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Abstract (226 words)

In order to obtain the lower limb kinematics frokirsbased markers, the soft tissue artefact
(STA) has to be compensated. Global optimizatio®@)@nethods rely on a predefined
kinematic model and attempt to limit STA by mininmg the differences between model
predicted and skin-based marker positions. Thus, réliability of GO methods depends
directly on the chosen model, whose influence tsweldl known yet.

This study develops a GO method that allows toleasiplement different sets of joint
constraints in order to assess their influencehanldéwer limb kinematics during gait. The
segment definition was based on generalized coatekngiving only linear or quadratic joint
constraints. Seven sets of joint constraints wesessed, corresponding to different kinematic
models at the ankle, knee and hip: SSS, USS, R$S, SPS, UHS and PPS (where S, U and
H stand for spherical, universal and hinge joint &h for parallel mechanism). GO was
applied to gait data from five healthy males.

Results showed that the lower limb kinematics, pkdap kinematics, knee and ankle
flexion-extension, significantly depend on the @mankle and knee constraints. The knee
parallel mechanism generated some typical knediontgatterns previously observed in
lower limb kinematic studies. Furthermore, only tparallel mechanisms produced joint
displacements.

Thus, GO using parallel mechanism seems promidinglso offers some perspectives of

subject-specific joint constraints.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

I ntroduction

To obtain an accurate skeleton kinematics from-bkised markers, the relative motion of
soft tissues with regards to the underlying bone (he soft tissue artefact, STA) has to be
compensated. Several methods minimizing STA haea beveloped (Leardini et al., 2005).
Some methods address each segment separately ipytognthe optimal bone pose from a
marker cluster (Soderkvist and Wedin, 1993; ChallB95, Cheze et al., 1995), while global
optimization (GO) methods address the entire limbfull body, by minimizing distances
between measured and model-determined marker @usifiLu and O’Connor, 1999). GO
methods rely on the determination of a predefingterkatic model with specific joint
constraints. Therefore, GO results directly depamthe constraint choices.

Spherical joints have been classically appliedghd O’Connor, 1999; Charlton et al., 2004).
Alternatively, models including universal and hingents at the ankle and knee were
proposed (Reinbolt et al., 2005; Andersen et a&0Q92). Moreover, degree-of-freedom
coupling curves were included as knee joint coimdgan a registration technique (Sholukha
et al. 2006) providing reliable results in termsjaht displacements. However the coupling
curves were dependent on the chosen segment ak&ubar angle sequence.

Coupled degrees-of-freedom can also be modellesphtial parallel mechanisms (Feikes et
al., 2003; Di Gregorio et al., 2007) that diredike into account anatomical structures (i.e.
articular surfaces as sphere-on-plane contacts ligathents as constant lengths). The

corresponding joint constraints have not been ahedin GO methods so far.

The aim of the current study is to develop a GOhwoetthat allows to easily implement
different sets of joint constraints, in order tosess their influence on the lower limb

kinematics during gait. Different sets of joint straints were evaluated, corresponding to
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different kinematic models at the ankle, knee aipddints: SSS, USS, PSS, SHS, SPS, UHS
and PPS (where S, U and H stand for spherical,euséd and hinge joint and P for parallel

mechanism).

Global optimization methods (see appendices A, B, C for more details)

Parameter set
GO was performed using generalized coordinates @uamd Cheze, 2007) consisting, for
each segment of two position vectors (the proxim#} and distalD; endpoints) and two

unitary direction vectorsu{ andw;):

Qi:[ui re ' Wi]T (1)

withi =1, 2, 3, 4 for the foot, shank, thigh, grelvis, respectively.

These parameters were designed to stand for nbogahal directions: inertial (for inverse
dynamics purpose), anatomical (i.e., from jointtoerio joint centre) and functional (i.e.,
mean axis of rotation). Particularly, andrp, are the ankle and knee joint centres whije
andwj; are the ankle and knee flexion-extension axegdbfition, any positiom of a point
(marker or virtual) and any directionembedded in the segméantan be straightforwardly
deduced fromQ; through a constant interpolation mathk (Garcia de Jalon et al., 1986;
Dumas and Cheze, 2007). As 12 parameters reprédsend degrees of freedom of the

segment, rigid body constraints have to be consdiar addition to the joint constraints.
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Objective function

The objective function to minimize is the sum of #guare distances between measured and

model-determined marker positions:
=220, ~N"Q)’ @)

with M/ thej™ marker (out ofn) embedded in segmentr , its measured position arltq“"‘i

the corresponding interpolation matrix.

Joint constraints

For the spherical model, the joint constraintdatankle, knee and hip are:
. ~Tp =0 (i=1,2) andN}'Q, -r, =0 (3)

with v} a virtual point (i.e., hip joint centre) embeddedthe pelvis segment an’: the

corresponding interpolation matrix.

For the universal joint at the ankle, the joint sipaints are:

w, » NTQ, - cosb, = of
with 6, the angle defining the relative orientation of the functional joint axesn; an axis

(i.e., subtalar) embedded in the foot segmentnihdhe corresponding interpolation matrix.

For the hinge model at the knee, the joint constsaare:
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o, =Tp, =0
w, e (v, =15, )~ L,cosé = G (5)

W, * U, —cosd = 0

with g; and §; two angles defining the orientation of the jointea andL, the shank

segment length.

For the parallel mechanism at the ankle (Di Gragetial., 2007), the joint constraints are:

EN%lQl - N!3Q2%° NZQ, ~di =0

NY'Q, ~N¥'Q,) N3*Q,-d2 =0
(NYQ,-NKQ,) - () =0 | ©)
N¥Q,-N¥Q,) -(d2)* =0

N¥Q, -N¥Q, ) NiQ, -3 =0

These constraints represent the tibia/talus sphreqglane medial and lateral contacts (sphere

centresV;', Vz2and radii d, d2, contact plane points,, V? and normalsn}, n?), the
calcaneum-tibia, calcaneum-fibula ligaments (os8gif, Vv, insertionsV?, V,* and lengths
d3, d3) and the fibula/talus sphere-on-plane contactt(eeyy and radiusds, contact plane

pointV,> and normah?).

For the parallel mechanism at the knee (Feikek,62@03), the joint constraints are:
(N\:s{ale - N?Qz)' angQ 2” drl< =0
(N¥Q,-N¥Q,)+ N¥Q,-d? =0
5 s )2 7
(NXSQs_N\ngz) _(di)2 0 ( )
4 9 2
(N¥Q,-N¥Q,) - (d) =0

(N\3/35Q3 - N\;%OQ 2)2 - (di )2 =0
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These constraints represent the femur/tibia spbenetane medial and lateral contacts

(sphere centreg;, v/ and radiid; , d2, contact plane pointg’, v, and normals?, nj) and
the anterior cruciate, posterior cruciate and mlezblateral ligaments (origing;’, V', V;

insertionsv;’, V7, V;° and lengthsi? , d?, d3).

Model construction and initial guess

The construction of the lower limb kinematic modetsresponds to the determination of the
constants (i.e. interpolation matrices anglesd, lengthsL and distancesl) from static
calibration, functional methods and literature déda Gregorio et al., 2007; Feikes et al.,
2003).

In the optimization process, the initial valuesttd parameters are obtained by constructing at
each frame the position vectars andrp; and direction vectons; andw; from the skin-based

markers (Dumas and Cheze, 2007; see also Appendix A

Application

Five healthy male subjects (age: 28.8+4.8 yearghhiel.74+0.09 m; mass: 76.5£13.5 kQ)
participated in this study. The trajectories ofskn-based markers on the right lower limb
were recorded at 100 Hz. The parame(rsvere obtained by minimization of the objective
function f under constraints (i.e., rigid body and differsats of kinematic constraints) with
the use of the fmincon » Matlab function (Mathworks, USA). Then, the diasl segment

coordinate systems were deduced from@he@arameters (Dumas and Cheze, 2007) and the
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joint angles and displacements were computed (\Wal. &002; see also Appendix C). RMS

differences were computed for each curve and aedréay the 5 subjects.

Results

Constraint influence

The hip kinematics was not much affected by anklé knee constraint variations (Fig. 1,
Table 1): all models provided similar patterns amaplitudes for the hip flexion-extension
and abduction-adduction, and the dispersion oirtteznal-external rotations remained low.
The knee flexion-extension curves did not vary ssraodels: a single pattern could be
observed and the dispersion was low. The pattefntheo abduction-adduction, internal-
external rotation and displacement curves appearei@épend on the applied knee constraint
(Fig. 2), but not on the ankle constraint. Howewagikle constraints caused a dispersion of the
internal-external rotations (Table 1).

The ankle flexion-extension curves showed a sinplattern for all models with a slight
dispersion (Fig. 3). The ankle abduction-adductianternal-external rotation and
displacement curves varied whenever the ankle ee konstraint was modified (Tables 1 and
2), except for the PPS and PSS models which prdwsdailar rotation patterns and, for some

subjects, similar displacement patterns.

Comparison with in-vivo (intra-cortical pins) data fromthe literature

The hip kinematics reproduced typical patterns &bhhors were not aware of any lnipvivo
data).

The knee flexion-extension biphasic pattern (Lafoet et al., 1992; Benoit et al., 2006;

Andersen et al., 2009a) was obtained for all modélsduction-adduction of limited
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amplitude and internal rotation occurring twiceidgrthe stance phase (at heel strike and toe-
off) was found when the model included a knee pelrahechanism. Furthermore, only the
knee parallel mechanism could reproduce the fenmoliblack.

The ankle flexion-extension curves reproduced ypeal 2-peak pattern (Reinschmidt et al.,
1996; 1997). All models roughly produced an iniahduction followed by a slight adduction
during stance and internal-external rotations ofited amplitude, as observed in-vivo
studies (Reinschmidt et al., 1996; 1997). Besidedy the parallel mechanisms produced

joint displacements.

Discussion and conclusions

GO with joint constraints is one of the methodseadeped for minimizing STA. Its reliability

is under controversy (Stagni et al., 2009; Anderseal., 2009a). Nevertheless, defining a
kinematic model is becoming usual in gait analyésg., inverse-forward dynamics,
musculoskeletal models) and the constraint ch@iessential.

In this study, a GO method was developed to impigndiferent sets of joint constraints.
The segment definition, based on generalized coates (Dumas and Cheze, 2007), allowed
to readily implement complex constraints. Besidls,classical segment and joint coordinate
systems could easily be deduced.

Results showed that the lower limb kinematics, pkdap kinematics, knee and ankle
flexion-extension, significantly depend on the awsset of constraints. An appropriate
choice, such as the parallel mechanisms, seemaavade physiologic patterns (i.e., limited
abduction-adduction at the knee and femoral rokpa€urthermore, these mechanisms offer

the possibility of matching model geometry with Mé&dta (e.g., by customizing the femur
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condyles centre and radius) and of adapting theeitodpathologies (e.g., by suppressing a
ligament constraint). Thus, these mechanisms niighiable to provide efficient subject-

specific models for clinical applications.

A major limitation of this study is the lack ofi-vivo data. The ability to reproduce inter-

subject variability, which is an important critemion the constraint choice, could not be
assessed and subject-by-subject validation coutdbeoperformed. Thus, further studies

enabling subject-by-subject comparisons would affegresting perspectives.
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