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Abstract—The purpose of this study was to calculate the jotn
forces and moments for a complete human body modduring 3D
complex movements of balance recovery. A 40-dof bpdnodel
was used. The movements were measured using an of¢ctronic
system and reconstructed using a semi-global optization
method. The joints forces and moments were calculadethrough
a classical Newton-Euler recursive algorithm. The caistency of
the computed loads was checked by comparing the rdts of
different calculation strategies. The first attemptswith classical
hypotheses showed poor results. A sensitivity analig was lead to
determine the most critical parameters. Thus, inveggations were
performed to improve the estimation of the positiorof the centers
of mass and the derivation of the kinematic parametrs. The use
of 3D regression equations for the estimation of # Body
Segment Inertial Parameters and the use of the rehial analysis
to adjust the filters cut-off frequencies allowed mjor
improvements of the quality of the solutions. The rsults obtained
that way were found to be meaningful.
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I.  INTRODUCTION
The calculation of joint forces and moments duriag

movement is a classical process in the human maveme

analysis. Nevertheless, in many studies, the foraed
moments are computed for simplified models of thuen&n
body (e.g. few segment models [1], 2D models [2]or.)for
smooth and non-complex movements (e.g. gait aslybi
addition, validation of these calculated loads @rely
presented.

The aim of this study was to compute the joint ésrand
moments for a 3D whole body model during balancevery
movements. These results will then be used for neala
recovery analysis. Therefore, the accuracy of theputed
loads needed to be sufficient in order to well espnt their
temporal evolution and in order to differentiate thovement
strategies. Nevertheless, the convergence of atdigmamics
simulation using these results was not required.

This paper presents the methods used, the diffisult
encountered and the validated results.

This work was funded by the SNCF (French NationalilrBad:
Company) ad the European project SAFETRAM (Passive Safet
Tramways for Europe).

1. MATERIALS AND METHODS

A. Test set-up

Ten young male volunteers, close to thé" F@rcentile
morphology, participated in this study. They wetanding on
a platform suddenly translated toward their backisT
represents the situation of a standing passenger railway
public transport vehicle submitted to a real-lifieident, as an
emergency braking or a light collision. The peraditins were
half sinusoidal impulses with a maximum accelerabetween
2 and 10 m/s? and a duration of 300 ms. These meattans
induced strong disequilibrium: for the low pertuibas,
subjects needed at least one recovery step toreetheir
balance, while nearly 4 meters were needed totstfall for
the high perturbations.

A Motion Analysi€’ system equipped with five Eafle
cameras recorded the 3D position of 50 reflectivarkers
stuck on the subject with a sampling frequency @® Hz.
Loads between the feet and the ground were calleesing
two Berte€ force plates sampling at 1 kHz.

B. Kinematics

The kinematics of the balance recovery movement was
computed from the collected trajectory of the skiarkers.

The complexity of the observed movements raised
measurement difficulties. Thus, in order to obtaim over-
constrained system and to improve the quality &edstability
of the results, a kinematic model of the human beds
introduced. Therefore, the virtual dummy Man3D\i&]s used
to represent the subjects’ body. Its kinematic rhogdas
simplified to a 15 linked segments model corresjrugndo 40
degrees of freedom (see Fig. 2a). A morphing methasiused
to adapt this kinematic model to each volunteer's
anthropometry.

A semi global optimization method was applied athea
frame of the movement so that the dummy's postest fits
the subject measured position. The principle finthe set of
joint angles that minimizes the distance betweerkena fixed
on the virtual dummy and their measured positidme global



system is considered as a set of small kinematiginsh
hierarchically organized. The algorithm solves fh®blem
from the most distal chain to the most proximal.ofeylobal
solution is found iteratively [4]. Fig. 1 shows arample of a
reconstructed movement.

Figure 1. comparison between a video recording and a recastt
movement

C. Inverse dynamics method

Different methods to calculate the joint forces ammments
have been considered. An interesting approacheisisie of a
global optimization method combining inverse anawfard
dynamics ([5], [6]). The main interest of these noels is that
they tend to obtain consistent solutions: the ferand
moments calculated, applied then in direct dynanirciuce a
movement that best fits the oneh
measurements. Nevertheless, the complexity of theniatic

model used in this study was a major drawback fos t

approach. Indeed, the need to write the completeoe
dynamic equations driving the movement for the whgylstem
would have been time consuming. In addition, thest¢hods,
applied to the inherently unstable models of stagdiumans,
leads to calculation difficulties and divergencelgems ([5]).

As the knowledge of forces and moments patternsglur

the balance recovery movement was sufficient ia shidy, it
was not necessary to ensure that the computedsauvere
consistent in direct dynamics. Thus a more claksioproach
was used: the Newton-Euler recursive algorithncolisists in
isolating each body segment and solving their dyodralance
equation. This can be written as follows (1):

[Pivilro= [Avolro~ [Pisvilro~ [Prilro — [Pexull ro. 1)

reconstructed from

stability of its results against the input pertuityas [8]. The
derivation of the kinematic parameters and themegion of
the Body Segments Inertia Parameters (BSIP) willibeussed
below.

D. Calculation strategies and validation

As this method solves the problem locally for eacily
segment, it does not ensure the consistency ofgtbkal
solution. Nevertheless, this is not a drastic pohlas a simple
method exists to estimate the global consistenahefesults.
It consists in using the extra degrees of freedumoduced by
the measurement of the loads between the subjettitan
environment [9]. This is sometimes mentioned inlitezature
by the presence of residual virtual loads actinghentop most
body segment ([5] or [10]).

The subjects' body was considered as a tree steuctade
of eleven segments — the inertia of the hands badetet has
been classically neglected and thus fused wittidrearms and
legs. As recursive calculation can only be applitd
convergent chains, two strategies had to be usedltulate
the loads from the most distal segment to the rdat.
estimation of the consistency of the results was ttirectly
given by the comparison of the loads between thespand
the thorax calculated with the two strategies (Sge2b).

Figure 2. a/ kinematic model (number of dof indicated nearjtints)
b/ dynamic model with the two calculation strategigoing up (thin grey
lines) and going down (dashed black lines).

Ill.  JOINT FORCES AND MOMENTS CALCULATIONS

A. 1%step: classical hypotheses are unsatisfying
At first, classical hypotheses were assumed: thegtian

[Auo] represents the generalized forces due to the e®gm parameters of the 11 body segments were estimaiad De

dynamics and ®,.q4], [Pirvil, [Pril, [Pexy] the forces and
moments applied on the segment i by the previogmest, the
next segment, the gravity and the other externadef (i.e.
contact forces) respectively. By the way, given ti@vement
of the segments, their inertial properties andetkternal forces
applied on the system, the inter-segmental forodsn@oments
of a linked segment system can be recursively tatkd from

the most distal segment to the root. In this stugiternal

forces and moments were directly recorded and ithematics
was determined with the method previously describete

homogeneous matrix formalism [7] has been usedtfier
calculation because of its simplicity of use andawse of the

Leva's regressions [11] and a classical gradierthadewas
used for the double derivation of the kinematicapasters,
with filtering (Butterworth 2° order) at each step. For each
movement, the cut-off frequency was estimated fthendata
inspection and applied to every degree of freedom.

Comparison of the forces and moments between théspe
and the thorax showed poor quality results, esfecia
concerning the joint moments.

A sensitivity analysis was performed to find thelmable
causes of the bad quality of the results. As JiZ4 did, small



perturbations were introduced in the input data Jéte

The choice of the best method to automaticallyeffilt

sensitivity Kz, of the result R to the input | was calculated forbiomechanical data is not completely settled [B®]me time-

the 3 forces and 3 moments of each joint at eaidrof the
movement by K= (Ry-Rnp) / (Ip-lnp) = AR/AL

These sensitivity coefficients were found to besjmehdent
of the magnitude of the perturbation. Thus, by nixithe
maximum allowed difference for the outputAR(,) the
corresponding maximum input perturbational.f,) were

estimated Al ma=f(Kri, ARmay. From the comparison between

these allowed input perturbations with the estihgieecision
of our data, the critical inputs were then highiegh

Two critical sources of error were identified:
accelerations of the heavy segments and the positicthe
centre of mass of these segments. Transversabagdudinal
ground reaction forces were influent enough to aediarge
error if additional inertial loads due to the mowsrhof the
force-plates are not taken into account [13]. Msssed
inertias of the segments, as angles for the djsiats, have
shown little influence.

B. 2" step: improvements

From these results, the improvements to be camigd
concerned the two critical inputs: the positiontted centre of
mass and the derivative of the kinematic parameters

frequency methods adapting the filter to the sigreduency
content all along the movement are more efficientase of
high non-stationarities (e.g. impacts due to lagdi9] or ball
kicking [20]). But, as in this study the frequersmyntent of the
kinematic signals (joint angles) did not vary dicety, a
simpler method was used to determine constant fEut-o
frequencies all along the movement: the residuallyais
proposed by Winter [10] was applied for each degoée
freedom in order to automatically determine the -affit
frequency that best remove the noise without defugnthe

the signal.

The problem of the loss of consistency for the ¢igyoand
acceleration matrices, due to term to term deovatf the
position matrices, has been also investigatecadtiieen solved
by reintroducing the Denavit-Hartenberg parameation used
for the virtual dummy. Nevertheless, this had rad impact on
the results’ improvement.

The results obtained by applying the residual aisly
method and the 3D regressions are more consigtkatshape
of the curves is respected but the results arerstilly noisy.
Fig. 3a and 3b below show an example of the coraparof
the joint forces and moments between the pelvistiamdhorax
obtained from the 2 calculation strategies (goipgand going

Despite their simplicity of use, the drawback ofe th down).

regressions proposed by De Leva is that the BSiPedaited to
the longitudinal axis of the segments. This axisclsarly
defined for long segments (eg: the arms) but is foot
segments such as the pelvis or the thorax.

Dumas [14] recently proposes regressions basedatm
from Young et al. [15] and McConvilleet al [16]. These
regressions were adjusted in order to provide 3IPRiFectly
applicable in the conventional segment coordingstesns. In
order to compare the 3D regressions with thoseeof &va, the
centre of mass (CoM) of subjects' whole body wasnased

from a reconstructed posture with the two setsegfassions.

The projection of this point onto the floor was qared with
the location of the centre of pressure (CoP) measwith the
force-plates. In a resting standing posture, these points
should be merged. Table 1 below clearly indicates for this
study, the 3D regressions gave better results.

TABLE I. AVERAGE |COM-CoP|(MM)
longitudinal  transversal
De Leva 35 7
Dumas 9 1
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Figure 3. comparison of forces (a) and moments (b) betweempdivis and
the thorax calculated with two different stratedigsted or thick lines)

C. 3“step: validation

The origin of these oscillations has been invetgidjaThe
lack of filtering seemed to be the most logical s=u
Nevertheless, an analysis of the signals frequenoyponents
showed that the movements contained frequency coemi®
of the same order of magnitude as the noise. Tiiltexing
with too low cut-off frequencies could have removed only
the noise but also intrinsic components of the mmm and
led to incorrect calculated joint forces and moraer®ne
solution to this problem is to perform inverse dyies

Alternative methods for the derivation of kinematic caicylation with cut-off frequencies given by thesidual

parameters have been considered, such as intéopoleth 5"

order cubic splines and formal derivation [17]. Neleless,

analysis method in order to obtain consistent leigynresults.
Then the low frequency components can be filteeed

the problem of compromise between smooth and aEcuraposterioriwith cut-off frequencies determined from the power

results remained the same. Therefore, the clasgi@alient
method with filtering was conserved but the deteation of
the cut-off frequencies has been improved.

spectrum density of the signal. The figure 4 belbustrates
this for a highly perturbed movement.
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Figure 4. Hip transversal moment for a highly perturbed moeetfor two calculation strategies. Grey zones mosbe considered as subjects step then
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Results obtained so far are consistent and meanifogf
the analysis of balance recovery movements. Fompha
the movements of the subjects for a given expetiahen
situation have been clustered into strategies. & kieematic
based clusters can also be observed for dynanac dat

IV. CONCLUSION

The aim of this study was to calculate the joimtés and
moments for a whole human body model during 3D derp
movements of balance recovery. It has been showah th
classical hypotheses could lead to poor quality thod
calculated forces and moments. This was highlighiid a
simple verification method. A sensitivity analysias shown
that the most critical parameters were the acd@esand
the estimation of the position of the center of snaé the
heavy segments. The use of a 3D set of regresaiwhf
the residual analysis to automatically adjust tlter$ with
the cut-off frequencies improved the quality of tesults:
the joint forces and moments calculated were ctargidbut
noisy. A frequency analysis has shown that higitarihg
during the double derivation phase would remove
movements' components. Consistent and meaningfultse
were obtained by filtering posteriorithe calculated forces
and moments.

The two underlying conclusions of this paper até:tlie
importance of evaluating as soon as possible thsistency
of the computed forces and moments; (2) the pdisgiln
calculate meaningful joint forces and moments foBx
whole body model with simple methods, even in cake
complex movements.
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