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Abstract: An inverse dynamics computer sumulation was carried out to investigate the fimetionality of lower
extremity muscles in the swing phase of a transfemoral amputee gait. With each muscle as an 1deal force
generator, the lower extremity was simulated as a two-degree of freedom linkage with the hip and knee as 1its
jomts. Kinematic data of hip and knee joints were recorded by a motion analysis system. Through a static
optimization approach, the forces exerted by muscles were determined so that recorded hip and knee joint
angles were produced. Simulation results showed that in comparison to a healthy model in a transfemoral
amputee model, the hip flexors force exertion duration is longer and hip extensors exert smaller force. These
results correspond to experimental records of electromyography activity of leg muscles. Tn addition, results
showed that as the mass and moment of inertia of prosthetic shank is increased individual muscle forces will
increase. This is in accord with the previous theoretical and experimental studies that showed an increase in
both biological and prosthetic shank mass and moment of mertia 1s a cause to increased muscle efforts and
electromyography activity and energy cost of walking.
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INTRODUCTION

To investigate the importance of the role played by
muscles in the normal swing phase of gait, a lot of
research activities have been carried out. Some of them
suggest that the forces exerted by muscles in the swing
phase may be neglected. For example, Mochon and
MeMahon (1980) found a range of mitial segment angular
velocities that could achieve toe clearance without the
action of muscles. Also, Mena ef al. (1981) found that
without including moments applied by muscles, a near-
normal swing can be simulated McGeer (1990) analyzed
and built two-legged passive dynamic machines with
knees that could walk down slight slopes without the
activities of muscles.

However, the excitations of some muscles in the
swing phase are not zero (Perry, 1992). Therefore, it 1s
reasonable to expect that muscles affect the motions of
the swing leg. Piazza and Delpt (1996) examined the roles
of muscles mn determining swing phase knee flexion.
Riley and Kerrigan (1998) used a torque driven forward

dynamic simulation to determine, whether the rectus
femoris and hamstrings muscles contribute to stiff-legged
gait if active during the swing phase of the gait cycle.
Jonkers et al. (2003) analyzed individual muscle function
during single stance and swing phase of gait using
muscle driven forward simulation. Lim et af. (2003)
modeled the knee joint to predict the forces of eight main
muscle-tendon actuators crossing the knee jomnt during
the swing cycle. Anderson et al. (2004) used a three-
dimensional dynamic simulation of walking to determine
how kinematic conditions at toe-off and muscle forces
following toe-off affect peak knee flexion during the swing
phase of gait. Amold et al. (2007) analyzed a series of
three-dimensional, muscle driven dynamic simulations to
quantify the angular accelerations of the knee induced by
muscles and other factors during swing. Barret et al.
(2007) employed a forward dynamic sunulation of the
swing leg to ivestigate the role played by swing leg
muscles. Neptune et al. (2008) used muscle-actuated
forward dynamics simulations to identify functional and
energetic adaptations in individual muscles in response to
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walling at faster steady-state speeds. B esier et ol (2009
uszed an EWG -driven musculoskel etal model ofthe lneeto
estitnate quadriceps forces during walking and ninning,

Dealing with the muscular functionality in
transfemoral amputee, thiz study has two goals. The
mmazcle activity in a transfermnorml amputes differs from that
ina nommal subject. Jaegers et af. (1994 reported that the
duration and intensity of mwscle excitations in a
transfemoral amputee are higher than those in a normal
subject. Because at present, there iz no way to record
musdle forces, experimental quantitative assessment of
amputation induced alternations in the forces of muscles
is not pozsible. Therefore, as its first goal, this study
cotnpares the fanclionality of muscles of healthy subjects
with transfernoral amputees using mathematical modeling.

Inn addition, the mass and moment of inettia of the
prosthetic shanlk is one of the parameters that affect the
mmscle  functionality. Usng an  inverse dynamics
sitmilation of swing phase, Hale (1990) reported that a
heavier prosthetic shank increases the muscular effort of
the amputee. However, Hale (1990) did not quantify the
functionality ofindividual rouscles, for he took the role of
tnuscles into account by including their overall morment
about hip and knee joints in the equations of motion. In
addition, experimental records of leg muscles ENMG
activity and metabolic rate of walking of healthy subjects
(Browming ef ai., 2007} and energy cost of walking of
transtibial arputess (Mattes et @, 20000 show that
increasing shank and foot tnass and moment of inertia
increazes the EMG activity of muscles. Nevertheless, no
literature was found that reports the effect of shank mass
on individual muscles functionality of a transfemoral
amputee. Therefore, az its second goal, this study
quantifies the effect of shank mass and moment of inertia
on the force exerted by individual muscles in a
transfemoral amputee swang phasze of gait.

Since, the forces exerted by muscles were target
wariables, an inverse dynamics simulation was carried out.
The lower extrernity was modeled az a two-degree of
freedom linkage with hip and knee as its joints. Through
a static optirnization approach, each muscle force was
determined zo that experimental recorded hip and knee
joint angles were produced.

MATERIALS AND METHODS

Musculoskeletal model: The model which iz uzed for
lowrer exttrernities and their muscles in a healthy model is
showm inFig. 1. Only the movements in sagittal plane are
considered to be important. Also, it is assumed that hip
and lmee joints serve as hinge joint and there iz no
rotation between foot and shanlz.

The muscles that are included in the healthy model
are; iliacus, psoaa, superior component of Gluteus
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Fig 1: Schematic of the healthy model

Tahle l: The healthy model mxs, geometical and irerbial properbes
[Piazza and Celpt 1596]

Parameters W ahies
Thigh mass Mk
Shank mass S8k
Footmass 099k
Thigh memment of mertia 0167k m?
Shark momwernt of mertia 0060 )z it
Foot moenent of inerhia 0M5ke m?
Thigh length 040m
Shavk length 043m
Thigh distarre fomn procdmal end to certer of tas s 020m
Shank distance fiom prosimal end to center of mass Olsm
Footdistance from procamalend to cerder of mass 002 m

Mazimiz (GRAZD middle component of Gluteus
Dlamimms (GWAKDY inferior component of Gluteus
Dlasimme (GLIAXKTY Fectus Femoris (FF) Adductor
Longus (ADDLOMNG Semimembranosus (SENMINMEND
Setnitendinoss (ZEMITEN) long head of Biceps Fetnoris
(BIFEMLH) short head of Biceps Femoris (BIFERMSH)
WVastus  Medialis (VARMEDY  Vastus  Intermedius
CVASIMTY Vastug Lateralis (WASLAT) medial head of
gastrocnernius, lateral head of gastrocnemivs. The
origin and insertion paint of each muszde is taken from
Lielp 19903, Thetnass, geometncal and inertial parameters
of the thigh and shanlk are presented in Table 1
(Fiazza and Drelpt, 1996},

For the ttansfemoral arnputee mo del, muscles number
1,2, 3, 4,5 and 7 are preserved in the model and muscles
munber 6, 8, 9 and 10 are preserved partially, Also, it is
assumed that there iz no rotation between shanl and foot
and they are modeled as a unit point mass at the center of
mags of the shanle. The walues of shanls masg and moment
of inertia were set to 2.36 kg and 0.136 kg wi?
resp ectively (Zarrugh and Fadciffe, 1976
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Equations of motion: The equations of motion are taken
from Piazza and Delpt (1996):

On _M_lc{e;}_’_M_lv{eH BK}
- 2
-0, N 0.0 (1)
- X — - M
M ‘P{X}LM 'G+M { “}
¥ -My
where, 6, and 6  are hip and shank rotational

accelerations which are determined from experimental
data, ¥ and ¥ are the acceleration of hip joint in
horizontal and vertical directions, respectively. M, C, V, P
and G depend upon joint angles and inertial parameters.
M, 18 the momentum resulted from muscle forces about
hip joint and My is the momentum about knee joint. For
the normal subject this momentum 1s resulted from muscle
forces and for the amputee subject it 1s resulted from
prosthetic knee. In the swing phase of a transfemoral
amputee, the prosthetic knee controls the motion in the
knee joint. To incorporate the momentum of a prosthetic
knee into account a par of antagomstic muscles 1s
included in the knee joint. In other words, to model the
momentum produced by prosthetic knee, a pair of virtual
muscles that span knee joint 15 embedded. This approach
1s based on the study reported by Hale (1990).

Static optimization: Since if one seeks only to estimate
muscle forces, the use of dynamic optimization rather than
static optimization 1s not justified (Anderson and Pandy,
2001) the static optimization solution is used. In addition,
as taking muscle force-length-velocity properties into
account produces results similar to results obtained when
they are excluded, each muscle has been treated as an
ideal force generator (Anderson and Pandy, 2001). The
performance criterion was chosen as the sum of the
squared muscle activation (Anderson and Pandy, 2001):

MM
=Y,y 2
m=1
Where:
) = The performance criterion
MN = The number of muscles
a, = The activation of each muscle

So that muscles can control the motion of hip and
knee joints, the equality constraint below is enforced:

éH (eH )exp

éK (91( )exp

=00 3

Table 2: The hip and knee initial velocity and angle

Parameters Values

Normal model hip initial angle -0.096 (rad)
Normal model hip initial velocity 2.204 {rad sec™")
Normmal model knee initial angle 0.769 (rad)
Normal model knee initial velocity 4,148 (rad sec™ ")
Amputee model hip initial angle -0.109 (rad)
Armputee model hip initial velocity 2.080 (rad sec™!)
Armputee model knee initial angle 0.838 (rad)

Armputee model knee initial velocity 3.600 {rad sec”")

where, (6,),, and (6,), are experimental acceleration of
hip and knee jomts, respectively. The experimental
accelerations in Eg. 3 are computed by twice
differentiation of experimental knee and hip joint angles.
In addition, values of muscles activations are bounded
between 0 and 1.0.

Experimental data: A male left-side transfemoral amputee
volunteered to participate in a motion analysis. He had
=12 months experience in using a transfemoral prosthesis
with Endolite esprit foot (Chas. A. Blatchford and Sons
Ltd, Basingstoke, UK) and a Naptesco Hybrid knee
(Naptesco Corp., Japan). This prosthetic knee has a
microprocessor-controlled pneumatic pressure for swing
phase control. The amputee has no other concomitant
disabilities and skin complications.

The amputee was asked to walk along a walkway at
his natural cadence. Kinematic data of the lower limb
during walking were measured by a motion analysis
system (WIN analyze 1.4, 3D, Mikromak Gmbh, 1998,
Germany). A digital high speed camera (Kodak Motion
Corder, SR-1000, Dynamic Analysis System Pte Ltd,
Singapore) was used to record the two-dimensional
motion of the body segments taken at 125 frames sec™.
Three reflective markers were attached to ankle (lateral
malleolus) knee (lateral femoral epicondyle) and hip
{(greater trochanter).

The EMG signal of the muscles was collected by an
EMG telemetry system (Mega Electronics Ltd., Kuopio,
Finland) at 2000 Hz and processed by an interactive
computer program. The values for hip and knee mitial
velocity and angle for the normal and amputee model were
computed from experimental data and are presented in
Table 2. Using a baclkward difference scheme, Eq. 1 was
solved numerically in MATLAB programming language.
Using 100 time steps, on a laptop model Intel® Core™ 2
Tuo CPU T7250 @ 2.00 GHz with 3070 MB RAM, it took
about 60 min for the healthy model to be run. The
execution time for the amputee model was approximately
45 min.

RESULTS AND DISCUSSION
In Fig. 2a-j the forces of muscles are shown for both

healthy model and amputee one. As this Fig. 2 shows,
there are differences between the forces of these models.
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Fig. 2: Comparison between forces of iliacus, psoas, GMAX]1, GMAX2, GMAX3 RF, ADDLONG, SEMIMEM, SEMITEN
and BIFEMLH muscle i healthy and transfemoral amputee models
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In the amptes model, iliaois, psoas, BF and ADDLONG
exerts force in a longer dration than healthy model. On
the other hand, in the healthsy model the duration of force
ex ertion of gluteus maximus and hamstrings is longer in
cotnpaisor to the amputes one, Also, these musdes exert
larger force in com parison to the ampotee model.

Since, the model of lower extremity only takes the
motiors in the sagital plane into accout, the muscles can
playthe role of ahip ot knee flex or o extensor. According
to Fig (20 inthe amputee model the hip flex or are moore
active in compatizon to the healthy model, bot hip
extenisors are less active Mamely, iliacus, peoas, BF and
ADDLONG exert force in alager duration B, GMAST
atwd combired ham strings exert force in a shorter durati on,
atud their thean force is smaller.

Sccording to Jaegers of al. (1996) both the intensity
atw} charation of the experimentally recorded EMG activity
of RF and ADDLONG in a transfemoral ampntee subject
ate larger in compatison to a healthy subject H owever,
Taegers of & (1996 reported these muscles as hip
abductor muscles. Considering the resdts obtainedin our
sitmlation, we poshlate that the ELG activity of these
muscles will have more daration and hi gher intensity ina
transfemoral subject in compatison to a healthy one, for
they play ardle in both p abduction and flexion Since
iliacus and peoas ae not supetficial as BF and ADDLONG
10 ERG sigrial has been reported for them . Fegar ding the
results presented in Fig () they act similar to BF inhip
flexiot and so we suggest that the EMG activity of these
muscles will have a longer dwation i canparisan to a
healtlyy subject.

T walidate the simulation results for GIAR force,
the EMG activity of this tuscle was recorded. The results
for both intact and transected leg are shownin (Fig 30

e -
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-
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Aince, the ELG activityin aintact limbis more noticeable
in comparison to a transected one, considering Fig 2e-g,
the resits of simulation seem teasonable.

In Fig. 4 the forces of muscles when the mass of
shatk is set to 16, 2.36, 26 and 4 2 kg are shown Also,
Fig 5 shows the forces of musces when momernt of inertia
of the shankis set to0.06, 002, 0.1 and 0134 kgm_?. As
these Fig (4-5) show when the mass of shank or its
moment of inettia are increased, in order to maintain a
neat-normal bip and knee angle joints, the ampuatee shoald
overactivate his muscles.

Az Fig 4 (aq) and 5 (a) show when the mass and
mothent of inertia of shank are increased the forces of
both  kp  extensors  and flexors are inereased too.
Through experim ental records and mathem atical modeling,
Hale (1990 reported that when the mass of shank is
inecreaged the muscular effort at the hip joint increases.
Also, Mattes of & (20000 recorded the energy cost of
trafstibial ampess gat when the mass and momerd of
inertia of the prosthetic shank andfoot was varied.

They found  that  as these parameters were
ineteased the energy cost of walking wasincreased too.
It addition recording of metabolic rate of healths
subjects during waking (Browing o &, 2007,
showed when the mass of the leg of a hedthy subject
increases, his metabolic energy rate increases, too, Also,
the more distal is the increased load of leg, the greder
EMG activity of muscles will be. Therefore, in accord to
the results reported by aforemertioned literatiwe, the
tesults of ow simulation showed that the forces of
itudivA dual bip flex or and extensor muscles increaze when
prosthetic sharl tass and moment of inertia are
inereased.

— Intacthy

Inened iy

fring phava (35

Fig 3 EMG activity of GAAX in intact atd transcuted limb during swing phase of gait
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Fig. 4: Forces of iliacus, psoas, GMAX]1, GMAX2, GMAX3, RF, ADDLONG, SEMIMEM, SEMITENand BIFEMLH
muscle for different values of shank mass
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Fig. 5: Forces of iliacus, psoas, GMAX]1, GMAX2, GMAX3, RF, ADDLONG, SEMIMEM, SEMITEN and BIFEMLH
muscle for different values of shank moment of inertia
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CONCLUSION

A computer simulation of muscle contributions n
swing phase of transfemoral amputees was presented.
According to the results, in comparison to a healthy
model the hip flexors of a transfemoral model have longer
duration and hip extensors have shorter duration and
exert smaller forces. Also, when the mass or moment of
inertia of the prosthetic shank is increased, the individual
will mecrease, too. These results
correspond to previous published literature that report in

muscular forces

mtact and transected leg, EMG activity of muscles and
walking energy rate increase as mass and moment of
mnertia of the shank is mcreased.
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