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A Dual X-Ray Absorptiometry Validated Geometric Model for the
Calculation of Body Segment Inertial Parameters

of Young Females
Samantha L. Winter,1 Sarah M. Forrest,2 Joanne Wallace,2 and John H. Challis3

1University of Kent; 2Aberystwyth University; 3The Pennsylvania State University

The purpose of this study was to validate a new geometric solids model, developed to address the lack of female-specific models
for body segment inertial parameter estimation. A second aim was to determine the effect of reducing the number of geometric
solids used to model the limb segments on model accuracy. The full model comprised 56 geometric solids, the reduced model
comprised 31, and the basic model comprised 16. Predicted whole-body inertial parameters were compared with direct
measurements (reaction board, scales), and predicted segmental parameters with those estimated from whole-body dual x-ray
absorptiometry scans for 28 females. The percentage root mean square error (%RMSE) for whole-body volume was <2.5% for all
models and 1.9% for the full model. The %RMSE for whole-body center of mass location was <3.2% for all models. The %
RMSE whole-body mass was <3.3% for the full model. The RMSE for segment masses was <0.5 kg (<0.5%) for all segments;
Bland-Altman analysis showed the full and reduced models could adequately model thigh, forearm, foot, and hand segments, but
the full model was required for the trunk segment. The proposed model was able to accurately predict body segment inertial
parameters for females; more geometric solids are required to more accurately model the trunk.

Keywords: joint moment, center of mass, segment mass, moment of inertia

In order to study, analyze, or optimize human movement, the
mass, the center of mass location, and the body segment moments
of inertia must be known. These body segment inertial parameters
(BSIPs) affect the accuracy when calculating the resultant joint
moments during activities which involve high accelerations, such
as throwing or kicking.1,2 Even during the swing-phase of gait,
significant differences in resultant joint moments have been calcu-
lated as a result of using different methods of estimating the BSIPs
of the thigh segment.1 Geometric models are a cost-effective way
of estimating subject-specific BSIPs, however, a key problem is
that no female-specific geometric models for estimating BSIPs
have been validated, despite significant differences in the shapes of
segments between males and females.3

There are several methods of estimating BSIPs. Scanning
techniques such as dual x-ray absorptiometry (DXA) have been
used to estimate BSIPs.4,5 DXA has also been shown to reliably
predict subject whole-body mass,6 and segmentation of the scan
can be customized in order to determine the mass of individual
body segments. However, DXA does have some drawbacks,
including its cost, general availability, and radiation exposure.

Geometric modeling techniques represent the shapes of the
body segments as geometric solids, the dimensions of which
(eg, segment length and perimeter) are determined by subject-
specific anthropometric measurements.7–9 Mean errors for whole-
body mass estimations using geometric models have been as low as
0.3%7 and 1%.9

In contrast with DXA-derived BSIPs, methods based on
anthropometric measurements are inexpensive as they require a
small amount of readily-available equipment. These measurements
can then be used in conjunction with geometric models or regres-
sion equations to estimate subject-specific BSIPs. For this reason,
although DXA can be used to determine subject-specific BSIPs, it
has more practical utility as a validating tool for geometric mod-
els,5,10,11 or to provide segment density values. DXA-validated
geometric models have produced accurate BSIP estimations of
individual segments such as the shank.10

Some studies have assessed the validity of geometric models
for some body segments, or for small numbers of females,7,11,12

however, there have been no geometric models for biomechanical
analysis developed primarily for females and then validated for all
body segments for a large participant pool. Bellemare et al3 noted
significant differences in the shape of the thoracic region of the
trunk between males and females; if used for both sexes, a
geometric model should be able to account for these sex-specific
differences. The appropriate geometric solid model of the trunk
must be detailed enough to take into account the differences in
shape of the trunk between the sexes,3 and the nature of the cross-
section of the trunk.13

The purpose of this study was to validate a geometric solid
model specifically defined for female subjects by comparing model
predicted data with direct whole-body measurements and DXA-
derived segmental mass data. The model was similar to that of
Yeadon9 but adapted such that an increased number of
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measurements are used with the intention of better approximating
the trunk segment for female subjects. Note that Yeadon’s model
was only validated using direct whole-body measures.9 The pri-
mary hypothesis is that trunk BSIPs predicted by a geometric solid
model with an increased number of trunk measurements would
improve the accuracy of female trunk masses predicted using
geometric modeling compared with those determined using
DXA. In particular, using the method of Bland and Altman
analysis, the predicted BSIP would be within the 95% confidence
interval. The secondary aim of this study was to determine whether
a reduced number of limb measurements can be taken while
preserving the accuracy of BSIPs for the whole body and model
segments using a reduced number of geometric solids.

Methods
Twenty-eight white female athletes volunteered for the study
(mean age of 24 years, SD 4.7). The mean body mass of the group
was 64.4 kg (SD 7.5), mean height was 1.65 m (SD 5.6), and mean
body mass index (BMI) was 23.8 kg/m2 (SD 3.1). All participants
gave written informed consent and the procedures were approved
by the Ethics Committee for Research Procedures at Aberystwyth
University. Participants wore tight-fitting bathing suits during all
measurements.

The model was validated by Bland-Altman14 analyses com-
paring: model-predicted whole-body volume with that determined
by underwater weighing; model-predicted whole-body center of
mass with that determined by a reaction board; model-predicted
whole-body mass with that obtained via direct measurement using
scales; and model-predicted segment masses with those estimated
from whole-body DXA scans.

The geometric model comprised 15 segments which were in
turn divided into a number of geometric solids. The full model
comprised 56 geometric solids, the reduced model comprised 31
geometric solids, and the basic model comprised 16 geometric
solids (Table 1). To determine the inertial properties of the
geometric solids, a total of 118 anthropometric measures were
made on each participant. For the full model, the trunk segment was
modeled as a series of 10 stacked stadium solids.9 The stadium
solid requires the measurement of the width and the perimeter of
the torso in order to define the stadium outline of the stadium solid
base.9 The anthropometric measurements were taken at points on
the trunk chosen to best map the shape of the female trunk; the
transverse measures (perimeter and width) were taken at the
clavicular notch, oxter (armpit), above bust, across nipples, under
bust, seventh rib, waist, navel, iliac crest, ASIS, and the greater
trochanter. The vertical (with the participant in a standing position)
distances along the torso between the level of these anatomical
landmarks were measured. For the reduced model the trunk was
modeled as a series of 5 stacked stadium solids, extending between
the clavicular notch, above bust, under bust, waist, iliac crest, and
the greater trochanter. For the basic model, the trunk was modeled
as a series of 2 stacked stadium solids extending between the
clavicular notch, the waist, and the greater trochanter. The 8 limb
segments (upper arm, forearm, thigh, and shank) were divided into
truncated cones of equal length along the segment: the full model
had 4 truncated cones per segment, the reduced model had 2, and
the basic model had 1 truncated cone (Figure 1). For example, for
the full model for the shank, the circumference was measured at the
ends of the segment corresponding to the approximate joint centers
(the lateral femoral condyle and the lateral malleolus). The distance
in between these 2 landmarks was measured and the distance was

divided by 3 so that the distance a quarter, a half, and three quarters
of the way along the segment could be identified (giving 4
truncated cones). Circumferences were then taken at these points.
The reduced model included the circumferences at the ends and in
the middle of the segment (2 truncated cones), and the basic model
only included the circumferences at each end of the segment (one
truncated cone). The hands and feet were modeled as a series of
stadium solids of equal lengths: 3 for the full model, 2 for the
reduced model, and 1 for the basic model (Figure 1). The model
uses the same geometric shapes for each body segment as the
model of Yeadon,9 yet differs in that the segments are modeled with
more solids in series for each body segment; the reduced model is
most similar to that of Yeadon9 except for a more detailed model of
the trunk. More specific details of model code are available from
the first author, on request.

All measurements on the subjects were made once by an
appropriately trained investigator. For all segments the landmark
positions were marked using a nonpermanent fine line marker or
tailor’s chalk. Measurements were taken to the nearest 0.5 mm
using an anthropometric measuring tape and calipers, with parti-
cipants standing in the anatomical position.

In order to determine segment masses, segment volumes
(determined by the geometric shape used) were multiplied by
appropriate segmental densities from Clauser et al15 data. The
center of mass location along the major axes of each segment was
computed. The computed segment volumes, masses, and center of
masses were summed to predict whole-body volume and whole-
body mass, and used to determine whole-body center of mass. All
computations were made using custom written MATLAB software
(The Mathworks, Inc, Natick, MA).

Criterion whole-body mass was determined using a calibrated
set of scales and recorded to the nearest 0.01 kg. Whole-body
center of mass, along the long axis, was determined using the
reaction board technique.16 Subjects lay supine with palms of the
hands flat against the proximal side of the thighs.

Whole-body volume was measured using the hydrostatic
weighing technique. Participants were familiarized with the water
tank and the procedure and were allowed to practice the technique
until they felt comfortable. Underwater weight was measured when
the subjects were fully submerged, had breathed out, were motion-
less, and the load cell display stabilized on a value. Three measure-
ments were taken with the maximum value taken as the underwater
weight. Adjustments were made for water temperature. Residual
lung volume was estimated using height and age, and intestinal

Table 1 The Geometric Solids Used to Model the
Individual Segments for the Full, Reduced, and Basic
Models

Segment Full model Reduced model Basic model

Upper arms 4 truncated cones 2 truncated cones 1 truncated cone

Forearms 4 truncated cones 2 truncated cones 1 truncated cone

Hands 3 stadium solids 2 stadium solids 1 stadium solid

Thighs 4 truncated cones 2 truncated cones 1 truncated cone

Shanks 4 truncated cones 2 truncated cones 1 truncated cone

Feet 3 stadium solids 2 stadium solids 1 stadium solid

Trunk 10 stadium solids 5 stadium solids 2 stadium solids

Head 1 ellipsoid 1 ellipsoid 1 ellipsoid

Neck 1 truncated cone 1 truncated cone 1 truncated cone
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gases were assumed to be 100 ml.17 Whole-body volume and
density were calculated using the equations from Siri.18

Participants underwent a whole-body DXA scan (Hologic
Discovery; Hologic UK Ltd, Sussex, UK). The system had a
scan pixel resolution of 1.2 mm × 1.8 mm, and a mass resolution
of 0.01 g/mm2. The scan was performed with the subjects lying
supine on the table with forearms pronated so that the palms of their

hands were facing the lateral side of their thighs. The output from
each scan was the distribution of mass of the whole body. Each
scan was digitized in order to locate bony landmarks and section
the body segments to correspond with the anthropometric data
collected, giving the mass of each segment. One trained operator
performed all of the segmentation of the scans.

Whole-body volume, whole-body mass, and whole-body cen-
ter of mass were determined for each of the geometric solid models.
These measures were compared with whole-body mass measured
with scales, whole-body center of mass location measured via a
reaction board, and whole-body volume measured via underwater
weighing. Whole-body density was computed and compared with
the whole-body density calculated from the hydrostatic weighing
procedure. Segmental volumes and masses were compared with
those estimated from DXA scans.

Normality of the data was assessed using an Anderson Darling
test of normality. All variables were normally distributed. The
segment mass data for each method was normalized by dividing by
the DXA-derived whole-body mass. Percentage root mean square
errors (RMSE) are reported for the normalized estimates from each
model compared with the normalized DXA data, and for direct
measures of whole-body mass, whole-body volume, and center of
mass location compared with estimates from each model. The
method of Bland and Altman14 was used in assessing each com-
parison. Where applicable, 95% confidence intervals for the per-
centage deviation between methods are reported. All statistical
analysis was performed in Minitab v17 (Minitab© Statistical
Software, State College, PA, USA).

Results
The RMSE of the trunk mass predicted by the full geometric model
compared with that reported on the DXA scan was 3.4% (Tables 2
and 3), which is similar to the possible operator error due to

Table 2 The Whole-Body Inertial Properties (Means ± SD), Measured by Underwater Weighing (Volume), Scales
(Mass), and Reaction Board (Center of Mass Location), and Those Estimated by the 3 Geometric Solid Models*

Criterion measure Full model Reduced model Basic model

Whole-body volume (L) 63.4 ± 7.9 62.3 ± 8.0 63.9 ± 7.7 62.4 ± 7.3

Whole-body mass (kg) 66.0 ± 7.6 67.2 ± 8.5 66.2 ± 8.2 62.5 ± 7.5

Whole-body center of mass location (m) 0.91 ± 0.04 0.94 ± 0.04 0.91 ± 0.04 0.91 ± 0.04

Note. Full trunk model is used for each of the 3 geometric solid models.

Truncated cones

Stadium solids

Figure 1— The composition of the basic, reduced, and full models for the
limbs: an example showing the shank and foot segments, which were
composed of truncated cones and stadium solids, respectively.

Table 3 Segment Data From the Whole-Body DXA Scans and % RMSEs for Each Segment of the Geometric Model
Compared With DXA Data

Segment

DXA segment data (% whole-body mass) Geometric model RMSE (% segment mass)

Mean SD Full Reduced Basic

Upper arm 3.1 0.35 10.2 12.8 23.1

Forearm 1.3 0.03 5.9 6.8 12.1

Hand 0.5 0.11 13.7 13.8 36.1

Thigh 9.1 0.75 11.9 11.1 9.5

Shank 4.9 0.43 11.6 17.1 9.5

Foot 1.2 0.15 5.0 7.3 21.6

Trunk 54.7 2.19 3.4 7.1 16.6

Head and neck 7.3 0.92 7.1 7.1 7.1

Abbreviations: DXA, dual x-ray absorptiometry; RMSE, root mean square error.
Note. Limb segments are means of the left and right sides; the head/neck segment was estimated in the same way for all 3 geometric models.
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participant positioning and scan analysis.19 The Bland-Altman14

plot for the full trunk model shows that all of the data points lie
between or very close to the 95% limits of agreement, and that there
is no residual trend across the range of predicted trunk masses as a
percentage of whole-body mass (Figure 2). The 95% confidence
interval for the difference in trunk mass as a percentage of whole-
body mass between the full geometric model and the DXA scan
was 1.97%, 0.27%, indicating that the geometric model slightly
underestimated the trunk mass in comparison to the DXA scan
predicted mass. The RMSE of the trunk mass for the reduced and
basic models were 7.1% and 16.6%, respectively.

Given the large errors associated with the trunk mass for the
reduced and basic trunk model, the whole-body figures are reported
for the full, reduced, and basic limb segments but incorporating the
full trunk model for all 3 models, so that the effect of reducing the
limb measurements can be explored. The RMSE for whole-body
volume was less than 2.5% of whole-body volume for all 3 models,
and 1.9% (1.5 L) for the full geometric model (Table 4). The 95%
confidence interval for the mean difference between the tank
measured volume and the full geometric model was 0.9%, 2.4%
(% of tank predicted volume) indicating the geometric model
slightly underestimated the whole-body volume predicted by the
underwater weighing method. The RMSE whole-body mass was

3.1% for the full model, and was larger for the reduced and basic
models (Table 4). The RMSE for center of mass location was 3.2%
or less for all models (Table 4).

The mean difference between geometric solid model and DXA
measures as a percentage of whole-body mass was less than 0.5%
for all segments (Figures 3 and 4). The segments with the best
agreement in terms of the Bland-Altman plots were the thigh,
forearm, and hand segments, with, at most, 1 data point lying away
from the 95% confidence limits, and the agreement was similar for
both the full and reducedmodels. The full and reducedmodels were
also similar in terms of the RMSE for these (thigh, forearm, and
hand) segments (Table 3). The RMSE as a percentage of segment
mass was highest for the thigh at 11.9% of segment mass; this is
equivalent to just 0.7 kg for the mean whole-body mass in the
present participant pool.

The RMSE as a percentage of segment mass increased for both
the upper arm and the shank when moving from the full model to
the reduced model. The RMSE for the full model for these
segments was comparable to other segments (11% of segment
mass, which is equivalent to 0.3 kg for the mean whole-body mass
in the present participant pool). The Bland-Altman plots for the full
model for the upper arm and shank segments showed no residual
trend; mean differences between the geometric model and DXA
predictions were close to zero, and there was good agreement with
only 2 to 3 points outside the 95% limits of agreement. For the
upper arm and shank segments, the width of the 95% limits of
agreement were less than 1.5% of whole-body mass.

Discussion
The purpose of this work was to validate a geometric solid-based
body segment inertial parameter model, based on that of Yeadon,9

by comparing whole-body model predictions with direct measure-
ments, and by comparison of segmental predictions with
DXA-derived predictions. The present study is important as geo-
metric models have the potential to predict subject-specific
inertial parameters at a low cost within a reasonably short data
collection time using widely-available equipment. The primary
hypothesis was that trunk BSIPs predicted by a geometric solid
model with an increased number of trunk measurements would
improve the accuracy of female trunk masses predicted using
geometric modeling compared with those determined using
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Figure 2 — Agreement of normalized dual x-ray absorptiometry derived trunk segment mass with normalized geometric full model trunk predictions
using the method of Bland and Altman.14

Table 4 The Errors in Whole-Body Volume, Mass, and
Center of Mass Location, Expressed as the Percentage
Root Mean Square Error (% RMSE) for the 3 Geometric
Solid Models Compared With Direct Measures From
Underwater Weighing, Scales, and a Reaction Board,
Respectively*

%RMSE in model predictions

Full
model

Reduced
model

Basic
model

Whole-body volume 1.9 2.5 1.9

Whole-body mass 3.1 5.1 3.4

Whole-body center of
mass location

3.2 2.1 2.7

Whole-body density 1.2 1.3 1.3

Note. Full trunk model is used for each of the 3 geometric solid models.
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DXA, and it was shown that the reduced and basic trunk models
more than doubled and more than quadrupled the RMSE for trunk
mass, respectively.

The RMSE for whole-body volume was just 2.3%, which
compares favorably with the accuracy of previous models that
were validated for far fewer participants.7–9 For example, themodels
of Hatze7 and Yeadon9 were both validated using only whole-body
measures for 1 female subject. The RMSE in whole-body mass of

3.3% is slightly higher than that reported byYeadon9 (2.3%), but the
present model has been validated here using 28 subjects rather than
the 3 used by Yeadon.9 Hatze7 claimed a mean error in whole-body
mass of 0.26%, however this model was only validated for 3 adults
and involves taking a considerable number (242) of anthropometric
measurements. Neither of these models reported validation of
individual segment masses since appropriate techniques were not
available at the time. Notably, in the present study, the RMSE
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between the scales and the geometric model predicted whole-body
mass was similar to the RMSE between the scales and the DXA
estimated whole-body mass of ∼2.5%. The greater RMSE for
whole-body mass than for whole-body volume may be due to
the segmental densities used in the geometric model20; the data
used here15 was based on male cadaver data and unfortunately most
available segmental density data sets have been derived frommales.

The present study was in part motivated by pilot work showing
an RMSE for whole-body volume of 15% using the models of
Hanavan21 and Yeadon9 for a sample of 10 females. To our
knowledge the model presented here is the first geometric model
aimed specifically at females, and has produced the lowest reported
RMSE in predicted trunk segment mass using a uniform density
model (3.4% of segment mass). Using a female-specific nonuni-
form density function could possibly reduce errors further, but the
use of nonuniform density data has been shown to only affect errors
in predicting lower trunk mass.20

The RMSE for the thigh segment for the full and reduced
model was 11.9% and 11.1%, respectively. This is lower than the
RMSE of 18.3% reported byDurkin et al22 for a previous geometric
thigh model. The RMSE for the shank segment mass for the present
model was 11.6% for the full model. A previous geometric shank
model validated by comparison with DXA data reported mean
errors of 2.83% for segment mass for females aged 19–30 years.10

However, that paper reported mean error, as opposed to RMSE, and
error reported using the former measure is likely to be smaller.
Additionally, the present study validation involved a larger partic-
ipant pool.

In general, the RMSE percentage errors for all segment masses
represented a mass less than 0.3 kg. The influence of errors in the
estimation of BSIP depends on the purpose of the analysis and the
task being examined. For example, a simulation model may not
require subject-specific BSIPs, in which case BSIPs within a
feasible range may be appropriate; if the model is subject-specific
the appropriateness of the BSIP can be indicated by comparison of
model performance with subject performance.9 In certain tasks (for
example, a dumbbell curl), the inertial properties of the dumbbell
dominate those of the hand and forearm, in which case accurate
dumbbell inertial properties are more important than hand and
forearm.23,24 However, for some movements, errors in the BSIPs
can have an influence on the computed resultant joint moments.25

The present model represents an improvement in previously re-
ported geometric models for female subjects given that, with the
additional trunk and limb measures described here, the RMSE for
segment mass can be reduced. However, given the paucity of
female-specific segment density data, and yet the importance of
accurate BSIP estimates reported by Reinbolt et al,25 it is clear that
the refinement of anthropometric models continues to be an
important area of work.

A second important aim of this work was to determine the
effect of reducing the number of truncated cones forming each of
the limb segments, and the number of stadium solids forming the
hand and foot segments. This has the practical effect of reducing
the number of circumference measurements taken for each limb,
which significantly reduces data collection time. The RMSE for the
thigh, forearm, upper arm, foot, and hand were low for both the full
and reduced models, and the Bland-Altman14 plots show good
agreement for both models for these segments. Researchers seeking
to minimize time spent with participants may prefer to take only
end and middle of segment circumferences for these segments.

The RMSE for the shank increased considerably when moving
from the full to the reduced model. It is somewhat paradoxical that

the RMSE then decreased considerably (and below that of the full
model) when moving to the basic model for the shank. A previous
geometric model of the shank has previously been shown to require
3 geometric solids to produce low mean segment mass errors.10

Taken together, these studies suggest that the change in diameter
along the shank segment is sufficiently unpredictable that several
measurements are required to accurately predict inertial parameters
using a geometric model. Given the alteration in RMSE from the
full to the reduced model, and the previously reported findings, it is
likely the lower RMSE for the basic model represents a canceling
out of overestimations and underestimations along the segment.
This is hard to show conclusively since the DXA scan represents a
projection of a 3-dimensional volume onto a 2-dimensional plane,
which makes it difficult to draw conclusions about the mass
distribution. However, it is possible that the basic shank model,
while benefiting from a lower %RMSE for mass, may not reflect
mass distribution well, and may therefore not accurately estimate
other parameters that cannot be validated using DXA, such as
center of mass location and the moments of inertia.

Summing the DXA-derived segmental masses resulted in a
mean whole-body mass of 101.5% of the whole-body mass
reported by the DXA software. This issue has previously been
reported by Wicke and Dumas26 and Chambers et al,27 who found
that DXA-derived segment masses and lengths do not sum to
whole-body mass and height determined using traditional scales
and stadiometers, respectively. It is likely that this is due to pixels at
segment boundaries being included in both bordering segments. At
the segmental level, a likely source of discrepancies between DXA
and geometric model derived data is due to differences in soft tissue
distribution when lying down compared with standing upright. In
many sporting and daily activity situations, the soft tissue distri-
bution is more likely to reflect that in the upright position.
Furthermore, there is an inherent difference between the 2 tech-
niques in that the anthropometric measurements predict volume,
from which mass is calculated via an assumed density. Conversely,
the DXA method measures absorption and, hence, area, from
which mass is calculated using an assumed density. In fact,
some authors argue that there has been insufficient validation of
DXA measurements,6 and, unfortunately, while previous work
using DXA data has benefited from access to raw pixel data,
eg, Durkin et al,4 DXA manufacturers are increasingly reluctant
to allow such access generally. For these reasons, DXA-derived
measurements cannot necessarily be seen as the gold standard, but
instead simply as a reasonable comparator.

A range of methods have been used to estimate body segment
inertial parameters for biomechanical analyses. Cadaver-based
regression equations have been shown to produce large errors
particularly for young adults and females and do not fully account
for morphological differences.5,22 Later regression equations based
on gamma mass scanning did not consistently produce more
accurate results and do not reflect individual morphology differ-
ences within population groups.5 Direct measurements using tech-
nologies such as DXA and magnetic resonance imaging have been
shown to produce accurate whole-body results,4,28 but such tech-
nologies have limited availability due to high costs and the training
required to use them. Geometric models offer the opportunity for
estimating subject-specific BSIPs at low cost with reasonable
accuracy, and the present work represents the first large-scale
validation of such a model for young females.

In conclusion, a geometric body segment inertial parameter
model based on that of Yeadon,9 but including additional trunk and
limb measurements specifically designed for female participants,
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was validated for 28 young female college athletes. The validation
compared predicted values with direct and indirect measurements
for whole-body volume, mass, and center of mass predictions, and
DXA for segmental mass predictions. Percent RMSE for whole-
body and segment measures were comparable with or lower than
previous geometric models. Researchers seeking to reduce time
spent taking anthropometric measurements may wish to reduce the
number of truncated cones used to model some segments; however,
care should be taken when reducing the number of solids as some
segments displayed greater sensitivity than others to reducing the
number of solids used.
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