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Soldiers regularly transport loads weighing >20 kg at slow speeds for long durations. These tasks elicit
high energetic costs through increased positive work generated by knee and ankle muscles, which may
increase risk ofmuscular fatigue and decrease combat readiness. This study aimed to determine howmod-
ifying where load is borne changes lower-limb joint mechanical work production, and if load magnitude
and/or walking speed also affect work production. Twenty Australian soldiers participated, donning a total
of 12 body armor variations: six different body armor systems (one standard-issue, two commercially
available [cARM1-2], and three prototypes [pARM1-3]), each worn with two different load magnitudes
(15 and 30 kg). For each armor variation, participants completed treadmill walking at two speeds (1.51
and 1.83 m/s). Three-dimensional motion capture and force plate data were acquired and used to estimate
joint angles and moments from inverse kinematics and dynamics, respectively. Subsequently, hip, knee,
and ankle joint work and power were computed and compared between armor types and walking speeds.
Positive joint work over the stance phase significantly increased with walking speed and carried load,
accompanied by 2.3–2.6% shifts in total positive work production from the ankle to the hip (p < 0.05).
Compared to using cARM1with 15 kg carried load, carrying 30 kg resulted in significantly greater hip con-
tribution to total lower-limb positive work, while knee and ankle work decreased. Substantial increases in
hip joint contributions to total lower-limb positive work that occur with increases in walking speed and
load magnitude highlight the importance of hip musculature to load carriage walking.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Depending on training and operational requirements, soldiers
may transport equipment either purposefully at high speed or
slowly over long durations (e.g., 4–5 h). In particular, long duration
military load carriage tasks impose substantial metabolic costs that
affect soldiers’ in-field capabilities (Beekley et al., 2007; Huang and
Kuo, 2014). Indeed, net metabolic energy rate increases propor-
tionally with carried load during simulated marching (Quesada
et al., 2000), which can decrease time to fatigue, capacity of sol-
diers to maintain a given work intensity (Johnson et al., 1995),
and soldier combat readiness (e.g., ability to perform explosive
movements) following marching (Knapik et al., 1997). Therefore,
identifying efficient means to carry load would benefit soldiers
operating in the field.

Walking and carrying load increases metabolic cost potentially
through increased muscle contraction-related consumption of
energy substrates (Umberger and Rubenson, 2011). Studies have
shown positive mechanical work increases approximately linearly
with metabolic expenditure during loaded walking (Huang and
Kuo, 2014; Pierrynowsi et al., 1981). Mechanical work performed
by the human body describes the change in, or amount of, mechan-
ical energy transmitted by muscle or external force(s) over time
(Robertson et al., 2013). Muscles producing force during shortening
contractions (i.e., concentric) generate positive work, while during
lengthening contractions (i.e., eccentric) muscles do negative work
(Donelan et al., 2002). Recent studies have reported total and joint-
specific work and powers increase in response to increased carried
load during walking (Grenier et al., 2012; Huang and Kuo, 2014;
Wang et al., 2013; Panizzolo et al., 2016) and running (Liew
et al., 2016). In these studies, hip muscles perform positive work
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to stabilize the large moment of inertia of the combined upper
body and equipment mass and to swing the trailing leg (Winter
and Eng, 1995). Knee muscles perform greater positive work in
rebound following ground impact and contribute to raising the
body COM (Huang and Kuo, 2014). Ankle muscles provide positive
work during late stance to propel the body centre of mass (COM)
forward, which also is a feature of unloaded gait as walking speed
increases (Umberger and Martin, 2007). A limitation of previous
studies is that only moderate loads (�15–20 kg) isolated to one
portion of a backpack or COM were carried at relatively slow walk-
ing speeds, or exclusively during running. Additionally, the one
study to use military-specific loads did not derive joint work using
inverse dynamics, which is believed to better represent musculo-
tendon work compared to calculating external COM work (Zelik
and Kuo, 2012). Research is therefore required to examine how car-
ried load and walking speed influence positive mechanical work
and power during simulated marching in soldiers.

Simpler solutions to assist load carriage, such as incorporating a
hip belt into body armor, could redistribute positive work and
power to reduce metabolic cost. A load sharing system is defined
as a body armor system integrating a torso vest and hip belt, con-
nected by struts, that changes the part of the body on which the
mass is carried. In our case, the load sharing system transfers the
load from primarily the shoulders to both the shoulders and hips.
Redistributing load toward the hips could increase contributions
of hip muscles to forward progression of the body COM and pre-
serve normal knee mechanical power because relative moments
of inertia would be lower with load closer to hips (Winter et al.,
1990). In unloaded walking, >80% of average positive joint power
has been shown to come from the ankle (�35%) and hip (�45%)
joints (Farris and Sawicki, 2012; Rubenson et al., 2011; Umberger
and Martin, 2007). This indicates positive work is generated pri-
marily by ankle plantar-flexors and hip flexors/extensors. When
walking speed is increased, the magnitude of each joint and/or
muscle’s contribution to positive power increases proportionally,
with relative contributions remaining similar (Dorn et al., 2015;
Farris and Sawicki, 2012; Schache et al., 2015). Theoretically, an
individual would similarly ‘scale-up’ positive joint powers as a
neuromuscular strategy to compensate for increasing carried load
and/or walking speed, yet this remains to be investigated. During
physically demanding tasks (e.g., load carriage walking), joint
power could shift from an ankle dominant strategy to a hip domi-
nant strategy, because hip muscles can generate larger moments
and powers compared with ankle muscles. However, shifting
power production to proximal joints would increase active work
performed by muscles, such as hip-spanning gluteal muscles,
which have short tendons (Neptune et al., 2009) compared to ankle
plantarflexors, such the triceps surae, which exploit the advanta-
geous elastic properties of long Achilles tendons (Lichtwark and
Wilson, 2008). Importantly, reliance on knee muscles to generate
positive power may precipitate fatigue during load carriage com-
pared to relying on ankle and hip muscles, which have been shown
to be less susceptible to fatigue during load carriage (Blacker et al.,
2013). Thus, a proximal shift in joint powers would have important
implications for soldier performance, device design, and physical
training prescription, but has yet to be investigated.

This study examined how lower-limb joint work and power
magnitudes are modulated when walking with different load con-
figurations and at different speeds. Load configuration includes
both the body armor type and load magnitude. A secondary aim
was to determine whether relative contributions of lower-limb
joints to total mechanical positive power were affected by different
load configurations and walking speeds. We hypothesized that
using load sharing systems would increase total positive work
and positive hip work compared to not using load sharing systems.
Additionally, we hypothesized that increasing carried load or
walking speed would increase positive joint work and power mag-
nitudes. Finally, we hypothesized relative joint contributions to
total mechanical positive power would be similar for different car-
ried loads and/or walking speeds, but a shift towards the hips
would occur when using load sharing systems compared to no load
sharing.
2. Methods

2.1. Participants

Twenty male soldiers (age: 29.5 ± 7.1 years, height:
1.77 ± 0.08 m, mass 82.8 ± 12.1 kg) participated and at the time
of testing no participants had acute or chronic injuries. Participants
gave their written informed consent to the protocol, which was
approved by Australian Defence Human Research Ethics Commit-
tee (Protocol 756-14).

2.2. Body armor conditions

Five different load sharing systems: two commercial (cARM1,
cARM2) and three prototype (pARM1, pARM2, pARM3) designs
were tested against the current Australian Army standard-issue
Tiered Body Armor System (TBAS) in two operational configura-
tions (15 kg and 30 kg). The 15 kg load included two replica ballis-
tic plates and soft armor inserts, as well as replica equipment (e.g.,
radio and ammunition) placed in pouches around the vest. For the
30 kg configuration, an assault pack was attached at vest rear and
contained 15 kg of load evenly distributed throughout the pack.
Descriptions and illustrations of the armor types can be found in
the supplementary material. The effectiveness of each load sharing
system in reducing shoulder pressure has been established in our
previous work (Lenton et al., 2018).

2.3. Procedures

Participants completed a standardized treadmill walking proto-
col for each of the 12 armor � load conditions (i.e., six body armor
systems and two loads), as well as a baseline no-armor condition
across four laboratory-based testing sessions. The baseline condi-
tion, in which participants wore a compression shirt, standard ath-
letic shorts, and their own military boots, was always completed
first, while the order of wearing other armor conditions was ran-
domised and counterbalanced. The walking protocol consisted of
a 5-minute warm-up at 1.25 m�s�1, 10-minutes walking at
1.53 m�s�1 (i.e., moderate), 10-minutes walking at 1.81 m�s�1

(i.e., fast), and a 5-minute cool down at 1.25 m�s�1. Following com-
pletion of walking tasks, participants rested for a minimum of 25-
minutes and completed subsequent armor conditions for the
session.

To allow measurement of 3-dimensional motion, spherical,
14 mm diameter retro-reflective markers, and marker clusters
were placed on the torso, and bilaterally on the head, arms, and
legs of participants according to a marker set we previously devel-
oped and validated (Lenton et al., 2017). Marker and GRF data were
concurrently and synchronously acquired using an 11-camera, 3-
dimensional motion capture system (Vicon, Oxford, UK) and a
split-belt, force-sensing treadmill (AMTI Compact Tandem, Water-
town, MA, USA). Prior to treadmill walking, static standing calibra-
tion and pointer trials were acquired to measure 3-dimensional
positions of 14 markers, which were later used to define joint cen-
tres and track segments during dynamic tasks. Marker positions,
sampled at 100 Hz, and ground reaction forces (GRFs), sampled
at 1000 Hz, were acquired during treadmill walking for a 30-
second epoch in the final minute of each walking speed.
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2.4. Data processing

Raw marker trajectories from static and dynamic trials were
cleaned using Vicon Nexus version 2.3. Cleaned trials were then
exported to Matlab (R2014b, The Mathworks) and processed using
a custom implementation of MOtoNMS, a freely available tool for
processing biomechanics data in Matlab (Mantoan et al., 2015).
Processing involved partitioning 30 s data epochs into individual
right limb gait cycles, digital filtering of marker trajectories and
GRFs using a using a 2nd order zero-lag (Robertson and Dowling,
2003) Butterworth filter at 10 Hz, and transforming data from
the laboratory coordinate system to model coordinate system used
in OpenSim (Delp et al., 2007).

2.5. Biomechanical modelling

For each participant, a generic scaled, full-body anatomic model
(Rajagopal et al., 2016) was used to represent the head, torso, arms,
pelvis, lower-limbs, and feet. The model included a six DOF pelvis,
a three rotational DOF hip joint, and one rotational DOF knee and
ankle joints. For the knee, non-sagittal rotations and tibial transla-
tions were parameterized as functions of knee flexion (Walker
et al., 1988). Scaled anatomic models were then used in OpenSim
inverse kinematics analysis to determine model kinematics
(Reinbolt et al., 2005), and inverse dynamics analysis to compute
net moments at the right hip, knee, and ankle joints. Ensemble-
averaged data for a minimum of 10 gait cycles (ranging from 10
to 28 gait cycles) from each 30 s data epoch were created for each
participant.

Sagittal-plane hip, knee, and ankle joint powers were deter-
mined as the dot product of joint moments and angular velocities
(Rubenson et al., 2011), and normalized to each participant’s body
mass (Wkg�1). Instantaneous joint power curves were split into
power phases previously defined across the gait cycle (Winter,
1987), whereby positive phases represented periods of energy gen-
eration and negative phases represented energy absorption.
Numerical integration of instantaneous joint power curves within
the defined phases enabled calculation of positive (Wþ

j ) and nega-
tive (W�

j ) joint work (Jkg�1), which was multiplied by two to
approximate output from both limbs. Total right limb positive
Wþ

tot and negative W�
tot work were determined by summing posi-

tive and negative hip, knee, and ankle joint work, respectively. Pos-
itive and negative work terms were divided by stride cycle time to

give positive ( _W
þ
tot) and negative ( _W

�
tot) mass-specific mechanical

power terms (Wkg�1) (Rubenson et al., 2011). These terms repre-
sented energy generated and absorbed by the lower-limbs during
an average stride. This analysis was performed separately for
stance and swing phases of the gait cycle, which were defined
based on heel-strike and toe-off gait events. To compare relative
contributions of each joint towards Wþ

tot and W�
tot, each joint’s
Table 1
Mean ± standard deviation magnitudes for joint work variables in stance and swing phases
for each load sharing system were pooled for walking speeds and load magnitudes.

Armor system

TBAS cARM1

Positive work stance 1.28 ± 0.33 1.35 ± 0.38
Negative work stance* 0.70 ± 0.20 0.75 ± 0.22
Positive hip work stance* 0.68 ± 0.27 0.75 ± 0.32
Positive knee work stance 0.18 ± 0.08 0.17 ± 0.07
Positive ankle work stance 0.31 ± 0.08 0.31 ± 0.06
Positive work swing* 0.22 ± 0.05 0.24 ± 0.061

Positive hip work swing* 0.18 ± 0.05 0.21 ± 0.06

* Indicates a significant main effect of armor (p < 0.05).
1 Indicates variable significantly increased in magnitude compared to values obtained
Wþ
j and W�

j were expressed as a percentage of Wþ
tot and W�

tot,
respectively.

Absolute and relative total lower-limb and joint-specific posi-
tive and negative mechanical power per stride were averaged
between participants for every armor type, load, and walking
speed for statistical analyses. Although data from pARM2 and
pARM3 armor systems were collected, they were not included in
statistical analyses because these armor designs had very similar
design features to pARM1 and were very new prototypes, while
pARM1 was a mature prototype and statistical comparisons of out-
comes variables between the three pARM-class armor systems
revealed no significant differences.

2.6. Statistical analysis

Statistical analysis was performed using R version 3.3.1 in R-
Studio (RStudio, Inc, Boston, MA) v0.99.903. Outliers were removed
using Tukey’s method (Hoaglin et al., 1986) and missing data were
imputed using predictive mean matching (Buuren and Groothuis-
Oudshoorn, 2011) to generate a complete dataset for statistical
comparisons (<5% data missing for any variable) (Royston, 2004).
Shapiro-Wilk tests confirmed normally distributed data, and
three-way repeated measures ANOVAs tested for significant inter-
actions between, and main effects of, armor type, carried load, and
walking speed. Post-hoc paired t-tests were performed on signifi-
cant interactions or main effects to identify specific differences
with p-values adjusted to control for multiple comparisons
(Benjamini and Hochberg, 1995). Significance was set at p < 0.05.
Effect sizes (i.e., partial g2) were calculated for all the significant
interaction and main effects, with small, medium, and large effect
sizes defined as g2 between 0.01 and 0.06, 0.06 and 0.14, and
>0.14, respectively (Richardson, 2011). Linear regression was used
to examine how hip, knee, and ankle positive mechanical power in
stance changed as a function of total mechanical positive power.
Each regression was performed for data across all participants,
but with separate regression equations for each load and walking
speed combination.

3. Results

3.1. Effects of wearing different armor types

When expressed relative to the baseline condition, wearing any
armor type increased total and joint-specific positive power over
the stance phase (Table 1, Table 2), but there were no significant
differences between armor types (p > 0.05). Significant main
effects of armor type were observed for total positive power
(p < 0.05, g2

p = 0.06) and positive hip power over the swing phase

(p < 0.05, g2
p = 0.06). Specifically, compared to TBAS, positive hip

power during swing increased 14.3%, 14.3%, 18.2% when wearing
comparing main effects of load sharing systems. All values are reported as J kg�1. Data

Effect size (partial g2)

cARM2 pARM

1.28 ± 0.37 1.27 ± 0.33 0.012
0.76 ± 0.21 0.77 ± 0.20 0.023
0.65 ± 0.29 0.67 ± 0.28 0.023
0.18 ± 0.08 0.18 ± 0.08 0.004
0.30 ± 0.09 0.29 ± 0.07 0.009
0.24 ± 0.061 0.25 ± 0.051 0.055
0.21 ± 0.05 0.22 ± 0.041 0.060

for TBAS (p < 0.05).



Table 2
Mean ± standard deviation magnitudes for joint work variables comparing main effects of walking speed and carried load. Data were pooled across the difference armor systems.

Variable Walking speed Effect Size Partial g2 Carried load Effect Size Partial g2

Moderate Fast No load 15 kg 30 kg

Positive work stance* 1.15 ± 0.32 1.43 ± 0.321 0.174 0.91 ± 0.27 1.19 ± 0.312 1.38 ± 0.352,3 0.193
Negative work stance* 0.72 ± 0.20 0.78 ± 0.221 0.022 0.52 ± 0.16 0.68 ± 0.182 0.82 ± 0.212,3 0.122
Positive hip work stance* 0.66 ± 0.28 0.84 ± 0.271 0.131 0.51 ± 0.19 0.69 ± 0.272 0.81 ± 0.302,3 0.071
Positive knee work stance* 0.16 ± 0.07 0.20 ± 0.081 0.059 0.16 ± 0.09 0.17 ± 0.072 0.20 ± 0.082,3 0.052
Positive ankle work stance* 0.29 ± 0.07 0.31 ± 0.081 0.035 0.24 ± 0.07 0.29 ± 0.072 0.31 ± 0.082,3 0.037
Positive work swing* 0.22 ± 0.05 0.26 ± 0.051 0.101 0.18 ± 0.05 0.22 ± 0.052 0.26 ± 0.052,3 0.175
Positive hip work swing* 0.20 ± 0.05 0.22 ± 0.051 0.032 0.15 ± 0.04 0.19 ± 0.052 0.23 ± 0.052,3 0.148

* Indicates a significant main effect of speed and mass (p < 0.05).
1 Indicates significant difference from moderate speed (p < 0.05).
2 Indicates significant difference from no load.
3 Indicates significant difference from 15 kg.

Fig. 1. Relative contributions of hip, knee, and ankle to stance phase total
mechanical positive power for the different load sharing systems and carried loads.
*Indicates significant difference in the contribution of hip to total positive power
compared to the value obtained with 15 kg of carried load for load distribution
system.
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cARM1, cARM2, and pARM, respectively. Hip and ankle joints were
responsible for generating most of the power during the stance
phase of gait (Fig. 1). A significant interaction was found between
load sharing systems and load magnitude for the relative contribu-
tion of the hip to total mechanical positive power (p = 0.013,
g2
p = 0.03). Specifically, the hip contributed more to total mechan-

ical positive power with 30 kg compared to 15 kg of carried load
for cARM1 armor type (p < 0.05).

3.2. Effects of increasing load magnitude and/or walking speed

Significant main effects of load and walking speed were found
for total and joint-specific positive power (Table 2), with absolute
magnitudes increasing when walking faster or carrying more load
(Fig. 2). Total positive power performed in stance was sensitive to
increases in carried load (g2

p = 0.19) and walking speed (g2
p = 0.17).

Additionally, there were significant main effects of load for positive
power generated at the hip, knee, and ankle (p < 0.05) relative to
unloaded walking. Compared to carrying 15 kg of load, carrying
30 kg of load resulted in significantly greater positive power at
the hip (87.1 ± 4.3% vs. 57.9 ± 4.3%), knee (69.3 ± 6.0% vs.
37.8 ± 5.7%), and ankle (40.2 ± 2.4% vs. 26.1 ± 2.2%).

Hip and knee powers increased with increased total positive
joint power (p < 0.05), whereas ankle power did not (Fig. 3). The
correlation coefficient was much greater for hip power (R2 = 0.66)
than for knee power (R2 = 0.33), indicating the hip was primarily
responsible for generating more positive power with increasing
task demands. Additionally, compared to walking without load,
the hip joint generated 14.9 ± 1.6% and 37.6 ± 1.9% more power
in early swing phase when participants carried 15 kg and 30 kg,
respectively.

A main effect of walking speed (p = 0.01, g2
p = 0.02) was

observed for percent contribution of the hip joint to total mechan-
ical positive power. Additionally, significant main effects of walk-
ing speed (p < 0.05, g2

p = 0.03) and load (p = 0.04, g2
p = 0.01) were

found for the percent contribution of the ankle to total mechanical
positive power. When increasing walking speed from moderate to
fast, hip contribution to total mechanical positive power increased
2.3%, while ankle contribution decreased 2.6%. A similar decrease
in ankle contribution was observed when carried load increased,
but was offset by small increases in hip and knee contributions.
4. Discussion

The purpose of this study was to examine the effects of redis-
tributing torso-borne load, carried load magnitude, and walking
speed on total and lower-limb joint work and power in soldiers
during military-specific walking. This study also explored whether
load redistribution, carried load magnitude, and walking speed
influenced hip, knee, and ankle contributions to total positive
power, and considered these strategies indicative of neuromuscu-
lar coordination. Full-body motion and GRFs were measured from
soldiers as they completed treadmill walking at moderate and fast
speeds. All participants completed testing with six different body
armor systems (although only data for only four were presented)
and two (15 kg and 30 kg) load configurations. Using an inverse
kinematics and dynamics approach, total and joint lower-limb pos-
itive and negative instantaneous mechanical power per stride were
determined and compared between experimental conditions.

Contrary to our first hypothesis, no significant differences in
stance phase power generation or absorption were observed
between load sharing systems, despite a main effect existing for
hip power generation (Table 1). This result, along with our prior
work demonstrating all of the load sharing systems were effective
in reducing shoulder pressure (Lenton et al., 2018), means that
shoulder-to-hip load transfer likely does not require greater mus-
cular effort during walking compared to standard beltless designs.
Consistent with prior research (Devroey et al., 2007), these findings
suggest changes in coordination and energetics mostly occur when
load is positioned close to extremities (e.g., hands, feet) compared
to torso load placement (Browning et al., 2007; Schertzer and
Riemer, 2014). Possibly, the expectation that kinetic parameters
would be sensitive to small position changes in centrally located
loads was incorrect, or trained soldiers can tightly regulate joint
energetics with different armor designs under constant loads. No
other study has compared joint work and power profiles between
different body armor designs while holding carried load constant.



Fig. 2. Mean (lines) and standard deviation (shaded regions) joint angular velocities, moments, and powers for hip, knee, and ankle across the gait cycle (right foot strike to
right foot strike) with different carried loads. Moments and powers were normalized to body weight. Means were generated for all participants (N = 20) and walking speeds.
Arrows indicate locations in the gait cycle where significant differences in peak values between carried loads were found (p < 0.05). Vertical lines denote times of toe-off for
different carried load conditions (follow same line style as curves).

Fig. 3. Hip, knee, and ankle total positive work per stride versus total positive joint work per stride. Data points for moderate (i.e., green) and fast (i.e., red) walking speeds are
distinguished by colors, whereas data points for 15 kg (i.e., circle) and 30 kg (i.e., triangle) of carried load are distinguished by shapes. A significant positive relationship was
shown for hip and knee work (p < 0.05), whereas ankle work showed no relationship (p > 0.05) to total positive work. A high correlation coefficient indicates that as total
positive work increases, contribution from that joint also increases. The correlation coefficient displayed is the average of all data, as there were no significant differences
between coefficients for individual carried load/walking speed combinations. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Thus, further research is required to substantiate our results. Addi-
tionally, future studies could systematically manipulate load place-
ment (e.g., backpack or torso-borne) and examine the effects on
mechanical work and power profiles.
Total and joint-level power magnitudes were largely deter-
mined by the amount of carried load and the walking speed. Our
results suggest the effects of carried load and walking speed are
largely additive, with greatest positive joint powers occurring with
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the fastest walking speed and heaviest carried load condition.
These observations corroborate previous research demonstrating
proportional increases in total and joint work with increased car-
ried load (Grenier et al., 2012; Griffin et al., 2003; Huang and
Kuo, 2014; Pierrynowsi et al., 1981). Additionally, incremental
increases in carried load and walking speed have been shown to
increase metabolic costs (Bastien et al., 2005), and confirm that
the additional energy required for load carriage during walking is
augmented at faster speeds.

As contracting muscle uses energy to generate power, analysis
of joint energetics reveal which muscles/joints are most likely
responsible for greater metabolic cost. Our results showed >80%
of positive power during stance came from the hip and ankle dur-
ing load carriage, which is consistent with previous studies using
backpack loads (Brown et al., 2014) and in unloaded walking
(Farris and Sawicki, 2012; Rubenson et al., 2011). Unique to this
study, increasing carried load not only scaled joint power require-
ments but also shifted relative joint contributions to total positive
power from the ankle and knee towards the hip. We observed a
7.7% shift in contribution made by the hip when carrying load
and walking fast compared to walking with no load (Table 2). Addi-
tionally, regardless of load and walking speed condition, increases
in total positive work were due primarily to increases in positive
hip work, whereas proportional increases in positive knee and
ankle work were not apparent (Fig. 3). A proximal shift in power
production may be due to the combined effects of adding load
and placing the load posterior to the wearer’s COM. Such a trade-
off between a hip- or ankle-dominated power profile has been
observed when participants were verbally instructed to modify
ankle push-off force (Lewis and Ferris, 2008), and when assistive
torques were externally applied to the hip (Lenzi et al., 2013), sug-
gesting hip muscles (or an external actuator) compensated for
reduced ankle plantarflexion power. We believe military boots
are partly responsible for the observed shift, as they span the ankle
and may reduce ankle range of motion, thereby reducing the ankle
joint’s ability to generate power. However, this conclusion has to
be confirmed experimentally. Rather than saving energy, a proxi-
mal power shift may be a control strategy by which soldiers main-
tain forward progression without compromising stability during
load carriage gait (Winter, 1995).

Our results contrast with a previous study that reported the
ankle contributed most to increased positive work demands of
increased carried load (Huang and Kuo, 2014). However, directly
comparing the above-cited study to ours is difficult as they had
only eight civilian participants carrying backpack loads <20 kg
while walking at 1.25 m�s�1. Brown et al. (2014) tested heavier
loads (i.e., 20–40 kg) with soldiers and showed no change in joint
contributions to positive power compared to carrying no load,
although they examined walk-to-run transition instead of
steady-state walking (Brown et al., 2014). Comparatively greater
task demands in this study (carrying 30 kg and walking at
1.81 m�s�1) and using soldiers trained in load carriage may have
caused a shift in power generation towards the hip. Further
research over a broader range of walking speeds and loads with
soldiers is recommended to elucidate changes in positive power
contributions.

Total mechanical positive power was sensitive to changes in
armor types and carried loads. Partly confirming our third hypoth-
esis, hip joint contribution to total mechanical positive power was
5.2% more when carrying 30 kg of load compared to 15 kg while
wearing cARM1, compensating for 2.4% and 2.8% reductions in
knee and ankle contributions, respectively. However, no differ-
ences were observed between armor types while carrying the same
loads. Conceivably, shoulder-to-hip load transfer did not change
moment of inertia compared to TBAS, which would explain our
lack of differences between armor types. Nevertheless, modulation
of power production when wearing cARM1 with a 30 kg load sug-
gests neuromuscular coordination strategies in carried-load con-
texts are design- and load-specific. Consequently, tailoring
assistive devices to match the neuromuscular requirements of a
particular load configuration identified in this study could help
prolong soldier performance.

There were several limitations to this study that should be con-
sidered. First, knee abduction/adduction and internal/external
rotations were solely determined from knee flexion/extension
DOF using the same functions for all participants. This was done
because measuring secondary knee motions from skin-surface
marker data is error prone (Benoit et al., 2006). Second, joint work
derived from inverse dynamics underestimates total musculoten-
don work (Neptune et al., 2009). Similar to Huang and Kuo
(2014), total negative joint work per stride in our study ranged
from 54.7 to 60.6% of total positive joint work per stride for loads
and walking speeds tested. This suggests a considerable amount of
negative work performed by musculotendinous tissue deformation
was not captured (Zelik and Kuo, 2012). Determining passive con-
tributions to positive energy generation and incorporating mea-
sures of muscle activity into a musculoskeletal model to estimate
musculotendinous forces, work, and power would provide more
representative estimations of actual work than those presented
here, and may further highlight the importance of hip musculature
to positive power generation in load carriage walking (Zelik et al.,
2015).

In conclusion, this study was the first to demonstrate that dif-
ferent shoulder-to-hip load transfer devices do not alter the mag-
nitudes of mechanical joint work and power compared to a
design with no load transfer mechanism. However, results showed
joint contributions to positive power are design- and load-specific,
meaning different load configurations may elicit different neuro-
muscular responses. To verify and extend our results, future stud-
ies could measure how joint powers and joint coordination change
across a broader range of carried loads and walking speeds with
more deliberate load perturbations. Additionally, understanding
musculotendinous mechanics could lend deeper insight into
strategies by which humans efficiently carry load.
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