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The application to bipeds of a geometric model of
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Abstract

Drawing inferences about locomotor energetics from limb morphology, especially in regard to small differences between individuals,
depends critically on valid estimates of lower-limb inertial properties. While there are numerous options for such estimations in the literature,
geometric models that involve simple measures and straightforward mathematics combined with the ability to capture individual variation are
rare. In this research, we apply a method, originally developed for quadrupeds, that models limb segments as elliptical columns. When the
elliptical model is applied to bipeds, it provides a means of estimating limb-segment inertial properties accurately enough to test differences
between individuals of similar stature and mass, but with variation in mass distribution and limb length. We test the method against commonly
used equations and are able to show the validity of the method for thigh and shank segments.
� 2006 Elsevier Ltd. All rights reserved.
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Introduction

Accurate estimation of limb-segment inertial properties is
crucial to understanding the energetics and kinematics of ter-
restrial locomotion (Crompton et al., 1996; Myers and Steudel,
1997; Durkin et al., 2002; Raichlen, 2004). We frequently
study the locomotor energetics of individuals in human popu-
lations (females, younger males, individuals with unusual pro-
portions) whose limb-segment inertial properties are poorly
represented by the commonly used regression equations
(e.g., Dempster, 1955; Chandler et al., 1975; Hinrichs, 1985;
Vaughan et al., 1992) based on small samples of elderly,
male cadavers. Crompton et al. (1996) detailed a geometric
modeling technique for predicting segment inertial parameters
of living animals in which each limb segment is represented as
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a column of elliptical cross section. The shape of each seg-
ment is characterized by measures of both the major and minor
axes of the cross sections at three locations along the long axis
of the limb segment. This model improved upon previous
mathematical modeling methods that either characterized the
limb as a series of overly simple geometric shapes (Hanavan,
1964) or used more realistic shapes but were impractical due
to the large numbers of anthropometric measurements they
required as inputs (Hatze, 1980).

In Crompton et al.’s (1996) model, the ratio of the major and
minor axes is assumed to be constant for a given limb segment.
Recently, Raichlen (2004) proposed a refinement of Crompton
et al.’s (1996) model in which the major and minor axes are
allowed to vary independently to better represent the shape
of individual segments. Raichlen (2004) generally validated
his model, at least for segment mass and center of mass, by
comparison with empirically determined values for three
baboon (Papio cynocephalus) cadavers. To date, Raichlen’s
model has not been applied to humans in particular or bipeds
in general. As his method is one of the few geometric models
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that captures the curvilinear profile of the limbs without requir-
ing an excessive number of anthropometric measurements, and
is thus likely to discriminate energetically relevant individual
variation in limb-segment inertial properties, applying it to
bipeds seems to be a logical next step.

Here, we apply Raichlen’s (2004) elliptical column model to
the lower-limb segments of a sample of nine female and seven
male modern humans. We compared the results to estimates of
segment mass and center of mass determined using commonly
cited equations from the literature. Thigh and shank segment
masses were compared to those estimated from dual-energy
X-ray absorptiometry (DXA) scans of our subjects. We also
tested the effect on the model of varying some of the input
parameters (segment density and limb measurement posture).

Methods

We measured the thigh, shank, and foot of the right legs of
nine females and seven males, aged between 18 and 35 years
(demographics are summarized in Table 1), all of whom com-
pleted a written informed consent form approved by the
Human Subjects Committee of the University of Wisconsin-
Madison. Each subject was measured both standing and with
his or her limb ‘‘hanging’’ in the fashion used by Raichlen
(2004). By comparing limb-segment inertial parameters esti-
mated using both standing and hanging measures, we were
able to decide whether the validity of Raichlen’s (2004) model
varied with muscular posture. In fact, during the stance and
swing periods of a stride, the shape of the limb likely varies
between the standing and hanging postures. If we were unable
to find significant differences between the results using hang-
ing or standing measures, we could then recommend applying
the model regardless of measurement tactics. All measure-
ments were taken with an anthropometer (cm) and each loca-
tion on the limb segments was marked to ensure that standing
and hanging measures were taken at identical locations (see
Fig. 1). The proximal and distal ends of the segments were de-
fined according to Raichlen’s (2004: 723e724) specifications.

We measured the anteroposterior and mediolateral diame-
ters of each limb segment at three locations along its length
in order to model it as column with an elliptical cross section
(Fig. 1). The cross section of an ellipse is defined by a major
axis (length¼ a) and a minor axis (length¼ b), where a and
b are equal to half of the measured diameters. As detailed in
Raichlen (2004: Appendix A), for each axis, the shape of the
elliptical column along its length is described by an equation
fitted (second-order polynomial) to a plot of the length of the
axis (a or b) against the distance along the limb where each
measurement was taken (distances measured from the

Table 1

Age, height, and body-mass characteristics of study group

Group n Age (years) Body mass (kg) Height (cm)

Mean (�SD) Mean (�SD) Mean (�SD)

Females 9 23.9 (4.6) 61.8 (6.7) 167.7 (5.5)

Males 7 23.4 (4.3) 89.2 (10.2) 186.2 (13.0)
segment’s proximal end). The coefficients of the two polyno-
mial equations were then input into Raichlen’s equations to de-
termine segment mass and center of mass (COM). It should be
noted that we departed from Raichlen’s (2004) method in that
we defined the proximal end of segments as the origin, so
Raichlen’s COM equation (2004: Appendix A, Eq. A6) yielded
the position of the COM from the proximal end (without any
need for further subtraction from the total segment length).

Each subject underwent a DXA so that his/her unique dis-
tribution of mass could be taken into account. The Norland
XR-36 DXA scans used in this study utilized low energy X-
ray beams to penetrate body tissues, thus reconstructing
bone-mineral content, lean mass, and fat mass from the atten-
uation of the X-rays as they scan the entire body. The radiation
exposure was less than 0.1 mRem. Body composition was then
reconstructed using the following densities: 2.982 g ml�1 for
bone-mineral, 0.88876 g ml�1 for fat, and 1.072 g ml�1 for
lean tissue (Brozek et al., 1963; Woodard and White, 1986).
Once a DXA scan is taken, the body can be divided into an
infinite number of segments based on one’s own choosing.
We specifically divided the lower limb into the thigh, shank,
and foot at each joint attachment (greater trochanter of the fe-
mur was the proximal end of the thigh; midpoint of the knee
was the distal end of thigh and the proximal end of the shank;
the lateral malleolus of the fibula was the distal end of the
shank and the proximal end of the foot).

As we applied Raichlen’s method to living subjects, we
were unable to validate the model against direct measurements
of the inertial properties of our subject’s limb segments. In-
stead, we compared the model results to estimates of segment
mass and COM determined from a variety of literature sour-
ces. Because they are so widely used, we compared our results
to the equations that Chandler et al. (1975) developed on ca-
davers of rather small, elderly males. To provide a comparison
more relevant to our sample of young, healthy women and
men, we developed composite equations from multiple studies
of living individuals in their 20s and 30s (for males: Zatsiorsky
and Seluyanov, 1983; Durkin and Dowling, 2003; Shan and
Bohn, 2003; for females: Young et al., 1983; Durkin and
Dowling, 2003; Shan and Bohn, 2003). The values from
each of these studies and the composite (average) value for
each sex and each limb segment are listed in Table 2. We
also compared model values for thigh and shank masses
with those estimated from DXA scans of our subjects.

To establish how sensitive the model was to input parame-
ters, we calculated inertial properties under the following con-
ditions: a) average segment density values from eight elderly
male cadavers (Dempster, 1955) vs. individualized apparent
densities from DXA scans, and b) limb measurements taken
on subjects while standing vs. with the lower limb hanging
(per Raichlen, 2004). Paired t-tests were used to test for signif-
icant differences among the results produced by each model.

Results and discussion

Using Raichlen’s (2004) model on the foot proved some-
what problematic: the irregular shape of the human foot did
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Fig. 1. Elliptical model of the measures taken of the human leg. Special note should be made of the fact that, while it is most practical to take diameter measures of

the limb (2a, 2b), Raichlen’s (2004) equations use the major and minor axes of the elliptical column (a and b), which are half of the diameters.
not allow it to be adequately modeled with measurements
at only three points along its length. For multiple subjects,
the elliptical curves describing the shape of the foot from
the lateral view intersected each other before the full length
of the foot had been reached. This resulted in systematic
underestimates of foot mass and center-of-mass distance (in
fact, one subject ended up with a negative center-of-mass
location for the foot). The inadequacy of elliptical models in
predicting foot inertial parameters has been reported previ-
ously (Reid and Jensen, 1990). The remainder of our analysis
excludes the foot segment.
Density differences

We compared the effect on limb-segment inertial proper-
ties of using segment-density values from two sources: indi-
vidualized apparent densities from DXA scans and average
segment densities reported in the literature (Dempster,
1955). In Dempster’s (1955) study of eight dismembered
male cadavers, segment density was determined by dividing
the mass of each segment by the volume of water displaced
by the segment when it was submerged. To provide another
comparison with the apparent-density value in our sample,
Table 2

Sources used to determine composite values for each sex and segment parameter

Group Data source Thigh mass

(% body mass)

Shank mass

(% body mass)

Thigh COM

(% segment length)

Shank COM

(% segment length)

Females Durkin and Dowling (2003) 13.8 4.9 38.8 41.0

Shan and Bohn (2003) 14.3 4.8 30.3 46.3

Young et al. (1983) 15.0 4.5 37.6 37.7

Composite average (SE) 14.4 (0.3) 4.7 (0.1) 35.6 (2.7) 41.7 (2.5)

Males Durkin and Dowling (2003) 12.6 4.2 40.7 41.0

Shan and Bohn (2003) 13.7 4.7 32.2 46.4

Zatsiorsky and Seluyanov (1983) 14.2 4.3 45.5 40.5

Composite average (SE) 13.5 (0.5) 4.4 (0.2) 39.4 (3.9) 42.6 (1.9)
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we used density estimates from a study by Park et al. (1999)
of the anthropometric characteristics of 18 male and 14
female Koreans between 20 and 29 years of age. Park et al.
(1999) also determined limb-segment volumes by water
displacement; however, because estimates were for living
subjects, segment density was calculated from segment vol-
umes using the equations developed by Drillis and Contini
(1966). For our male subjects, average segment densities
from Dempster (1955) were not significantly different from
those determined using apparent densities from DXA scans
(Fig. 2). The average apparent density of our male thigh seg-
ments was 1.053� 0.016 compared to 1.05 from Dempster
(1955) and 1.047 from Park et al. (1999). Not surprisingly,
the thigh segments of our female subjects were significantly
less dense (1.027� 0.023, p¼ 0.015) than were the males
in Dempster’s sample, but they were quite similar to the value
of 1.033 for Park et al.’s (1999) female sample. Shank-
segment densities showed a similar pattern. Dempster’s
shank-density value of 1.09 was significantly greater
( p¼ 0.001) than our female value (1.052� 0.023), but not
statistically different from our male value (1.080� 0.020).
Figure 2 demonstrates how much variation in apparent
density exists for a given sex-segment combination.

Even though the females in our sample had significantly
less dense segments than predicted by Dempster (1955), there
was not a statistically significant difference in the model
outcomes for segment mass and COM between using average
segment densities from Dempster (1955) and using apparent
densities from DXA scans. However, female segment-mass
values did tend further towards significant differences than
did the male values.

Fig. 2. A boxplot of the variation in density of the thigh and shank segments

using the apparent densities determined by DXA scans (male and female) and

the densities determined by Park et al. (1999) (center bar) and Dempster

(1955) (far right bar). On the boxplot of the individual segment density, the

dark bar refers to the sample median and the white bar to the sample mean.
Taking measures while subject’s limb
is hanging or standing

There were no significant differences between the inertial
properties determined by taking measures while subjects
were standing or while subjects were hanging their limb
with muscles relaxed. Although Raichlen’s (2004) model
was validated using hanging measures, it appears to be valid
on measures taken from standing subjects.

Model differences: segment mass

The differences between Raichlen’s (2004) model, DXA
mass, and both the composite equations and Chandler’s are
summarized in Figure 3. Raichlen’s models are particularly
comparable to DXA values and the composite equations for
the mass of the thigh (both sexes), although there is a sizeable
gap (4.1%) between Chandler and Raichlen for females. For
the shank segment, Raichlen’s model overestimates segment
mass according to DXA and the composite equations by
1.3% for females and 1.8e2.0% for males. Because of the
irregular shape of the shank (shape changes profile sharply
from above the gastrocnemius/soleus to below them), an ellip-
tical model overestimates the mass because it ‘‘smoothes out’’
the sharper changes in shape. Raichlen (pers. comm.) suggests
taking the middle segment measure at the ‘‘belly’’ of the mus-
cle. This procedure works well for the thigh, but because the
shank narrows distal to the muscle belly, the model loses
some resolution for the shank segment.
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Fig. 3. Limb-segment mass as a percentage of body mass (A) and center of

mass as a percentage of segment length (B) estimated using Raichlen’s ellip-

tical model. Estimates based on other methods are given for comparison.

Means have been calculated separately for the thigh (TH) and shank (SH)

of both females (F) and males (M). Error bars represent the 95% CI about

the mean. The vertical line on the composite mean represents the range of

values found in the comparison sources.
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Male Subjects
1M 2M 3M 4M 5M 6M 7M

B

Female Subjects

COM Composite COM Raichlen COM Chandler

1F 2F 3F 4F 5F 6F 7F 8F 9F

A

Fig. 4. Each subject’s thigh and shank segments for females (A) and males (B), as modeled using the measures from Figure 1. Positions of segment center of mass

according to each method of estimation are shown. Each subject is within the same scale and ordered (left to right) according to body mass. For both the thigh and

the shank, the proximal end of the segment starts at the same level for all subjects to make it easier to note differences between subjects in segment length.
Model differences: segment center of mass (COM)

Raichlen’s model matches the composite equations for cen-
ter of mass fairly well (between 2.5 and 3.3% further from the
proximal joint), except for female thigh segments (Fig. 3).
Here the elliptical model estimates a distance to the COM
that is almost 6% longer than the composite equations, al-
though the mean is within the range of values observed in
the composite sources. There is some reason to believe that
the populations from which the composite equations come
had a higher proportion of athletes than our sample, which
comprises individuals that are not particularly muscular.
Thighs that are less muscular would probably have a more dis-
tal COM than the conically shaped muscular thighs.

Model differences: individual differences

We have presented evidence that Raichlen’s (2004) ellipti-
cal model applied to thigh and shank segments generally
agrees with DXA mass estimations and segment inertial prop-
erties predicted from equations based on comparable popula-
tions. Given the time involved in taking the measurements
needed for this model, it is reasonable to ask why one would
use it over the simpler equations found in other sources. We
find that the limb-morphology differences among individuals,
which we are particularly interested in capturing, are better
represented by a geometric model, such as Raichlen’s ellipti-
cal model, than equations based solely on proportions of
body mass or limb length.

Figure 4 shows the shape of the thigh and shank segments
for each of our subjects (anterior view), arranged in the order
of increasing body mass. Figure 5 shows the standardized re-
siduals for elliptical-model segment mass regressed on body
mass, and segment COM regressed on segment length. Com-
paring the high and low residuals from body mass or limb
length with the individual-subject shapes shows that the model
picks up this extra variation. For instance, based on the resid-
ual graphs in Figure 5, male subjects 2M and 6M have an un-
usually small thigh mass for their body mass. Inspection of the
bottom row of Figure 4 reveals that these same two subjects
have the shortest thighs, thus explaining why their thighs
would weigh less than expected for their body mass. Likewise,
subjects 4M and 5M have the longest thighs (Fig. 4), as well as
the heaviest thighs for their body mass. Another example is
that the three female subjects with the most conically shaped
thighs (6F, 8F, and 9F) also have an unusually proximal
COM for their limb lengths, as expected.

Conclusion

As we still do not fully understand the relationship between
the cost and mechanics of locomotion, effective, simple
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Fig. 5. Bar graphs of standardized residuals. Male residuals (light bars) extend from �2.00 to 1.00; female residuals (dark bars) extend from �1.00 to 2.00. Mass

and center of mass were estimated using Raichlen’s elliptical model.
measures of segment inertial properties that represent individ-
ual variation are vital tools for locomotion research. We orig-
inally set out to look at these models with the hypothesis that
Chandler et al.’s (1975) work was not going to be sensitive to
sample variation, especially between sexes, as their sample
was composed only of elderly males and their predictive equa-
tions were based on either body mass or segment length. We
felt that since Raichlen’s (2004) model is specifically con-
scious of limb shape, a more accurate fit would occur between
calculated inertial properties and actual inertial properties.
Indeed, when an individual’s values did vary from those calcu-
lated with more traditional methods, the deviations appear to
fit their morphology and mass distribution.

The elliptical model of Raichlen (2004) works most effec-
tively when the segment shape is most ellipsoid. This charac-
teristic creates significant problems for modeling bipedal feet,
which are not elliptically shaped under a three-measure model.
Based on our findings, we recommend applying Raichlen’s
elliptical model to human thigh and shank segments when cap-
turing individual morphological variation in segment inertial
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properties is of interest. Because of the problems observed in
modeling the foot, and the small size of that segment, we
suggest using a simple predictive equation from any well-
validated study.
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