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A B S T R A C T

Background: Despite deleterious biomechanics associated with injury, particularly as it pertains to load carriage,
there is limited research on the association between physical demands and variables captured with wearable
sensors. While inertial measurement units (IMUs) can be used as surrogate measures of ground reaction force
(GRF) variables, it is unclear if these data are sensitive to military-specific task demands.
Research question: Can wearable sensors characterise physical load and demands placed on individuals in
different load, speed and grade conditions?
Methods: Data were collected on 20 individuals who were self-reportedly free from current injury, recreationally
active, and capable of donning 23 kg in the form of a weighted vest. Each participant walked and ran on flat,
uphill (+6 %) and downhill (-6 %) without and with load (23 kg). Data were collected synchronously from
optical motion capture (OMC) and IMUs placed on the distal limb and the pelvis. Data from an 8-second window
was used to generate a participant-based mean of OMC and IMU variables of interest. Repeated Measures ANOVA
was used to measure main and interaction effects of load, speed, and grade. Simple linear regression was used to
elucidate a relationship between OMC measures and estimated metabolic cost (EMC) to IMU measures.
Results: Load reduces foot and pelvic accelerations (p<0.001) but elevate signal attenuation per step (p=0.044).
Conversely, attenuation per kilometre is lowered with the addition of load (p=0.017). Uphill had the lowest
attenuation per step (p=0.003) and kilometre (p≤0.033) in walking, while downhill had the greatest attenuation
per step (p≤0.002) and per kilometre (p≤0.004). Attenuation measures are inconsistently moderately related to
limb negative work (R≤0.57). EMC is moderately positively related to unloaded running (R≥0.39), and
moderately negatively related to walking with and without load (R≤-0.52).
Significance:While load reduces peak accelerations at both the pelvis and foot. However, it may increase demand
on the lower extremity to attenuate the signal between the two sensors with each step, while attenuation over
time reduces with load.

1. Introduction

Lower extremity musculoskeletal injuries pose a significant threat to
health and readiness in military populations globally [1]. These injuries
are cited as the primary reason for attrition, resulting in up to a quarter
and a third of individuals dropping out of training and combat scenarios,
respectively [2–4]. The most common aetiology cited for such injuries is
outdoor marching, which often necessitates the addition of body borne

load while navigating over variable terrain and grade [1]. In training,
loaded ruck marches are often long in duration, wherein the average
load carried is around 23 kg [5].

Laboratory-based biomechanics studies have endeavoured to eluci-
date three-dimensional (3D) kinematic and kinetic variables that may be
deleterious in these scenarios. Studies report heightened ground reac-
tion force (GRF) variables, altered spatiotemporal parameters, and
lower extremity motions and loads that may increase risk of injury
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compared to unloaded conditions [6–8]. Altered biomechanics that
occur during load carriage are also paired with an increase in metabolic
cost as quantified by oxygen consumption [9]. Specifically, the already
high metabolic cost of load carriage may be increased further in uphill
and/or increased speed conditions, while downhill conditions may
reduce metabolic cost [9,10]. Though biomechanical and physiological
studies have supplied invaluable information on maladaptive movement
patterns and altered metabolic demands, these metrics necessitate a
laboratory environment outfitted with extensive 3D optical motion
capture (OMC) and physiological measurement systems. Further, these
environments are free from physical and cognitive perturbations expe-
rienced in training and operational scenarios. In an effort to bridge the
gap between laboratory and field-based metrics, wearable sensors have
been developed to quantify metrics that may be indicative of physical
demands in organic environments for both athletic and tactical pop-
ulations [11–13]. However, it is unclear how these metrics are influ-
enced by military-specific demands, such as the addition of body-borne
load and grade, and if they are associated with estimated physiological
demands.

Evidence suggests there is an incremental increase in GRF with
increasing load carried, which elevates the demand on the lower ex-
tremity to dissipate elevated forces compared to unloaded conditions [6,
8,14]. Increased GRF in a loaded condition compared to an unloaded
condition requires the lower extremity to attenuate these potentially
deleterious forces up the limb; however, load reportedly results in a stiff
limb [8]. A stiff limb reduces the amount of energy actively dissipated by
the musculature of the lower extremity and shifts the attenuation de-
mands to other bodily structures (e.g., bone). Another metric of the
lower extremity actively attenuating energy up the kinetic chain is total
limb negative work, which may be a surrogate measure of the demand
placed on the soft tissues of the lower extremity to dissipate energy
opposed to the bone. Both increased stiffness and reduced negative work
increase the transfer of forces to bony structures of the lower extremity
compared to a flexed limb and consequently may increase risk of over-
use bone and joint injuries. Muscular demands change in response to the
addition of body borne load and/or variable terrain; these task demands
increase muscular activity to both generate and dissipate energy,
consequently resulting in the observed altered metabolic costs of load
carriage [15,16]. Researchers have developed and validated linear
models of estimated metabolic cost (EMC) to estimate physiological
demands placed on individuals participating in field-based load carriage
tasks (between 10 and 40 kg) and various speeds [9,10,17]. Being able
to transfer knowledge on the consequences of load carriage on biome-
chanical and physiological cost to an organic environment may help
practitioners more readily quantify training load and risk of injury.

Capturing laboratory-based, valid biomechanical data have often
eluded researchers who aim to implement wearable sensors to measure
performance and indicators of musculoskeletal injury risk in real-world
scenarios. Inertial measurement units (IMUs) are small, wearable sen-
sors that capture data related to 3D accelerations. The most common
application of IMUs is quantification of tibial accelerations, which
reportedly have an extremely close relationship with vertical GRF and
loading rate both with and without the addition of load [12,18]. Beyond
this singular IMU approach to quantifying mechanical load, adding an
additional IMU proximally up the limb (pelvis, cervical spine, or head)
can serve to quantify the amount of energy being dissipated between the
two sensor locations [19–21]. This measure may supply meaningful
information that may be related to injuries that are commonplace in
populations that sustain lower extremity overuse injuries that occur as a
consequence of repetitive loading, including military personnel [1].
Despite the fact that signal attenuation can supply valuable information
regarding the ability of the lower extremity to effectively dissipate en-
ergy, only 7 % of studies utilizing IMUs examined this variable of shock
attenuation [20]. Not only is there a dearth of this metric, but it is also
unclear how shock attenuation may be influenced by speed, load, and
grade and if altered metabolic cost profiles change due to these

military-specific demands. Additionally, it is important to understand
how these factors of speed, load and terrain may impact the total de-
mands placed on the lower extremity over a set distance march, rather
than a single step. Given that these task factors can influence both
spatiotemporal (e.g., step length and frequency) and accelerations
associated with each step, it is possible that the total effect can be
magnified or reduced based on changes to the number of steps required
to cover a set distance over varied terrain. For example, individuals may
reduce attenuation metrics per step, but a simultaneous increase in
stride frequency may result in greater attenuation over the course of a
kilometre or more. Knowledge of alterations in IMU acceleration metrics
per step and per kilometre may enable practitioners to monitor and
prescribe marching workload so positive adaptation is facilitated and
deleterious strain on the musculoskeletal system is avoided.

Despite the close relationship reported between IMU and vertical
GRF measures, and the ability of IMUs to estimate mechanical loading
through signal attenuation, it is not clear how these IMU measures are
influenced by military-specific demands. Therefore, the purpose of this
study was to elucidate if: 1) IMU acceleration variables were sensitive to
changes in speed, load, and grade often experienced in tactical scenarios
and 2) IMU acceleration variables are related to lower extremity
biomechanics. Supplemental post-hoc analysis exploring the estimated
physiological cost was included in an effort to begin exploration into the
relationship between IMU variables and physiological demands.

2. Methods

2.1. Participants

This study recruited 20 participants (10 M, 10 F; 26.5 ± 7.1 years,
1.7 ± 8.7 m, 70.6 ± 14.8 kg) based off a power analysis (80 % statistical
power with an α-level of 0.05). All participants were above the age of 18,
and self-reportedly active, free from current injury, and capable of
carrying 23 kg in the form of a weighted vest. Each participant signed a
written informed consent prior to commencement of data collection.
This study received institutional ethics approval (HREC Project Number:
522022787737978). One participant dropped out due to injury unre-
lated to the study, so the data presented includes 19 individuals.

2.2. Procedures

A single data collection included walking and running (1.25 m⋅s− 1

and 2.25 m⋅s− 1, respectively) on flat (1 %), uphill (+6 %) and downhill
(-6 %) grades both without and with load on an instrumented treadmill
with two 6-axis force platforms (AMTI, Watertown, MA). It is reported
that a treadmill grade of 1 % most accurately represents outdoor loco-
motion [22]. As such, this grade was used for our “flat” condition. The
order of speed and grade was standardized for each participant, while
the load condition was randomized. If a participant was completing the
loaded condition, a 23 kg weighted vest with evenly distributed weights
was placed on their torso. The grades were completed in the following
order: flat, uphill, and downhill. Walking was completed first for every
grade, followed by running before moving on to the next grade (e.g., flat
walking, flat running; uphill walking, uphill running; downhill walking,
downhill running).

2.3. IMU data and variables

Tri-axial IMU acceleration data (Low-g: ± 16 g, 1125 Hz; High-g: ±
200 g, 1600 Hz; BlueTrident, iMeasureU, Vicon Ltd., London, UK) were
collected simultaneously with optical and Analog motion capture signals
via Bluetooth connection and sensor integration in Vicon Nexus
(v.2.12.1 Vicon Ltd., Oxford, UK). IMUs were placed on the lateral
aspect of the right distal foot, and the midpoint between the posterior
superior iliac spines of the pelvis. Distal limb IMUs are often placed on
the tibia, however military personnel are required to wear footwear that
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prevents this placement. As such, the distal limb IMUs were placed on
footwear, just distal to lateral malleoli. Raw IMU signals from the sen-
sors were automatically up-sampled to 1250 Hz with a simple linear
interpolation within the Vicon Nexus software to maintain time-
synchronization between the optical motion capture and force plat-
form data collection system when exported to text files. IMU data were
analysed using a custom MatLab script (v.R2021b, The Mathworks, Inc.,
Natick, MA) that filtered the data (4th Order Butterworth, 12 Hz), and
identified peak vertical accelerations of each stride during a 10,000
frame (8 second) window. For the purposes of this study, vertical ac-
celerations were in alignment with the direction of peak bone loading
during locomotion. As such, the vertical axis was defined according to
the local coordinate system of each segmental IMU. For both the pelvis
and the foot (placed orthogonally to the pelvis IMU), it is defined as the
axis in alignment with gravity when in anatomical neutral position
(Fig. 1). Data were collected for approximately 30 seconds, this region of
interest was chosen as this gave ample time to ensure participants were
moving at, and comfortable with, the required speed for the given
condition. Foot and pelvis peak vertical accelerations were identified,
normalized to system weight (unloaded: participant weight, loaded:
participant weight + 23 kg), and averaged across the 8-second window.
Peak vertical signal attenuation (vAttensig) was defined as the difference
between peak foot vertical acceleration (vAccFoot) and pelvis vertical
acceleration (vAccPelvis) (Eq. 1). Additionally, the relative peak vertical
attenuation (vAttenrel) at the pelvis was defined as the result of dividing
the peak vertical acceleration at the pelvis by that of the foot (Eq. 2).

vAttensig = vAccFoot − vAccPelvis (1)

vAttenrel =
vAccPelvis
vAccFoot

(2)

To estimate attenuation normalized to system weight per kilometre
(vAttenkm), the number of steps taken for the data analysis window was
calculated for each condition for all participants. Condition-specific step
rates and the standardized speed (S; km⋅hr− 1 ) for walking and running
were used to estimate steps per kilometre (Eq. 3).

Attenkm =
[(steps
min

× 60
)
÷ S

]
× Attensig (3)

2.4. Motion capture and GRF variables

Ten high-speed optical motion capture cameras (MX-T40 S, 250 Hz,
Vicon Motion Systems Ltd., Oxford, UK) tracked trajectories of 40
retroreflective markers and clusters placed on participants anatomical
landmarks. A participant-based kinematic model was generated with a
trunk, bilateral feet, shank, thigh, and CODA pelvis (Visual3D, C-Motion

v.2021.11.3). Each joint (ankle, knee and hip) had 6 degrees of freedom,
and ankle joint centre was defined according to ISB recommendations
[23], while the knee and hip were defined according to Schwartz and
Rozumalski [24]. Each participant’s centre of mass (COM) was auto-
matically calculated within the Visual3D software. The weight is equally
distributed circumventing the torso, negligibly altering the subject
COM. As such, it was not added to the Visual3D model. Analog signals
from the instrumented treadmill were collected synchronously with
optical motion capture measurements (1250 Hz). Force platform signals
were filtered using a 4th order Butterworth Filter and a cut-off frequency
of 20 Hz. To estimate vertical stiffness, the peak vertical ground reaction
force (vGRFpk, normalized to system mass in kg), was divided by the
change in centre of mass (ΔCOM, metres) for each stride [25]. Vertical
stiffness was calculated for the same strides used for IMU data using
Visual3D software defined gait events and averaged across strides to
calculate a participant-based mean (SW⋅m− 1). Traditional inverse dy-
namics were used to calculate net joint powers in Visual3D. Joint work
was calculated using the trapezoid rule, finding the area under the curve
between negative and positive joint power for the hip, knee, and ankle.
This was calculated for the same frames used for IMU metrics and
summed across joints to calculate total limb negative work normalized
to systemweight (J⋅kg− 1) during the same frames analysed for IMU data.

2.5. Physiological cost

Equations initially developed by Pandolf et al. and corrections by
Santee et al. were used to calculated estimated metabolic cost (EMC) for
all load and grade conditions [26,27]. These equations (Eqs. 4 and 5)
have been shown to accurately estimate physiological cost, with a pre-
dictive error of 7–11 % for a 25 kg load and speeds of 4.8 and 5.5 kph,
which are within 6 and 14 % of the current study’s locomotor speed,
respectively [9]. Flat and uphill walking was calculated using body mass
(Mbw, kg), total mass of body mass and additional 23 kg load (Mt, kg),
additional 23 kg load (L), locomotor velocity (V, m⋅s2), treadmill grade
(G, %).

WFlat/Uphill = 1.5Mbw + 2.0(Mt)(L/Mbw)
2
+ (Mt)(1.5V2 + 0.35VG)

(4)

Wdown =
(
WFlat/Uphill

)
− G

(
MtV
3.5

)

−

(
Mt(G+ 6)2

Mbw

)

+25 − V2 (5)

Statistical Analyses: A repeated measures ANOVA was used to explore
the main and interaction effects of speed, grade, and load on: vertical
signal attenuation per step (m/s2⋅kg− 1) and per kilometre (m/
s2⋅kg− 1⋅km− 1), relative attenuation (percentage), foot and pelvis peak
vertical accelerations (m/s2⋅kg− 1), and estimated physiological cost
(Watts). Where there were significant interactions or main effects,
simple pairwise comparisons with a Bonferroni correction were used.
Cohen’s D was used to measure effect size [28] and was considered
trivial (d < 0.2), small (d < 0.5), moderate (d < 0.8) or large (d ≥ 0.8)
[29]. Simple linear regressions measured the relationship between OMC
variables (limb negative work, vertical stiffness) and: relative attenuation
(vAttenrel), attenuation (vAttensig), and pelvis accelerations (vAccelpelvis).
Simple linear regressions were also used to measure the relationship
between the independent variables of 1) attenuation (vAttensig) and 2)
attenuation per kilometre (vAttenkm), and the dependent variables of 1)
EMC and 2) limb negative work. Relationships were defined as: Very
strong (≥ 0.8), strong (0.8 > r ≥ 0.6), moderate (0.6 > r ≥ 0.4), weak
(0.4 > r ≥ 0.2), very weak (r < 0.2) [30]. For all analyses, a priori was
defined as ≤ 0.05. All analyses were conducted using SPSS (IMB,
v29.0.0).

Fig. 1. Orientation of foot and pelvis IMUs and the associated axes that were
used to define vertical acceleration for each IMU.

A. Fain et al. Gait & Posture 113 (2024) 519–527 

521 



3. Results

3.1. Attenuation per step

All main and interaction effects, associated p values and Cohen’s D
effect sizes for vAttenSig are presented in Table 1. Interactions for load
and speed, load and grade, and speed and grade were observed. vAttenSig
was higher with load and in walking compared to unloaded and running
in main effects analyses with large and small effects, respectively.
However, separating by speeds revealed that load reduced vAttenSig
while walking, while the inverse was true for running with vAttenSig
increasing with the addition of load, both with large effect sizes. When
separating by load, walking only had higher vAttenSig than running in an
unloaded condition with a large effect.

The addition of load only increased vAttenSig uphill with large ef-
fects. Though vAttenSig did not differ between grades in the unloaded
condition, downhill vAttenSig was lower than both uphill and flat with
load with large effects. Walking had greater vAttenSig than running in
flat and downhill grades with large effects, while the speeds did not
differ in vAttenSig in uphill. In walking, flat had greater vAttenSig than
uphill with a large effect, while uphill had greater vAttenSig than both
flat and downhill in running with moderate and large effects,
respectively.

3.2. Attenuation per kilometer

All main and interaction effects, associated p values and Cohen’s D

effect sizes for vAttenKm are presented in Table 2. vAttenkm was higher
for unloaded compared to loaded when only the load main effect was
considered. Separating data by speed demonstrated that the addition of
load reduced vAttenkm in walking with a large effect, but not running.

Walking had higher vAttenkm compared to running based on a speed
main effect, but the effect of speed was large for unloaded and trivial for
loaded when separating data by load. Walking had higher vAttenkm than
running in all grades with large effects.

There was no significant grade main effect, but separating data by
speed and load revealed differences. Uphill walking had lower vAttenkm
than both flat and downhill with small effects. Conversely, uphill
running had higher vAttenkm than both flat and downhill with moderate
effects. In the loaded condition, uphill had higher vAttenkm than
downhill but the effect was trivial.

3.3. Relative attenuation

All main and interaction effects, associated p values and Cohen’s D
effect sizes for vAttenRel are presented in Table 3, and visually repre-
sented in Fig. 2. There were interaction effects of load and speed, as well
as speed and grade. Load increased vAttenrel based on main effects
analysis. However, when separating data by speed, the addition of load
elevated the vAttenrel while running, but not walking. Considering main
effects of speed, running reduced vAttenrel. In both load conditions,
vAttenrel was higher with large effects in walking compared to running.

Main effects were observed for grade, with vAttenrel significantly
higher in downhill compared to uphill with moderate effects. Separating
data by speed, walking had a greater vAttenrel in flat compared to uphill,
though the effect was small. Uphill had greater vAttenrel than both flat
and downhill while running, with moderate and large effects, respec-
tively. Considering grades independently, vAttenrel was higher in
walking than running for all grades, all with large effects.

Table 1
Mean (SD) of vertical acceleration at the foot (vAttenSig), and significant main
and interaction effects, associated p-values (P) and effect sizes (Cohen’s D).

vAttenSiga, b, c, a*b, a*c, b*c

Unloaded Walk Flat 424.98 (146.62)
Up 357.64 (159.42)
Down 426.55 (139.89)

Run Flat 60.20 (285.15)
Up 133.79 (329.30)
Down 55.34 (248.76)

Loaded Walk Flat 331.37 (101.92)
Up 293.50 (112.87)
Down 329.12 (90.19)

Run Flat 248.47 (255.23)
Up 370.28 (243.91)
Down 169.94 (226.70)

Effect P Condition Pairwise
Comparison

P Cohen’s
D

Load 0.044 0.98

Speed 0.005 0.44

Grade 0.001 Uphill, Downhill 0.018 0.93

Load *
Speed

< 0.001 Unloaded Walking,
Running

<

0.001
4.27

Walking Unloaded,
Loaded

<

0.001
2.07

Running 0.002 2.03

Load *
Grade

0.019 Uphill Unloaded,
Loaded

0.019 10.78

Loaded Flat, Downhill 0.037 0.81
Uphill, Downhill 0.004 1.63

Speed *
Grade

< 0.001 Flat Walking,
Running

0.003 3.28
Uphill <

0.001
1.07

Walking Flat, Uphill 0.004 1.20
Running Flat, Uphill 0.002 0.50

Uphill, Downhill <

0.001
1.69

Effect of loada, speedb, gradec

Table 2
Mean (SD) of vertical acceleration at the foot (vAttenKm), and significant main
and interaction effects, associated p-values (P) and effect sizes (Cohen’s D).

vAttenKma, b, a*b, a*c, b*c

Unloaded Walk Flat 308431.89 (111024.19)
Up 249948.59 (10551.872)
Down 316564.84 (103467.89)

Run Flat 40547.44 (174224.45)
Up 91344.81 (199797.09)
Down 54333.18 (164630.12)

Loaded Walk Flat 179176.86 (59843.85)
Up 160281.51 (63148.15)
Down 176448.99 (52483.52)

Run Flat 111348.82 (118859.29)
Up 158524.46 (102744.86)
Down 81403.25 (121035.60)

Effect P Condition Pairwise
Comparison

P Cohen’s
D

Load 0.017 0.86

Speed < 0.001 2.84

Load *
Speed

< 0.001 Unloaded Walking,
Running

<

0.001
2.93

Loaded 0.033 0.17

Load *
Grade

0.001 Flat Unloaded,
Loaded

<

0.001
1.84

Uphill 0.040 0.88
Downhill <

0.001
1.96

Loaded Uphill, Downhill 0.025 0.12

Speed *
Grade

< 0.001 Walking Uphill, Flat 0.004 0.54
Uphill, Downhill 0.002 0.63

Effect of loada, speedb, gradec
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3.4. Vertical foot acceleration

All main and interaction effects, associated p values and Cohen’s D
effect sizes for vAccelFoot are presented in Table 4. An interaction effect
was observed between speed and grade. A main effect to of load was
observed, with vAccelFoot lower in the loaded condition compared to
unloaded with small effects. When considering main effect of speed,
vAccelFoot were higher in running compared to walking, though the ef-
fect was small. Considering speeds independently, vAccelFoot were
significantly higher than walking for all grades. In walking, uphill
vAccelFoot were lower than both flat and downhill but with small effects,
while flat and downhill did not significantly differ. vAccelFoot were
higher running uphill compared to flat with small effects, while down-
hill did not differ from flat or uphill.

3.5. Vertical pelvis acceleration

All main and interaction effects, associated p values and Cohen’s D
effect sizes for vAccelPelvis are presented in Table 5. Interaction effects
were observed for load and speed as well as speed and grade. The
addition of load lowered vAccelPelvis with large effects, and running
vAccelPelvis were greater than walking with large effects. When sepa-
rating data by speed, load lowered vAccelPelvis for both walking and
running with small and large effects, respectively. Running vAccelPelvis
were higher than walking when separating data by load conditions.

Main effect analysis of grade revealed downhill vAccelPelvis were

higher than flat and uphill with small and moderate effects, respectively.
Flat vAccelPelvis were higher than uphill with small effects. Running
vAccelPelvis were higher than walking all grades when grades were
examined independently, all with large effects. When separating data by
speed, downhill vAccelPelvis were higher than both flat and uphill while
walking, but with trivial effects. However, uphill and flat did not differ.
In running, uphill vAccelPelvis were lower than both flat and downhill,
with small and moderate effects, respectively. vAccelPelvis were not
different in flat compared to downhill.

3.6. Regression analyses

Regression analyses (Table 6) revealed moderate positive relation-
ships between the dependent variable of limb negative work and inde-
pendent variable vAttenSig in flat walking and running and uphill
running. In the loaded condition, vAttenSig in uphill walking, and
downhill running had moderate relationships to limb negative work.
vAttenSig had amoderate relationship with vertical stiffness un unloaded
running in all grades, and only downhill loaded walking.

Regression between vAttensig and EMC are presented in Fig. 3. There
was a moderate negative relationship between EMC and vAttensig in flat
and uphill walking in both unloaded and loaded conditions. A moderate
positive relationship was observed between EMC and vAttensig for
unloaded running at all grades

3.7. Post-hoc analysis

Supplemental RM ANOVA was completed on EMC and is presented
in supplementary files.

4. Discussion

In general, peak acceleration and signal attenuation quantified by
foot and pelvis IMUs are sensitive to demands of military-specific tasks.
Accelerations at the foot and pelvis both increase with speed but
decrease with the addition of load. While both foot and pelvis acceler-
ations are sensitive to changes in grade while walking, only pelvic ac-
celerations significantly differ between nearly all grades while running.
Both signal attenuation and attenuation per kilometre have a consistent
relationship with EMC. Specifically, higher values of signal attenuation
in walking are related to reduced EMC, whereas the inverse is true for
running – an increase in attenuation is associated with increased EMC,
opposed to a moderate relationship between attenuation and lower ex-
tremity OMC variables.

Signal attenuation increased by 14 % with the addition of load, but
load reduced both foot and pelvis accelerations by 24 % and 50 %,
respectively. These changes may be a consequence of altered

Table 3
Significant main and interaction effects, associated p-values (P) and effect sizes
(Cohen’s D) of relative attenuation (vAttenRel) between the foot and the pelvis
IMUs.

Effect P-value Condition Pairwise
Comparison

P-value Cohen’s
D

Load <

0.001
1.58

Speed <

0.001
3.72

Grade <

0.001
Uphill, Downhill 0.001 0.71

Load *
Speed

<0.001 Running Unloaded,
Loaded

<0.001 2.11

Unloaded Walking,
Running

<0.001 4.51
Loaded <0.001 2.55

Speed *
Grade

<

0.001
Walking Flat, Uphill 0.007 0.22
Running Flat, Uphill 0.005 0.57

Uphill, Downhill <0.001 0.84
Flat Walking,

Running
<0.001 2.26

Uphill 0.002 1.47
Downhill <0.001 2.45

Fig. 2. Relative Attenuation (vAttenrel) of all loads, speeds, and grades represented as Mean % (SD).
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spatiotemporal parameters that occur due to load. While literature re-
ports load-induced reductions of step and stride length, the current
participants increased stride length with the addition of load – similar to
what occurs following fatiguing protocols [31,32]. In unloaded running,
it’s reported that increasing stride length by 15 % increases signal
attenuation [33]. As such, adopting a longer stride may have increased
the ability of individuals to attenuate the signal between the foot and the

pelvis. It is not immediately clear why load reduced foot and pelvis
accelerations, especially as it is reported that both increasing stride
length and the addition of load, as performed by the current partici-
pants, increases IMU accelerations – particularly at the distal limb
[33–35].

As attenuation per step and per kilometre increased in walking in
unloaded and loaded conditions and in both flat and uphill, there was a
reduction in EMC. This implies that participants who attenuated more of
the impact accelerations during loaded walking were the most
economical. It may be that participants who were able to attenuate the
forces adequately adapted lower extremity biomechanics (e.g., joint
motions, muscle activation patterns) to execute the flat and uphill
walking tasks, both without and with load, to optimize their walking
economy [36]. Interestingly, the opposite relationship was observed in
running. Specifically, increased EMC was associated with increased
attenuation for unloaded running in all grades. The relationship be-
tween unloaded running and EMC is in line with what has been found
when inducing fatigue in a running protocol. Fatigue reduces the ability
of individuals to attenuate the acceleration signal between the distal
limb and the head, as well as increases oxygen consumption [31].
However, the lack of a similar relationship was not observed with the
addition of load. Load increases signal attenuation while running, which
may be indicative of the reported attempt of individuals to maintain
centre of mass vertical oscillation while running by increasing limb
stiffness. While a stiff limb may be indicative of reduced attenuation, the
addition of load reportedly increases joint flexion at initial contact but
results in stiffer joints during stance [7,8,37]. As such, participants may
have landed with a more flexed limb, attenuating more of the force up
the limb during weight acceptance. As such, those adept at attenuation
may have incurred increased physiological cost by actively attenuating
higher forces that occur as a result of load carriage [6,8].

In opposition to what was observed with the addition of load,
increasing speed from walking to running increased foot accelerations
by nearly 75 % and pelvic accelerations by a factor of three. This was
paired with reduced attenuation per step and kilometre by 52 % and
62 %, respectively, when going from walking to running. The reduction
in attenuation with speed is unsurprising given it is reported that there is
a reduction in the amount of shock attenuated as an individual’s speed
increases [34]. The foot was sensitive to grade while walking, with
uphill having significantly lower accelerations than both flat and uphill,
but only uphill was significantly lower than flat while running. This is in
line with previous literature reporting tibial accelerations in downhill
and uphill running [38,39]. In fact, tibial shock reportedly increases by
30 % in a nearly − 9 % downhill grade [40]. The current participants
saw a change in attenuation per step of ± 10 % in both uphill (increase)
and downhill (decrease). Given the − 6 % grade employed in the current
study, it stands to reason that the altered attenuation profiles would be
similar to these changes in tibial accelerations previously reported by
Hamill et al. [40]. When examining attenuation per kilometre, uphill
attenuation per kilometre was nearly a fifth lower in uphill walking
compared to flat and downhill. An uphill grade of 10 % reportedly in-
creases walking cadence 7 %, while flat and downhill only differ by 3 %
[41]. An elevated cadence in an uphill walking may reduce the amount
attenuated over a prescribed distance compared to flat and downhill
cadences. Conversely, uphill running increases attenuation compared to
flat and downhill, but flat and downhill do not differ. In general, uphill
running results in individuals presenting with greater measures of joint
flexion at initial contact, which may increase one’s ability to attenuate
the signal when compared to flat and downhill running [38]. If practi-
tioners are aware of the grade profile of the intended activity (e.g.,
prescribed march or run), they may be able to adequately understand
the physical demands being placed on individuals and how it differs on
terrain over the course of a long-duration task. This may enable
refinement of training prescription to further minimize risk of injury by
putting an individual under deleterious task demands.

The local axes used on the IMUs to define vertical is susceptible to

Table 4
Mean (SD) of vertical acceleration at the foot (vAccelFoot), and significant main
and interaction effects, associated p-values (P) and effect sizes (Cohen’s D).

vAccelFoota, b, b*c

Unloaded Walk Flat 633.77 (170.94)
Up 567.64 (186.25)
Down 650.14 (156.11)

Run Flat 775.53 (169.31)
Up 816.38 (158.93)
Down 802.57 (198.48)

Loaded Walk Flat 483.41 (116.84)
Up 447.75 (132.56)
Down 496.58 (110.43)

Run Flat 657.00 (179.13)
Up 729.20 (212.80)
Down 631.18 (125.15)

Effect P Condition Pairwise
Comparison

P Cohen’s
D

Load <

0.001
0.29

Speed <

0.001
0.33

Speed *
Grade

<

0.001
Flat Walking,

Running
<0.001 1.22

Uphill <0.001 2.06
Downhill <0.001 1.11
Walking Flat, Uphill 0.003 0.40

Uphill, Downhill 0.018 0.51
Running Flat, Uphill 0.006 0.44

Effect of loada, speedb, gradec

Table 5
Mean (SD) of vertical acceleration at the foot (vAccelPelvis), and significant main
and interaction effects, associated p-values (P) and effect sizes (Cohen’s D).

vAccelPelvisa, b, c, a*b, b*c

Unloaded Walk Flat 208.79 (43.82)
Up 210.01 (39.78)
Down 223.59 (52.58)

Run Flat 715.33 (328.09)
Up 682.59 (354.78)
Down 747.23 (298.08)

Loaded Walk Flat 152.04 (24.43)
Up 154.25 (27.18)
Down 167.46 (33.02)

Run Flat 408.53 (185.24)
Up 358.92 (147.30)
Down 461.24 (183.99)

Effect P-
value

Condition Pairwise
Comparison

P-
value

Cohen’s
D

Load <

0.001
4.49

Grade <

0.001
Flat, Uphill 0.019 0.25
Flat, Downhill 0.012 0.36
Uphill, Downhill <0.001 0.60

Load *
Speed

<0.001 Walking Unloaded,
Loaded

<0.001 0.44
Running <0.001 2.38
Unloaded Walking,

Running
<0.001 3.90

Loaded <0.001 1.96
Speed *
Grade

<

0.001
Walking Flat, Downhill 0.005 0.10

Uphill, Downhill 0.042 0.09
Running Flat, Uphill 0.025 0.28

Uphill, Downhill 0.004 0.56
Flat Walking,

Running
<0.001 2.58

Uphill <0.001 2.23
Downhill <0.001 2.76

Effect of loada, speedb, gradec
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Table 6
Simple linear regression between the independent variable of attenuation per step (vAttensig) and dependent variables of: vertical stiffness, limb negative work, and
estimated metabolic cost (EMC).

Vertical Stiffness Limb Negative Work EMC

R Value
Unloaded Walking Flat 0.25 0.39 − 0.52

Up 0.18 0.13 − 0.58
Down − 0.04 0.00 − 0.24

Running Flat 0.40 0.50 0.44
Up 0.37 0.46 0.40
Down 0.40 0.05 0.41

Loaded Walking Flat − 0.05 0.24 − 0.53
Up − 0.30 0.45 − 0.55
Down 0.47 0.32 − 0.28

Running Flat 0.01 0.26 − 0.03
Up 0.02 0.14 − 0.15
Down 0.02 0.83 0.04

Bold is indicative of at least a moderate linear relationship.

Fig. 3. Linear regression of the relationship between attenuation (x-axis; m/s/kg) and Estimated Metabolic Cost (y-axis; Watts) for walking and running, with and
without load for flat, uphill and downhill.
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segment orientation in space. While the vertical axis of the IMU is in line
with the loading forces that act up the kinetic chain and in line with
previous literature, there are accelerations that also occur out-of-plane.
As such, altered or lowered accelerations that occurred due to load and/
or grade may have been a result of accelerations shifting distribution to
other planes of motion. The use of the EMC equation to examine the
relationship between physiological cost and IMU acceleration metrics
has limitations insofar that physiological cost was not directly measured.
While these equations have been previously validated and employed, it
is a metric that relies on prediction. Consequently, interpretation of
regression results between EMC and IMU metrics should be done with
caution as not all individuals will fall within the assumption parameters
of these EMC equations. Future literature should look to examine
measured physiological cost to IMU metrics, including attenuation.

Foot and pelvis IMUs accelerations and signal attenuation between
these sensors, are altered with changes to speed and the addition of load.
Attenuation between a distally placed IMU and an IMU on the pelvis
may be indicative of negative limb work and estimated physiological
cost in unloaded locomotion. Given that loaded ruck marches are cited
as the leading-most mechanism of injury in a training scenario, practical
application of this information enables appropriate task prescription to
minimize the risk of injury. Specifically, it may be that individuals are
capable of attenuating elevated forces that occur during load carriage in
a single step, but altered spatiotemporal profiles result in reduced
attenuation over time (e.g., over a kilometre). It may be that load re-
duces cumulative attenuation over time, resulting in what may be
injurious transfer of energy up the kinetic chain as the duration of the
loaded task increases. This is particularly of interest in scenarios
wherein practitioners seek to manage or mitigate risk of injury that
occurs as a consequence of total load over time opposed to the magni-
tude of attenuation per step. The use of two commercially available
wearable sensors can supply practitioners with estimated physical de-
mands being placed on individuals, and how these demands may change
during a long duration course with variable grade and speed, both with
and without required body borne load.
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