is fused to form the furcula. The shoulder joint connects the wings 
to the body through the proximal condyle of the humerus to the scapula and the coracoid. The prima-
ries are long flight feathers connected through connective tissue to the phalanges and metacarpal. The 
secondaries are the long flight feathers growing from the ulna. Both the primaries and secondaries are 
the profile of the wing. The feathers are connected by tendons along the upper side of the patagium. As 
shown in figure 4, feathers fill in the gaps between the primaries and the secondaries. The alula is the 
first digit in the birds’ wings which move freely. All these bones have specific composition for flight 
function ability. The cranial, femoral and humeral are densest and hence the bone stiffness and strength 
increases. The bones are thinner than other terrestrial animals and are hollow. The small relative volume 
of birds’ wings reduces the muscle size and energy requirement.

The distribution and size of muscles vary among the bird species. The flight muscles can be classified 
into three types: pectoral, accessory, and tensor. Pectoral muscles contract to allow for the upstroke and 
downstroke movement of the wing. Accessory muscles aid in elevating and depressing the wings during 
flight (Biewener, 2011). Tensor muscles keep the propatagium fully stretched for the wing extension 
during flight. The pectoralis major is the largest muscle of the wing with a triangular shape. The former 
covers the whole breast of the bird, taking up to 8-11% of the total body mass, and is known as “Breast 
muscle” (Cao & Jin, 2020). It attaches to the sternum and narrows to an attachment area on the humerus. 
The pectoralis minor lies on the dorsal side of the pectoralis major. The supracoracoideus muscle is the 
second in mass and powers the upstroke during flight and hovering. The former attaches broadly to the 
sternum and circuitously attaches to the humerus.

FROM MUSCULAR CONTRACTION TO KINEMATICS

Contraction of the skeletal muscles brings about the movement of the wing and defines as to how the 
wing traces its path in the three-dimensional space (wing kinematics). The pectorialis major is the primary 
pronator and depressor of the wing and they rotate the humerus around the shoulder joint of the wing. 
The pectoral muscles have an essential role of producing necessary mechanical force for downstrokes 
during flight and hovering. The pectoralis major is activated halfway during upstroke and therefore slows 
and reverses the upstroke. Activation of the muscle is actively the pectorialis minor helps birds in swift 
take off as well as controlling the upstroke and backstroke. The supracoracoideus muscle is the primary 
supinator and elevator of the wing and therefore contributes to crucial angular variations reducing 
counterproductive upstroke forces. The upstroke generates the aerodynamic lift. The supracoracoideus 
muscle plays a critical role in hummingbirds during hovering flight by generating 25% of the necessary 
vertical force providing significant aerodynamic power (Cheng et al., 2016). The supracoracoideus 

 EBSCOhost - printed on 2/11/2023 5:57 AM via . All use subject to https://www.ebsco.com/terms-of-use



233

Biomechanics of an Avian Flight
 

muscles stores elastic energy to reduce the required power output of flight muscles. The muscles at the 
upper surface of the wing membrane are connected to the feathers through tendon that extend the bunch 
of feathers as the elbow and metacarpals extend. The secondaries are curved downwards by the tendons 
to increase the twist angle. The torque acting at the primaries translates through the digits to the elbow, 
and the resultant torque produced for the motion of the secondaries translates from the humerus to the 
shoulder. This torque at these joints is generated by the contraction of muscles which direct the motion 
of different bones. Stretch and twist is generated by the wrist and elbow joint and flapping and swing-
ing is performed by the shoulder joint which form the “flapping–twist–swing” motion (Li et al., 2020).

FLIGHT CONTROL STRATEGIES

Understanding the control strategies involved in the manoeuvring of a successful flight gives an insight 
on how the avian species have adapted to such an advanced locomotion. In control sense, it is desirable 
to study the wingbeat kinematics so as to understand the variations for different tasks (Marey, 1980). 
Wingbeat mechanism varies among species as much as there are differences in walking styles of human 
beings. Scholars continue to understand and investigate the wingbeat mechanics of different species 
(Videler, 2006).

Wing and Tail Coordination

Understanding the joint kinematics for the upstroke and downstroke is essential. During upstroke, the axis 
rotation of the metacarpus bone leads the motion (refer to section 2 on wing structure). The wrist joint 

Figure 4. Musculoskeletal diagram of the bird of relevance to flight
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has major contribution to the vortex formation. Supination of the wrist joint occurs during downstroke 
and pronation occurs during upstroke causing the wingtip reversal. With the joint coordinate system, 
the net torque at the joint can be computed through inverse dynamics method. The level of extension 
and flexion varies for different species. The shape of the wings varies for different birds according to 
the constraint to flexion and extension at the radius and ulna. The shoulder joint supinates during up-
stroke at the same time pronation of metacarpus begins. The humerus remains heavily supinated for the 
transition between upstroke and downstroke. The shoulder joint is most responsible for the motion of 
the wing tip and the elbow joint causes most of the dorso-ventral motion of the wing. The wing joints 
mostly have the same motion however the timing, the torque and the excursion angles vary for different 
external wing kinematics.

The tail forms an essential part of bird’s flight. The tails also vary among the avian species not only 
for the purpose of sexual selection but also for suiting the aerodynamic requirements. After expanding its 
tail, the bird lowers it in the direction of the angle of attack during slow flight. While, it accelerates, the 
bird reduces the angle of the tail relative to airflow. For quicker motion, it furls the tail. Before landing, 
a bird increases the tail spread and raises it upwards. This gives a control moment to the body to keep 
it in the vertical position. Birds use their tails to maintain aerodynamic stability, control angle of attack 
of wings by balancing the moment, control turning, and produce the required lift during acceleration, 
slow flight, and turning (Thomas, 1997. Experimental studies have demonstrated the variations of the 
tail position of Harris hawk during glide in a tilting wind tunnel at different speeds (Tucker, 1992). As 
the wings flex and sweep during high speed, the tails furl in order to reduce the drag. Similarly, during 
slow flight, the wings are spread widely with the centre of gravity moved forward and hence the Harris 
hawk generates lift using the tail for balancing the moment. The lift generated by the tail depends on 
the acceleration and the downward movement of the airflow.

Landing and Take off

During take-off, the bird needs to increase its forward speed by a quick flapping motion to generate 
enough lift to overcome gravity. The wings must generate the required lift to balance weight and accel-
erate the forward motion with the speed still low. The wing spreads wide to adjust the flapping motion. 
Some birds jump to facilitate take-off and generate the lift quicker. They beat their wings at a high angle 
of attack and most of the acceleration is provided by downstroke lift. Parrotlets increase lift and drag 
during take-off to maximise the resultant force vector (Deetjen et al., 2017). They limit power required 
to fly short distances with effective take-off angles. Pigeons continue to accelerate after leaving the 
perch and their kinematic parameters rotate through larger angles during take-off. Their stroke plane is 
inclined steeply downward to accelerate the take-off (Berg & Biewener, 2010).

To land, the bird must reduce its speed, reduce the lift and gradually come to a stop. The bird tilts 
backwards, raising its angle of attack and increasing the drag to slow the flight. The large angle of attack 
disrupts the airflow on the wings creating turbulent eddies that cause stalling. However, the bird still 
needs some lift and activates the alula, located on the edge of the wing near the wrist joint. Activating 
the alula elevates it and creates space between the wing and the quills (Dvořák, 2016). The speed before 
the touchdown is too high and the bird tilts back more with nearly vertical wings beating forward to 
apply the brakes for the landing. The landing varies among species and depends mostly on body mass, 
shape and wing size.
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Forward Flapping Flight and Intermittent Flight

Flapping flight is considered the “power-on” flight since energy is continuously supplied to flap the 
wings and generate adequate lift and thrust forces. The main aim is to propel the body and overcome 
gravity. Here, the birds vary the stroke plane angle (𝜃) and pronation angle of the wing (𝛼) to change
the direction of the forces accordingly. The pronation angle is the angle of rotation of the wing with 
respect to the axis of the body. The bird adducts its wings during upstroke especially during slow flight 
as there is no necessary lift production. Most definitive data of power consumed during forward flap-
ping are obtained from the kinematic study of birds flying through wind tunnels. In these studies, the 
upstroke and downstroke kinematics are monitored and the kinematic variables are observed including 
body stroke angle, wingbeat frequency, body angle and wrist path. There are considerable differences 
of wingtip path and wrist path among species. In pigeons, the wingtips show a “figure of eight” pattern 
at 6 ms-1 to 8 ms-1 and an elliptical pattern at 10 ms-1 to 20 ms-1, whereas in magpies, the wingtip shows 
an elliptical path throughout (Tobalske and Dial, 1996).

Energy can be saved during flapping flights by intermittent flight by reducing the wingbeat frequency. 
Flap bounding birds perform rhythmic flight with an up and down sinusoidal path. Birds flap their wings 
during low tracks, increase their speed, and then fold their wings close to the body while accelerating 
along the upper path. Drag is reduced with their wings folded, and this is advantageous during quick 
flight as drag force is proportional to velocity squared. The power required can be reduced by 35% for 
chaffinch this way (Rayner et al., 2001). Tobalske (2007) monitored the behaviour of flap bounding 
flight for six different avian species by varying their body mass by a factor of 10 (Tobalske, 1996). The 
flapping frequency was highly variable during the flight. At higher speeds, the stroke plane angles and 
tail spread decreased. With high speed, the birds flap glide and they reduced the percentage of flap 
bounds. Pigeons folded their wings closer to their body during glides at higher speed.

Gliding and Soaring

Gliding can be analysed as a horizontal powered flight occurring in still air, rising air and slope cur-
rent. The power is supplied by gravity and the body moving in a straight line inclined downwards with 
outstretched wings. During gliding, the bird’s weight overcome the air resistance in the forward motion; 
therefore, large birds can glide effectively regularly. The bird gliding at an angle with respect to the hori-
zontal loses height at a specific rate known as the ‘sinking speed’. The weight can be resolved into two 
components here to form the drag and lift equation. For a steady glide, the total drag is equal to Wsin𝛼
and the lift is equal to Wcos𝛼. The ability of a bird to glide effectively at high speed for long distances
with a minimum sinking speed and the aerodynamic conditions under which the bird sustains itself in 
the air for the longest duration have been studied with interest for biomimetic purpose. 

During soaring, the bird increases or maintains the altitude of flight without any relative wing flap-
ping. It does so by taking advantage of rising air (updrafts), the upward velocity component maintains 
the flight height. These updrafts are called thermals, which occur when airstream hits the cliffs, build-
ing or hills caused by uneven heating of air near the earth’s surface. Warmer air is less dense and rises, 
but cools down at high altitudes and sink. Birds use these thermals to fly in circular motion. Argentavis 
magnificiens was one of the world’s most giant known flying birds from 6 million years ago and weighed 
approximately 70 kg with a wingspan of 7m. The former used mainly slope soaring in the windward 
slopes of the Andes, Argentina, and mainly depended on thermals for its flight to hunt (Chatterjee et 
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al., 2007). Albatrosses take advantage of the velocity gradients for dynamic soaring, which is a complex 
fight maneuver in which the bird uses energy from the horizontal component of the airstream enabling 
the bird to fly continuously without flapping (Sachs, 2005).

Hovering Mechanism

Hovering flight requires more power than other flight motions. A higher lift requirement for the hover-
ing flight is accomplished by increasing the frequency of wing beating and increasing the horizontal 
area swept by the wings. Hovering at one spot is quite common for kestrels and others, but opposing the 
wind motion is difficult as well. Hummingbirds do change their positions sideways or backward while 
hovering for juice suction. During hovering, the resultant lift is vertical and equals to the body weight. 
In hummingbirds, the movement of the wings is almost sinusoidal with respect to angular displacement 
(Weis-Fogh et al., 1972). In free-flying hummingbirds, the lift production is asymmetric as the downstroke 
produces 75% of the weight support (Nan et al., 2019). Hummingbirds achieve their aerobatic beats with 
a fully extended wing. Wing inversion occurs during the transition from the upstroke and downstroke of 
hummingbirds’ wings which is directed by the motion of the shoulder joint.

The power equation that has been provided in section 3.2 cannot be applied for hovering as V is 
zero. The power is calculated through the vertical momentum change that supports the weight (Dhawan, 
1991). Here we assume uniform induced speed and minimal friction drag experienced by the flapping 
wings and the body. The induced velocity, ut is obtained from the change in momentum in the vertical 
direction supporting the weight, W, and is given by
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The power required for hovering is then given by

Ph = Wui. (9)

The ratio of the power required for hovering to the power required for horizontal flight increases with 
the size of the birds and therefore smaller birds can effectively hover.

Turning Flight

As a bird moves in a circular motion, its wings are banked in the direction of the center of the circle and 
the body experiences a centripetal force. Turning flight is essential to understand to know how birds 
are able to change the direction of flight. The birds’ wings are widespread during turning flight, and 
the primary feathers’ tips extend wide. The bird has to generate more lift on one wing than the other to 
control the roll angle and adjust the wingtip. Then to control the pitch angle, the bird changes its direction 
of attack. To go up, the bird body makes an upward angle relative to the airstream and to go down, the 
bird makes a downward angle. To control yaw angle, the birds twist the wingtips in the desired direction.
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Stooping

Stooping is a high-speed attack dive. Eagles often use the stooping technique to catch their prey. After 
identifying their target prey, the bird dives straight down by folding its wings to reduce drag and acceler-
ate the flight to increase the attack force. The peregrine falcon is known to have one of the fastest speeds 
while stooping. It generates higher acceleration at the end of its attack and has a very steep descent angle. 
The falcons’ stoops from high altitude have a higher catch success than low stoops since high stoops 
give them better control. High altitude stoops have a higher velocity and generate higher aerodynamic 
forces (Mills et al., 2018).

NEURAL CONTROL OF FLIGHT MANOEUVRES

The wingbeat kinematics results from the coordination between the sensory and neuromuscular system 
as shown in figure 5. The nervous system controls this coordination. In section 6, we have understood 
how the bird navigates as a pilot and the different kinematic executions. The nervous system is respon-
sible for executing these actions. The motor control system is a complex organization of the sensors of 
the bird body, the nervous system, the motor output, and the actuators. The different sensory systems 
provide the necessary and relevant nervous input on different temporal scales resulting in an organized 
behavioral control (Altshuler et al., 2015).

The somatosensory system detects the mechanical forces acting within the or on the bird’s body by a 
rapid technique called mechanosensation which allows fast responses to invisible stimuli. This explains 
the rapid maneuvering of flight. The somatosensory system can be categorized into the trigeminal sys-
tem (supplied to the beak) and the spinal system (supplied to the body surface, wings and legs). The 
system includes cutaneous receptors which are specialized to activation through mechanical, thermal 
or noxious stimuli. Pressure variations of a wider range of frequencies occur due to the low viscosity 

Figure 5. A system’s viewpoint of a bird flight from the kinematics of wing motion to generation of aero-
dynamic forces through use of the sensory and neuromuscular system for feedback regulation of the flight.
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of air may have caused physiological specialisations in avian somatosensation. Mechanosensors are 
situated under feather follicles and any force experienced by all body feathers triggers a force feedback 
system (Saxod, 1996). The translation of these forces to the monitoring of the forces at the wings is 
still unknown. Mechanosensory system reduces the reaction time if uncoupled with the visual system. 
Flight stabilization may result from a reflex loop, the complex circuitry from vision to detection and 
then to the motor control. Birds are one of the most visually dependent species. The acuity of many birds 
surpasses that of other living beings especially those for birds of prey and quick flight (Draper, 1966). 
The size of the birds’ eyes advocates for their importance as they are the largest relative to the body size 
of other species. The incoming light passes the lens, the vitreous chamber and then to the retina which 
absorbs the incoming light for sensing and then integrates information in it which is sent to the brain. 
The retinas in avian species have double cones which are responsible for processing achromatic motion 
and luminance cues and color information is integrated by four different classes of single cones (Hunt 
et al., 2009). The density of the receptor cells in the bird’s eye retina allows them to see in dim light. 
Birds can track a moving object easily due to their double fovea. Polarized light for dim light at sunrise 
and sunset helps the birds navigate and hence sensitive light polarization is one of the key features for 
maneuvering flight (Muheim, 2011).

The vestibular system relays sensory information on the head movement to the brain and it contributes 
to stabilizing the head during flight. The vestibular stimuli determine flight coordination extensively 
and are responsible for the variations in flight style and abilities (Walsh et al., 2013). For proper image 
stabilization in the high-speed motion, the movement of the eyes should be in a definite range. The visual 
and vestibular signals drive the head stabilization reflexes for these specific actions Birds have to keep 
their heads fixed relative to the horizontal despite variations in the body axis rotation to develop stable 
platform for visualization. When collars restricting the neck from executing any angular motion were put 
on pigeons, they could not control the flight as they were unable to maintain a fixed head position with 
respect to the horizontal (Warrick et al., 2002). The eye motion triggered by the vestibular system for 
adjustments is called the vestibulo-ocular (VOR) reflex (Wallman et al., 1982) and the vestibulocollic 
(VCR) reflex triggers the head position adjustments (Goldberg & Cullen, 2011). The VOR makes inad-
equate adjustments for instability in the fixed head position, compensating when the VCR is activated 
to contribute in the fixed head position (Haque & Dickman, 2005). Vestibular reflexes stabilize gaze 
and aid in posture control and stabilizing head, tail, and body positions relative to the direction of flight.

BIOMIMETICS: FROM BIOMECHANICS OF AVIAN 
FLIGHT TO BIOINSPIRED DESIGN

Biomimetics is the combination of biology and technology where newer discoveries are inspired from 
nature. By biomimetic design of a micro air vehicle or MAV, we refer to the mimicking all the kinds of 
maneuvers the bird would exhibit. Designs by nature are more efficient e.g., the albatross with hinged 
wing tips is efficient in countering the effects of gusts and turbulence. By biomimicry, the nature’s 
untold mysteries of flight can now be fused with technology artificial birds in application perspective.

Mechanical Hummingbird Project or MHP is one such design. To mimic the Hummingbird motion 
a single actuator system is utilized to perform flapping about biaxial direction by employing cam based 
system using a four-bar mechanism (McIntosh et al., 2006). The structure comprises of motors, gear 
wheels, connecting rods, follower and guide, springs, wing carriers and wing spars. The wing carrier 
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attaches with the wing spar and body of the mechanical Hummingbird by a pin. There are three direc-
tions of movement to enable movement about the pin joint, feathering axis and addition motion involving 
deflection. The flapping motion is executed by the four-bar arrangement using motor, two gear wheels 
and wing carrier. The right gear is driven directly by the motor but the left gear indirectly by an idler 
gear. The gear wheels move the connecting rods which in turn move the wing carriers and wing spar 
causing flapping of the wings. The cam system drives the feathering motion. Torsion spring connects 
wing spar and wing carrier at its two ends. The torsion spring undergoes compression during wing spar 
motion generating moment about the wing spar axis. Bending spring is used to allow slight misalignment 
while transfer of torque from follower to wing spar. Designs were made to provide the liberty drive vari-
ous kinds of movement. The sequence of motion is described, the follower rotates about its’ feathering 
axis thus promoting rotation of the wing, after this, the follower slides along the back side of the guide 
during its downward motion. During this process, the torsion spring remaining compressed supplies 
the required moment and the bending spring prevents the follower getting separated during the sliding 
motion. As the follower reaches the bottom of the guide the wing takes into fully pronated form. Next, 
the follower from the bottom edge moves to the guide’s top edge, sliding across its front side. Since no 
flange is present in the follower’s back side, the wings remain in previous pronated form only.

The project’s inspiration (MHP) was to explore the possibility of hovering with a single actuator. 
Experiments were performed on the mechanical Hummingbird to measure forces developed during up-
stroke and downstroke at various flap rates. To facilitate flight control, authors collected the data using 
dSPACE data acquisition board and processed using MATLAB. A force-torque sensor was used to regulate 
the linear and rotational motions of the MAV. Forces were measure in the Cartesian coordinate system 
for the six complete flap cycles. Two peaks were observed in both upstroke and downstroke motions in 
the force vs. time plot. The first negative peak occurred before upstroke due to rotational forces caused 
by the wing’s feathering motion and the second one during its translational motion. The positive peaks 
were observed at first when the MHP feathers were prior to downstroke and second as the wing translate 
during downstroke. Lift force vs. flapping Rate plot showed that the experimental results obtained are 
higher than the prescribed theoretical model.

Besides mere replication of the wing kinematics, new concepts in biomimicry such as the “morph-
ing” has also evolved to address various flight challenges. Developing specific mission designed MAVs 
is a challenge. It would be more economical to construct a MAV that can adapt via morphing for better 
performances such as during take-off, hover, and cruise (Li et al., 2018). Morphing, besides allowing 
for folding and unfolding of the wings, deformation ability also improves the flight performance. The 
lift forces generated on both the wings can be vectorially resolved into lateral and vertical components. 
Though the vertical components cancel out due to gravity, the lateral components generate a torque on 
the MAV which causes the MAV to roll. During steady flow, the rolling torque can be controlled by 
autopilots. But, when the MAV launches its wings from folded state quickly, the autopilots become inef-
fective. Constructing both the wings on same horizontal plane can solve this challenge (Zheng, 2019). 
MAV can be designed by keeping both the wings on same horizontal plane by proper synchronization 
of wing position and change of sweep angle. Such a design can be developed using an axle, two wing 
brackets and two racks; where, the two wing brackets and two wings are joined with each other through 
bolts. These two wings are bolted with a mount which is spring or motor driven. The spring performs 
wing positioning so that both wings are on same axis, while motor adjusts the sweeping angle.
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CONCLUSION

Understanding flight mechanism provides an immense opportunity to mimic the physics of avian flight 
and design a bio-inspired model for possible application in navigation. From wing structure to kine-
matics to aerodynamics, we can appreciate the level of technicality that goes into the design of a bio-
inspired model of a bird. Understanding the concept of bionic aerodynamics presents new challenges 
to developing new autonomous and efficient air vehicles. This chapter provides a deep insight on the 
aerodynamic changes during bird flight and the effective flight manoeuvre for different species. The use 
of computational methods is useful to address the issues due to structural design and maneuverability. 
While the biomimicry of the bird kinematics imitates the range of movement observable in a bird during 
the take-off, on-flight and landing, controllability (level of sophistication required to perform a specific 
manoeuvre) equally plays a key role in actuating the mechanical bird to follow through the specific 
manoeuvre. We have a vague idea of the functioning of the important flight muscles. Hence, there is a 
need of effective simulation models to investigate muscle functions and the interactions between bones, 
feathers, and muscles to accomplish bird flight. The understanding of flapping flight is still inadequate. 
Potential exploration of the complex interactions between the skeletal system, sensory system, and 
neural flight control would pave for further understanding of the mechanics involved in the avian flight
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ABSTRACT

This study deals with estimating the trajectory of COVID-19 coronavirus adhering to horizontally pro-
jected respiratory droplets, considering the geographic altitude. The size of the viruses and respiratory 
droplets are the factors that determine the trajectory of the microparticles in a viscous medium such 
as air. For this purpose, a graphic comparison of the diameters and masses of the microparticles that 
are produced in respiratory activity has been made. The estimation of the vertical movement of the 
microparticles through the air is based on Stokes’ law, and it was determined that respiratory droplets 
smaller than 10μm in diameter have very small terminal velocities; in practice, they are floating for brief 
seconds before evaporating in the air. Regarding the horizontal displacement of respiratory droplets, 
frames from Beggs determine its scope.

INTRODUCTION

Physics allows us to make an important approximation of the dynamics of microparticles, such as the 
COVID-19 coronaviruses, whose average diameter is 0.1 μm or 100 nm (Beggs, 2020). Droplets result-
ing from speech with diameters between 3.5 to 5 μm (Abuhegazy et al., 2020), an intermediate-range 
is respiratory droplets with diameters between 5 to 10 μm (Diwan et al., 2020), and Flügge droplets 
with diameters equal to or greater than 100 μm. CO2, O, N, and water vapor are emitted; in sneezing or 
coughing, microparticles of water of different diameters are emitted. Transmission by COVID-19 is due 
in part to the fact that these viruses adhere to respiratory droplets of 5 -10 μm that result from respiratory 
activity (Feng et al., 2020), there are also Flügge droplets with diameters equal to or greater than 100 
μm, with a higher viral load. The difference in diameters between a coronavirus and a respiratory droplet 
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is around 50 to 100 times; that is, the virus is much smaller in size and mass than a respiratory droplet. 
Therefore, the virus cannot be considered “heavy” concerning means of transport which are respiratory 
droplets; In the case of making a comparison between the new coronavirus concerning other viruses of 
the same family, it can be observed that their masses do not differ substantially, this difference in masses 
and diameters does not influence their displacement concerning distances around 1 m.

As part of the methodology, a graphic comparison of the different microparticles produced in exhala-
tion and the sneeze or cough of a person with respiratory symptoms has been initially made. Stokes’s law 
has been used, assuming that air is a viscous fluid with a laminar regime of low Reynolds number, this 
case is close to an isolated environment in which there is no ventilation or movement of people; if micro 
air flows are considered due to variations in pressure, temperatures and the movement of people; the 
analysis is complex due to stochastic variables that are framed in non-linear dynamics. Air, in principle, 
is a homogeneous medium where physicochemical processes take place; in this viscous medium, there 
are mass and heat transport mechanisms, as a particular case the transport or displacement of respiratory 
droplets from one point to another, the other components of respiratory activity are aerosols that are 
vehicles for airborne virus transmission due to their diameter that is 35 to 50 times greater than that of 
a COVID-19 coronavirus. A 10-micron respiratory droplet that falls into the air experiences the viscos-
ity of the medium in such a way that its terminal velocity would be approximately 3mm-1; that is, it is 
floating from the perspective of an observer at rest. According to the WHO, these respiratory droplets 
can be transferred between people when they are in close contact (within 1 m) with other people with 
respiratory symptoms (Fauci et al., 2020). It has been indicated that the virus is “heavy.” However, the 
results obtained in the estimation show the opposite; its size and mass do not influence the kinematics 
of the respiratory droplets they adhere to; they do not describe parabolas in the air because the viscosity 
restricts its movement (Stokes Law). The experimental frames of the research carried out by Scharfman 
(Scharfman et al., 2016) have made it possible to estimate the movement of respiratory droplets.

METHODS AND MATERIALS

The procedure consisted in graphically visualizing the sizes and diameters of the different particles that 
are produced in the exhalation, sneeze, or cough of a person with respiratory symptoms; a calculation of 
the masses of the microparticles understudy has been carried out; This procedure has made it possible 
to different sizes and masses of the 0.1 μm diameter coronaviruses and the transport media: droplets 
resulting from the speech of 3.5 to 5 μm from respiratory droplets of 5 to 10 μm and a 100 μm de Flügge 
drop diameter. As demonstrated in the present study, the movement of a 0.1 µm virus is not equal to a 
100 µm drop in a viscous medium.

The objective has been to estimate the trajectory of COVID-19 coronavirus adhered to respiratory 
droplets and projected horizontally, considering the geographical altitude. To achieve this purpose, 
the laws of Newtonian dynamics have been used (Liu et al., 2021), Stokes’ law (Lotfi et al.,2020), and 
Scharfman’s experimental frames. The analysis of the movement in two dimensions XY has been car-
ried out; in each axis, the equations of the movement and their respective solutions have been obtained. 
Subsequently, the respective constants have been determined. The equations describe the movement 
of the respiratory droplets considering the immobility of the air and its viscosity, assuming a laminar 
regime of low Reynolds number. The graphs of the kinematic equations for the cases studied to describe 
the estimation of motion.
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To estimate the dynamics of the microparticles at a different geographical point at sea level, the 
viscosity value at altitude is required, which varies because the amount of mass per unit volume is 
less concerning sea level, for; for this purpose, a calculator called the 1976 Standard Atmosphere Cal-
culator - Digital Dutch has been used, in this computer program only the altitude of the place and the 
temperature are entered, as a reference an altitude of 3000 meters above sea level has been chosen and 
a temperature of 20 oC; the cities or towns on Earth are between 0 and 5000 m.a.s.l., hence the chosen 
altitude is representative(Le et al., 2020).

ESTIMATION OF VERTICAL MOVEMENT

A vertically descending spherical particle is exposed to three forces: the viscous force of air (Fv), the 
thrust force (E), and the weight of the particle (w). Stokes’s law allows measuring the friction force 
experienced by a small spherical particle in a viscous fluid and a laminar regime (Mutuku et al., 2020).

The equation of motion in the y-axis (vertical direction) is given by Newton’s Second Law, consid-
ering the thrust and the viscous force in the positive vertical direction and the weight of the particle 
(respiratory droplet, COVID-19 coronavirus) in the opposite direction from above:

m d y
dt

d g dv mgy

2

2

31

6
3� � �� � ��'  (1)

Figure 1. Forces acting on a particle in a viscous fluid
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The terminal velocity of respiratory droplets and COVID-19 coronavirus in the air occurs when the 
microparticles achieve an invariable rate of descent, then the acceleration in the y-axis is zero(Mittal& 
Seo, 2020):

v d g tt � �
1

18

2

�
� �( ')  (2)

The vertical (down) offset is:

y d g t� �
1

18

2

�
� �( ')  (3)

RESULTS AND DISCUSSION

Mass and Diameters

The movement of bodies is a physical phenomenon in principle, which can be measured from general 
movement laws; however, the size factor influences its movement. Classical mechanics allows evaluating 
the movement of bodies or particles in certain ranges of lengths or sizes and cannot be applied at the 
quantum or atomic level in the same way, even in the range - around the micrometer - that the analysis 
of the movement of the droplets of respiratory activity, geometric magnitudes must be considered; the 
nano and micrometric size influence the movement of the particles in a viscous medium such as air, for 
this reason, the diameter of the different particles resulting from respiratory activity has been graphi-
cally compared. In the graph made, the diameter of the particles and the differences in each case are 
considered; Regarding the mass, a table has been prepared considering their diameters and densities 
for each particle. The following scale graph shows the difference in diameters between the COVID-19 
coronavirus (Ndaïrou et al., 2020), the droplets resulting from speech (Nouri et al., 2021), the respiratory 
droplets (Peng et al., 2020), and the Flügge drop.

When measuring the thickness of a standard sheet of paper with a micrometer, we will see that it 
is approximately equal to 0.1 mm or 100 μm, that is, the largest drop seen in figure 2 is equal to the 
thickness of a standard sheet of paper, we give an idea of   the magnitude ranges of the microdroplets; 
a drop of Flügge can be perceived by a human being depending on age and visual capacity. Therefore, 
respiratory droplets of 5 or 10 μm could not be visualized individually but jointly. Below is a table that 
allows distinguishing the masses of different particles: coronavirus COVID-19, droplet resulting from 
speech, respiratory droplets, and Flügge drop:

The diameter ratio is different from the mass ratio, in the case of a COVID-19 coronavirus and a 
respiratory droplet, the diameter ratio is:

d
dvirus
droplet = 50  (4)
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Comparing their masses:

m
m

V
V

d
dvirus

aqua droplet

virus virus virus

droplet droplet� � �
�
�

3

3
1125000  (5)

The mass of a respiratory droplet of 5 μm in diameter is approximately 1.25x105 times greater (125,000 
times) the mass of a COVID-19 coronavirus 0.1 μm in diameter, this comparison allows us to affirm that 
a virus or several that have this diameter that adheres to the surface of a respiratory droplet of 5 or 10 
μm in diameter, they would not influence the total mass (respiratory droplet and virus). From this, we 
can conclude that the COVID-19 coronavirus “is not heavy” concerning droplets resulting from speech 
(aerosol range) or respiratory droplets or Flügge droplets. It could be considered slightly heavier than 

Figure 2. Graphical comparison of the diameters of a COVID-19 coronavirus, droplet resulting from 
speech, respiratory droplets, and a Flügge droplet

Table 1. Masses of particles product of the respiratory activity of a human being

Particle Mean particle diameter (μm) Density (gk/m3) Mass (kg)

COVID-19 0.1 ≈10e+3 5.24e-19

Droplet resulting from speech 3.5-5 10e+3 22.45e-15-65.45e-15

Respiratory droplet 5 10e+3 65.45e-15

Respiratory droplet 10 10e+3 5.23e-13

Flügge drop 100 10e+3 5.23e-10
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other or similar viruses, but it would not influence the terminal velocity of the transport droplet; Due to 
the thermodynamic conditions of the air, a 10 μm water droplet can evaporate at a distance of 2.1 cm in 
fall (Shao et al.,2021), this distance traveled in the fall corresponds to 7 seconds on average, agrees With 
our daily observation when a film of water is on any surface, it evaporates in a few seconds.

Estimation of the Range, Speed, and Acceleration

A horizontally projected respiratory droplet movement has been assumed, considering air resistance and 
without random microflows. The resultant force experienced by the microdroplet is four, assuming that 
the air is immobile and that in the vertical direction, they achieve terminal velocity:

The respective equations in the XY plane are:

m d x
dt

fx
2

2 � �  (6)

m d y
dt

E F wvisc

2

2 � � �  (7)

On the x-axis, the differential equation of motion is:

d x
dt

f
m
x

2

2 �
�

 (8)

Figure 3. This figure shows the forces that act on the dynamics of a microdroplet of water
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The friction force fx is proportional to the speed of the object in the x-direction: fx=kvx (Setti et al., 
2021), where k is a constant, then:

d x
dt

k
m
vx

2

2 � �  (9)

For analysis, we have a new constant: a=k/m, then:

d x
dt

vx
2

2 � ��  (10)

From here, we have the three kinematic variables:

x v e t� � �0
1

�
�

[ ]  (11)

v v ex
t� �

0
�  (12)

� � �
x

tv e� � �
0  (13)

Where vo is the initial velocity in the x-direction, α is the attenuation constant of the medium related 
to the viscosity and the mass of the microparticle in motion; knowing the initial velocity, the constant 
α can be determined. From the Scharfman frames (Shafaghi et al., 2020), the initial velocity has been 
estimated considering the frame where a distance of 0.03 m is observed and the time of 0.005 s, hence 
the initial velocity is vo = 6 ms-1; substituting these values   in equation (11) and through an iterative 
process the value of α = 3.5 is obtained. The equations are now:

x e t� � �6 0

3 5
1

3 5.

.
[ ]

.  (14)

v ex
t� �

6 0
3 5

.
.  (15)

� x
te� � �

21
3 5.  (16)

Extrapolating for 2 seconds after the expulsion of the respiratory droplets and applying equations 
(14), (15), and (16), the following graphs are obtained:

The displacement does not change substantially in the range of 1 to 2 s; velocity and acceleration 
decrease exponentially;they tend to zero in the interval of 1 and 2 s.
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Figure 4. The displacement, velocity, and horizontal acceleration in (a), (b), and (c) respectively vary 
exponentially in the interval of 0 and 0.150 s (Velavan& Meyer, 2020)
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Figure 5. (a) The displacement of the respiratory droplet reaches 1.66 m in 1 s, (b) the velocity and ac-
celeration decrease exponentially concerning time, (c) Respiratory droplet acceleration, extrapolation 
for 2 s
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Estimation of the Range, Speed, and Acceleration

In a geographic location at 0 m.a.s.l .; the value of the average acceleration of gravity is g=9.80m/s2, the 
viscosity of air for a temperature of 20oC (at 1 atm pressure) is η=1.83x105N.s/m2 (Velavan & Meyer,2020), 
the density of water ρ=103kg/m3 and the air is ρ’=1.20kg/m3, on the other hand, the approximate density 
of a COVID-19 coronavirus is 1 g/cm3 (Zuo et al., 2020), obtained through an indirect analysis.

The terminal velocity tends to be zero; that is, it could be suspended in the air if it is free of contact 
with other microparticles; the resulting droplets of speech have very low terminal velocities, for example, 
0.7 mms-1, their descent could not be visually distinguished. The 10 μm respiratory droplet has a terminal 
velocity of 2.97 mms-1, approximately 3 millimeters per second, descending very slowly. Assuming the 
adherence of a COVID-19 coronavirus in respiratory droplets, the terminal velocity will not change in 
practice; therefore, the buoyancy of respiratory droplets in air predominates. The only masses that fall 
to the ground are the Flügge droplets with diameters greater than or equal to 100 μm. The rate of falling 
of water droplets and a COVID-19 coronavirus at an altitude of 3000 m.a.s.l. has been estimated. At an 
atmospheric pressure of 70108 Pa and a temperature of 20oC, the atmospheric density at this height is 
ρ’=0.85kg/m3, the viscosity of air is η=1.81x105N.s/m2 (1976 Standard Atmosphere Calculator - Digital 
Dutch).

The terminal velocities obtained at an altitude of 3000 m.a.s.l. are approximately equal to the speeds 
found at sea level; these results are due to the viscosity of the air in both places do not differ substantially.

Table 2. The estimate of the terminal velocity of a coronavirus, a droplet resulting from speech, respira-
tory droplets, and a Flügge drop in the air at 0 m.a.s.l. is shown

Particle Mean particle diameter (μm) Density (gk/m3) Terminal velocity (m/s)

COVID-19 0.1 ≈ 10e+3 2.97e-7

Droplet resulting from speech 3.5-5 10e+3 9.10e-5 – 7.43e-4

Respiratory droplet 5 10e+3 7.43e-4

Respiratory droplet 10 10e+3 2.97e-3

Flügge drop 100 10e+3 1.19

Table 3. The terminal velocities depend on the diameter or size of the microdroplets of water, in the same 
way, the terminal velocity of a virus that would correspond to the aerosol range

Particle Mean particle diameter (μm) Density (gk/m3) Terminal velocity (m/s)

COVID-19 0.1 ≈ 10e+3 3e-7

Droplet resulting from speech 3.5-5 10e+3 9.20e-5–7.51e-4

Respiratory droplet 5 10e+3 7.51e-4

Respiratory droplet 10 10e+3 3.01e-3

Flügge drop 100 10e+3 1.20
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Path of a Respiratory Droplet in the XY Plane

With the results previously obtained regarding the kinematic variables in the x-axes, and a new table has 
been completed as a function of time: x (t), y (t); in this way, it has been possible to obtain the graphs of 
y (x) for 2 and 5 s. The trajectory of a respiratory droplet in an interval of 2 s is practically a horizontal 
line as seen in figure 6, the range is 1.71 m in 2 s, at this instant, its speed and acceleration are approxi-
mately zero, the respiratory droplet would be immobile and floating, the viscosity would prevent it from 
moving even with constant speed, that is, the particle would be at rest for the assumed conditions. If 5 
seconds is considered, the respiratory droplet will remain floating without the possibility of advancing 
in the x-direction; this coincides with our daily perception; that is, the exhaled air does not travel more 
than 1.71 m of continuously.

The following graph shows the trajectory of the respiratory droplet of 5 μm, which describes a poly-
nomial curve in a vertical length of 1.5 mm and in a horizontal distance of 1.71 m for a time of 2. If 
observed from a few meters away, the trajectory can be observed as a line in the ranges described above.

Figure 6. (a) Path of a respiratory droplet in the XY plane, the scale on the y axis is only millimeters; 
(b) the trajectory is a line if viewed at normal scale
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Using the equations of motion for the displacement in the XY plane, we have the graph that allows us 
to see the trajectories of a 5 μm respiratory droplet (blue color) and a 100 μm Flügge drop (red color) for 
5 seconds; It can be seen that the trajectory of a respiratory droplet is a line segment and remains float-
ing, while the Flügge drop describes a polynomial curve, the drop hits the Earth’s surface in 5 seconds.

If we consider air flows from 2 s, these flows would contribute to the spread of respiratory droplets 
and aerosols to an even greater distance than 1.71 m and allow them to reach different heights.

CONCLUSION

Respiratory droplets of 5-10 μm have been determined to float in the air in the vicinity of a person with 
respiratory symptoms, the cough or sneeze of a human being would lead to these droplets reaching 
1.65 m distance in 1 s slowing down rapidly to reach 1.71m in 2 seconds; for 5 seconds, the respiratory 
droplets of 5 -10 μm would be found floating due to their terminal velocity that is between 7.43x10-4ms-1 
to 2.97x10-3 ms-1, this range of speeds is too small to be detected by the human being. By action of the 
thermodynamic conditions of the air, these microdroplets evaporate around 7 seconds. The terminal 
droplet velocity resulting from the speech of 3.5 μm in diameter (aerosol) is still much lower, 9.10x10-5 
ms-1; these droplets can also carry COVID-19 coronavirus. The only drops of water that fall about 1.71 
m away from the patient with respiratory symptoms due to COVID-19 are the drops of Flügge that 
manage to reach the ground or another object in the surrounding environment; therefore, a COVID-19 
can displace in the air adhering to respiratory droplets in the environment of the person with respiratory 
symptoms. Geographic altitude minimally influences the movement of respiratory droplets.

Figure 7. The trajectory in the XY plane of a respiratory droplet (blue color curve) and a Flügge droplet 
(red color), the size factor determines the trajectory in each case
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KEY TERMS AND DEFINITIONS

Antibody Tests: The body responds to viral infection by producing antibodies that help neutralize 
the virus. Blood tests (also called serology tests or serology immunoassays) can detect the presence of 
such antibodies.[65] Antibody tests can be used to assess what fraction of a population has once been 
infected, which can then be used to calculate the disease’s mortality rate. They can also be used to de-
termine how much antibody is contained in a unit of convalescent plasma for COVID-19 treatment or 
to verify if a given vaccine generates an adequate immune response.

Antigen Tests: An antigen is the part of a pathogen that elicits an immune response. Antigen tests 
look for antigen proteins from the viral surface. In the case of a coronavirus, these are usually proteins 
from the surface spikes. SARS-CoV-2 antigens can be detected before the onset of COVID-19 symptoms 
(as soon as SARS-CoV-2 virus particles) with more rapid test results but with less sensitivity than PCR 
tests for the virus.

COVID-19 Vaccines: A COVID-19 vaccine is a vaccine intended to provide acquired immunity 
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus that causes corona-
virus disease 2019 (COVID-19). Before the COVID-19 pandemic, an established body of knowledge 
existed about the structure and function of coronaviruses causing diseases like severe acute respiratory 
syndrome (SARS) and the Middle East respiratory syndrome (MERS). This knowledge accelerated the 
development of various vaccine technologies in early 2020. On 10 January 2020, the SARS-CoV-2 ge-
netic sequence data was shared through GISAID, and by 19 March, the global pharmaceutical industry 
announced a major commitment to addressing COVID-19. The COVID-19 vaccines are widely credited 
for their role in reducing the spread, severity, and death caused by COVID-19.

Imaging Test: Typical visible features on CT initially include bilateral multilobar ground-glass 
opacities with a peripheral or posterior distribution. COVID-19 can be identified with higher precision 
using CT than with RT-PCR. Subpleural dominance, crazy paving, and consolidation may develop as 
the disease evolves. Chest CT scans and chest x-rays are not recommended for diagnosing COVID-19. 
Radiologic findings in COVID-19 lack specificity.

Personal Protective Equipment(PPE): Personal protective equipment is protective clothing, or 
as sometimes called EPI are helmets, goggles, or other garments or equipment designed to protect the 
wearer’s body from injury or infection. The hazards addressed by protective equipment include physical, 
electrical, heat, chemicals, biohazards, and airborne particulate matter.

Polymerase Chain Reaction (PCR): Polymerase chain reaction (PCR) is a process that amplifies 
(replicates) a small, well-defined segment of DNA many hundreds of thousands of times, creating enough 
of it for analysis. Test samples are treated with certain chemicals that allow DNA to be extracted. Reverse 
transcription converts RNA into DNA. Reverse transcription-polymerase chain reaction (RT-PCR) first 
uses reverse transcription to obtain DNA, followed by PCR to amplify that DNA, creating enough to 
be analyzed. RT-PCR can thereby detect SARS-CoV-2, which contains the only RNA. The RT-PCR 
process generally requires a few hours. These tests are also referred to as molecular or genetic assays.
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Rapid Diagnostic Test (RDT): RDTs typically use a small, portable, positive/negative lateral flow 
assay that can be executed at the point of care. RDTs may process blood samples, saliva samples, or 
nasal swab fluids. RDTs produce colored lines to indicate positive or negative results.

Sniff Tests: Sudden loss of smell can be used to screen people daily for COVID-19. The National 
Institutes of Health study showed that those infected with SARS-CoV-2 could not smell a 25% mixture 
of ethanol and water. Because various conditions can lead to the loss of smell, a sniff test would not be 
definitive but indicate the need for a PCR test. Because the loss of the sense of smell shows up before 
other symptoms, there has been a call for widespread sniff testing. Health care bureaucracies have gen-
erally ignored sniff tests even though they are quick, easy, and capable of being self-administered daily. 
This has led some medical journals to write editorials supporting the adoption of sniff testing.
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