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Abstract In this paper, ~ v c  hiiilti a rnathcrnatical rnoclcl 
of t h e  whole-body neuromuscular network and  identify its pa- 
rarrictcrs by optical rriotiori captiire: inverse clynarnics cmrnpi i -  
tat ion,  arid statistical analysis. The  niodel includes a skeleton. 
a rniisciilotcritiori network, anti a nciirorniiscxlar network. The  
skeleton is composed of 133 joints representing t h e  inertial 
property and mobility of the hiirnan hotly. The rmisciilotcritlori 
netn-ork includes more t h a n  1000 niuscles. tendons. and  liga- 
rricrits rnoticlcti as itical wires with any mirnbcr of via points. 
\Ye also develop a n  inverse dynamics algorithni t o  es t imate  
the  rniisclc tcrisioris rcqiiircti to  perform a givcri rriotiori 
sequence. Finally. n-e model t h e  relationship betn-een t h e  spinal 
ricrvc sigrials and rmisclc tcrisioris by a nciiral network. The  
resulting paranieters match well n-ith t h e  agonist-antagonist 
relationships of muscles. \Ye also demonstrate  t h a t  we can 
sirniilatc the patellar tcritiori reflex iisirig the nciirorniiscxlar 
niodel. This  is t h e  first a t tempt  to  build arid idenfity a 
rnacxoscmpic rnoclcl of the  hiirnan riciirorriiisciilar network k)asccl 
only on nominvasive motion measurements,  and  t h e  result 
irnplics t h a t  the activation cmrnrnancls from the  motor nciirons 
can be considerably simple compared with t h e  number of 
rmisclcs to  be cmntrollccl. 

hIiiscxiloskclcta1 Hiirriari l loticl ,  Nciirormis- 
cular Yetn-ork l lode l ,  Inverse Dynamics.  hlotion Capture .  

Iriticx Tcrrns 

I. 1ntrotiiic:tiori 

The niechanisrn for generating anti coordinating human 
rriotioris is still an opcri research issiic. The klrairi scicricx! 
cmrrirniinity h a s  tried for years to iintlcrst a r i d  arid rrioticl 
how the brain controls whole-body rnotions [l], [a]. The 
bioniechanics community, on the other hand, has been 
working on dynamics computation and motion anal! 
of rriiiscxiloskclctal kiiirrian rrioticls [3] [.I. Hom-cvcr, tkicrc 
is still a large g a p  k)ctm-ccn the two approac:kics. 

This paper extends our previous work on rnusculskeletal 
kiiirrian rrioticl [6] by atltlirig a rriat~icrriatical rrioticl of the 
n-holc-k)otiy riciirorriiisCiilar rictm-ork. The pararri 
the neuromuscular niotlel are identified through experi- 
rnents using an optical rnotion capture system, inverse d y  
narnics computation, anti statistical analysis. lye expect 
that this m-oiilti 1)cc:orric the first step tom-artis hitlgirig the 
g a p  k)ctm-ccn two ficltis. The tlcvclopctl rrioticl will also 

have tiircct applications iri siich ficltis as I)iorricc:hanic:s, 
riciirology, rchak)ilitatiori, arid sport scicncx. 

The model includes a skeleton, a rnusculotendon net- 
work, anti a neuromuscular network. The neiirornusciilar 
system is rriotlcls a s  a riciiral rictm-ork rcprcscriting the 
relatioriship k)ctm-ccn the spirial ricrvc signals arid rriiisclc 
tensions. Iri ortlcr to iticntify the pararrictcrs of the 
neurons, we first measure a number of different human 
rnotions via an optical rnotion capture system. It-e then 
i i s c t i  our rriiiscxiloskclct a1 rriotlcl arid the inverse tlynarriics 
algoritkirri to cstirriatc the rriiisclc tcrisioris tiiiririg the 
c:aptiirctl rriotioris. Intlcpcntlcrit cxmponcrit analysis (IC-4) 
of the muscle tensions revealed that  the tensions esti- 
rnatetl for the nieasiiretl motions can be represented by 
about 100 independent signals. lye therefore train the 
riciiral rictm-ork rriotlcl of the riciirorriiisCiilar systcrri by 
iisirig iriticpcriticnt signals as iripiit s arid c:orrcspontlirig 
muscle tensions as desired outputs. lye analyze the 
obtained parameters and show that they have distinct 
correspondence with the agonist /antagonist relationships 
of the rriiisch. 

The rest of this paper is orgariizctl as follom. Scctiori I1 
briefly siirnniarizes the niiisciiloskeletal model presented 
in [6] and describes some irnprowrnents niatle in this 
paper. Iri Scctiori 111, m-c analyze the rriiisclc tension (lata 
oht airicti throiigh cxpcrirricnts arid tlcrivc our nciirorriiis- 
cxilar rrioticl. lT’7c finally present the cxpcrirricrit a1 rcsiilt s 
in Section 11’; followed by concluding remarks. 

11. Inverse Dynamics of 1Iiisc:iiloskclctal 1Ioticl 
The l\Iiiscxiloskclctal 1Ioticl 

The musculoskeletal hiirnan niotlel consists of a 
rriiisciilo-tcritlori rictm-ork a r i d  a skeleton. The skeleton is 
a set of rigid links cxmncctcti by rricc:kianic:al ,joints, while 
the rnusculo-tendon network is composed of the elements 
to  drive and/or constrain the bones including muscles, 
tendons, ligaments, anti cartilages. The niotlel used in 
this paper is k)asic:ally the sarric a s  the oric i i s c t i  in [6] hiit 
cmritairis the following irriprovcrricnts: 
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Jc; : Jac:ol-)ian matrix of the cmritact poirits n-.r.t. 
the gcricralizctl coordinates 

rc;  : ground contact forces. 

The solution corisists of the following tm-o steps: 
1) Cornpiitc the groiintl coritact forcxs r ( y  by only 

considering the rows of Eq.( 1) corresponding to 
the 6 DOF of the hip joint. It-e apply quadratic 
prograrnrriing to solve the optirnizatiori problem. 

2) Eliminate r ( y  from Eq. (1) : 

(2) 
' I  r>; = r(: ~ J c y r ( ;  = J" f. 

anti cornriute the niiiscle tensions bv solving another 
optimization by either linear programming (LP) or Fig. 1 .  The  musculoskeletal hurriari model used i n  this paper. T.eft: 

Ironl, vic:\v; writ cr: back vic:\v; right : a snapshol, Irorn a c:apl,rirc:d \valk 
motion. qiiatiratic: prograrrirnirig (QP) . 

Fig. 

tendons 
ligamc:nl,s 
cart i 1 ages 

muscle groups 
virtual links 

Many srriall rriiisclcs aroiiriti the spiric arc atitictl to 
reduce the joint torque errors observed in [6]. The 
number of muscles grew from 366 to  989. 
The rriiisclcs arc groiipcti acxortiing to their role (for 
cxarriplc, cxtcriti the left kricc) which will be iisctl iri 
the irivcrsc tiyriarnics cxmipiit at ion later. 
1 skiom-s the ricm- rrioticl arid Tal-)le I siirrirriarizcs the 

cxmplcxity of the rriotlcl i i s c t i  iri this paper 

B. Inverse Dyriarnics 
In [6] m-c proposeti a r i  irivcrsc tiyriarnics algorithm for 

the musculoskeletal human model, which computes the 
ground contact forces anti muscle tensions by solving the 
following equation: 

rc: = J T  f + Jgrc ;  (1) 

W h Y !  

r e ;  : gcricralizctl forcxs 
J : .Jacobian matrix of the wire length 1v.r.t. 

the generalized coordinates 
f : wire tensions 

Iri this paper, m-c adopt the sarric rncthoti a s  [6] for step 
1). The rest of this section describes our improvement of 
the algorithm for step 2) .  

In [6] we found that LP solves our complex optimization 
problem much faster than QP. Hon-ever; the inherent 
problem of LP is that the rcsiiltirig rriiisclc tensions c m i  
l-)c kmth tcrnporally a r i d  spatially tliscoritiriiioiis. Spatial 
tiiscmntiriiiity irnplics that the tensions of gcomctric:ally 
close muscles can be completely different; which is not 
likely to happen in hiirnan body. 

It-e solve this problem by considering a measure of 
variation of tensions of the muscles in each group. The 
ricm- LP forrriiilatiori is siirnrriarizcti as follom-s: 

For constant vectors with positive components 
a,  a f  and am find 6,. 6 f ,  6,,, anti f that 
minimize 

-6f 5 f - f *  5 6f (6) 

6f 2 0 ( 7 )  

f m n r  5 f 5 0  ( 8 )  

(9) 

drr1 2 0 (10) 

- 

Sir1 I E<;f I drii 

n-kicrc the third tcrrri of Eq.(3) has l-)ccri atltlcti to cmrisitlcr 
the niiiscle tension variation. The detailed description of 
the equations will be given in the subsequent paragraphs. 

The first term of Eq.(3) anti Eqs.(4)(3) try to minimize 
the error of Eq.(2) to assure the physical validity of 
the rcsiilt. Instead of incliitlirig Eq.(2) as a r i  cqiiality 
cmntlition, m-c relax the problem 1)cc:aiisc Eq. (2) may riot 
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have an exact solution. By iric:liitiing the term a:'S, iri 
the objective function Eq.(3); we can obtain the niinirnuni 
possible values of for elements of S T ,  which are constrained 
to be positive by the inequality condition Eq.(3). On the 
other hand, Eq.(4) crisiircs that the error of Eq.(3) is 
srriallcr than S T .  By c:orrik)inirig tkicsc constraints, m-c can 
minimize the error of Eq. (3). 

The sccoriti tcrrri of Eq.(3) a r i d  Eqs.(6)(7) tries to bias 
f tom-arcis a given tlcsircti wire tcrisiori vector f*. The user 
can, for cxarriplc, spcc:ify the relationship k)ctm-ccn a pair 
of flexor anti extensor muscles by supplying appropriate 
values to f * .  For example, this information could be 
oht airicti by clcctrorriyograph (ElIG) rricasiircrricrit s for 
I-)iorricc~iariical applications [7]. Sirriply set tirig f* = 0 
gives the rriiriirriiirri wire tensions. 

Eq.(8) represents the upper and lower bounds of the 
wire tensions m-kicrc f,,,,. 2 0 is the vector of rriaxirriiirri 
rriiisc:lc tensions. The clcrricrits of f,, ,,. c m i  I-)c sc1cc:tcci 
independently for each muscle. It-e may also consider the 
muscle length and its velocity to  compute f T 1 l n , p  by Hill's 
muscle model [ 8 ] .  

Firially, the third tcrrri of Eq.(3) a r i d  Eqs.(9) (10) arc 
included to  equalize as much as possible the tensions of 
muscles in the same group. In quadratic prograrnrning, 
this tcrrri c:oiilti I-)c rcplacxd by adding sqi iarc t i  siirri of 
wire tcrisioris to the cvaliiatiori fiinction. Suppose groiip 
TU, iric:liitics T I , , ,  rriiisclcs arid G,, tlcriotc the set of their 
indices. The average tension of group m is computed by 

n-kicrc f k  is the tcrisiori of the k- th  rriiisclc. The tiiff'crcric:c 
between the average tension anti the k-th ( k  E GTll )  
muscle's tension is 

~ 

a f T l l k '  = f T 1 1  - f k .  = E < ; T l l k ' f  (12) 

where E<;,,,k. is a row vector whose i-th element is (1 - 
71 r l l ) / r / , 7 r l  if 1 = k ,  1/71 if i E G,,, a r i d  i # k ,  arid 0 
otherwise. By toll irig E ~ ; r r l k ( k  E G r l l )  for all groiips 
anti stacking them vertically, we obtain the matrix E<; 
in Eq.(9). 

C. Form-arti Dyriarriics 
to c:orripiitc the joirit 

acceleration from the given wire tensions. Derivation of 
the algorithm is straightforward because we can easily 
transform the wire tensions into equivalent joint torques 
by Eq. (l), arid then c:orripiitc the ,joint ac:c:clcrations 
by applyirig ariy forwml tiyriarriim algoritkirri for rigid 
kiricrriatic: diairis (c.g. [9], [ lo]) .  

D. Expcrirricrits with lIotion Capture Data 
TT'c verified the effect of the irriprovcrricrit s by pcrforrri- 

irig irivcrsc tiyriarriim c:orripiit at ion for a rriotiori in which 

Form-arti tiyriarriim is the pro 

Fig. 2.  ' l h c  joint t orqw 01 t h(> third neck vc.rl,c.hra. Black 
dashed: result of Sewtori-Euler inverse dynamics computation; blue: 
computed from the muscle tensions obtained by the old model; red: 
c:ompril,cd f'rom t h(> mrisc:l(: t cnsions oht aincd by i,hc nc\v modcl. 

Fig. 3 .  The ,joint torque of the sixth rib vertebra. Black dashed: re- 
sult 01 Sc\vi,on-Erilcr invcrsc dynamics (:ompiit at ion; hlric:: c:ompril,cd 
1rom t h(> rnrisc:l(. t cnsions oht aincd by i,hc old rnod(.l; r d :  c:ompril,cd 
from the muscle tensions obtained by the new model. 

the su1)jcc:t h i t i s  the spiric back arid forth. Figures 2 a r i d  
3 cornpare the results of irivcrsc tiyriarriim corripiitatioris 
using the model in [6] anti the improved one. In each 
graph, the tiasheti black line represents the required 
joint torque obtained by Yen-ton-Euler inverse dynamics 
c:orripiitation, while the hliic arid reti lirics arc the joirit 
torqiics cornpiitcti from the rriiisc:lc tensions obtairictl by 
the old and new models; respectively. The new niotiel 
yields much more precise and sniootli niiiscle tensions. 

111. Modeling the Keurornuscular Ketwork 

A. Independent Component Analysis of 1Iiiscle Tensions 

Independent Component Analysis (ICA) [ll] is a statis- 
tical tcc:hniqiic for arialyzing obscrvcti tiat a. The tcchriiqiic 
c:orripiitcs hititien factors iiriticrlyirig the obscrvcti tiat a; 
assuming that the data are linear mixtures of nongaussian 
anti niiitiially independent signals. In contrast to Principal 
Component Anal> (PCA) which tries to  find the 
mrrirr ior i  features of a signal, IC.4 tries to identify the 
tiiff'crcrit signal soiirc:cs. 
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Our prok)lcrn kicrc is to find a c:oristarit rriatrix W I ( ~ ~ I  E 
that maps a vector s E R'Vic'A to the R , V , , , x , V l c ; A  

estimated wire tensions f E RA-, : 

f = W l C A S  (13) 

n-kicrc KtL. is the total niirrik)cr of wires (ATw = 1190 iri 
our rriotlcl) a r i d  ATIc;.,i (< ATw) is the rriariiially spccificti 
number of independent signal sour 
of independent signals required t 
tensions of a frame. 

lye applied IC.4 to the rriiisclc tension tiata of 1190 
wires estimated for 1344 frames (44.6 seconds) of motion 
capture data. Fig. 4 show two examples of comparisons of 
the origirial a r i d  rcc:onstriictctl m-ire tensions with ATIc;.,i = 
120. 177 frarncs from the tm-o cxarriplcs c:orriparirig the 
original rriiis1c:c tension a r i d  the tension rcc:ovcrcti by ICAA 
with 120 intiepentient sources. Fig. 3 shows the average 
anti variance of the error between original anti recovered 
tensions of all wires. These results indicate that the 
tensions of 1190 m-ires c m i  be rcprcscntcti by as few a s  
120 intlcpcntlcrit signals. 

This figure remintis us of the fact that  the muscles are 
governed by 124 left/right anti anterior/posterior rami. 
Iri this paper, m-c fiirtkicr tiivitic tkicrri irito 94 groiips by 
c:orrik)inirig those govcrriing the sarric set of rriiisc:lcs. The 
ICA in the rest of the paper is performed with S,CC\ = 94. 

In ortier to  show the possibility of using s as spinal 
m-klosc 

( 6 ,  j ) - th  clcrricrit is I if i-th rarriiis is coriricctctl to the j - th  
wire and 0 otherwise. lye then compute a square matrix 

by P = C W ~ C A .  The ( i , j ) - t h  element 
of P represents the sum of elements of W corresponding 
to the j - th  ICAA c:orriporicnt arid rriiisclcs coriricctctl to the 
6-th rarriiis. Thcrcforc, if thcrc is an one-to-one rriapping 
from ICAA to ricrvc signal, cadi  row a r i d  cmliirriri of P will 
have only one outstanding peak. Fig. 6 shows the values 
of several representative rows of P ,  where the horizontal 
axis iritiicatcs the indices of the c:oliirnns. cxpcctctl, 
most of the lirics (rows of P )  have only one peak at 
tiiff'crcrit cmliirriris. Fig. 7 rnarks the c:oliirnn iritlcx of the 
rnaxirnuni element of each row, where the horizontal anti 
vertical axes represent the indices of the nerves and ICA 
components, respectively. It-e can observe that each nerve 
c:orrcspontls to different ICAA cxmponcrit s, except for those 
rnarkctl by ovals iri the figiirc which c:orrcspontls to plexus. 

ignal, m-c first ticfiric rriatrix c E R'-'C,,~ 

p E R . \ I C A  X , V I C ; A  

B. Keural Ketwork Model 

The ICA discussed in the previous subsection rewaleti 

Tensions of more than 1000 wires required to perform 
a lorig scqiicncx! of motions can be rcprcscntcti by a s  
few a s  100 iriticpcriticnt signals. 

the following important points: 

Fig. 4. 
mrisc:l(: t cnsions; rcd linc.: mrisc:l(: knsions rc:c:ovc:rcd by IC:\. 

Original and rcn)vc.rc:d mrisc:l(~ t cnsions. Black linc:: original 

lkl 

3 s  

2 5  

2 

1 4  

1 

0 5  

n 
0 20 40 60 80 100 120 140 160 180 

X0.033[S~C]  

Fig. 5. l\vc:ragc. and varianu: ol' crror bct wc'm original and rc:c:ovc:rcd 
tensions of all wires. 

Tkicrc sccrris to k)c an one-to-one c:orrcspontlcnc:c 
between most of the ICA components and spinal 
nerves, except for those forming plexus. 

Taking thcsc facts irito corisiticration, iri this section m-c 
built1 a neural network niotiel which takes spinal nerve 
signals as inputs anti outputs the muscle tensions, anti 
then itlcritify its pararnctcrs k)ascti on the cxpcrirncrital 
rcslllt s. 

tern contains complex closed loops due 
vri iri the top figiirc of Fig. 8, m-hose 

c:orrcspontlirig rriotlcl m-oiilti look like the h t to r r i  figiirc. 
Hon-ever, it is iisiially very tiific:iilt to iticntify the system 
embedded in a closed loop. lye therefore convert the 

tern shown in the 
top figiirc of Fig. 9 arid iticntify the pararnctcrs of its 
c:orrcspontlirig rrioticl (bottorr1 figiirc of Fig. 9). 

Fig. 10 shows the three-layered neural network model. 
The inpiit layer with K I ~ ~ ~ I  nciirons t akcs the iriticpcriticnt 
signals iticntifictl by the IC.4 a s  iripiits. The rriititilc layer 
also has -Y/CA neurons each corresponding to  the one 
of the spinal rami. All neurons in the input and rnititile 
layers are interconnected to represent the correspondence 
k)ctm-ccn the iriticpcriticnt signals arid spirial rami. The 
oiipiit layer h a s  KtL. riciiroris which oiitpiit the tcrisioris of 

closeti-loop system to the open-loop 
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. . . . . . . . . 

Fig. 6. 
c:olrinin. 

\ 'dues of selected rows of P displayed ir i  the order of 

Fig. 9. 
(top) arid corresponding neural rietwork rriodel (bottom). 

The  open loop rriodel converted frorri the closed loop rriodel 

Fig. 7. The locatiori of rriaxirriurri colurriri i r i  each row of P .  

individual wires. The connections between the neurons in 
the middle anti output la! ers are tieternlineti according to 
the anatomical connection betn een the spinal rami anti 
rniisch.  

I\-. Expcrirricnts 

Itlcritificxtion of the Kciirorriiiscxilar l\lotlcl Pararnctcrs 

It-e trained the neural network of Fig. 10 so that it 
outnuts the niiiscle tensions estimated for a walk motion 

Fig. 8. 'l'hc. c:losc:d loop inc:lriding i,hc rdlcx ( top)  and c:orrc:sponding 
neural network rriodel (bottorri). 

lvith 338 franles R-hen tile irlpllts are tile intiepentient 
signals ticriveti from ICAl  of the rriiisck! tensions. The 
lcarnirig loop w a s  rcpcatcti 200 tirrics, which rcsidtctl iri a 

103 



TAl\nT.T, IT 
IVeight Pararrieters of 7.2 

rrluzclc 
p z o a z  Irla.jor. 
s x t o r i u s  
vastus lat,rralis 

bvvcight rr1usclc bvvcight 
1.!38E+OO iliacuz 1.37E+OO 
1.77E+OO rcctuz Ccrrioriz l..54E+OO 
2.21 15+00 vastus rnedialis 1 .,7615+00 

vast 11 s i  nt,r rrned i  11 s 
pect,inriis 
addiictor hrevis 

~ 

‘YllBLb 111 
IVeight Pararrieters of 7.3 

2.19 I/:  +OO g raci 1 is 1.1:315+00 
1 .:3315+OO addiictor longus 1 . 1 8 1 5 + O O  
2.(isI<:+[I(l addiictor niaeiiiis 21xI’:-co(1 

~ 

riciiral network with 2.08‘X rriaxirriiirri a r i d  1.26% avcragc 
errors. 

Tables I1 to 1-1 skion- the weight pararrictcrs ohtairictl 
for the c:oriricc:tioris from sc1cc:tcti nciirons in the rriititilc 
layer to  their associated output neurons. These results 
show the following interesting properties: 

rrluzclc 
psoas minor 
vastuz latcraliz 
vastuz iritcrrricdius 

-411 the agonist rriiisclcs for hip flcxori (iliacus, sar- 
torius, rcc:tiis fernoris, arid pcc:tiriciis) have negative 
valiics in Tables I1 a r i d  111. 
All the agonist muscles for knee extension (quadri- 
ceps femoris) have the same signs in each of Tables II- 
I\-. 
-411 the agoriist rriiisclcs for hip extension (glii- 
t c i i s  rriaxirriiis, 1)ic:cps fernoris, scrriitcritiiriosiis, a r i d  
semimembranosus) have the same signs in each of 
Tables 1- and 1’1. 
The agonist muscles for dorsi flexion of the ankle 
,joint (tibialis anterior, peroneus tertius, a r i d  extensor 
tligitoriirri longus) a r i d  those for plarit ar flcxiori (gas- 
troc:ncrriiiis, soleus, arid plantaris) have the opposite 
signs in Table 1’1. 

17 ciglit rrluzclc 17 ciglit 
-1.fi81,;-01 rectus fernoris -2.821~;-01 
-5.62E-01 vastuz rricdializ -7.52E-01 
8.87E-01 adductor. loriaus 1.14E+OO 

Fig. 1 1 .  Sriapshots frorri t h e  sirriulatiori of patellar teridori reflex. 
‘ lhc rcd arrow is dra\vn \vhik t h(> mil, signal l,o i,hc ncrvc: \vas applicd. 

B. Sirriiilat ion of Patellar Tcritiori Rcflcx 
As an application of the neuromuscular model, we 

simulated the patellar tendon reflex which is a typical 
cxarriplc of strct c:h reflex. The algorithm ticsc:ril)cti iri 
Section 11-C m-as iisctl for the sirriiilation. Patellar tcritiori 
reflex is a phcriorricria m-kicrc the lower leg siititicnly 
jerks forward when we tap just belon- the knee. This is 
explained by stretch reflex of the quadriceps tilie to the 
extension of its tendon. 

In the simulation, we emulated the signal caiisetl by 
the reflex by supplying a unit signal to L2-L4 where the 
qiiatiric:cps arc c:onncc:tcti. Fig. 11 shows the snapshots 
from the sirriiilatcti motion. Kotc that the resulting rriotiori 
is very similar to hirrian patellar tcritlori reflex. 

I-. Coricliisiori 
In this paper, m-c tlcvclopctl a rriac:rosc:opic rrioticl 

of the human neuromuscular system and identified its 
parameters by muscle tensions estimated for several 
scqncnc:cs of c:aptiirctl motions. TT’c applied iriticpcriticnt 
c:orriporicnt analysis (IC-4) a r i d  skiom-cti that the tensions 
of alrriost 1000 rriiisclcs can be rcprcscritctl by a liri- 
ear cornbination of about 100 independent signals. The 
analysis of the mapping matrix W also implied that 
most of the intiepentlent signals can be regarded as 
ricrvc signals. Basctl or1 tkicsc observations, m-c h i l t  a 
riciiral rictm-ork rriotlcl with thrcc layers a r i d  itlcritificti 
its parameters using experimental data. The weighting 
parameters showed interesting properties: weights of the 
agonist niiiscles connected to the same nerve have the 
sarric sign, while those of the antagonist ones have the 
opposite. Fiirtkicrrriorc, the forwml sirriiilatiori I-)ascti or1 
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‘I;\BLE \’ 

\Vcight I’aramct crs 01 L5 

, 
gluteus niaxirnus 1 -7.143-02 0 gluteus medius 1 -8.03E-01 
gluteus niininius 1 -5.783-01 1 1  tensor fasciae latae 1 6.78E-01 

‘122BLE \‘I 
\\-eight Parameters of S 1 

muscle 1 weight 1 muscle 

the input signal crriiilatirig patcllar. rcficx rcsiiltcci in a 
rriotiori very sirriilar to act iial kricc ,jerk rriotiori of the 
human. 
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