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Individual Differences in Women During Walking
Affect Tibial Response to Load Carriage: The
Importance of Individualized Musculoskeletal

Finite-Element Models
Chun Xu , Jaques Reifman , Michael Baggaley, W. Brent Edwards , and Ginu Unnikrishnan

Abstract—Subject-specific features can contribute to the
susceptibility of an individual to stress fracture. Here, we
incorporated tibial morphology and material properties into
a standard musculoskeletal finite-element (M/FE) model and
investigated how load carriage influences joint kinetics and
tibial mechanics in women. We obtained the morphology
and material properties of the tibia from computed tomog-
raphy images for women of three distinctly different heights,
1.51 m (short), 1.63 m (medium), and 1.75 m (tall), and
developed individualized M/FE models for each. Then, we
calculated joint and muscle forces, and subsequently, tibial
stress/strain for each woman walking at 1.3 m/s under vari-
ous load conditions (0, 11.3, or 22.7 kg). Among the subjects
investigated, using individualized and standard M/FE mod-
els, the joint reaction forces (JRFs) differed by up to 4 (hip),
22 (knee), and 26% (ankle), and the 90th percentile von Mises
stress by up to 30% (tall woman). Load carriage evoked dis-
tinct biomechanical responses, with a 22.7-kg load decreas-
ing the peak hip JRF during late stance by ∼18% in the
short woman, while increasing it by ∼39% in the other two
women. It also increased peak knee and ankle JRFs by up to
∼48 (tall woman) and ∼36% (short woman). The same load
increased the 90th percentile von Mises stress (and corre-
sponding cumulative stress) by 31 (28), 22 (30), and 27%
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(32%) in the short, medium, and tall woman, respectively.
Our findings highlight the critical role of individualized
M/FE models to assess mechanical loading in different
individuals performing the same physical activity.

Index Terms—Stress fracture in women, tibial stress
and strain, musculoskeletal finite-element analysis, load
carriage.

I. INTRODUCTION

S TRESS fractures hinder military readiness, leading to sub-
stantial lost-duty days and increased medical costs [1]. This

musculoskeletal injury, characterized by localized tissue dam-
age and pain, is common among military recruits who abruptly
engage in high-impact physical activities during basic combat
training (BCT). The etiology of stress fracture is complex and
multifactorial [2], and its contributing factors can be categorized
into modifiable risk factors (e.g., external loading; training pa-
rameters including volume, pace, and intensity; training surface;
and footwear [2]) or non-modifiable risk factors (e.g., bone min-
eral density (BMD), body size, skeletal alignment [2], sex, and
race [3], [4]). Other physiological factors, such as bone turnover
rate, flexibility, and muscular strength, as well as hormonal and
nutritional factors, may also play a role in determining the risk of
stress fracture [2]. In addition to understanding the contribution
of individual risk factors, it is even more important to under-
stand how the effects of each risk factor combine to generate
composite estimates of risk, and to evaluate how these estimates
relate to tissue mechanics.

A large body of evidence suggests that the development of
stress fracture is analogous to that of fatigue failures in engi-
neering material, in the sense that it is caused by a repetitive,
fluctuating mechanical load [5]–[7], which during any one load-
ing cycle, is substantially lower than the maximum load capacity
of bones [8] and does not cause failure. For example, cyclic loads
associated with weight-bearing physical activities during BCT
may cause bones to undergo gradual mechanical failure, a pro-
cess known as fatigue [9]. Over time, if the load is high enough
to overwhelm the bone repair process that removes micro-cracks
or reduces their size [10], bone fatigue may lead to macro-cracks
or even biomechanical failure of the cortex (i.e., stress fracture)
[11], [12]. The risk of stress fracture, in theory, is positively
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related to the total number of loading cycles (i.e., the number
of strides), as well as the magnitude of mechanical loading sus-
tained by the bone within each cycle. Therefore, to reduce the
risk of stress fracture, a necessary first step is to characterize the
mechanical loading on the bone imposed by military-relevant
physical activities.

To this end, we previously characterized the joint kinematics
(joint angles), kinetics (joint reaction forces or JRFs), and tib-
ial mechanics (stress and strain) of female subjects walking [5]
and running [6] with and without load carriage, using standard
musculoskeletal finite-element (M/FE) analyses. In the stan-
dard M/FE model, we estimated the bone dimensions and mass-
inertia properties by linearly scaling a generic musculoskeletal
model to match the height and weight of a specific subject. Then,
we performed FE analyses using material properties derived
from computed tomography (CT) images of a subject matched
in terms of sex, age, and body mass index. This standard M/FE
analysis provides task-specific characterization of joint kine-
matics, kinetics, and tibial mechanics when subjects perform
the same physical activities under the same condition. However,
it does not explain why only a small fraction of subjects under-
going the same amount of physical activity are more susceptible
to stress fracture than others and how subject-specific features
jointly contribute to an individual’s injury susceptibility [13].

Risk factors contribute to the development of stress fracture
in a specific individual, at least partially, by altering the mechan-
ical loading on the bone, both independently and interactively
[2]. Therefore, it is important to customize the standard M/FE
analyses by considering key modifiable and non-modifiable risk
factors that may predispose a specific individual to stress frac-
ture during BCT. Here, we sought to extend our previous work
and answer the following research question: how does incorpo-
ration of subject-specific tibial features, such as shape and size,
in a standard M/FE model affect model predictions? To answer
this question, as an example, we investigated the changes in the
joint kinetics and tibial response of women of different body
sizes when walking while carrying a load. We tested the hy-
pothesis that an individualized M/FE model makes it possible
to distinguish biomechanical responses among anthropometri-
cally different women during walking.

II. METHODS

We modified a previously reported method [5], [6] to develop
individualized M/FE analyses by incorporating subject-specific
features of the tibiae into standard M/FE analyses. We chose
the tibia as the bone of interest because it is the most frequent
site of stress fracture in athletes [14] and military recruits [15].
We chose female subjects because of the growing number of
women serving in the Army and their higher risk for developing
stress-fracture injuries than men [16].

A. Participant Characteristics

To ensure that study subjects were representative of Army
recruits [17], we enrolled three healthy, young, adult women
without any self-reported history of bone disorders or lower

limb stress fractures. We enrolled one “short” woman [height,
1.51 m; mass, 55.2 kg; body mass index (BMI), 24.2 kg/m2; fat
percentage, 21.1%; age, 19 yr], one “medium” woman (height,
1.63 m; mass, 64.0 kg; BMI, 24.1 kg/m2; fat percentage, 26.4%;
age, 20 yr), and one “tall” woman (height, 1.75 m; mass, 71.8 kg;
BMI, 23.4 kg/m2; fat percentage, 15.9%; age, 20 yr) for this
study. We received approval from the Human Research Pro-
tection Office at the U.S. Army Medical Research and Devel-
opment Command (Ft. Detrick, MD) and the Conjoint Health
Research Ethics Board of the University of Calgary (Calgary,
AB, Canada). We obtained informed written consent from each
participant prior to the study.

B. Collection of Imaging and Motion-Capture Data

For each subject, we obtained CT scans of the left leg, using a
GE Discovery Scanner (General Electric Medical System, Mil-
waukee, WI) with acquisition settings of 120 kVp and 200 mAs.
Images were reconstructed with a slice thickness of 0.63 mm
and an in-plane pixel resolution of 0.49 mm × 0.49 mm. Each
CT scan included a calibration phantom with known calcium
hydroxyapatite concentrations (QRM, Moehrendorf, Germany),
which allowed us to determine the apparent bone density from
the Hounsfield units (HU) in the CT dataset.

We collected motion-capture data for subjects walking on
an instrumented treadmill (Bertec, Columbus, OH), including
walking at 1.3 m/s carrying no load (0 kg, baseline model) or a
load of 11.3 or 22.7 kg (i.e., 25 or 50 lb) using a weight vest. The
11.3 or 22.7 kg was equivalent to 20.5, 17.7, and 15.8% of the
body weight (BW) or 41.1, 35.4, and 31.6% BW for the short,
medium, and tall woman, respectively. Before each motion-
capture experiment, we secured 42 retroreflective markers on
anatomical landmarks and segments of the subject’s body, and
used an eight-camera motion analysis system (Vicon Nexus,
Centennial, CO) to track their positions. Then, we conducted
static trials to establish segmental coordinate systems. We col-
lected motion and force-platform data at sampling frequencies
of 200 and 1000 Hz, respectively. For each experimental condi-
tion, we collected data for a minimum of 15 strides after subjects
were observed to have reached a consistent gait pattern. We ran-
domized the order of walking tasks, and encouraged subjects
to take adequate rest and hydrate between each condition, as
necessary. For each subject under each load-carriage condition,
we determined the preferred stride length for at least nine con-
secutive strides, and averaged them to obtain a representative
value.

C. Standard Musculoskeletal Analysis

We first performed a standard musculoskeletal analysis by
scaling a generic female musculoskeletal model based on the
Twente Lower Extremity Model 2.0 [18], which is available
in the AnyBody Modeling System (AnyBody Technology,
Aalborg, Denmark) [5], [6]. This generic model, originally
constructed from medical imaging data and cadaver dissection,
included musculoskeletal geometries, muscle wrapping sur-
faces, muscle-tendon attachment sites, and lines of action [19].
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Then, we used anthropometric measurements (i.e., height, mass,
and fat percentage) to scale bone dimensions and mass-inertia
properties in the generic model for our three women. As in our
previous work [5], [6], we modeled the hip joints as spherical
joints, and the knee and ankle joints as revolute joints. We
simplified the knee joint as a revolute joint connecting the
patella to the femur, which allowed a small degree of rotation
but no translation.

D. Incorporation of Subject-Specific Tibiae

To develop a musculoskeletal model with subject-specific tib-
iae (i.e., the individualized model), we morphed the generic tibia
into the geometry of the subject-specific tibia through a sequence
of affine (linear) and non-affine transformations using a method
similar to that reported by Marra et al. [20]. This procedure is
required to accurately represent the different muscle-attachment
locations in each individualized model. We morphed the generic
tibia in three steps, as detailed below.

First, we obtained the surface mesh of the generic tibia
(termed the source mesh) by extracting the outer surface of the
left tibia from the standard model. This source tibia was defined
in an anatomical reference coordinate system within the stan-
dard model, whose y-direction was aligned with the long axis of
the tibia. Next, we obtained the geometry of the subject-specific
tibia from the CT images, with the long axis of the tibia aligned
with the z-direction of the CT image coordinate system. Finally,
we created the surface mesh of the subject-specific tibia (termed
the target mesh) using a host-mesh fitting method [21], wherein
the source mesh was deformed into the geometry of the subject-
specific tibia. This approach ensured topological equivalence
between the source and target meshes so that they had the same
number of elements and vertices, and that each corresponding
element represented the same anatomical features.

Second, we scaled and registered the source and target tib-
ial meshes using linear affine transformations, which included
translation, rotation, scaling, and skewing of the meshes. Next,
we performed a tri-harmonic radial basis function interpolation
to account for the local anatomical details in the meshes, which
were not captured by the linear transformations. This procedure
produced a morphed source tibia whose geometry and loca-
tion coincided with those of the target tibia, which was defined
within the CT image coordinate system. Importantly, all associ-
ated soft tissue attachment points were deformed together with
the tibial geometry.

Lastly, we used a reverse rigid-body transformation to trans-
late the morphed source mesh from the CT image coordinate
system to the anatomical reference coordinate system within the
musculoskeletal model.

Subject-specific morphing was not possible for the remain-
ing bones of the musculoskeletal model because CT scans were
lacking. Therefore, the remaining bone segments were defined
using anthropometric scaling and an optimization scheme de-
scribed by Andersen et al. [22]. This method determines the joint
centers and axes through a least-squares parameter identification
algorithm that minimizes the errors between markers defined in

the model and those tracked in the experiment. Assuming sym-
metry between the left and right legs, we constructed a mirror
transformation function to morph the right tibia. To quantify
the discrepancy in tibial geometry estimation, we compared the
lengths of the subject-specific tibia reconstructed from CT im-
ages (i.e., used in the individualized musculoskeletal analysis)
and the anthropometrically scaled tibia (i.e., used in the standard
musculoskeletal analysis).

E. Inverse Dynamics

We adopted a functional-depth method [23] to identify the
most representative stride from among the multiple strides ac-
quired by the motion-capture experiments, in order to drive the
standard (i.e., the anthropometrically scaled model) and individ-
ualized (i.e., the anthropometrically scaled model with subject-
specific tibiae) musculoskeletal analyses. For the standard and
individualized models, we used an inverse dynamics approach to
compute muscle activities and then joint reaction forces (JRFs)
during walking. We defined the muscle activity as the muscle
force divided by muscle strength [24]. In our models, JRF refers
to a resultant quantity that includes forces across the articulating
surfaces and forces from muscular contraction. We performed
whole-body musculoskeletal analyses for walking without load,
or with an 11.3- or 22.7-kg load for all subjects. We quantified
the role of subject-specific tibiae in musculoskeletal analysis by
comparing the JRFs predicted by the standard and individual-
ized analyses. We used the Kolmogorov-Smirnov two-sample
test to test for equivalence of JRFs between the two models.

F. Finite Element Analysis

We used a method similar to our previous work [5], [6]
to perform the FE analysis. Briefly, we created a 10-node
quadratic tetrahedral mesh (C3D10) with an average edge-
length of 3.5 mm (determined using a mesh convergence
study) from the surface mesh of the target geometry. Then,
we converted the HU values obtained from the CT images into
apparent densities, and then to elastic moduli based on the cal-
ibration phantom [25], [26] for each voxel of the CT images.
Subsequently, we mapped the voxel-based properties to the el-
ements of the subject-specific tibial FE mesh [27], and grouped
them into discrete material property bins with a gap of 50 MPa
between two adjacent bins. This procedure produced approx-
imately 200,000 unique material property definitions for the
tibia model. We represented the bone and intramedullary tissue
regions as linear elastic and isotropic materials. We assigned
Poisson’s ratios of 0.325 and 0.167 for the bone region (HU >
100) and intramedullary tissue region (HU < 100), respectively
[28].

We used the muscle forces and joint forces/moments obtained
from the musculoskeletal analysis as the loading conditions for
the FE analysis. Specifically, we defined the muscle/ligament
insertion points in the musculoskeletal model as FE constraint
nodes, which in turn were coupled to the outer surface of the
tibial FE meshes. Through this procedure, on average, we spec-
ified 171 couplings between the muscle/ligament nodes and the
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tibial FE meshes. We defined the bone-to-bone contact forces
in a similar manner.

Using an in-house-developed Tool Command Language
script, we generated an ABAQUS input file for structural anal-
ysis to determine the spatiotemporal tibial stress distribution
during one gait cycle (ABAQUS Explicit 6.12, Dassault
Systèmes, Vélizy-Villacoublay, France). We obtained the
cumulative tibial stress during a stride by integrating the
predicted nodal stress values over time for all nodes in the tibial
FE model [5], [6].

We created FE models from the standard musculoskeletal
model for each of the three individuals. Then, we compared the
tibial stresses predicted by the individualized and standard FE
models for walking without a load. For constructing the standard
models, we used subject-specific tibial material properties, us-
ing a mesh-morphing and material-property mapping algorithm
[5], with the loading derived from the standard musculoskeletal
models from each of the three subjects. In this way, we were
able to assess the effect of standard geometry and loading on
FE-predicted tibial stress.

III. RESULTS

A. Importance of Subject-Specific Tibial Features

We observed considerable differences in size and shape
between the anthropometrically scaled (Fig. 1(a), blue) and
subject-specific tibiae (Fig. 1(a), yellow). For example, the an-
thropometrically scaled tibia overestimated the tibial length in
all subjects (by 29, 10, and 2 mm for the short, medium, and tall
woman, respectively).

These morphological differences led to quantitative differ-
ences in the predicted JRFs between the standard and the indi-
vidualized musculoskeletal models by up to 3.6, 21.7, and 25.8%
at the hip, knee, and ankle, respectively (Table I). Specifically,
for the short woman walking with a load of 22.7 kg (50 lb),
the differences in the peak values of the knee and ankle JRFs
ranged from 6.9 to 24.9% (Fig. 1(b) and Table I). Kolmogorov-
Smirnov tests to compare peak JRFs at the hip, knee, and an-
kle between the standard and individualized models revealed
statistically significant differences in knee JRFs in the anterior-
posterior direction, as well as ankle JRFs in the medial-lateral
and proximal-distal directions (p < 0.05, Table I).

Moreover, the material properties of the tibia, estimated from
the subject-specific CT images, showed similar patterns among
all subjects, with Young’s modulus in the middle third of the
diaphysis being higher than that in the remaining regions of the
tibia (Fig. 2). Overall, Young’s modulus was higher for the tall
woman (peak, 22.1 GPa) than for the short (peak, 19.0 GPa) or
medium (peak, 18.9 GPa) woman.

Owing to the differences in the tibial morphology (Fig. 1(a))
and the internal forces during a stride (Fig. 1(b)), when com-
pared to the individualized FE models, the standard FE models
overestimated the 90th percentile von Mises stress by 13.0%
(29.3 vs. 33.1 MPa) for the short woman, and underestimated it
by 18.9% (42.3 vs. 34.3 MPa) for the medium women and by
30.1% (52.1 vs. 36.4 MPa) for the tall woman (Fig. 3).

B. Joint Kinetics in Response to Load Carriage

The JRF profiles largely reflected the shapes of the ground
reaction forces (GRFs) (Fig. 4). In all subjects under all load
conditions, we observed two well-defined peaks, GRF1 and
GRF2 , which occurred during the early (i.e., ∼25%) and late
(i.e., ∼50%) phases of the stance, respectively. The GRF
measurements for the tall woman were greater than those for the
other two women (Fig. 4 and Table II). In contrast to the medium
woman and tall woman, who demonstrated similar magnitude
for both GRF1 and GRF2 measurements, the short woman illus-
trated GRF1 measurements that were greater than GRF2 mea-
surements by 16.7, 14.3, and 25.0% when she walked with loads
of 0, 11.3, and 22.7 kg, respectively (Table II). As a result of
this unique GRF profile, with an additional load of 22.7 kg
(41.1% BW), her peak hip JRF increased by 56.7% during early
stance but decreased by 18.2% during late stance. In contrast, in
the medium woman and tall woman, the hip JRFs increased by
∼27.0% during early stance and by ∼39.0% during late stance.

In the tall woman, an extra load of 11.3 or 22.7 kg increased
her peak knee JRF by 20.0 or 48.0%, respectively, for the two
loads (Table II). Moreover, under all loading conditions, the
tall woman demonstrated the highest peak knee JRFs (Fig. 4
and Table II). Lastly, load carriage increased ankle JRFs in all
subjects. The peak ankle JRF in the short woman was more
sensitive to load carriage, as evidenced by an increase of 14.3
or 35.7% in response to a load of 11.3 or 22.7 kg, respectively
(Fig. 4 and Table II).

C. Tibial Stress, Cumulative Stress, and Strain in
Response to Load Carriage

For all subjects under all load conditions, high stresses were
concentrated in the middle third of the diaphysis, with the mag-
nitude of compressive stress in the posterior aspect being greater
than that of tensile stress in the anterior crest of the tibia (Fig. 5).

Compared to the baseline condition, an additional 22.7 kg
increased the 90th percentile von Mises stresses from 29.3 to
38.4 MPa (a 31.1% increase) in the short woman; from 42.3 to
51.7 MPa (a 22.2% increase) in the medium woman; and from
52.1 to 66.1 MPa (a 26.9% increase) in the tall woman. More-
over, when the tall woman carried a load of 22.7 kg, the 90th
percentile von Mises stress (i.e., 66.1 MPa) was 72.1% greater
than that in the short woman (i.e., 38.4 MPa) and 27.9% greater
than that in the medium woman (i.e., 51.7 MPa) (Table III).

The cumulative stress, which we obtained by integrating the
von Mises stress across the loading time (i.e., one cycle) in-
creased with an increase in the load carriage. For example, the
90th percentile cumulative stress in the short woman, when
compared to the no-load condition, increased by 27% when car-
rying a load of 22.7 kg (Table III). The same load increased
the 90th percentile cumulative stress in the medium woman and
tall woman by 30 and 32%, respectively. While the 90th peak
cumulative stress for the short woman was 36.6% lower than of
the tall women with a load of 22.7 kg, for the medium woman
the peak cumulative stress was only 1.7% lower than that of the
tall women (Table III).
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Fig. 1. (a) Subject-specific tibial data were incorporated into the musculoskeletal model to simulate the short woman walking with a load of 22.7 kg
(50 lb). The musculoskeletal forces (arrows) predicted by the individualized model (yellow) are depicted on the left leg. The scaled generic tibia
used in the standard model (blue) was superimposed on the right leg to show morphological differences. (b) Differences between the joint reaction
forces (JRF) predicted by the individualized and standard models were more pronounced in the anterior–posterior direction at the knee, as well as
in the medial-lateral and proximal-distal directions at the ankle. The proximal-distal direction is aligned with the long axis of the tibia.

Lastly, similar to the increase in von Mises and cumulative
stresses, a load of 22.7 kg increased the 90th percentile max-
imum compressive strain from 1906.8 to 2485.8 με (a 30.4%
increase) in the short woman; from 2708.0 to 3310.4 με (a
22.2% increase) in the medium woman; and from 2839.4 to
3491.5 με (a 23.0% increase) in the tall woman (Table III).

IV. DISCUSSION

In the present work, we investigated the influence of subject-
specific features on the joint kinetics and tibial mechanics in

three women of distinct body sizes walking at 1.3 m/s, using
individualized M/FE analyses.

In support of our hypothesis, the joint kinetics and tibial
stress distributions predicted by the standard and individual-
ized M/FE models differed substantially. These results suggest
that subject-specific bone morphology, such as size and shape,
may be critical in estimating body kinetics and should therefore
be incorporated into musculoskeletal models. For example, the
standard musculoskeletal model overestimated the tibial length
by as much as 29 mm in the short woman (Fig. 1(a)). This dis-
crepancy leads to less accurate estimation of muscle moment
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TABLE I
INDIVIDUALIZED VERSUS STANDARD MODELS

Differences in predicted joint reaction force (JRF) components in the medial-lateral, proximal-distal, and anterior-posterior directions between the
individualized and standard models at the hip, knee, and ankle when subjects walked without a load (0.0 kg), or with an additional load of 11.3 or 22.7 kg,
for the short woman, medium woman, and tall woman.
∗p < 0.05: indicates a statistically significant difference between the JRFs predicted by individualized and standard models.

Fig. 2. Tibial geometries and material properties acquired from CT images for the short woman, medium woman, and tall woman. The material
properties are superimposed on sagittal cross sections, which are arranged with the anterior (A)–posterior (P) axis running parallel to the page.

arms (which depends on the identification of muscle-tendon
lines of action [29]), and inaccurate estimation of joint kinet-
ics (e.g., more than a 25.0% discrepancy in ankle JRFs in the
short woman, Table I). Ultimately, the discrepancies in subject-
specific features, such as tibial morphology and JRFs, led to
substantial differences in the predicted tibial stress distributions
between the individualized and standard FE models (e.g., more
than a 30% discrepancy in the 90th percentile tibial von Mises
stress in the tall woman, Fig. 3).

Using the individualized M/FE model, we observed signif-
icant differences in the joint kinetics and tibial mechanics of
these women during walking with load carriage. At baseline, the
magnitude of tibial mechanical loading in the tall woman was
greater than that in the short and medium woman (Table II). As
expected, load carriage increased peak JRFs at the knee and the
ankle in all three women. At the hip, a load of 22.7 kg increased
peak hip JRFs in the medium and tall woman by ∼27.0% during
early stance and by ∼39.0% during late stance. In contrast, in
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Fig. 3. Peak tibial stress distribution in the left leg for the short woman, medium woman, and tall woman walking without an additional load,
predicted by the (a) individualized and (b) standard M/FE models. The images show cross-sections in the sagittal plane.

the short woman, a load of 22.7 kg (i.e., 41.1% BW) increased
her peak hip JRF by 56.7% during early stance but decreased it
by 18.2% during late stance (Table II).

The tibial von Mises stress and cumulative stress were dif-
ferent between the three subjects. In the posterior aspect of the
middle third of the diaphysis, a load of 22.7 kg increased the
90th percentile maximum compressive stress by 31.1, 22.2, and
26.9% and the 90th percentile maximum compressive strain by
30.4, 22.2, and 23.0% in the short, medium, and tall woman,
respectively. After integrating across loading time, the 90th per-
centile cumulative stress within one stride increased by 27.5,
30.4, and 31.7% in the short, medium, and tall woman, respec-
tively (Table III). Overall, when incorporating subject-specific

bone morphology and material properties (i.e., BMD) from CT
images with physiologically accurate loading conditions from
musculoskeletal analysis, individualized FE models produce ar-
guably more realistic stress and strain distributions in the tibia
than those produced by standard M/FE models [30]. The above
results highlight the importance of individualized modeling ap-
proach in determining the FE-predicted tibial stress.

An individualized musculoskeletal model can provide com-
plementary insight into the interaction of different factors in-
fluencing the mechanical load and, ultimately, the risk of stress
fracture in the tibia. For example, at baseline, the short woman
had lower internal forces than the medium woman and tall
woman (Table II), which may be influenced by their difference
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Fig. 4. Resultant joint reaction forces (JRF) at the hip, knee, and ankle under different loads during one gait cycle. Each graph begins and ends at
initial contact. The vertical dashed line, which represents the toe-off point, separates the stance phase (before toe-off) from the swing phase (after
toe-off). For convenience, the first row shows ground reaction forces (GRF).

in mass [i.e., the mass of the short woman (55.2 kg) was
15.9% lower than that of the medium woman (64.0 kg) and
30.1% lower than that of the tall woman (71.8 kg)]. More-
over, the stress, strain, and cumulative stress were smaller in the
short woman than in the other women considered in this study
(Table III). However, an applied load of 22.7 kg markedly
changed the internal forces in the short woman relative to those
in the medium woman and tall woman. Under this load con-
dition, the hip JRF during the early stance phase of the short
woman (4.7 kN) was 23.7% greater than that of the medium
woman (3.8 kN) and 9.3% greater than that of the tall woman
(4.3 kN) (Table II). These results show that, to identify whether
an individual is predisposed to stress fracture, risk factors, such
as body size, motion characteristics, and bone morphology,
should be analyzed concurrently, which require individualized
M/FE models.

Similar to previous studies [5], in all three women, the peak
tibial strain during one stride (3491.5 με, tall woman) was below
the experimentally determined threshold for the onset of micro-
damage (4000 με) [31], even when carrying a load as heavy
as 22.7 kg (Table III). However, in addition to the magnitude
of strain within one stride, the cumulative effect of mechanical
loading, which is dependent on the duration of the stance phase

(i.e., the duration of foot-ground contact time) and the total
number of loading cycles (distance divided by stride length),
plays an important role in how the bone responds to mechanical
loading [32]. Our results suggest that when walking with a
load of 22.7 kg, the 90th percentile von Mises stress in the
tall woman (i.e., 66.1 MPa) was 27.9% greater than that in
the medium woman (i.e., 51.7 MPa) and 72.1% greater than
that in the short woman (i.e., 38.4 MPa, Table III). However,
after integrating across loading time within one stride, the 90th
percentile cumulative stress in the tall woman (i.e., 18.3 MPa·s)
was only 1.7% greater than that in the medium woman (i.e.,
18.0 MPa·s) and 57.8% greater than that in the short woman
(i.e., 11.6 MPa·s, Table III).

Assuming no fatigue and a constant stride length during a one-
mile ruck march with a load of 22.7 kg, the cumulative tibial
stress [cumulative stress per walking cycle (Table III) × number
of steps to cover a mile] would reach 21.4, 21.5, and 14.5 GPa·s
in the tall, medium, and short woman, respectively. In other
words, the differences in biomechanical impact on the tibia as
a result of marching for one mile with a load of 22.7 kg are
essentially negligible between the tall women and the medium
woman (−0.2%), but still substantial between these women and
the short woman (∼48%). If the cumulative effect of internal
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TABLE II
JOINT KINEMATICS AND KINETICS

Peak joint moments and joint reaction forces at the hip, knee, and ankle when subjects walked without a load (0.0 kg), or with an additional load of 11.3 kg
(25 lb) or 22.7 kg (50 lb), for the short woman, medium woman, and tall woman.

TABLE III
MODEL PREDICTED VON MISES STRESS, CUMULATIVE STRESS, AND STRAIN

Model-predicted von Mises stress, cumulative stress, and strain (10th, 50th, and 90th percentile) on the posterior wall of the mid-diaphysis of the left leg, when subjects
walked without a load (0.0 kg), or with an additional load of 11.3 kg (25 lb) or 22.7 kg (50 lb), for the short woman, medium woman, and tall woman.
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Fig. 5. Peak tibial stress distribution in a sagittal plane and three transverse (proximal-third, middle-third, and distal-third) cross-sections of the
left leg of the short woman, medium woman, and tall woman walking without (top) and with an additional load of 11.3 kg (25 lb; center) or 22.7 kg
(50 lb; bottom). We divided the cross section of the left tibia into four sectors: Anterior (A), Posterior (P), Medial (M), and Lateral (L). The three
cross-sections correspond to the proximal third, middle-third, and distal-third sections of the tibia.

forces and bone stresses increases the risk of stress fracture, our
results suggest that, the short woman has a lower risk of stress
fracture compared to the medium and tall women. Although we
cannot deduce the influence of height alone on the risk of stress
fracture in these subjects, these results highlight the importance
of subject-specific modeling of the tibia in M/FE models when
subjects walk at their preferred stride length.

One limitation concerning this study is that each anthropo-
metric group included only one subject, which precludes us from
concluding that the results for each subject are representative
of a specific anthropometric group. Second, we only assessed

acute effects of load carriage on bone loading. We believe that
it is necessary to include the biological responses to bone load-
ing in a model before attempting to predict the occurrence of
stress fracture. Third, we acquired motion-capture data when
the subjects walked at their preferred stride length. However, it
should be noted that certain military activities, such as march-
ing, require locomotion with a fixed cadence, which can lead to
modification of the preferred stride length in shorter and taller
subjects. Fourth, although we individualized the tibial geometry
and material properties, and adjusted the muscle strength based
on the height, weight, and fat percentage of the individual, we
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did not customize muscle strength or consider muscular fatigue.
Incorporating subject- and task-specific muscle strengths into
musculoskeletal models adds an important dimension of per-
sonalization, especially when considering cases such as strenu-
ous military training, given that fatigue increases bone strain by
26% after a 2-km run and by 29% after a 30-km desert march
[33]. Individualized muscular properties based on CT images
and dynamic isokinetic torque measurements [33], which may
improve the accuracy of injury risk estimates, should be consid-
ered in future analyses.

V. CONCLUSION

Here, we quantified how joint kinetics and tibial stress change
owing to the individual characteristics of tibial morphology (i.e.,
shape and size) in three women. For each woman, we quanti-
fied the joint kinetics and tibial mechanics during walking using
an individualized M/FE model. This approach characterizes the
integrative effects of subject-specific characteristics known to
influence the mechanical load on the tibia, including body size,
tibial morphology, BMD distribution, and motion characteris-
tics. We believe that the results from this study, along with the
methodology to individualize M/FE analysis, represent a way
forward to predicting the biomechanical effects of a training
regimen on individuals. Such findings may provide a firm theo-
retical foundation for optimizing military training.
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