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Abstract— The purpose of this study was to investigate thefect
of increasing the amplitude of contact forces at th knee on joint
forces and moments at the hip level. This was dorte account
for dissipative effects occurring at the knee artiglar cartilage.
Knee joint reaction forces and moments were computeusing 3D
inverse dynamics for two healthy subjects and onergde IV
osteoarthritic subject during a steady-state walkig on treadmill
at selected self-pace. A 2D contact model of thede was used in
order to obtain the tibio-femoral contact forces flom the net joint
forces in the sagittal plane. To account for eneggdissipation,
dissipative force vectors were added to tibio-femal contact
forces and transferred back into joint distal forces of the adjacent
segment. The latter were inputted recursively intoinverse
dynamics program to compute the net joint forces ath moments
at the hip. Significant differences were observeth the peaks for
proximal/distal joint force and medial/lateral joint moment at the
hip. The results obtained in this study are prelimmary and
consistent with our hypothesis and suggest that ergy
dissipation could have a significant impact on theesults of an
inverse dynamic analysis.
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. INTRODUCTION

The inverse dynamic approach has been widely uséuki
literature to compute joint forces and momentsha tower
limbs for different daily activities such as gaitdaarising from
a chair [1-3]. It requires segment kinematics, yobesdgment
parameters and ground reactions as input dataseTdeta are
fitted into Newton-Euler equations of motion to aibtnet joint
forces and moments. Models of the lower limbs gidine
inverse dynamic approach are limited in severakespand
their validity depends on simplifying assumptions.

of collagen fibers and proteoglycans which formoaopis and
permeable solid matrix. On the other hand, thi fhhase is
composed of an interstitial fluid which lies withthe solid
matrix. Together, the solid phase and the fluidgghare said
to be intrinsically incompressible since deformatid the solid
matrix is possible only if there is fluid exudatiout of the
cartilage. When this fluid exudation occurs, ttredative
velocity of the interstitial fluid with respect the velocity of
the solid matrix causes frictional drag and hencergy
dissipation occurs [4-6]. This dissipative effdepends on the
permeability of articular cartilage and is not niggle for
healthy articular cartilage [7]. However, it hagbeshown that
fractional drag is negligible for osteoarthriticiemlar cartilage

[71.

The viscoelastic behaviour of the solid matrix daethe
interaction between its components also contriblatelssipate
energy when articular cartilage is compressed @ars.
Nevertheless, for healthy articular cartilage scigieé to a
compression, it has been shown that this dissipat®
negligible compared to the dissipation due toifsizal drag but
becomes more important in the case of osteoadhudtitilage
[7]. Also, for joint rotations, the sliding of twarticular
surfaces leads to energy dissipation. This dissipais
proportional to a time-dependent friction coeffiti@nd tends
to increase in the case of osteoarthritic kneewddi cartilage
[8-10].

These dissipative mechanisms are important sineg th
characterise the mechanical behaviour of artiazdatilage and
they should not be neglected. Their effect camtegrated in
an inverse dynamic analysis if the contact foroesvben the
segments are known. Few models of the joints efldhver
limbs that compute contact forces from joint forgdsained
from inverse dynamic computations were found in the

One of the fundamental assumptions used in inverskterature [11-13]. Contact forces obtained frdmse models

dynamics is that joint energy dissipation is asgline be

negligible. By assuming this, the joint reactiasrces and
moments estimated at the proximal end of the segraen
totally transmitted in amplitude and direction ke tdistal end
of the adjacent segment as an action. Neverthéldsss been
proven in the literature that, due to its multipbasature,

articular cartilage dissipates non-negligible qiieast of energy
when subjected to compressive loads [4-5]. Accgrdo the

biphasic theory of Mow et al. [4], articular caatie has a solid
phase and a fluid phase. The solid phase is maotyposed

have usually a single point of application and fhant is not
necessarily located on the contact region definedtte
physical contact area between two adjacent segmémts968,
Morrison [11] was the first to develop a 3D contawdel of
the knee joint. However, the model of Morrisonuiegs the
knowledge of several physiological parameters diffi to
obtain. More recently, Li [12] developed a 2D miodéthe
knee that uses knee kinematics, muscle forces amty b
segment parameters to obtain tibio-femoral contactes in



the sagittal plane. This model is relatively sien@nd the
inverse procedure is possible: i.e. knee jointdercould be
estimated from knee contact forces only if the khjeiat
moments are known.

It is hypothesised here that energy dissipatioimesed
from the different knee articular cartilage dissipa
mechanisms can be combined into three orthogosaipditive
force vectors that have the same orientation aigihathan the
knee contact forces. Therefore, these vectorsheasummed
and transformed back into joint forces using a acntnodel of
the knee. The knee joint forces obtained can begiated
recursively in an inverse dynamic analysis to eokahe hip
joint forces and moments. To date, no in vivo eixpents
have been made to measure energy dissipationdédtatenee
articular cartilage for both static and dynamicditons. The
complexity of its geometry and its biological corsjtimn
makes difficult the estimation of dissipative effec However,
one thing that can be estimated is the directionthe
dissipative force vectors. Considering the casdhef knee
during gait, the femur acts like a piston comprggsand
shearing articular cartilage over the tibial sugfaghe force
exerted by the femur on articular cartilage is prieed by the
weigth of the trunk, of the upper limbs and of liead and also
by their inertia. However, the resulting force sfamred to the
tibia is expected to be less than the resultingef@pplied by
the femur on articular cartilage when energy distsim occurs.
Now, considering an inverse dynamic analysis, thatact
forces in this case are transferred from the tibithe femur.
Therefore, to account for energy dissipation, th&sigative
forces should be added to the contact forces.

The purpose of this study is to analyse the effafct
increasing contact forces at the knee on the jmirdes and
moments at the hip which are calculated using therse
dynamic approach. Different levels of energy diagggn will
be tested. Furthermore, the differences in forog moement
patterns at the hip will be investigated for bo#malthy and
osteoarthritic knee articular cartilage.

II.  METHODS

A. Inverse Dynamic Method

Knee joint forces and moments were obtained from
generic inverse dynamic method developed by Dunes. e
[14]. This method uses quaternion algebra inste&d
Euler/Cardanic angles to overcome kinematic forsnali
Quaternion algebra has the advantages of not ls&iggence-
dependent and also of not suffering from singu&sitaused
by gimbal lock [14]. In addition, the generic medhof Dumas
uses wrench
computations of forces and moments expressed r@defned
point location on a segment. The knee joint foreesl
moments computed are expressed in the inertialdowaie
system (ICS).

B. Experimental setup

Inverse dynamic output data from two healthy sutisjeane
of 24 years old (subject 1) and one of 80 yearquthject 2),
and from one grade IV osteoarthritic subject (6@rgeold,;

subject 3) have been used in this study. Brieflysubjects
were asked to walk at a selected self-pace on a tmaill
equipped with a force-platform. Four markers fixad rigid
body were placed on each segment (thigh, shankaot@by
mean of exoskeletal system [15] and the data aitignisvas
performed using a Vicon M460 system (Vicon Peak.)Inc
equipped with six cameras at 120 Hz. The accuddchis
system is 0.5 mm. The data acquisition of thedqiate was
synchronised with the data acquisition of the merkeFor
each trial, 17 to 20 gait cycles per subject weo®rded.

C. Computation of Contact Forces

The joint forces obtained from inverse dynamic rodth
were then transformed into tibio-femoral contaatcés using
the procedure used by Costigan [16] which is basethe 2D
contact model developed by Li [12] in the sagipi@ne. Prior
to transformation, the joint forces which were egsed in the
ICS were computed in the segment coordinate sy$8DS)
defined at the proximal end of each segment. Thscla
groups involved in this model are the quadricepd #re
hamstrings. The contribution of the gastrocnemias not
considered since the acquisition of its electromgphic
measure is not repeatable due to calibration pnablalso, the
force generated by the quadriceps was assumed totddby
transferred into the patellar ligament.

The muscle forces were calculated from the nettjoin
moments at the knee by using their correspondingrlarms
and by assuming no antagonistic activity. The Hemems,
which correspond to the smallest distance betwbkenkhee
joint center and the line of action of the musadleugs, were
derived from the knee joint angle by using regssiquations
as proposed by Smidt [17]. It was also assumet ttiea
position of the knee joint center remains fixed iwiyr
flexion/extension movements. During knee extensithre
moment exerted by the patellar ligament on theotibmoral
joint was set to zero and, during knee flexion, thement
exerted by the hamstrings on the tibio-femoraltjouas also
set to zero. By applying this, the set of equatiohmotion in
the sagittal became determinate and the muscledonere
obtained straightforward.

Anterior/posterior (AP) and proximal/distal (PD) ntact
Jorces were calculated using Newton's second lawnofion.
The medial/lateral (ML) contact forces were assurtede
identical to the ML joint forces.

D. Accounting for Energy Dissipation

To account for energy dissipation, dissipative ésrevere
first defined. They were expressed as a percer{tggef the

notation which allow the simultaneougontact forces in the AP, PD and ML directions:

FD = o-F; i=1,23 1)

where FD and F are the dissipative and contactegorc
respectively in the" direction. Different values ofo} were
tested: 0%, 5%, 10%, 15% and 20%. The dissipdtivees
obtained from (1) were added to the contact fotodsrm the
new modified contact forces. Afterwards, the miedifjoint
forces were calculated using the contact model riest
previously and by applying the procedure inverseljhese



joint forces, which were expressed in the SCS, waresferred

d . . . ML hip joint moment for subject 1
in the ICS using quaternion algebra and were iegutt 700 i '

recursively into the generic inverse dynamic methatbint 2
forces and moments obtained at the hip were resampl =z
according to a generic gait cycle and were themagesl. For £
all subjects and levels of energy dissipation hipgoint forces o0 . . . . . | | . |
and moments were computed and analysed. 0 10 20 30 40 50 B 70 80O 90 100
Gait Cycle (%)
ML hip joint moment for subject 2
ll.  RESULTS i R IERReTRREEES | —
To analyse the effect of energy dissipation ocograt the g =, 9%
knee joint on the net hip joint forces and momerite = A —10%
percentages corresponding to the increases inoip forces T L E gt e g e
and moments at the instant of peak were calcutatative to a o 10w o = & 70 e) L 0%
baseline that correspond to 0% level of energyipmhsion. Gait Cycle (%)
Table | depicts the percentages of the PD hip jfinte and ML hip jaint mament far subject 3
the ML hip joint moment for all subjects. In tatjét is shown
that a 10% increase in energy dissipation corredpon ¢
approximately to a 20% increase in the PD hip jfinte for S
the three subjects. Similarly, a 20 % increaseemergy 2
dissipation results in a 40% increase in PD knéat jorce. 00 I | ! | I ! ! ! !
For the ML hip joint moment, large discrepanciesoagithe o1 20 30 4 80 B0 0 80 50 100
subjects have been observed for all increases #rggn Gait Cycle (%)

dissipation. Subject 1 obtained the largest irs@san ML hip , o , _

joint moment as apposed to subject 3 who obtainedmallest ~ Figure 1. ML hip joint moment for all subjects and for diféatt levels of
values. Increases in hip joint forces and moménmtsther energy dissipation incorporated to knee contactfor
directions (not shown) were lower than those presenn

Table . AP hip joint force

350 T T T T T T T T T
subject 3
subject 2 | J
subject 1

Fig. 1 shows the ML hip joint moment for all thregbjects
as a function of the gait cycle starting at heekst It is 300}
observed from the graphs of subjects 1 and 2 thaget
discrepancies occur at the beginning of the gaitecy Subject
3 exhibits a different pattern since the increase tb the
dissipative energy remains constant throughoutthal gait
cycle. This is not surprising since subject 3 isateoarthritic

subject with high degree of pathology. =
[Ty
TABLE I. EFFECTS OF ENERGY DISSIPATION ON NET HIP JOINT FORCES
AND MOMENTS AT THE INSTANT OF PEAK
Levels of Increase in PD Increase in ML
Subject d'en'erg_y force (%) moment (%)
ISSIpatIOI’]
Y] SD Y] SD
Compared 5D 1 1 1 1 1 1 1 1 1
5% 9.6 0.3 16.4 2.0 0 10 20 31 41 50 B0 70 80 90 100
Gait Cycle (%)
L 10% 19.2 0.5 35.7 4.4
15% 28.8 0.8 53.4 5.1 _ o _
Figure 2. AP hip joint force for all subjects and for a leeélenergy
20% 38.4 11 4.7 6.3 dissipation of 0%
5% 9.9 0.4 11.6 0.8
) 10% 19.7 0.9 23.2 15 IV. DISCUSSION
15% 29.6 13 359 3.6 The purpose of this study was to determine whether
20% 39.4 1.9 49.1 4.3 accounting for energy dissipation has a signifiedfect on the
5% 9.0 08 . 18 force and moment estimates at the adjacent segm&he
: : i ' results obtained in this study show that this effisc not
3 10% 18.0 17 11.4 3.2 negligible for constant energy dissipation levetsager than
15% 27.0 2.6 17.1 5.6 5%. There exists a linear relation between thesgse in hip
20% 360 35 229 76 joint forces and the levels of energy dissipati@oubling the

amount of energy dissipated at the knee result®imling the
increase in hip joint forces. This is due to timedrity of the

p and SD correspond to the mean and the standeiatide respectively



balance of forces in Newton-Euler equations. GCa dther
hand, the relation between the increase in hipt josioments
and the levels of energy dissipation compared islimear.
This nonlinearity depends on the value of the lerer used in
inverse dynamics which is defined as the vectaatirey the
knee articular joint center to the hip articulanjacenter. The
standard deviations associated with the increasdspi joint
forces and moments depend on the repeatabilith®fpeak
values of the hip joint forces and moments. Itlsn noticed
that the standard deviations tend to increase asettergy
dissipation level increases. This is true sineeitiiroduction
of a larger noise leads to a greater dispersitherata.

From fig. 1, it seems that higher amplitude in joipt peak
moments for the 0% level of energy dissipation l¢éadan
increase of the gap between the hip joint peak mésrfer the
other levels of energy dissipation. In fact, thegér are the
knee joint forces the larger the gap between tfierdnt curves
representing energy dissipation will be. For scbjg, this
explains why the discrepancies between the cureewin
approximately constant during the stance phasee sthe
amplitude of the AP knee joint force (fig. 2) islatévely
important compared to the other subjects and resr@instant
in amplitude.

The methodology used in this study is fairly simplé is
limited in several aspects. First of all, the kiveatact model
used in this study is 2D and hence does not conmpeté/L
knee contact force. To overcome this problem,Mheknee
contact force was assumed to be equal to the Mle loiat
force. This assumption should have had little @ffeon the
results obtained since its amplitude range is namaller than
the amplitude range of the PD knee contact force.

The knee contact forces were calculated at the joiae
center instead of calculating them at their poingjgplication
on the tibial surface. By doing this, there is mmment
associated with the creation of the dissipativedovectors.
This assumption could lead to imprecision in thenpatation
of hip joint moments since knee joint moments stiadeally
account for the change in knee contact forces. riimber of
subjects is also an important limitation in thisdst. A larger
number of subjects in each cohort could have tghldid some
characteristic trends in the results obtained riptédr the
osteoarthritic cohort.

The dissipative effects were assumed to be constahts
study. In fact, it is well known that the energgsipation at
the knee is more likely to vary during the gaitleyid8]. This
energy dissipation is dependent on the magnitude the
direction of the forces applied on the knee aréicudartilage
and is dependent also on several physical and mipctha
parameters [4]. Realistic estimates of the eneliggipation
occurring at the knee require the use of a mode¢hefknee
articular cartilage that would include all the pasders
governing its mechanical behaviour. The develogroésuch
a model could improve significantly the resultsasbéd in this

study. Although, this study is limited in seveaapects, it has
shown that non-negligible levels of energy dissgpaat a joint
(i.e. greater that 5%) have a considerable impadhe forces
and moments obtained from inverse dynamics at tbgirpal
end of the adjacent segment.

REFERENCES

[1] A. J. Baliunas, D. E. Hurwitz, A. B. Ryals, A. Karr J. P. Case, J. A.
Block and T. P. Andriacchi, “Increased knee jomads during walking
are present in subjects with knee osteoarthri@steoarthritis Cartilage,
10, pp. 573-579, 2002.

[2] N. Luepongsak, S. Amin, D. E. Krebs, C. A. McGibkard D. Felson,
“The contribution of type of daily activity to loady across the hip and
knee joints in the elderly,” Osteoarthritis Cagiga 10, pp. 353-359,
2002.

[3] J.LiuandT. E. Lockhart, “Comparison of 3D jombments using local
and global inverse dynamics approaches among thiféerent age
groups,” Gait Posture, in press.

[4] V. C. Mow, S. C. Kuei, W. M. Lai and C. G. Armstgn“Biphasic
Creep and Stress Relaxation of Articular CartilageCompression:
Theory and Experiments,” J Biomech Eng, 102, pp8%31980.

[5] V. C. Mow, M. H. Holmes and W. M. Lai, “Fluid trapert and
mechanical properties of articular cartilage: aeey’ J Biomech, 17,
pp. 377-394, 1984.

[6] V. C. Mow, A. Ratcliffe and A. R. Poole, “Cartilagend diarthrodial
joints as paradigms for hierarchical materials astiuctures,”
Biomaterials, 13, pp. 67-97, 1992.

[7] L. A. Setton, W. Zhu and V. C. Mow, “The biphasiorpviscoelastic
behavior of articular cartilage: role of the sudamne in governing the
compressive behavior,” J Biomech, 26, pp. 581-3993.

[8] T. P. Andriacchi, A. Mindermann, R. L. Smith, EAlexander, C. O.
Dyrby and S. Koo, “A framework for the in vivo patmechanics of
osteoarthitis at the knee,” Ann Biomed Eng, 320p),447-457, 2004.

[9] H. Forster and J. Fisher, “The influence of comum sliding and
subsequent surface wear on the friction of articedatilage,” Proc. Inst.
Mech. Eng. [H], 213, pp. 329-345, 1999.

H. Wang and G. A. Ateshian, “The normal stressatféand equilibrium
friction coefficient of articular cartilage undeteady frictional shear. J
Biomech, 30, pp. 771-776, 1997.

J. B. Morrison, “Bioengineering analysis of foragtians transmitted by
the knee joint,” Bio-med Eng, 3(4), pp. 164-170689

J. Li, “An integrated gait analysis system (QGAIBy evaluation of
individual loading patterns at knee joint duringitgaPhD Thesis,
Queen’s University, Kingston, Ontario, Canada, 1992

J. J. Fuller and J. M. Winters, “Assessment of 3@ntact load
predictions during postural/stretching exerciseaged females,” Ann
Biomed Eng, 21(3), pp. 277-288, 1993.

R. Dumas, R. Aissaoui and J. A. de Guise, “A 3Daye inverse
dynamic method using wrench notation and quateralgabra,” Comp
Methods Biomech Biomed Eng, 7(3), pp. 159-166, 2004

N. Hagemeister, G. Parent, M. Van de Putte, N. 81é)N. Duval, and
J. A. de Guise, “A reproducible method for studythgee-dimensional
knee kinematics,” J Biomech, 38(9), pp. 1926-128D5.

[16] P. A. Costigan, K. J. Deluzio and U. P. Wyss, “Kraeel hip kinetics
during normal stair climbing,” Gait Posture, 16(@p, 31-37, 2002.

G. L. Smidt, “Biomechanical analysis of knee flexiand extension,” J
Biomech, 6(1), pp. 79-92, 1973.

M. K. Kwan, W. M. Lai amd V. C. Mow, “Fundamentats fluid
transport through cartilage in compression,” AnorBéd Eng, 12(6),
pp. 537-558, 1984.

[10]

[11]

[12]

[13]

[14]

[15]

[17]

[18]



