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Trunk and Lower Extremity Muscle Activity in Seated
Weight-Moving Tasks : Three-Dimensional Analyses of
Intersubject and Intertask Differences

Kwon Son* and James A. A. Miller**
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A three-dimensional musculoskeletal model was used to predict the trunk and lower extremity
muscle activity required to stabilize the body while performing dynamic tasks in the seated
posture. We studied seven subjects performing four tasks consisting of cyclic or single-
directional movements of a hand-held weight in the sagittal plane. Five different optimization
schemes involving the minimization of muscle forces, muscle stresses, or joint force components
were used to predict the 64 muscle force-time histories. A quantitative method was used to
compare prediction schemes by correlating predicted muscle forces with measured myoelectric
data and ranking the efficacy of each scheme for different tasks and subjects. The results showed
that (1) the trunk and lower extremity muscles play an important role in stabilizing the seated
posture in these tasks, (2) the most successful muscle force prediction scheme was not the same
for all seven subjects performing a given task, or for a given subject performing all four tasks,
and (3) these linear optimization techniques successfully predicted activity in up to 10 of the 15

muscles whose myoelectric signals were actually monitored.
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1. Introduction

The seated posture is fundamental to many
work, school, transportation, and recreational
activities. However, surprisingly little is known
about how stable sitting is established and
maintained by the neuromuscular control system.
Such knowledge can lead to improved workplace
design for healthy individuals as well as better
clinical management of non-ambulatory patients.

Previous studies of sitting have included postur-
al (Schobert, 1962 ; Bendix, 1984), myoelectric
(Knutsson et al., 1966 ; Andersson, 1974), seat
pressure (Bader and Hawken, 1986), and quasi-
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static biomechanical analyses (Andersson et al,,
1980 ; Occhipinti et al., 1985). In previous work
we have used planar biomechanical models to
verify the importance of the lower extremities in
stabilizing the seated posture (Son et al., 1988)
and to explore the mechanical demands placed
upon the trunk and lower extremity muscles in
dynamic tasks performed in the seated position
(Son and Miller, 1988). Such models have several
limitations, including the two-dimensional repre-
sentations of muscles and their lines of actions,
and the restriction of tasks and motions to a
single plane.

Due to the redundancy problem, muscle force
predictions in biomechanical models are tradi-
tionally made using several optimization schemes
(Seireg and Arvikar, 1973 ; Penrod et al., 1974;
Crowninshield, 1978 ; Hardt, 1978 ; Pedotti et al.,
1978 ; Crowninshield and Brand, 1981 ; Patriarco
et al., 1981 ; Schultz et al., 1982 ; An et al., 1984 ;
Rohrle et al., 1984 ;Davy and Audu, 1987).
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However, their efficacy has only recently been
quantitatively evaluated for different subjects
performing the same task (Son and Miller, 1988 ;
Son, 1990).

The objective of this study, therefore, was to
use a three-dimensional biomechanical model of
the seated human to analyze bilateral joint load-
ing and muscle activities in four similar, yet
different weight-moving tasks. Five different lin-
ear optimization schemes were used to predict
trunk and lower extremity muscle forces in each
of seven subjects ; the efficacy of each scheme was
evaluated quantitatively by comparing predicted
forces with measured myoelectric (EMG) signals
using a time correlation method (Son, 1990).
Particular attention was paid to bilateral and
intertask differences.

2. Materials and Methods

2.1 Test protocol

Experiments were performed on seven healthy
young male subjects at the Biomechanical Labo-
ratory of the University of Michigan. They were
selected to match those studied by McConville et
al.(1980), for whom anthropometric properties
are available. Mean (SD) subject ages, statures,
and weights were 27.9 (3.5) years, 178.8 (5.8) cm,
and 726.9 (49.1) N, respectively.

Four weight-moving tasks were performed by
each subject:a cyclic, sagittally-symmetric task
with both hands (Task 1) ; a cyclic, right-handed
task (Task 2) ; a right-handed, arm-stretching task
(Task 3);and a right-handed, arm-folding task
(Task 4). A weight of 2 kg mass was used in the
two-handed task, while a weight of 1kg mass was
used in all three right-handed tasks. Each seated
task consisted of moving a weight with either one
or both hands at shoulder height between the full
flexion position (FFP) and the full extension
position (FEP) of the arm elements in the sagittal
plane (Fig. 1). Tasks | and 2, cyclic tasks, consist-
ed of moving a hand-held weight from FFP via
FEP and back to FFP in a repetitive, cyclic
fashion at a frequency of 1 Hz. Task 3 consisted
of moving the weight in a single direction from
FFP to FEP, while in Task 4 the weight was

moved in the opposite direction from FEP to
FFP. Both Tasks 3 and 4 consisted of three parts :
0.25 second of static weight-holding, 0.5 second of
weight-moving in a single direction, and 0.25
second of static weight-holding. Each task was
performed in the sagittal plane and movements
were cued by the beat of a metronome. At least
five trials were performed for each task from
which a single movement cycle that best satisfied
the above task constraints was analyzed.

Detailed descriptions of the motion measure-
ment (locations of upper body and extremity
markers collected at 300 Hz using a CODA-3
system), foot-floor reaction measurement (reac-
tion components collected at 30 Hz using an
AMTI force plate beneath each foot), myoelectric
(EMG) signal measurement (more than three
seconds data collected at 900 Hz from each sur-
face electrode) were given in our previous studies
(Son, 1988 ;Son et al, 1988 ;Son and Miller,
1988), where data selection and analysis were also
described in detail.

Fifteen large and superficial muscles on the
right side of the trunk and right lower extremity
were selected for the simultaneous recording of
surface EMG activity during each seated task.
These muscles included multifidus (MUL), rectus
abdominis (RAB), medial external oblique (M
EQ), tensor fasciae latae (TFL), gluteus maximus

Fig. 1 Extreme arm positions of a seated task
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(GMA), adductor longus (ADD), rectus femoris
(RFM), biceps femoris longus (BFL), semiten-
dinosus (STN), sartorius (SAR), biceps femoris
short head (BFS), gastrocnemius lateralis (GAL),
soleus (SOL), peroneus (PER), and
tibialis anterior (TAN).

2.2 Dynamic model

The seated human body was modelled as a
three-dimensional system of fifteen rigid links

longus

connected by frictionless articulations (Fig. 2).
The basic assumptions used were that (1) main
body segments, such as head and neck, trunk, and
pelvis, moved only in the sagittal plane, (2) upper
extremity segments carrying a weight moved in a
single vertical plane, (3) in a right-handed
weight-moving task, every point of the left upper
extremity segment moved with the same velocity
and acceleration as the center of the left shoulder
joint, (4) lower extremity segments remained fixed
with constant flexion angles between the segments
during all phases of a task, and (5) distributed
reaction forces and moments acting through the
floor and the seat could be replaced by equivalent
point quantities. The body motion, which de-
scribed each task, was analyzed using an inverse

Fig. 2  Schematic representation of links of the seat-
ed human body with x, y, and z-axes in a

global coordinate system

dynamics formulation for joint loadings of the
trunk and lower extremities (Son et al., 1988 ;
Son, 1990).

2.3 Muscle model

A three-dimensional trunk and lower extremity
muscular system was modelled using 64 single
equivalent muscles:22 trunk and 42 lower
extremity muscles on both sides of the trunk and
lower extremities. The basic assumptions used
were (1) change in length of a trunk or lower
extremity muscle was negligible in a seated task,
(2) most muscles could be adequately described
by a muscle model with a straight line-of-action,
but a two-segment straight-line model was used
for the tensor fasciae latae due to the hip flexion
in the seated position, (3) the gluteal groups could
be described by a curved-line model with a
moment arm length reported by Németh and
Ohlsén(1985), (4) the effect of passive elements,
such as ligaments and articulated surfaces, was
negligible at the trunk and hip joints so that
internal moments are produced only by muscle
contractions at these joints, and (5) the passive
elements could develop resistance about the knee
in varus-valgus and internal-external rotation,
and about the ankle in internal-external rotation.

Trunk muscles were represented by 11 pairs of
single equivalent muscles at the L3 level (Fig. 3)
as in the validated model by Schultz et al.(1983).
For consistency, their anatomical cross-sectional
areas, lines of action, and locations of centroid for
each trunk muscle were taken from their study.

The lower extremity muscles were idealized by
21 pairs of single equivalent muscles on each side
(Fig. 3). They represented the muscles which have
functional importance in three-dimensional joint
stability or have substantial cross-sectional areas.
The physiologic cross-sectional area (PCSA) of
each muscle was calculated by scaling data report-
ed by Brand et al.(1986). The rectus femoris and
the vasti (interalis, medialis, and lateralis) were
modelled as a single quadriceps equivalent, QUA,
proximal to the patella and as a single patellar
tendon equivalent, PAT, distal to the patella as in
our previous study (Son and Miller, 1988).

The single equivalent muscles at hip joint were
iliopsoas (PSO), iliacus (CUS), tensor fasciae



Trunk and Lower Extremity Muscle Activity in Seated Weight-Moving Tasks : ... 375

10
9

7 "
[} « 1
14 1J-
L3 TRUNK LEVEL
[ 3
G ?
> ~
(!l 1 .
e N
WO / a3
NaY "
1 A
\
19 H
20 ]
i
L
I
wip
28 /
26
2729 28 3130

!
\

, -

(\’ /

—-..-—-:;—::;
Schematic representation of trunk and lower
extremity model with single muscle equiva-
lents on the right side of the body. These
represent RAB (1) ; medial internal oblique,
MIO (2) ; MEO (3) ; lateral internal oblique,
LIO (4) ; lateral external oblique, LEO (5);
latissimus, LAT (6) ; MUL (7) ; longissimus,
LON (8);iliocostalis, COS (9) ; quadratus,
QUD (10); PSO (11) ; CUS (12) ; TFL (13);
GMA (14);GME (15);PIR (16); ADD
(17); RFM (18); BFL (19);SMM (20);
STN(21) ; GRA (22); SAR (23); BFS (24);
GAM (25); GAL (26);SOL (27);TPO
(28) ; PER (29); TAN(30); EDL (31);
QUA (32); and PAT (33). See text for abbre-
viations.

Fig. 3

latae (TFL), single muscle equivalent of gluteus
maximi (GMA), single muscle equivalent of pos-
terior and medial portions of gluteus medii
(GME), piriformis (PIR), adductor longus
(ADD), rectus femoris (RFM), biceps femoris
longus (BFL), gracilis (GRA), sartorius (SAR),
semimembranosus (SMM), and semitendinosus
(STN) on either side. The single equivalent
muscles at the knee joint were tensor fasciae latae
(TFL), patellar tendon (PAT), biceps femoris
longus (BFL), (SMM),
semitendinosus (STN), gracilis (GRA), sartorius
(SAR), biceps femoris short head (BFS), gastroc-
nemius medialis (GAM), and gastrocnemius later-

semimembranosus

alis (GAL). The muscles
modelled at the ankle joint were gastrocnemius
medialis (GAM), gastrocnemius lateralis (GAL),
soleus (SOL), tibialis posterior (TPO), peroneus
longus (PER), tibialis anterior (TAN}), and exten-
sor digitorum longus (EDL).

24 Linear optimization schemes

Let n be the number of muscles modelled ; k the
number of joints modelled ; m the number of

single equivalent

moment components to be modified by passive
tissue resistance ; g,; the moment arm component
of the j-th muscle for the ;-th moment component
(b;) due to solely active muscle contractions ; ¢;;
the moment arm component of the j-th muscle for
the /-th moment component (,) due to combined
effects of muscle contractions and passive resis-
tance ; g; the cross-sectional area of the j-th
muscle ; and j; the coefficients to be assigned to
the j-th muscle for an objective function. With
these known parameters of the musculoskeletal
system, the problem can be formulated for un-
known j-th muscle force (x,) and resultant muscle
stress (S) :

n
minimilc{hos+21thJ}, n
=
subject to :
n
2@ = b i=1,2, -, (3k-m), (2)
n
) Cz‘j.Xdel 13:1,2, ey 2m, (3)
=
)Cj/gjés ].::la 2a ey N, (4)
XJZO j::l’ 2’ ceey I (5)

This study used the double linear programming
method (DLPM) published by Bean et al.(1988) :
firstly, the value of muscle stress S was minimized
by putting /=1 and j;=0 for ;=1 in (1) while
expressions (2), (3), and (5) were satisfied ; sec-
ondly, muscle forces were obtained which minim-
ized objective function (1) (see below) while
expressions (2), (3), (4), and (5) were satisfied.

For comparison purpose, four different objec-
tive functions A, B, C, and D were used in the
second solution step of DLPM. They depended
on the coefficients in {(1). The value of j, was zero
in every case, but a set of values of &, for j =1 was
distinct in each objective function. The coeffi-
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cients were for j>1:(A) j,=1 which minimized
the sum of muscle forces, (B) %;=1/g; which
minimized the sum of muscle stresses, (C) ;=100
if the j-th muscle crosses the hip joint and f;=1
otherwise, which put a heavier (100 times) pen-
alty on use of muscles crossing the hip joint, (D)
hj=1l where [, (-1</[,<1) is the direction
cosine of the line-of-action of the j-th muscle to
the z-axis of the global coordinate system, which
minimized the sum of all lateral joint force com-
ponents exerted by muscles. These four optimiza-
tion schemes were selected from the most promis-
ing of 12 candidate schemes studied in Son(1988)
using a quantitative evaluation of the muscle
force predictions (Son, 1990).

Solution sets were found to be dependent upon
how the contraction force in a two-joint muscle
was calculated at its proximal and distal joints
(Son, 1988 ; Son and Miller, 1988). The reason
for this is that, when two-joint muscles are
modelled in a multi-joint system, the stepwise
treatment of each joint makes a multi-joint system
with two-joint muscles equivalent to a system
with multiple isolated single joints. In this study
the efficacy of the above four global schemes and
a local scheme was examined. The local scheme
involved stepwise calculation of one- and two-
joint muscle forces acting about the ankle, then
the knee, then the hip joints, and finally the trunk.
Since this scheme was found to provide the same
solution set regardless of different objective func-
tions used in the second step of DLPM, it was
denoted by Scheme E for comparison purposes.

2.5 Correlation method

The linear correlation coefficient () between
the predicted and measured muscle activity was
calculated over a one second time period (Son
and Miller, 1988 ; Son, 1990). For each of the 15
muscles from which EMG signals were monitor-
ed, the correlation was based on the 31 pairs of
sequential data points representing predicted
force and measured EMG. Then, the number of
muscles (N,;) whose #’s reached statistical
significance was used as a quantitative measure of
ranking the efficacy of the different prediction
schemes.

3. Results

3.1 Joint moments during the four tasks

Joint moments were calculated for each task
where a hand-held weight was moved in the
sagittal plane. Figs. 4(a) through 4(d) show time
histories of the moment components acting at the
third lumbar (L3) of the trunk, and the right and
left hip, knee, and ankle joints for a subject
(Subject RC) for a single cycle of each of the four
tasks. In each figure, one horizontal axis denotes
21 moment components at the seven joints, the
other horizontal axis denotes 31 time steps during
a task cycle, the vertical axis denotes moment
magnitude, and approximate arm positions dur-
ing task performance were shown next to the time
axis.

The moment-time pattern was closely related to
the anterior-posterior arm segment position and
movement pattern, as expected. Not surprisingly,
the variation in the z-component (flexion-
extension moment component) was greatest at the
L3 level, diminishing as one moved distally to
knee and ankle joints. Thus, the trunk and hip
moments were found to be quite sensitive to task
type, while the knee and ankle joint moments
were less sensitive.

Noticeable intertask differences in joint mo-
ments were found from Figs. 4(a) through 4(d).
The flexion-extension moments reached 65, 42, 49,
and 32 Nm at the L3 trunk ; 20, 14, 14, and 8 Nm
at the right hip joint ; 21, 15, 28, and 10 Nm at the
left hip joint; 5, 3, 6, and 4 Nm at the right knee
joint; 5, 3,7, and 4 Nm at the left knee joint; 11,
13, 11, and 9 Nm at the right ankle joint; 14, 6,
14, and 8 Nm at the left ankle joint in Tasks 1, 2,
3, and 4, respectively. A considerable ( >16 Nm)
difference in the maximum trunk moment be-
tween the two-handed task (Task 1) and the
right-handed tasks (Tasks 2, 3, and 4) clearly
showed the effect of the inertial and gravitational
forces of the left arm segments and the additional
weight of lkg mass. An asymmetric use of lower
extremities for body equilibrium was also found
from joint moment values in the two-handed
symmetric task as well as in the right-handed



Trunk and Lower Extremity Muscle Activity in Seated Weight-Moving Tasks : ...

tasks. The right-left moment difference was largest
(14 Nm) at the hip joint in the right-handed
arm-stretching task (Task 3), while it was negli-
gible at the knee joint in all four tasks. A compar-
ison of the maximum values of ankle joint mo-
ment revealed an ironical fact that the symmetric
task had a larger (3 Nm) difference than the
right-handed arm-folding task (Task 4) had.

For the seven subjects, the joint flexion mo-
ments are summarized in terms of the mean values
and standard deviations (Table 1). A negativq

377

value of the mean joint moment indicates that an
extension moment was exerted at that joint.
Intersubject variations in extremum joint moment
values were so large that the coefficient of varia-
tion (CV) exceeded 0.3 at each joint for all four
tasks. The CV’s reached up to 1.3, 37.0, 1.0, and
0.6 at the trunk, hip, knee, and ankle joints,
respectively. The main reasons for these large
CV’s could be personal differences in anth-
ropometry, weight-moving stroke, and feet or hip
supporting strategy. It was also found that, con-
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MOMENT COMPONENT (Ror L)
(c¢) Right-handed stretching task (Task 3)

MOMENT COMPONENT (R or L)
(d) Right-handed folding task (Task 4)

Fig. 4
tasks by Subject RC

sidering both sides of the body, the hip joint
moment reached the magnitude of the trunk
moment and the ankle joint moment reached
more than a half of that for all tasks.

3.2 Muscle force predictions

Determination of passive moments : The three
passive moments considered were the knee varus-
valgus rotational moment (PM 1), the knee

Time histories of moment components at the trunk and lower extremity joints in four

internal-external rotational moment (PM 2), and
the ankle internal-external rotational moment
(PM 3). Since no data on the average passive
moments are available for the seated position,
ranges of plausible values were taken from the
available literature. Then the “appropriate” com-
bination of passive moments was determined by a
sensitivity analysis, changing one variable at a
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Table 1 The mean and standard deviation (SD) of the extremum values of the flexion moments at the L3 trunk,
right (R) and left (L) hip joints (H.J.), knee joints (K.J.), and ankle joints (A.J.) for the seven subjects
during each task cycle

Flexion Moment (Nm)
Joint Task 1 Task 2 Task 3 Task 4

Min Max Min Max Min Max Min Max
Mean 10.5 44.0 7.7 279 13.5 29.9 5.2 22.4

L3 Trunk
SD 13.7 14.9 5.5 8.4 6.3 11.0 5.5 6.0
Mean -5.2 21.0 0.2 10.9 2.6 11.2 -3.6 6.8

H.J. (R)
SD 5.5 8.7 7.4 33 6.7 7.5 5.7 5.2
Mean -4.6 19.8 -1.5 19.0 2.9 17.3 -2.8 9.2

H.J. (L)
SD 8.7 5.5 5.5 4.8 6.7 99 8.0 79
Mean -54 -2.2 -5.5 -33 -5.8 -4.0 -4.9 -3.2

K.J. (R)
SD 29 2.0 2.0 2.7 1.8 1.4 1.6 1.3
Mean -6.3 -2.9 -6.1 -2.7 -7.0 -4.7 -59 -3.5

K.J. (L)
SD 2.7 29 24 1.9 2.0 1.8 2.1 1.6
Mean 33 10.3 4.9 9.8 5.5 8.1 5.2 7.4

A.J. (R)
SD 1.6 4.2 1.8 2.5 33 34 1.8 2.5
Mean 4.2 11.9 5.3 8.9 5.8 9.1 5.7 7.4

A (L)
SD 2.5 4.0 2.6 33 31 3.8 2.8 32

time.

The sensitivity analysis was based on a single
subject (Subject GW) in a single task (Task 1).
An allowable muscle stress is bounded by a
physiological limit, therefore, the resultant muscle
stress was used as a criteria to judge the accepta-
bility of passive moment values. We started the
sensitivity analysis with values of 5.0, 0.02, and 0.
3 Nm (Andriacchi et al., 1983 ; Gottlieb and
Agarwal, 1978) for PM’s 1, 2, and 3, respectively.
It was found that individual muscle stress was
most sensitive to change in PM 3 so that an
increase in PM 3 from 0.3 to 2.0 Nm caused a
reduction in muscle stress approximately to half
for most muscles (Son, 1988). This value of PM 3
was taken, and then all the muscle force predic-
tions were made using 5.0, 0.02, and 2.0 Nm for
PM’s 1, 2, and 3, respectively.

Muscle force predictions by different optim-
ization schemes: Figs. 5(a) through 5(e) show
time histories of muscle forces which were predict-

ed using the five different optimization schemes
A, B, C, D, and E for a given subject (Subject
RC) performing the right-handed folding task
(Task 4). These five figures show the predicted
forces in the 32 right side muscle equivalents at
each time step of a single task cycle. The predicted
left side muscle forces using Scheme A are shown
in Fig. 5(f) in order to investigate the right-left
difference in muscle forces for Task 4. In most
figures, the predicted muscle forces in trunk exten-
sors (for example, COS, QUA, and PSO) clearly
indicate the posterior arm segment movement
during this task.

Fig. 5(a) shows predicted muscle forces when
the sum of muscle forces was minimized at the
second step of the double linear programming
method (DLPM). Higher forces ( > 100 N in their
maximum values) were predicted in such muscles
as LON, COS, PSO, GMA, ADD, and GAM. For
convenience, this prediction was taken as the
reference in comparing with the other predictions.
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(b) Scheme B
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(d) Scheme D



382 Kwon Son and James A. A. Miller

\a

5
P ‘-

A > = I

SR ‘ <

S ‘0’/ >

by, AL D "0//

S ("“’tzﬁ’/’/ 0 )

R MERERENAERA

T

SRR

(f) Scheme A (left)

Fig. 5 Predicted forces in the trunk and lower extremity muscles (a, b, ¢, d, and e for the
right side; f for the left side) of Subject RC during Task 4 using different schemes
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When the minimal muscle stress was used as an
objective function (Fig. 5(b)), such lower extrem-
ity muscles as CUS, PAT, SMM, and SOL whose
PCSA are relatively larger (>15 cm?) were
predicted to carry increased forces in comparison
with Fig. 5(a). It should be noted that ankle
flexors (GAM and SOL) were predicted to switch
their major activity for different arm positions :
SOL reached the highest muscle force (250 N)
when the right arm was extended and GAM
reached the highest (180 N) when the right arm
was flexed. This was probably caused by the
interrelation of the triceps surae, the synergistic
plantar-flexors, for three-dimensional moment
equilibrium at the ankle joint.

When the hip joint force was penalized by 100
times more than the other joint forces (Fig. 5(c),
the one-joint muscles around the hip joint (CUS,
GMA. GME, PIR, and ADD) were predicted to
carry reduced forces than those in Fig. 5(a). This
made the two-joint muscles (RFM, BFL, SMM,
and STN) crossing the hip and knee joints carry
up to 175 N for hip joint equilibrium. For knee
joint equilibrium, on the other hand, the activity
of GAM was predicted to be negligible when the
right arm was extended. This made SOL (one-
joint plantarflexor) carry an increased force up to
250 N contrary to Fig. 5(a). Almost no change
was found in trunk muscle forces when compared
with predictions using Scheme A.

When the sum of the lateral component of the
joint forces was minimized (Fig. 5(d), the muscles
whose lateral lever arm are negligible were
predicted to carry extremely large forces (>360
N) as in RFM, PAT, and SMM. This made, in
turn, one-joint hip muscles carry noticeably
reduced forces. Another prominent finding was
that the most of the knee and ankle muscles were
predicted to have non-zero muscle forces when
compared with the previous cases. Furthermore,
all the ankle muscles were predicted to carry
considerably large forces ranging from 80 to 260
N in their maximum values.

When muscle forces were determined joint by
joint from ankle joint, then proximally up to L3
trunk (Fig. 5(e), each different objective function
at the second step of DLPM resulted in the same

muscle forces; this is a similar result to that found
by Son and Miller(1988). It should be noted that
both LON and COS had a muscle force-time
pattern quite similar to the moment-time pattern
of the trunk flexion-extension component (see
Fig. 4(d). Higher forces ( > 100 N) were predicted
mostly in one-joint muscles such as LON, COS,
CUS, GMA, ADD, and SOL.

The predicted forces in left side lower extremity
muscles as shown in Fig. 5(f) look noticeably
different in overall activity patterns from those in
the right side (Fig. 5(a) especially when the arm
was being folded and flexed (after t = 0.5 sec-
ond). This result was entirely due to slight right-
left differences in three-dimensional moment com-
ponents (see Fig. 4(d), for the same scheme was
used. This finding indicates that the muscle forces
predicted using a linear optimization scheme tur-
ned out to be very sensitive to the joint loading.

The most successful prediction schemes for
different tasks: A quantitative comparison be-
tween the predicted and measured muscle activ-
ities was achieved using the linear correlation
coefficients (’s). As an example, these correla-
tion coefficients for a subject (Subject RC) perfor-
ming the right-handed arm-folding task (Task 4)
were given in Fig. 6 with the time histories of the
predicted muscle forces and measured EMG data
which were normalized by their maximum values.
The ¢-distribution, based on the 31 data points
for each muscle, yielded the » value statistically
significant for a 95% confidence interval (»<0.05)
when »>>0.36. As a way of ranking the five
different prediction schemes, the “best” scheme
was selected as the one resulting in the largest
number of statistically significant correlation co-
efficients N (» >0.36).

Based on the value of N, the selected best
scheme was listed in Table 2. The case when no
feasible solution was found at one or more time
steps was indicated by - in the table, whereas N,
was filled in the parentheses. The minimal lateral
joint force criterion (Scheme D) was the most
successful in predicting muscle forces for Tasks 1
and 4, while the local scheme (Scheme E) was so
for Task 2 and the minimal stress criterion
(Scheme B) was so for Task 3. It should be noted
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Fig. 6 Predicted forces and measured EMG data for 15 trunk and lower extremity muscles of
Subject RC during Task 4
Table 2 Most successful solutions for muscle activity prediction based on N,
Subject
Task
LJ M RC NC MT GW JE
Task 1J E(6) A(5) B(4) D(9) E7) | DM C(6)
Task 2 E(6) A(3) E(9) - D(8) - -
Task 3 - C(5) B(3) - - A(3) B(6)
Task 4 - D(4) E(10) - A(6) - D(5)

that no one prediction scheme exceeded the
majority of 19 cases. It was interesting that the
best prediction scheme was not the same for a
given subject performing the four different tasks.

This was also true for the other subjects. Another
important finding was that the best prediction
scheme was not the same for all the subjects in
each of the four tasks.
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4. Discussion

To date, no study has quantified the efficacy of
an objective function in the same subject perform-
ing different tasks. To facilitate comparisons we
purposefully selected all tasks to be sub-maximal
in nature, all to involve sagittal plane movements
of the upper extremities, the only difference being
whether one or both upper extremities were used
and whether tasks were uni-directional or cyclic.
One important finding in this study was that no
single objective function emerged as “best” for a
given subject in all four tasks. We also found that
the best prediction scheme was not the same for
all subjects performing any of the four tasks,
supporting a similar finding in our earlier two-
dimensional analysis of the two-handed cyclic
task (Son and Miller, 1988).

Which objective function was the most success-
ful for all 19 cases? In short, although Scheme D
(minimization of the sum of the lateral compo-
nents of joint forces) and Scheme E (local
scheme) are candidates because N, ranged from
6 to 10 in five cases of Scheme E and N, ranged
from 4 to 9 in five cases of Scheme D, neither
scheme was particularly successful over all cases.

Nsie ranged from 3 to 10 for all 19 cases (Table
2) ; is this value satisfactory? The low N, value
was partly associated with the use of a linear
objective function. Hardt(1978) indicated that a
linear constraint space with a linear objective
function limits the number of nonzero variables
in a basic feasible solution. Thus, using a linear
objective function implicitly avoided predicting
simultaneous activity of agonistic and antagonis-

tic muscles at a joint, while co-contractions were
clearly observed especially in the trunk and ankle
muscles for most subjects. The prediction based
on minimal co-contractions made some muscles
carry no force at every time step. Figure 6 shows
typical examples of the null-predicted muscle
force, i.e. »=0.00, in four muscles (RAB, RFM,
SAR, and PER). The number of these muscles is
listed in Table 3 for each of the 19 cases in Table
2. The number of muscles with » =0.00 ranged 1
to 10 with an average value of 4 ( >25% of the 15
muscles correlated). This number would be pos-
sibly decreased in case of using a nonlinear
objective function. Nevertheless, it would not be
guaranteed that this case is free of a zero correla-
tion coefficient. Since the muscles with zero corre-
lation coefficients took a considerable portion of
the whole set of the 15 muscles and their EMG
signals can never be zero at all time steps due to
inherent noise, these muscles had to be evaluated
in a different way depending on their maximum
EMG magnitudes. It would be a way to define the
“lack” of muscle activity as being less than a
certain threshold. However, this consideration
requires more studies of the “appropriate” EMG
threshold for the fully relaxed state of a muscle.
Therefore, the seemingly low value of N, is not
so discouraging when counting the number of
muscles with zero correlation coefficients.

Did this three-dimensional model, with its
superior representations of the musculature, more
muscles and capabilities for taking asymmetric
joint loading into account, yield better results for
the symmetric task than its two-dimensional coun-
terpart (Son and Miller, 1988)? Based on the
values of N, our results suggest not. For joint

Table 3 Number of muscles whose activities were predicted to be null at every time step by each optimization

scheme listed in Table 2

Subject
Task
L M RC NC MT GW JE
Task 1 3 2 4 3 4 1 4
Task 2 2 6 2 - 5 - -
Task 3 - 4 10 - - 6 5
Task 4 - 3 4 4 - 6
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flexion-extension moments, the two-dimensional
model covered most of the functionally important
muscles. Because we tried to keep the number of
muscles to a minimum for computational and
economic reasons, the limited number of model
muscles, particularly about the knee joints, some-

times prevented a feasible solution set for the
prediction of lower extremity muscle forces (see

Table 2). A larger model with all the lower
extremity muscles (47 muscles on each side) might
solve this problem and produce a distinct solution
set for each objective function in the sequential
local procedure, but at a considerably greater
computational cost and with no guarantee of
success.

Moments due to passive stiffness properties
were added to the knee and ankle joints in order
to supply the portion of moment exerted by
neglected muscles, ligaments, and other passive
elements around those joints. It is well known
that passive stiffness is a function of such vari-
ables as the position of lower limb elements and
loading conditions (Piziali et al., 1977 ; Gottlieb
and Agarwal, 1978 ; Andriacchi et al., 1983 ; Sieg-
ler et al, 1984 ; Shoemaker and Markolf, 1985
Mansour and Audu, 1986 ; Louie and Mote,
1987). Since passive joint data for lower extremity
joints in the seated position were unavailable, we
had to rely upon incomplete published data,
necessitating some “educated guesses” and a sensi-
tivity analysis. We might have obtained improved
results if more reliable data had been available.

These findings show that the main factors in-
fluencing the success of muscle force predictions
were the specific three-dimensional joint loading,
the particular muscles modelled around each
joint, the passive stiffness properties of a joint,
and the prediction scheme. At the ankle joint, for
example, a particular loading vector might easily
be equilibrated by the seven model muscles
(GAM, GAL, SOL, TPO, PER, TAN, and
EDL)-yielding a *“good” prediction (high »
values). If a loading vector was such that neglect-
ed muscles (extensor hallucis, flexor digitorum,
flexor hallucis, peroneus brevis, and peroneus
tertius) are really required for ankle equilibrium,
then a “poor” prediction could result for the

modelled muscles which now, in addition, have to
substitute for those neglected muscles. To a cer-
tain extent, the absence of the neglected muscles
can be compensated for by adding the passive
joint moment in certain directions. However, even
with the addition of passive joint moments no
feasible solution was found in some cases (see
Table 2). Under yet another loading vector, the
modelled muscles may be oriented such that only
one combination of muscle forces is capable of
establishing equilibrium. So, the solution may be
“good” or “bad” depending on subtle changes in
a loading vector. Changes in loading vector can
result from slightly different arm segment acceler-
ations, or subtle differences in the way the foot is
used.

5. Conclusions

This study provided a theoretical basis for a
broader understanding of the mechanical require-
ments of the seated position. This can lead to
advances in clinical applications and treatments,
and improved ergonomic designs. The results
showed that the most successful linear objective
function was not the same for all subjects perfor-
ming a given task or a given subject performing
all four tasks. The efficacy of an objective func-
tion was found to be critically dependent upon
details of joint loading, joint passive stiffness
properties, and postural control strategy. The
model adequately predicted the time history of
muscle activity in up to two-thirds of the 15
unilateral muscles whose EMG signals were
measured, when judged by the number of statisti-
cally significant correlation coefficients. Thus
linear objective functions seem to be useful tools
in predicting muscle forces.
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