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THE THREE-DIMENSIONAL DETERMINATION
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Abstract—A three-dimensional model of the lower limb containing 47 muscles was developed to study the
differences between a two- and three-dimensional approach for determining internal loads, the role of the dynamic
joint representation, and the behavior of different load-bearing criteria in walking and running. The problem of
redundancy of the musculo-skeletal system was resolved by applying inverse dynamics and static optimization
methods. Different hypothetical load-bearing capabilities of hinge, spherical and intermediate joint types for the
knee and the ankle joints were tested. It was found that even almost planar movements such as walking and
running are associated with significant three-dimensional intersegment moments, especially in the frontal plane.
Thus, a two-dimensional approach may underestimate internal loads up to 60%. It is shown that pure hinge joints
are inappropriate for modeling the dynamical joint function of the knee and ankle joints. A more fiexible joint
representation in combination with a squared muscle stress minimization criterion predicted a lot of synergistic as
well as antagonistic muscle activation which was also found in the EMG patterns. The results indicate the
importance of muscular joint stabilization in natural human movements. Compared to in vive measurements it is
speculated that the predicted force magnitudes are considerably overestimated due to error propagation and still
insufficient anatomical models. Thus, increased efforts to improve further the reliability of internal load calcu-

lations should be made in the future. ¢ 1997 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

The knowledge of the internal forces underlying human
movement is essential for the understanding of the mech-
anical function of the body, for the evaluation of loading
factors and the determination of overuse risk factors.
Thus, it is evident that many attempts have been made to
investigate the internal loads associated with different
locomotion tasks. In vivo force measurements in the
human body are obviously problematic for many reasons
and are only acceptable in very few cases. Therefore, the
development of noninvasive methods for determining
internal loads such as forces in muscles, bones and liga-
ments is important in biomechanics as is substantiated
by the large number of studies in this area. However, no
final consensus upon the appropriate method has yet
been achieved. This is due to the fact that the force in
a single structure cannot be determined in a unique way
or, in other words the system is mechanically indeter-
minate.

In view of the large number of studies determining
internal loads of the body it is striking that most of the
applied models have been restricted to the sagittal plane,
without evaluating the appropriateness and estimating
the associated error (e.g. Collins, 1995; Dul et al,
1984a,b; Herzog and Leonard, 1991; Pedotti et al., 1978;
Yeo, 1976). Even in most of the three-dimensional
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studies, the muscle-force distribution problem was
partially reduced to a quasi-planar problem by statically
defining joints as hinge joints with one degree of freedom
(Crowninshield et al., 1978; Crowninshield and Brand,
1981; Hardt, 1978; Patriarco er al., 1981; Rohrle et al.,
1984). Thus, two of the intersegment moment constraints
have been removed in advance of the actual muscle
force computation. From a biological point of view,
perhaps it would be preferable if the muscie activation
was controlled in such a way that muscles bear a
portion of the intersegment moment component in
varus—valgus and internal-external rotation direction,
respectively, to support the stability of the joint.

For historical reasons, it is evident that initially linear
objective functions were used until numerical tools for
solving nonlinear problems became available. But even
today, linear objective functions are used (Collins, 1995)
despite the evidence from mathematical theory that the
characteristic of linear objective functions is to minimize
the number of loaded structures whereas nonlinear cost
functions have the tendency to distribute the load among
all the involved structures. This drawback is well known
and therefore additional constraints such as limited
muscle force or muscle stress, respectively, are commonly
introduced (Dul et al., 1984a). But the exact knowledge of
these in vive parameters for an individual seems to be
questionable according to the methodological problems
in muscle force determination previously discussed. Fur-
thermore, these limits should be applicable to all other
movements besides walking such as, e.g. sportive move-
ments.

This study will investigate the three-dimensional deter-
mination of the internal loads of the lower extremity
emphasizing the three-dimensional representation of the
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joint dynamic and the influence of different cost functions
in walking and jogging.

METHODS

Anthropometrical model

In the present study a three-dimensional anthropomet-
rical model was configured consisting of four rigid seg-
ments—the pelvis, thigh, shank and foot (Fig. 1)-—which
were connected by three joints—the hip, knee and ankle.
The segments model is based on the work of Koopman
(1989) which entails individual, scaleable mass and iner-
tia properties provided by the regression equations of
Chandler et al. (1975). 47 muscles, defined by their attach-
ment points and their cross-sectional area from the ana-
tomical model of Brand et al. (1982) [Fig. 2(c) and (d), and
the appendix], are represented in the lower limb model.
All anatomical points were based on local segment em-
bedded reference frames (Fig. 1) to enable the calculation
of a subject’s muscular geometry from in vivo kinematic
measurements (Glitsch, 1992).

Kinetics model of the lower extremity
(inverse dynamics approach)

Applying inverse dynamics, the three-dimensional
equilibrium equations of the resultant intersegment
force F.., and intersegment moment M., respectively,
were formulated for the ankle, knee and hip joint. In

Fig. 1. Laboratory reference frame and local segment frames used in

the lower extremity model. The segment frame definitions are according

to Brand et al. (1982) except that the origin of the pelvis frame is located
between the midpoint of the hip joint centers.
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consequence, the load distribution at the joint j is de-
scribed by

q
Mres.j+ Z rm,jXFm+MG.j:‘0a (1)
m=1
Foi=73 Fim+ Fres (2)
jam)

where F,, (m=1, ...,q) are the forces of muscles and
tendons with the associated lever arms r,, , Mg ; is the
constraint moment of the joint associated with the bony
and ligamenteous configuration of the joint and Fg ; is
the resultant joint force. The function j(m) defines the
indices of the muscles and tendons which span the joint j.
The lever arms were set to zero for the forces which are
not passing the relevant joint. It should be noted, that the
two-joint muscles are represented by one force acting at
both joints simultaneously due to the two associated
lever arms.

Dynamic reconstruction of the joints

In order to incorporate a dynamic joint loading mech-
anism in the model as mentioned before, constraint
moments of force have been introduced in the frontal and
transversal planes to the knee and ankle joints. These
moments were represented by constraint forces
F,g 51 with constant lever arms in order to include them
uniformly in the optimization equations [equation (4)]
(Glitsch, 1996). The hip joint was assumed to be an ideal
ball-and-socket joint and the surrounding ligaments not
constraining the joint motion within the investigated
range of motion.

Finally, the moment equilibrium equation system (1)
contains 51 unknown force magnitudes

47 51
Mres,j+ Z rm’jXFm‘{“ Z rC,jXF(::O (3)
m=1 c=48

where F, are the constraint forces of the joint with the
associated lever arms r.; Note, that at this point no
additional restrictions were introduced with respect to
the actual magnitudes of the constraint forces.

Optimization methods

Basically, there are several different methods available
for dealing with redundant mechanical systems. In this
study, optimization methods were used to determine the
load distribution among the biological structures. The
uniform optimization problem takes the form

47 51
Min | 3 (gm S + Y (g f)
m=1 c=48
k___v__.J
(*)
subject to:

51

Mres,j+ Zﬁ(rl,jXFl)ZOa ]: 1 ""35

=1
fu=0, m=1,..,47,
IFf =1, 1=1,...51, @)

where f; (I = 1, ..., 51) are the magnitudes of the muscle
forces and joint constraint forces, respectively, with the
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Fig. 2. Intersegment moments during the stance phase (indicated by ‘|’ and ‘}’) of: (a) walking and; (b)

running with respect to segment coordinate systems (ankle: shank; knee: shank; hip joint: pelvis coordinate

system). Graphics of the lower limb during midstance of running with the acting ground reaction force from:
(c) back and; (d) lateral view representing the three-dimensional loading condition.

associated weighting factors g, > 0, F; (I =1, ..., 51) the
unit vectors of the internal forces with the correspondent
lever arms r;; (the other notations as above). The con-
stant exponent k > 1 defines the type of the objective
function. The term (*) is the penalty function for the
representation of the joint dynamics. Different joint
types are modeled by setting the weights g, =0
(c =48, ...,51). For example, a value of g. = 0 enforces
the associated joint constraint to equilibrate the corre-
spondent intersegment moment component by itself, or
in contrast, a value of g. = 10° (> g,) (c =48, ...,51)
enforces the muscles themselves to counteract the
intersegment moment component. Besides hinge joints
and spherical joints, each intermediate type may be
represented.

There is considerable controversy concerning the
choice of the optimization criterion on muscle recruit-
ment for handling the redundancy problem of the mus-
culo-skeletal system and no final consensus has yet been
achieved. Therefore, different cost functions were tested
from linear and squared force minimization (g,, = 1.0) to
squared and cubic stress minimization (g,, = 1/4,, where
A,, 18 the cross-sectional area of the mth muscle; see
Table A.1).

Experimental methods

The data presented later were obtained from one
subject, aged 31, mass 85kg and height 1.78m. The
subject wore his own sport shoes and performed six
repetitions of walking (v = 1.5ms™!) and running at
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5ms~! (forefoot strike). The data acquisition was con-
ducted at 500 Hz by synchronized three-dimensional
motion analysis equipment consisting of the opto-elec-
tronic Selspot I1-system (Selcom AB, Partille, Sweden) on
DLT-basis and a Kistler force plate (type Z4852/b,
Kistler Instruments, Winterthur, Switzerland) level
mounted in the middle of a 20 m runway. In parallel,
surface EMG signals were recorded (custom-made 2 x 4
channel EMG-amplifiers) from eight muscles—gastro-
cnemius medialis, gastrocnemius lateralis, tibialis
anterior, soleus, vastus medialis, vastus lateralis, semi-
tendinosus and biceps femoris. Digital band filtering
(second-order Butterworth: 7-11 Hz) was used to
represent the electrical activity and a qualitative control
for the muscle force predictions. The inertial parameters
were obtained from the model of Chandler et al. (1975)
with the enhancements of Koopman (1989). Before
the experiments each subject had to undergo anthropo-
metric measurements and a kinematic calibration
procedure to determine the model parameters and the
segment orientations with respect to the Selspot markers’
positions similar to that described by Baroni et al.
(1995). The whole protocol was approved according
to the regulations for human investigations of our
institution.

RESULTS

Intersegment moments

One typical trial of walking and running was selected
to study the internal force distribution problem. The
calculated intersegment moments clearly indicate
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a three-dimensional external loading condition at all
joints of the lower extremity (Fig. 2). It can be seen that
there is a distal to proximal increase of the three-dimen-
sional character of the intersegment moments. The ratios
of maximum frontal-plane to maximum sagittal-plane
moments rose from about 0.2 at the ankle to 0.4 at the
knee and finally reached 1.5 at the hip joint. Although the
time histories of the moments are different for walking
and running, there are some fundamental similarities
concerning the principal acting direction as it is typically
shown in Fig. 2(c) and (d).

Joint dynamics

The tests of hinge and spherical joint types at the knee
and the ankle revealed that hinge joints tend to keep the
muscle forces low but increase dramatically the internal
joints’ stresses. For a running data set using squared
muscle force minimization, the torsional load caused by
the transversal joint’s constraint couple at the knee
reached about 200 N-m or 7.5 times the corresponding
transversal component of the intersegmental moment at
maximum. On the other hand, spherical joints of course
do not have to bear torsional loads, but the muscles
themselves have to balance the entire intersegmental
moments. This resulted in inconceivable muscle forces of
16.8 times body weight for a single muscle. For the
maximum muscle stress and knee joint force, the situ-
ation was even more dramatic. (Table 1)

Adjusting the joints’ constraints to a compromise be-
tween hinge and spherical joints [‘intermediate’ joint
type, .8. gas_s; = (0.085; 0.0; 0.155; 0.0) with the squared
muscle stress minimization criterion] yielded results with
moderate internal joint stresses and moreover with

Table 1. Internal load parameters when applying different optimization approaches and joint representations in (a) walking and (b) running
(further details see text)

Torsional joint

Joint type loading*

Objective function Max. muscle force Max. muscle stress ~ Max. joint force
Min Dimension Hip Knee Ankle Knee Ankle (BW) (Mpa) (BW)
(a) Walking

: 2 h h h — — 32 1.8 4.2
)W 2 h h h — — 1.0 1.1 48
pRh 3 s i i L5 11 1.2 24 6.1
S (f/A4)P 3 s h 2.7 1.1 1.5 1.5 6.9
Y (/A 3 $ s 0.0 0.0 30.7 612 1232
S AN 3 i i 14 0.9 1.4 1.3 6.9
Y (/4 3 s i i 1.0 1.1 1.4 1.1 7.8
(b) Running
3£ 2 h h h — — sS4 5.8 73
pWH 2 h h h - = 28 25 122
21 3 s i i 19 20 32 47 197
Y (f/A)? 3 s 75 1.4 4.6 26 16.6
Y (f/A)? 3 s s s 0.0 0.0 16.8 133 408
YAy 3 s i i 1.9 1.3 4.6 26 17.7
Y (AP 3 s i i 17 1.4 42 23 17.8

*In multiples of the relevant max. torsional intersegment moment.

Joint type: h = hinge; s = spherical; i = intermediate (see text).

A; = Muscle cross-sectional area.
fi = Force magnitude of relevant biological structure.
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moderate magnitudes of the other internal load para-
meters. However, under all possible conditions the peak
muscle stress during running could not be lowered to less
than 2.3 MPa (Table 1).

Principles of muscle force distribution

The testing of different cost functions yielded the fol-
lowing summarized results. For linear cost functions
such as minimum sum of muscle forces, the individual
muscle forces computed were reaching considerably high
values, e.g. 5.4 times body weight in running (Table 1). In
contrast to this, the peak muscle forces were reduced by
50-70% and up to 33 muscles were simultaneously ac-
tivated when using squared muscle force minimization.
During the stance phase all muscles had been activated
for at least a brief period (Fig. 3). Using squared muscle
stress minimization reduced the maximum muscle stress
by approximately 45% to 1.3 and 2.6 MPa in walking
and forefoot running, respectively, whereas further in-
creasing the exponent of the cost function yielded only
marginal effects on the results. With cubic stress minimiz-
ation the maximum muscle stress was reduced by 8-15%
only. The general tendency of an increased exponent is to
avoid extreme stress differences between the involved
structures. The best correspondence of muscle force and
EMG was achieved with squared muscle stress minimiz-
ation (Fig. 4). Despite of the static optimization ap-
proach the muscle forces pattern were found to be almost
smooth.

Joint forces

Usually, the resultant joint forces [equation (2)] in-
crease from the distal to proximal joint occurred, where-
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by the joint forces at the knee joint were only slightly
greater than those at the ankle joint and the hip joint
force increased significantly. The proximal acting com-
ponent of the joint force clearly dominated the resultant
joint force with the transversal forces reaching less than
a third when comparing the maxima.

Only marginal influence of the objective function on
the joint forces was found. The maximum joint forces of
squared muscle force minimization and squared stress
minimization differed less than 15%. Whereas for a two-
dimensional approach in the sagittal plane, the peak joint
forces were found to be up to 60% less (Fig. 5).

DISCUSSION

Three-dimensional external load situation

The study revealed that the external load situations of
the lower extremity (intersegment moments) underlying
almost planar human movements such as walking and
running are undoubtedly three-dimensional (Fig. 2) as is
also shown in other studies (Bowsher and Vaughan,
1995; Eng and Winter, 1995; McCaw and DeVita, 1995).
Therefore, when the loads of internal structures of
the body are the focus of interest, each part of a theoret-
ical approach has to consider all three dimensions. In
particular, this concerns the determination of the interseg-
ment moments, the anatomical data and the representa-
tion of the joints’ dynamics, which was not considered to
this extent in most former studies. Consequently, muscle
and joint forces (Fig. 5) may be significantly different
with respect to their level and their time history (Collins,
1995; Seireg and Arvikar, 1975).
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Fig. 3. Muscle-force patterns with squared muscle stress minimization during the stance phase (indigat_ed
by ‘" and ') of: (a) walking and; (b) running. Knee and ankle joints were modeled as ‘intermediate’ joint
types (for reference of individual plotting patterns see appendix).
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Fig. 4. Muscle-forces (—) vs band filtered EMG patterns (--- ) with squared muscle stress minimiz-
ation during the stance phase (indicated by ‘" and ) of: (a) walking and; (b) running. Knee and ankle joints

were modeled as ‘intermediate’ joint type. Note that for each muscle the EMG-pattern was arbitrarily
scaled.
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Fig. 5. Resultant joint forces of the tested approaches: two-dimensional approach with squared muscle

force minimization; three-dimensional approach with squared muscle stress; and three-dimensional ap-

proach with squared muscle stress minimization during the stance phase (indicated by ‘| and ‘1") of walking

(a) and running (b). In the three-dimensional approaches knee and ankle joints were modeled as ‘intermedi-
ate’ joint type.






