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ARTICLE INFO ABSTRACT

Keywords: Background: Military personnel don body borne loads that produce maladaptive lower limb biomechanics, in-
Musculoskeletal injury creasing risk of musculoskeletal injury during common training tasks. Female personnel have over twice the
K?nenllatics injury risk as males, but it is unknown if a sex dimorphism in lower limb biomechanics exists during common
Kinetics training-related tasks.

Military

Research Question: To determine whether lower limb biomechanics exhibited during a single-leg cut with
military body borne loads differ between sexes.

Methods: Sixteen females and 20 males had lower limb biomechanics quantified during five single-leg cuts off
each limb with four loads (20, 25, 30 and 35 kg). Each cut required participants run 4 m/s, before planting their
foot on a force platform and cut 45° towards the opposite limb. Lower limb biomechanics related to muscu-
loskeletal injury were submitted to a repeated measures ANOVA to test for main and interaction effects of load,
sex, and limb.

Results: During the cut, load increased peak proximal anterior tibial shear force (p < 0.001) and peak hip
flexion (p = 0.010) and knee abduction (p = 0.045) moments, but decreased peak knee flexion angle
(p = 0.032). Females exhibited greater peak proximal anterior tibial shear (p = 0.014), and peak hip adduction
(p < 0.001) and knee external rotation (p = 0.001) moment than males. Dominant limb exhibited larger peak
hip adduction (p = 0.002); whereas, the non-dominant limb exhibited greater peak hip internal (p = 0.002) and
knee external (p = 0.007) rotation moments. Only the non-dominant limb increased peak knee abduction mo-
ment (p = 0.001) with additional load.

Significance: During the cut, adding body borne load produced maladaptive biomechanics that may increase
knee musculoskeletal injury risk. Load increased peak proximal tibial shear and potential strain of knee’s soft-
tissues. Females exhibited a sex dimorphism in lower limb biomechanics that may further elevate their injury
risk. Both limbs exhibited biomechanics that may increase injury risk, but only the non-dominant limb further
increased injury risk with load.

Load carriage

1. Introduction borne load increases peak vertical ground reaction force that must be

attenuated by the musculoskeletal system to prevent injury [4]. To at-

Musculoskeletal injuries are an ever-increasing problem for the
military, costing over $700 million annually [1]. These injuries com-
monly occur during training and cause long-term disability and medical
discharge in military personnel. A majority of musculoskeletal injuries
occur in the lower limb when donning body borne load during military
training- related tasks, and produce pain and damage to soft-tissue
structures from overuse or acute injury [2]. Body borne load routinely
ranges from 20 to 40kg during training, and produces maladaptive
lower limb biomechanics that decrease physical performance and in-
crease musculoskeletal injury risk during training [3].

During training-related tasks, such as running and cutting, body
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tenuate these elevated forces, military personnel may increase stance
time, decrease locomotor speed and alter lower limb joint angles and
moments [5]. With a 20 kg addition of body borne load, military per-
sonnel exhibit a significant reduction in peak hip and knee flexion angle
when running and cutting [5,6]. These extended postures may prevent
limb collapse, but aid transfer of the elevated ground reaction forces to
the limb, increasing injury risk [7]. Further increasing musculoskeletal
injury risk during military-related tasks are elevated joint moments
produced with the addition of load. During a loaded single-leg cut, a
common training- and tactical-related task [8], Brown et al. [6] re-
ported that military personnel increase peak hip and knee flexion, and
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hip adduction joint moments to complete the maneuver. These elevated
joint moments require greater force generation by the hip and knee
musculature to prevent collapse of the limb, but increase stresses on the
musculoskeletal system and injury risk [9]. Yet, to date, it is unknown if
military personnel exhibit similar adaptations in lower limb bio-
mechanics, and subsequent increased injury risk, when performing a
single-leg cut with military-related body borne loads (20-35 kg).

During military training, female personnel are two and a half times
more likely to suffer a musculoskeletal injury [1] in general and nine
and half times more likely to sustain knee injury specifically than males
[10]. This discrepancy in injury rates may be attributed to the sex di-
morphism in lower limb biomechanics exhibited during locomotor ac-
tivities, such as a single-leg cut. During unloaded cutting, females de-
crease peak hip and knee flexion joint angles, and increase hip
adduction, and knee flexion and abduction joint moments compared to
males [11]. The female’s extended limb may prevent collapse of the leg,
but increases injury risk by elevating peak proximal anterior tibial shear
force and subsequent loading of the knee’s soft-tissues, particularly the
ACL [12]. Despite increased injury risk, females’ lower limb bio-
mechanics when performing a loaded single-leg cut is unknown. Pre-
viously, no significant sex differences were exhibited in lower limb
biomechanics when walking with small body borne loads [13], despite
the fact that females exhibit significant differences in hip and knee
biomechanics during unloaded walking [14]. When running with small
body borne loads, Xu et al. reported that females increase vertical
ground reaction force, hip and knee joint reaction forces and tibial
stresses, elevating their musculoskeletal injury risk [15]. However, it is
unknown if a sex dimorphism in lower limb biomechanics exists during
a single-leg cut with military- related body borne loads.

Considering policies restricting females from infantry positions,
where they are required to run and cut with body borne load, were
recently removed [16], it is imperative to quantify their lower limb
biomechanics exhibited during single-leg cut with common military
loads. This study sought to determine the lower limb biomechanics
exhibited during a single-leg cut with common military body borne
loads (20, 25, 30 and 35kg), and compare whether biomechanics dif-
fered between sexes. We hypothesized that each addition of body borne
load would produce a significant reduction in hip and knee flexion, and
hip adduction joint angle, but a significant increase in hip and knee
flexion, and hip adduction joint moments, and peak proximal anterior
tibial shear force. We also hypothesized that females would exhibit a
greater reduction in hip and knee joint angles, but larger increases hip
and knee joint moments compared to males.

2. Methods
2.1. Participants

Thirty-six (20 Male and 16 Female) participants were recruited
because a preliminary power analysis of peak proximal anterior tibial
shear force data indicated 28 participants were needed to achieve 80%
statistical power with alpha level of 0.05 (Table 1). Participants self-
reported the ability to safely carry 34 kg, but were excluded if they had:
(1) a history of previous back or lower extremity injury or surgery, (2)
any recent injury (previous 6 months) or current pain in back or lower
extremity, (3) any known neurological disorder, or (4) were currently

Table 1
Mean (SD) subject demographics (height, mass and age) for both the male and
female participants.

N Height (m)* Mass (kg)* Age (years)
Males 20 1.8 (0.1) 81.2 (10.1) 21.4 (2.8)
Females 16 1.7 (0.1) 65.9 (11.4) 21.2 (2.9)

@ Denotes a significant main effect of sex.
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pregnant. Research approval was acquired from the local Institutional
Review Board and all participants provided written informed consent
prior to testing.

2.2. Testing sessions

Each participant completed four test sessions. During each session,
participants performed a single-leg cut with a different body borne load
(20, 25, 30 and 35kg). For each load, participants wore spandex shirt
and shorts, weighted vest (Box ®, WeightVest.com, Inc., Rexburg, ID,
USA), and standard-issue military helmet (ACH), and carried a mock
weapon (M16) (Fig. 1). To randomize and counter-balance the test
order, a 4 X 4 Latin square assigned a sequence of load conditions to
each participant, prior to beginning the study. Each test session was
separated by a minimum of 24 h to minimize the effects of fatigue and
likelihood of injury.

2.3. Biomechanical analysis

During testing, participants had 3D lower limb biomechanical data
recorded during a single-leg cut. During each cut, eight high-speed (240
fps) optical cameras (MXF20, Vicon Motion Systems, Ltd., London, UK)
captured lower limb motion data, while two force platforms (OR6,
Advanced Mechanical Technology, Inc., Watertown, MA.) recorded
synchronous ground reaction force (GRF) data (2400 Hz). Each cut re-
quired participants to run at 4.0 m/s * 5% through the motion capture
volume before planting their foot on the force platform and performing
a 45° cut towards the opposite limb. For the cut left, participants
planted with their right foot and cut 45° towards the left; whereas for
the cut right, participants planted with their left foot and cut 45° to-
wards the right. Each cut direction was randomized prior to testing. For
each cut, running speed was quantified from two sets of timing gates
(TF100, TracTonix, Lenexa, KS, USA) placed 4 m apart immediately
preceding the force platforms. Participants performed five successful
cuts off each foot (right and left). For analysis each limb was defined as
dominant (DOM) or non-dominant (NON) based on a footedness
questionnaire (Appendix A). A successful cut required the participant
cut at 45° = 5°, only contacted the force platform with plant foot, and
run the predetermined speed. During testing, participants rested be-
tween trials to minimize the effects of fatigue.

Lower limb biomechanics were quantified from 3D trajectories of 34
retro-reflective markers. Each reflective marker was attached over a
specific landmark with double- sided tape and secured with elastic tape.
After marker placement, each participant had stationary recording
taken in anatomical position. The stationary recording was used to
create a kinematic model in Visual 3D (v6, C-Motion, Inc, Germantown,
MD, USA), according to our previous work [17]. The kinematic model
had seven rigid segments (pelvis and bilateral foot, shank and thigh)
with 27 degrees of freedom (Appendix B).

2.4. Data analysis

For each cut, synchronous GRF and 3D marker trajectories were
low-pass filtered (fourth-order 12Hz Butterworth filter). Filtered
marker trajectories were processed by Visual 3D to calculate lower limb
joint rotations that were expressed relative to anatomical position,
using a joint coordinate systems approach. Filtered kinematic and GRF
data were processed using conventional inverse dynamic analysis to
obtain 3D lower limb joint moments, using inertial properties defined
according to Dempster [18]. Joint moments (expressed as external)
were normalized by body mass (kg) and height (m). Forces were nor-
malized by body weight (N) and positive direction was expressed ac-
cording to the corresponding orthogonal axis (i.e., peak proximal tibial
shear was defined as the anteriorly directed y-axis force on the proximal
tibia). All biomechanical data was time-normalized to 100% of stance
phase and resampled at 1% increments (N = 101). Stance phase
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Fig. 1. The equipment for each load configuration included military issue helmet (ACH), mock weapon (M16) and weighted vest. The weighted vest was system-

atically adjusted to provide the load necessary for each condition.

(0%-100%) was defined as heel strike to toe off (i.e., first instant the
GRF exceeds and falls below 10 N, respectively).

2.5. Statistical analysis

Biomechanical variables related to musculoskeletal injury risk were
selected for statistical comparison [11,14,19]. The dependent variables
were peak of stance (PS, 0%-100%) hip flexion, adduction and internal
rotation, and knee flexion, abduction and external rotation joint angles
and moments, as well as peak proximal anterior tibial shear force. Each
dependent variable was averaged across three successful trials to create
a participant-based mean. Participant-based means were submitted to
separate 3-way repeated measures ANOVA to test the main effects of
and interaction between sex (male, female), load (20, 25, 30 and 35 kg)
and limb (DOM, NON). Significant interactions were submitted to
simple main effects and Bonferroni procedure was used for pairwise
comparisons. Independent t-tests were used to compare mass and
height between sexes. Effect size (w,2: partial omega squared) was
calculated for significant main and interaction effects [20]. Statistical
analysis was completed using SPSS (v23, IBM Corporation, Armonk,
New York, USA) and alpha level at p < 0.05.

3. Results

Figs. 2 and 3 plot hip and knee biomechanics, and Tables 2 and 3
present PS values. A significant load by limb interaction was observed
for PS knee abduction angle (p = 0.018, mpz = 0.07). DOM exhibited
greater PS knee abduction angle than NON with 20 kg load (p = 0.044);

conversely, NON exhibited greater PS knee abduction angle than DOM
with 25 kg load (p = 0.039).

A significant load by limb interaction was observed in PS knee ex-
ternal rotation angle (p = 0.004, w,2 = 0.10). NON exhibited greater
PS knee external rotation with 30 compared to 25kg (p = 0.041), but
significant differences were not observed between any other load.

A significant sex by limb interaction was observed for PS hip ad-
duction angle (p = 0.047, w,2 = 0.09). Further analysis revealed that
females’ hip adduction angle was greater than males with only NON
(p = 0.002).

Body borne load only had significant effect on PS knee flexion angle
(p = 0.032, w,2 = 0.16). Participants decreased PS knee flexion with
the 35 compared to 20 kg load (p = 0.042), but differences were not
observed between other loads. Females exhibited greater PS hip ad-
duction angle (p = 0.006, w,> = 0.19) compared to males, but sex had
no significant effect on any other joint angle. NON exhibited greater PS
hip internal rotation angle (p = 0.001, w,2 = 0.27) compared to DOM,
however, limb did not influence any other PS joint angle.

A significant limb by sex interaction was observed for PS hip in-
ternal rotation moment (p = 0.014, w,2 = 0.15). Females exhibited
greater hip internal rotation moment compared to males with DOM
(p = 0.001), but not NON. Males exhibited greater hip internal rotation
moment with their NON compared to DOM (p < 0.001), while females
exhibited no difference between limbs.

There is a significant load by limb interaction for PS knee abduction
moment (p = 0.020, w,2 = 0.06). NON exhibited greater PS knee ab-
duction moment with the 35 (p = 0.001) and 25 (p = 0.023) compared
to 20 kg, but differences were not observed between any other load.
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Fig. 2. Stance phase (0-100%) hip flexion, adduction and internal rotation joint angle and moments for both dominant and non-dominant limbs during the single-leg
cut. Females exhibited greater peak stance hip adduction angle and moment than males. The dominant exhibited greater peak stance adduction moment than the
non-dominant, while the non-dominant limb exhibited greater peak stance internal rotation moment than the dominant limb.

Body borne load had significant effect on PS hip and knee flexion
(p = 0.026, w2 = 0.17 and p = 0.027, w2 = 0.17) and knee abduc-
tion (p = 0.045, w,2 = 0.14) moment. Specifically, PS hip flexion and
knee abduction moments were significantly greater with the 35 com-
pared to 20 kg (p = 0.010 and p = 0.015). But, after correcting for type
I error, there was no significant difference in PS knee flexion moment
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between any load. Females exhibited greater PS hip adduction
(p < 0.001, w,2=0.41) and knee external rotation (p = 0.001,
wp2 = 0.29) moments compared to males. But, sex had no significant
effect on any other PS hip or knee moments. DOM exhibited sig-
nificantly greater PS hip adduction moment (p = 0.002, wp2 = 0.24)
compared to NON, whereas, NON exhibited significantly greater PS hip
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Fig. 3. Stance phase (0-100%) knee flexion, abduction and external rotation joint angles and moments for the dominant and non-dominant limbs during the single
leg cut task. Both the females and the non- dominant limb exhibited greater knee external rotation moment than males and the dominant limb, respectively.
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Table 2
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Mean (SD) peak stance (0%-100%) hip and knee joint angles for both the dominant and non-dominant limbs exhibited by the male and female participants during the

single-leg cut with each body borne load.

20kg 25kg 30 kg 35kg
Dom Non Dom Non Dom Non Dom Non
Hip Flx M 36.7 (7.2) 36.9 (6.1) 37.2 (6.7) 38.0 (5.6) 35.8 (6.3) 37.1 (5.5) 36.5 (6.6) 38.2 (6.9)
F 38.3 (6.8) 38.4 (4.6) 36.6 (5.1) 37.8 (4.8) 37.3 (7.6) 37.0 (5.5) 39.3 (7.3) 38.1 (5.8)
Hip Add™ M —-0.2 (4.1) —2.1 (4.0) —-0.1 (5.9 -1.6 (5.4) —-0.3 (4.2) —3.4 (4.5) —0.9 (4.0) —-1.5(4.3)
F 1.7 (4.6) 2.2 (5.8) 3.1(5.3) 3.7 (5.7) 2.2 (41) —2.4(43) 2.2 (5.7) 2.4 (4.7)
Hip Int Rot” M 9.4 (7.7) 13.3 (8.0) 8.9 (6.8) 13.3 (7.1) 10.6 (8.0) 14.3 (6.8) 8.2 (8.8) 12.1 (6.5)
F 7.7 (5.2) 11.1 (9.5) 8.3 (6.5) 9.0 (7.1) 7.3 (4.6) 11.0 (4.9) 8.4 (6.6) 10.1 (5.4)
Knee FIx® M —50.4 (8.9) —49.4 (8.2) —50.0 (6.3) —49.8 (6.2) —50.1 (7.8) —50.1 (7.6) —49.8 (7.3) —49.0 (6.1)
F —53.7 (6.0) —53.4 (5.1) —51.8 (6.4) —51.6 (7.4) —51.6 (6.9) —50.5 (6.0) —50.6 (7.3) —49.8 (5.5)
Knee Abd® M —3.5(3.0) —-2.3(2.0) —-2.7(2.7) -3.0 (2.9) —-3.8(2.9) —2.9 (2.6) -3.0 (2.1) —2.6 (3.0)
F —3.4(3.5) —-2.3(3.3) -1.7 (2.1) —3.6 (3.5) -3.3(.1) —2.6 (3.5) —-3.9(3.3) -3.1(1.7)
Knee Ext Rot® M —5.6 (2.8) —6.5(2.8) -6.1 (2.7) —6.7 (3.5) —6.1(3.9) —-5.3(3.3) -6.5(3.2) —6.6 (3.6)
F —6.7 (4.4) -7.9 (4.1) —6.9 (2.5) -7.9 (3.0) —7.7 (3.0) —6.7 (2.8) -7.0 (3.2) -7.0 (3.1)

a

b

Denotes a significant main effect of sex.
Denotes a significant main effect of limb.
Denotes a significant main effect of load.
Denotes a significant sex by limb interaction.
Denotes a significant limb by load interaction.

c
d

e

internal rotation (p = 0.002, w,2 = 0.24) and knee external rotation
(p = 0.007, wp2 = 0.18) moments compared to DOM. Limb had no
effect any other hip or knee moment.

Body borne load had significant effect on peak proximal anterior
tibial shear (p < 0.001, w,2 = 0.56), which was larger with 35 and 30
compared to 20kg (p < 0.001 and p = 0.009) and 35 compared to 25
(p = 0.019) kg load. No significant differences were observed between
any of the other loads. Females exhibited significantly larger peak
proximal anterior tibial shear than males (p = 0.014, w,2 = 0.15).
Limb had no effect on tibial shear.

4. Discussion

Adding body borne load produced maladaptive biomechanics that
may increase knee musculoskeletal injury risk. During the cut, partici-
pants increased peak proximal anterior tibial shear between 16% and
27% when adding 5 to 15kg’s of load. Large anteriorly directed prox-
imal tibial shear forces reportedly load the knee’s soft-tissue structures

Table 3

that restrain anterior tibial translation (i.e. ACL) [12]. Consequently,
this shear force is an indicator of ACL loading and could be considered
an injury risk factor — particularly for females. In agreement with
Chappell et al. [9], females exhibited 54% greater peak proximal
anterior tibial shear than the males. These “hazardous” knee forces may
subsequently increase females’ injury risk and stem from neuromus-
cular control differences. During dynamic tasks, such as the single-leg
cut, females exhibit a quadriceps-dominant neuromuscular strategy,
which is characterized by heavy reliance upon the knee extensors to
successfully complete the task [21]. A significant increase in knee ex-
tensor activity is exhibited during load carriage [13] and purportedly
increases proximal anterior tibial shear force [22]. Females currently
presented 28% weaker knee extensors than males (Appendix C), po-
tentially elevating quadriceps activation and leading to “hazardous”
knee shear forces during the loaded cuts. However, it is unknown if
female military personnel are more reliant upon a quadriceps-dominant
neuromuscular strategy, further increasing their knee injury risk to
complete loaded cuts.

Mean (SD) peak stance (0%-100%) hip and knee joint moments and proximal anterior tibial shear shear for both the dominant and non-dominant limbs exhibited by
the male and female participants during the single-leg cut with each body borne load.

20kg 25kg 30 kg 35kg
Dom Non Dom Non Dom Non Dom Non
Hip FIx® M -1.5(0.4) —1.4 (0.3) —1.7 (0.6) —1.6 (0.5) —1.6 (0.5) —-1.6 (0.4) —1.6 (0.6) -1.6 (0.4)
F -1.5(0.5) —-1.4 (0.9 -1.5(0.5) -1.5(0.5) —1.5(0.5) —1.5(0.5) —1.6 (0.5) —1.6 (0.6)
Hip Add*? M —0.8 (0.4) —0.5(0.3) —0.8 (0.4) —0.6 (0.3) —0.8 (0.4) —0.6 (0.3) —0.8 (0.4) —0.6 (0.3)
F -1.2(0.4) —-1.1 (0.4) -1.3(0.4) -1.1(0.4) —-1.2 (0.4) —-1.1 (0.4) -1.2(0.4) -1.1(0.4)
Hip Int Rot™ M —0.4(0.2) —0.6 (0.3) -0.5(0.2) —0.6 (0.6) —0.5(0.2) —0.7 (0.3) -0.5(0.2) —0.7 (0.3)
F —0.7 (0.3) —0.8 (0.4) —0.6 (0.2) —0.6 (0.3) —0.7 (0.3) —0.7 (0.2) —0.7 (0.2) —0.7 (0.3)
Knee FIx® M 2.0 (0.4) 2.0 (0.3) 2.2 (0.5) 2.2 (0.3) 2.2 (0.4) 2.1 (0.4) 2.2 (0.3) 2.1 (0.4)
F 2.0 (0.2) 2.1 (0.3) 2.1 (0.4) 2.1(0.4) 2.0 (0.3) 2.1 (0.3) 2.1 (0.3) 2.1(0.4)
Knee Abd“® M 0.3 (0.2) 0.3 (0.2) 0.3 (0.2) 0.4 (0.3) 0.4 (0.3) 0.4 (0.2) 0.4 (0.2) 0.4 (0.2)
F 0.3 (0.2) 0.3 (0.1) 0.3 (0.2) 0.3 (0.2) 0.3 (0.2) 0.3 (0.1) 0.3 (0.2) 0.4 (0.1)
Knee Ext Rot™" M 0.3 (0.2) 0.4 (0.2) 0.3 (0.1) 0.4 (0.3) 0.3 (0.2) 0.3 (0.2) 0.3 (0.1) 0.4 (0.2)
F 0.4 (0.2) 0.6 (0.2) 0.5 (0.2) 0.6 (0.3) 0.4 (0.2) 0.5 (0.2) 0.4 (0.2) 0.5 (0.3)
Prox Tib. Shear M 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1)
F 0.2 (0.1) 0.1 (0.1) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1)

a

b

Denotes a significant main effect of sex.
Denotes a significant main effect of limb.
Denotes a significant main effect of load.
Denotes a significant sex by load interaction.
Denotes a significant limb by load interaction.

c
d

e
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To successfully execute the loaded single-leg cut, participants ex-
hibited hip and knee biomechanics thought to increase injury risk and
decrease physical performance. In agreement with previous work [6],
participants decreased peak knee flexion with the 15kg addition of
load. An extended knee is reportedly characteristic of a stiff limb [4].
The current participants decreased peak knee flexion by 10° compared
to unloaded cuts [23], which may stiffen the limb and aid the muscu-
lature in decelerating the center of mass during the loaded cuts [4]. But,
the stiff limb may strain the joint’s soft-tissue structures and increase
injury risk. Participants may further elevate knee injury risk by in-
creasing knee abduction moment by 22% when increasing load from 20
to 35kg. Large knee abduction moments are a predictor for knee injury
[24], and may substantially elevate injury risk. In contrast to previous
literature [6] and our hypothesis, reduced peak hip flexion was not
observed with the addition of load; yet, current participants reduced
peak hip flexion by 15° compared to unloaded cuts [25]. Moreover,
participants exhibited significant 10% increase in peak hip flexion
moment with the 35 kg load. Large, proximal hip musculature provides
propulsion and stabilizes the trunk during the cutting task [26]. The
heavier trunk may require participants use the larger, stronger hip
muscles to successfully complete the cut, but impairs the individual’s
ability to perform the maneuver [6].

Females exhibited frontal and transverse plane hip and knee bio-
mechanics related to knee musculoskeletal injury during the loaded cut.
In agreement with previous literature, females used larger hip adduc-
tion angle and moment, and hip internal and knee external rotation
moments compared to males [11,27]. Although joint moments are
closely related to activation around a joint [28], they fail to directly
measure muscular forces and should be treated as indicators of joint
loading, rather than mechanisms of injury. Regardless the hip and knee
biomechanics adopted by the females purportedly strain knee structures
associated with stabilization [24], and may increase ACL injury risk.
Large knee external rotation moments paired with anterior tibial shear
force reportedly further increases ACL loading and may present a worst-
case scenario in terms of injury risk during loaded cuts [19]. Although,
the reason for the current sex dimorphism is not immediately evident, it
may be attributed to strength differences between male and female
participants. Females’ hip and knee musculature was between 14% and
28% weaker than males (Appendix C). Thus, females may not possess
the strength to prevent “hazardous” hip and knee biomechanics to
complete the loaded single-leg cut.

Both limbs exhibited hip and knee biomechanics reported to in-
crease injury risk. Previous literature is inconclusive on whether sub-
stantial differences in biomechanics exist between limbs, yet current
outcomes support a significant limb dimorphism during the loaded
single-leg cuts. Specifically, DOM exhibited 0.176 Nm/kgm greater
peak hip adduction moment than NON; whereas, NON exhibited greater
hip internal rotation angle and moment, and knee external rotation
than DOM. The DOM hip abductors are reportedly stronger than NON
[29]. This may afford DOM greater hip neuromuscular control, as evi-
dence by the larger hip adduction moment, to execute the cut. Con-
versely, NON may further increase knee injury risk during the loaded
cut by exhibiting significant 29%-36% increase in peak knee abduction
moment with addition of the chosen loads [24]. These large knee ab-
duction moments may elevate the NON’s knee injury risk. In fact, ACL
injured individuals exhibit smaller peak knee abduction moments than
currently observed in NON (0.30 vs 0.36 Nm/kgm, respectively) [30].
However, the incidence rate of training-related musculoskeletal injury
between limbs is unknown and warrants further exploration.

The chosen participants may be a limitation. All participants self-
reported the ability to safely carry a 34 kg body borne load, but were
not required to have load carriage experience. Participants who routi-
nely carry body borne loads, such as military personnel, may be
stronger, leading to altered biomechanics compared to inexperienced
and/or weaker load carriers. Although, we are currently unaware of
differences in lower limb biomechanics exhibited by experienced and
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inexperienced load carriers, it may be experience and strength, rather
than sex, impact hip and knee biomechanics during training-related
locomotor tasks.

5. Conclusion

In conclusion, body borne load produced maladaptive lower limb
biomechanics that may increase knee injury risk during a single-leg cut.
With load, participants increased anteriorly directed peak proximal ti-
bial shear force and strain of knee’s soft-tissues. Females exhibited a sex
dimorphism in lower limb biomechanics that may further elevate their
injury risk. Compared to the stronger males, females exhibited a larger
peak proximal tibial shear force, and frontal and transverse plane hip
and knee biomechanics related to knee injury to complete the cut.
During the single- leg cut, both DOM and NON exhibited lower limb
biomechanics that may increase knee injury risk, such as DOM’s greater
hip adduction moment or NON’s greater hip internal rotation and knee
external rotation moments. But, load further increased peak knee ab-
duction moment, and subsequent risk of soft-tissue injury, in only the
non- dominant limb.
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