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Carrying side loads often occurs during activities of daily living. As walking is most unstable mediolaterally, side
load carriage may further compromise gait biomechanics, especially for transtibial amputees (TTAs). This study
investigated the effects of side load carriage on gait kinetics during steady-state walking to determine which side,
intact or prosthetic, TTAs should carry a load. Twelve unilateral TTAs wore a passive-elastic foot and carried a

Gait
Biaolmechanics side load of 13.6 kg while walking at their self-selected speed. Kinetic metrics, including ground reaction force
Kinetics peaks and impulses, loading and unloading rates, and joint moments and powers, were analyzed. TTAs had

smaller propulsive forces on their intact limb during the prosthetic side load condition. During the intact side
load condition, they had smaller hip flexor moment in late stance and smaller knee flexor moment at the end of
swing on their intact limb. They had higher hip and knee abductor moments on their intact limb and prosthetic
limb in early and late stance during the contralateral side load condition. TTAs generated higher hip extensor
power at weight acceptance during the ipsilateral side load. Significant interactions were observed in hip
extensor power and abductor moment, suggesting strong associations between hip extensor power generation
and the ipsilateral side load and between hip abductor moment and the contralateral side load. These mixed
results demonstrate some kinetic changes due to side load carriage and suggest that the side TTAs should carry a

load depends on the desired effects, primarily on their intact limb.

1. Introduction

Carrying loads is essential for activities of daily life, from mundane
tasks to specialized occupations and recreational pursuits. There are
several different ways to carry loads, and each method may have a
different effect on an individual’s gait biomechanics. Front and back
load carriage methods have been shown to induce higher metabolic
costs and increase lower limb muscle activity in early stance for healthy
individuals (Silder et al., 2013). Front load carriage has also been shown
to elevate the risk of falling (Yang et al., 2022). Others have shown that
back load carriage can increase hip and knee flexion (Attwells et al.,
2006; Harman et al., 1992), alter hip adduction/abduction, hip rotation,
and pelvic tilt (Birrell and Haslam, 2009), and reduce stride length and
increase cadence (Birrell and Haslam, 2009). Loads may also be carried
laterally for convenience over short distances or for intermittent periods,
such as carrying a bag over one shoulder or holding a baby or child on

one hip while walking. Despite the frequency of side load carriage, there
have been little to no biomechanical analyses of gait with this load
carriage method, particularly for individuals who exhibit higher fall
risk, such as those with a lower-limb amputation.

Individuals without a lower-limb amputation can modulate power
generated by the biological ankle to accommodate added loads during
walking. Ankle dorsiflexors provide body support in early stance
(Anderson and Pandy, 2003). In addition to support, ankle plantar-
flexors provide essential functions for forward propulsion (Liu et al.,
2006; Neptune et al., 2004, 2001), initiation of swing (Neptune et al.,
2001), as well as dynamic balance control (Neptune and McGowan,
2016, 2011). Absence of ankle plantarflexors in the residual limb of
transtibial amputees (TTAs) may aggravate asymmetrical gait biome-
chanics and require additional compensatory mechanisms in response to
carrying a side load.

TTAs have been shown to experience altered biomechanics, even
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during unloaded walking. These changes include higher peak ground
reaction force (GRF) in their intact limb (Nolan et al., 2003), which can
lead to knee osteoarthritis (Gailey et al., 2008; Norvell et al., 2005;
Struyf et al., 2009), chronic low back pain (Highsmith et al., 2019), and
chronic lower limb pain (Burke et al., 1978). Further, TTAs have been
observed to have increased prosthetic limb hip extensor moment, power,
and positive work in early stance (Bateni and Olney, 2002; Gitter et al.,
1991; Grumillier et al., 2008; Silverman et al., 2008), and a greater
prosthetic limb hip flexor moment in pre-swing (Sadeghi et al., 2001).
With added loads, these effects may be magnified. TTAs with passive-
elastic feet respond to back load conditions with smaller ankle dorsi-
flexor moment in the intact limb, smaller hip extensor power in early
stance in both limbs, and smaller ankle plantarflexor and knee flexor
moment in the prosthetic limb (Doyle et al., 2014). Further, carrying a
back load has been shown to affect gait kinematics in TTAs, such as
smaller trunk and pelvic range of motion (Doyle et al., 2015, 2014;
Schnall et al., 2014) and higher metabolic demand compared to in-
dividuals without an amputation (Schnall et al., 2012). Using modeling
and simulation, an individual TTA demonstrated a higher dependence
on their intact limb to compensate for the higher demands of added front
and back loads (Templin et al., 2021).

Effects of load carriage have primarily been studied for front and
back load conditions, and thus an understanding of gait biomechanics in
TTAs when carrying a side load is still poorly understood. Further, it has
been demonstrated that walking is most unstable in the mediolateral
direction (Dean et al., 2007; McAndrew et al., 2011). Thus, it remains an
open question whether side load carriage would exacerbate the already
altered gait kinetics in TTAs. Therefore, the objective of this study was to
determine which side, intact or prosthetic, TTAs should carry a load by
exploring the effects on gait kinetics. We hypothesized that TTAs would
exhibit significant differences in GRF peaks and impulses, loading and
unloading rates, loading symmetry, and lower limb kinetics (i.e., mo-
ments and powers) while carrying a side load compared to unloaded
walking. We also hypothesized that the association between these
metrics and loading condition would vary depending on which limb
side, intact or prosthetic, the load was carried.

2. Methods
2.1. Human subjects

Twelve unilateral TTAs (Table 1) provided informed consent to
participate in a larger protocol approved by the governing institutional
review boards. Prior to testing, all subjects were screened to ensure they
were moderately active, had used their prosthesis daily for at least six
months, and had no self-reported musculoskeletal or gait disorders.
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2.2. Instrumentation

All subjects wore a study-provided passive-elastic prosthetic foot
(Sierra; Freedom Innovations, Irvine, CA). To add a side load, subjects
donned a padded carrier (Ergobaby, Torrance, CA) to carry a cylindrical
pack filled with sand for a total added mass of 13.6 kg (30 lbs.). This
mass was chosen because it exceeded a 10 kg range, for which an im-
mediate stiffness category change to the study prosthetic foot would be
recommended if the additional mass was permanent. Additionally, it
simulated a common load carried over one shoulder or hip during
walking, such as objects carried in a non-sedentary occupation (>5 kg)
(National Bureau of Economic Research, 2016), a toddler (ages 1-2
years) (National Center for Health Statistics, 2021), grocery items, or a
sling bag.

Five embedded force plates (AMTI, Watertown, MA) were used to
capture three-dimensional GRFs. A 16-camera motion capture system
(Vicon Motion Systems, Oxford, UK) recorded marker trajectories at
120 Hz and force plate data at 1,200 Hz. All subjects were provided with
tight-fitting clothing to wear during data collection. The same
researcher placed 14 mm reflective tracking markers on each subject
using Vicon’s standard Plug-in-Gait marker configuration, with addi-
tional markers placed bilaterally on the medial elbow, medial knee
epicondyle, medial malleolus, tibial tuberosity, fibular head, and first
and fifth metatarsal heads. Clusters of four markers were also placed
bilaterally on the upper arms and thighs. The markers on the prosthetic
limb mirrored the intact limb. Lastly, three markers were placed to
define the load segment (two on top, one on bottom).

2.3. Experimental protocol

The first study visit was for acclimation and prosthesis fitting. During
this study visit, self-selected walking speed was measured over four
repeated trials along a 14 m straight hallway while subjects wore their
own as-prescribed prosthesis. Subject height, body mass, and anthro-
pometrics were also measured. The study prosthetic foot was then fit and
aligned by a certified prosthetist using standard clinical procedures.
Subjects walked for up to 15 min to acclimate to each load condition: no
load (NL), intact-side load carriage (IL), and prosthetic-side load car-
riage (PL) (Fig. 1).

For the second study visit, the load conditions were randomized for
each subject. Subjects were fit with the study prosthesis, and then
reflective markers were placed. Subjects walked at their self-selected
speed across the five embedded force plates for a minimum of two
repeated trials per condition. Subjects were allowed adequate rest as
needed.

Table 1
Subject demographic characteristics, in which body mass includes prosthetic components.
TTA Age Sex Body Height Amputation Amputated Residual limb Time since Study foot Self-selected
subject (years) mass (kg) (m) etiology limb length (mm) amputation (years) stiffness walking speed (m/
category s)
1 59 M 83.5 1.67 Trauma L 130 15 6 1.16
2 40 M 102.3 1.81 Trauma L 145 10 7 1.67
3 60 M 111.9 1.80 Trauma R 150 3 7 1.30
4 58 F 96.6 1.69 Congenital R 190 5 6 1.12
5 39 M 105.7 1.71 Trauma R 150 12 7 1.43
6 25 F 52.6 1.56 Congenital R 155 24 2 1.37
7 43 M 107.0 1.82 Infection L 220 1 7 1.32
8 31 M 98.5 1.83 Trauma R 4 11 7 1.26
9 36 M 110.4 1.86 Trauma R 200 15 7 1.20
10 29 M 83.9 1.64 Trauma L 130 3 6 1.16
11 53 M 106.6 1.86 Dysvascular L 170 7 7 0.92
12 75 M 93.6 1.83 Trauma L 165 55 7 1.17
Mean 46 (15) - 96.1 1.76 - - 164 (29) 13 (15) - 1.26 (0.19)
(SD) (16.6) (0.10)

2 Not measured.
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Fig. 1. Anillustration of a TTA subject walking overground across five embedded force plates during (A) no load (NL) (B) intact-side load (IL) (C) prosthetic-side load

(PL) conditions.

2.4. Data analysis

Raw marker trajectory data were filtered in Vicon Nexus software
(Vicon Motion Systems, Oxford, UK) using a Woltring filter with a mean-
square-error value of 10 mm? based on a fifth-order spline-interpolating
function (Woltring, 1986). GRF and lower-limb joint kinetic data were
processed and calculated in Visual 3D software (C-Motion, Germantown,
USA) with a 15-segment whole-body model (i.e., head, torso, Visual 3D
Composite pelvis, and bilateral upper arm, forearm, hand, thigh, shank,
and foot; plus, a load segment when applicable). Each segment’s mass
was estimated as a percentage of whole-body (Dempster, 1995), and the
inertial properties and center of mass positions were based on geometric
approximations calculated in Visual 3D. The prosthetic shank mass was
reduced to 35 % of the intact shank, and the prosthetic center of mass
location was moved 35 % closer to the knee joint (Smith et al., 2014). All
metrics were calculated for both the intact and prosthetic limbs. Heel
strike and toe off events were automatically detected based on a force
plate loading threshold of 25 N. These events were also inspected
visually, confirming them with kinematic patterns. GRF data included
Fx (mediolateral component), Fy (anteroposterior component), and Fz
(vertical component). Anterior positive and posterior negative GRF
represent propulsive and braking forces, respectively. GRF data were
filtered using a digital, fourth order, low-pass Butterworth filter with a
cut-off frequency of 25 Hz and normalized by the subject’s body mass
(kg) for all NL, IL, and PL, including the added side load for IL and PL.
Each GRF impulse was determined by time integrating the correspond-
ing GRF component. Loading and unloading rates (Fig. 2) were calcu-
lated from vertical GRF (vGRF) curves using a similar method used in
other studies (Crowell et al., 2010; Ueda et al., 2016). This method was
chosen as it uses the most linear portions of vGRF curves during stance
phase. Joint kinetics including hip and knee moments and powers were
calculated using inverse dynamics techniques in Visual3D. The joint
kinetic profiles were labeled for specific bursts of energy absorption and
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Fig. 2. A representative vertical GRF (VGRF) curve from which loading and
unloading rates were calculated. In the figure, tz1: loading period that occurs
from heel strike to the first peak vGRF (first red dot), and tz2: unloading period
that occurs from the second peak vGRF (second red dot) to toe-off. Loading and
unloading rates were estimated as the slope of VGRFyy (first black dashed line)
over 20-80% time window of tz1 (first blue vertical lines), and as the slope of
VGRFax (second black dashed line) over 20-80% time window of tz2 (second
blue vertical lines), respectively.

generation (for powers) and peaks (for moments) (Winter and Sienko,
1988). Ankle power was calculated using the unified deformable
segment method (Takahashi et al., 2012). Further data analysis was
performed using MATLAB software (The MathWorks Inc., Natick, MA,
USA).
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Fig. 3. Within limb comparisons of GRF-related metrics between load conditions for intact limb and prosthetic limb for (A) First peak vGRF, Peak propulsive force,
and peak braking force (B) Loading and unloading rates, and (C) Vertical, propulsive, braking, and mediolateral impulses. Asterisk signs represent significant dif-
ferences between load conditions: (*) indicates p < 0.05. NL: no load condition, IL: intact-side load condition, PL: prosthetic-side load condition.

NL (0.32 W/kg, p < 0.01 [-0.51, —0.13]). The intact limb also had
marginally smaller hip flexor power at push-off (HP3) in PL by 0.18 W/
kg compared to NL (p < 0.01 [0.1, 0.3]) (Table 3 and Fig. 5). The
prosthetic limb had a higher hip extensor power at weight acceptance
(HP1) in PL compared to NL (0.39 W/kg, p < 0.01 [—0.54, —0.23]). The
prosthetic limb also exhibited smaller hip flexor power (HP2) in PL
compared to NL (0.19 W/kg, p < 0.01 [—0.32, —0.06]). Additionally,
the prosthetic limb exhibited smaller hip flexor power at push-off (HP3)
in IL by 0.25 W/kg compared to NL (p < 0.01 [0.1, 0.4]) (Table 3 and
Fig. 5).

Within limb comparisons for sagittal-plane joint moments showed a
smaller intact limb hip flexor moment in the stance-swing transition
(HM2) in IL (0.18 Nm/kg, p < 0.01 [—-0.3, —0.06]) and PL (0.16 Nm/kg,
p < 0.01 [-0.23, —0.08]) compared to NL. The intact limb also had
marginally smaller knee flexor moment at the end of swing (KM2) in IL
compared to NL (0.07 Nm/kg, p = 0.01 [-0.12, —0.01]). The prosthetic
limb had smaller hip flexor moment in the stance-swing transition
(HM2) in PL by 0.15 Nm/kg compared to NL (p < 0.01 [-0.23, —0.07]).
(Table 3 and Fig. 6). Within limb comparisons showed differences in
most frontal-plane joint moments. The intact limb had higher hip
abductor moment in early (HMf1) (0.27 Nm/kg, p = 0.01 [-0.45,

—0.08]) and late (HMf2) (0.22 Nm/kg, p < 0.01 [-0.34, —0.11]) stance
in PL compared to NL. Knee abductor moment in early (KMf1) and late
(KMf2) stance was also higher by 0.1 Nm/kg (p = 0.01 [-0.16, —0.02])
and 0.06 Nm/kg (p = 0.05 [-0.12, —0.00]), respectively, in PL compared
to NL. Similarly, the prosthetic limb had 0.14 Nm/kg higher hip
abductor moment in early stance (HMf1) (p = 0.02 [-0.26, —0.02]) and
0.14 Nm/kg higher hip abductor moment in late stance (HMf2) (p <
0.01 [-0.23, —0.05]) in IL compared to NL. Additionally, knee abductor
moment in early (KMfl) and late (KMf2) stance were higher in IL
compared to NL (0.08 Nm/kg, p = 0.03 [-0.15, —0.01] and p < 0.01
[-0.14, —0.03], respectively) (Table 3 and Fig. 6). All other joint kinetic
metrics were not different across load conditions, and no strong evi-
dence of associations between load and these other metrics were
observed (Table 3).

A significant interaction effect (p < 0.01) was observed for hip
extensor power at weight acceptance (HP1) due to the higher hip power
generation associated with the limb that carried the load. Significant
interactions were also observed for hip abductor moment in early
(HMf1) and late (HMf2) stance, and knee abductor moment in early
(KMf1) and late (KMf2) stance due to the higher abductor moment on
the contralateral limb with respect to the load side (Table 3).
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To supplement our findings for kinetic metrics, a figure showing the
intact and prosthetic hip and knee angles during NL, IL, and PL condi-
tions is provided in the Supplementary Material. Consistent with the
kinetic results, the intact and prosthetic hip and knee kinematics during
no load and loaded conditions demonstrate less variability in the sagittal
plane than the frontal plane (see Fig. S1).

4. Discussion

The objective of this study was to determine which side, intact or
prosthetic, TTAs should carry a load by exploring loading effects on their
gait kinetics. TTAs were found to have a smaller peak propulsive force
on their intact limb while carrying a load on their prosthetic side,
compared to unloaded walking. The activity of ankle plantarflexors (i.e.,
gastrocnemius and soleus) may explain this effect. Previous research has
shown that these muscles act to rotate the body towards the contralat-
eral side and provide frontal plane balance control in late stance
(Neptune and McGowan, 2016). With the added contralateral load, the
ankle plantarflexor activity would need to decrease rotating the body
towards the swinging (prosthetic) limb that is further assisted by grav-
ity, leading to smaller propulsion.

Findings from joint powers showed that TTAs had a higher hip
extensor power generation at weight acceptance on the limb carrying
the load, compared to unloaded walking. They also had a smaller power
generated by hip flexors at push-off in the opposite-side load condition.
When the load was carried on the prosthetic side, TTA subjects had a
smaller power absorbed by hip flexors on the prosthetic limb compared
to unloaded walking. These results suggest that higher hip extensor
power generation and smaller hip flexor power absorption are observed
on the loaded limb. A significant interaction effect for powers indicates
that the higher extensor power generation at weight acceptance was
associated with the ipsilateral side load. The hip muscles are known to
be important contributors to the dynamic balance of the head-arms-
trunk segment. For example, adductor magnus and hamstring muscles
act similar to plantarflexors in controlling frontal plane balance
(Neptune and McGowan, 2016). During early stance, the activity of the
biarticular hamstrings would rotate the body toward the contralateral
limb, generating higher hip extensor power on the ipsilateral limb with
the added load. By contrast, other studies demonstrate smaller hip
extensor power generation at weight acceptance on both limbs when

TTAs walk with a back load (Doyle et al., 2014), suggesting that kinetic
response at the hip may vary depending on the location of the added
load.

TTAs had a smaller hip flexor moment in the stance-swing transition
on their intact limb during side loaded conditions compared to unloaded
condition. Further, they had 23 % smaller knee flexor moment on their
intact limb at the end of swing during the intact-side load condition
compared to the prosthetic-side loaded and unloaded conditions. This
phenomenon may be explained by prolonged activity in the ipsilateral
vastus lateralis throughout swing phase, observed in non-amputee in-
dividuals carrying hand-held and back loads (20-50 % body mass)
(Ghori and Luckwill, 1985). Significant prolongation of the knee ex-
tensors activity to increase body support for the extra load may
contribute to the decrease in knee flexor moment. A similar trend was
also observed in TTA walking with a back load as they reduced knee
flexor moment by 20 % on their prosthetic limb compared to no load
condition (Doyle et al., 2014). A surprising result was the absence of a
knee extensor response with the added loads. Prior research has shown
that the knee extensors act to rotate the body towards the swing leg
(Neptune and McGowan, 2016). However, with the added load comes an
increased demand for body support, provided by the knee extensors.
Thus, it appears the intact hip abductor moment was sufficient to offset
the rotation caused by the intact side load.

A significant interaction for moments showed that hip abductor
moments on the intact limb and prosthetic limb increased the most in
early and late stance during the prosthetic side and intact side load
conditions, respectively. These findings are consistent with previous
work suggesting that a contralateral load requires higher hip abductor
activity on the ipsilateral side due to higher internal torque demand
(Neumann et al., 1992; Neumann and Hase, 1994), and that hip
abductor (gluteus medius) is a primary contributor to body support and
a regulator of frontal plane balance control that acts to rotate the body
towards the ipsilateral limb (Neptune and McGowan, 2016) to coun-
teract the added side load.

Certain limitations should be acknowledged while interpreting these
results. First, these data are from a relatively small sample of mostly
male, traumatic TTAs. While statistical significance was found for some
outcome metrics, more subjects would be needed to generalize these
results to a larger TTA population, including those with diabetic/dys-
vascular etiology (for whom load carriage may induce fatigue). These



Table 3

Mean (Standard Error) sagittal peak joint power, sagittal and frontal peak joint moment metrics and within limb comparisons for intact and prosthetic limbs. Data are presented and compared according to leading intact
and prosthetic limbs. Bolded p-values with an asterisk (*) indicate statistical significance (shading for clarity). Pairwise p-values indicate statistical significance for pairwise comparisons between load conditions (NL vs.
IL, NL vs. PL, and IL vs. PL). Abbreviations: (NL) no load condition, (IL) intact-side load condition, (PL) prosthetic-side load condition, (HP) hip power, (KP) knee power, (AP) ankle power, (HM) hip moment, (KM) knee
moment.

Metrics Units Mean (Standard Error) Pairwise p-value [95 % confidence interval] p-value
Intact Limb Prosthetic Limb Intact Limb Prosthetic Limb Interaction
(Load*Limb)
NL IL PL p-value NL IL PL p-value NL vs. IL NL vs. PL IL vs. PL NL vs. IL NL vs. PL IL vs. PL
Sagittal Power
HP1 W/kg 0.35 0.68 0.36 0.01* 0.67 0.51 1.06 <0.01* <0.01* [-0.51, 1 [-0.14,0.14] 0.02* [0.1, 0.08 [-0.02, <0.01* [-0.54, <0.01* [-0.8, <0.01*
(generation) (0.1) 0.1) 0.1) 0.1) (0.1) (0.1) —0.13] 0.6] 0.34] —0.23] —0.3]
HpP2 —0.39 —0.27 -0.31 03 —-05 —0.36 —0.31 0.04* 0.17 [-0.29, 0.26 [-0.21, 0.7 [-0.1,0.2]  0.11 [-0.29, <0.01* [-0.32, 0.54 [-0.2, 0.48
(absorption) (0.08) (0.06) (0.05) (0.08) (0.06) (0.06) 0.04] 0.04] 0.02] —0.06] 0.1]
HP3 0.83 0.83 0.65 0.05* 0.88 0.64 0.83 0.01* 1[-0.2,0.2] <0.01* [0.1, 0.08 [-0.02, <0.01* [0.1, 0.68[-0.1,0.2] 0.05 [-0.4, 0.11
(generation) 0.1) (0.1) 0.1) (0.1) 0.1) 0.1) 0.3] 0.39] 0.4] 0.0]
KP1 -1.1 -1.09 —-0.89 0.18 -0.35 -0.29 —0.45 0.43  —-0.99 [-0.26,  0.08 [-0.44, 0.14 [-0.4, 0.1] 0.82 [-0.28, 0.59 [-0.15, 0.27 [-0.1, 0.19
(absorption) (0.15) (0.16) (0.15) (0.15) (0.15) (0.16) 0.23] 0.02] 0.17] 0.34] 0.4]
KP2 0.75 0.59 0.58 0.22 0.24 0.09 0.16 0.34  0.18 [-0.05, 0.11 [-0.03, 0.98 [-0.2, 0.2] 0.17 [-0.05, 0.61 [-0.13, 0.71 [-0.3, 0.82
(generation) (0.08) (0.09) (0.08) (0.08) (0.08) (0.09) 0.37] 0.38] 0.35] 0.29] 0.1]
KP3 —-0.97 —1.05 -1.07 0.43 -1.06 -1.17 —-1.05 0.56 0.73[-0.2,0.4] 0.31[-0.1,0.3] 0.99[-0.3,0.3] 0.48 [-0.1, 0.4] 0.97 [-0.2, 0.2] 0.46 [-0.4, 0.68
(absorption) (0.16) (0.19) (0.14) (0.16) (0.19) (0.14) 0.1]
KP4 -1.26 -1.16 -1.29 0.25 -0.94 —-0.88 -0.83 0.34  0.26 [-0.26, 0.87 [-0.12, 0.11 [-0.02, 0.54 [-0.21, 0.18 [-0.27, 0.7 [-0.2, 0.1] 0.36
(absorption) (0.09) (0.09) (0.09) (0.09) (0.09) (0.09) 0.05] 0.18] 0.29] 0.08] 0.04]
AP1 -0.99 -1.03 —-1.05 0.81 -1.21 -1.14 -1.31 0.34 0.93[-0.2,0.3] 0.8[-0.2,0.3] 0.97[-0.2, 0.69 [-0.3, 0.1] 0.49 [-0.1,0.3] 0.14 [-0.1, 0.68
(absorption) (0.09) 0.1) (0.09) (0.09) (0.09) (0.1) 0.25] 0.4]
AP2 2.61 2.57 2.41 0.25 1.64 1.62 1.61 0.99 0.92[-0.2,0.3] 0.13[-0.1,0.5] 0.31[-0.1,0.4] 0.99[-0.2,0.3] 0.97 [-0.2, 0.3] 0.99 [-0.2, 0.68
(generation) (0.23) (0.24) (0.23) (0.23) (0.23) (0.24) 0.3]
Sagittal Moment
HM1 Nm/ 0.45 0.49 0.47 0.61  0.49 0.5 0.56 0.56  0.47 [-0.11, 0.93 [-0.14, 0.93 [-0.1, 0.2] 0.97 [-0.08, 0.42 [-0.2, 0.52 [-0.2, 0.72
(extension) kg (0.06) (0.06) (0.09) (0.06) (0.06) (0.09) 0.04] 0.11] 0.07]1 0.07] 0.1]
HM2 (flexion) -0.7 —0.52 —0.55 <0.01* —-0.7 -0.6 —-0.55 <0.01* <0.01* [-0.3, <0.01* [-0.23, 0.75[-0.1,0.1] 0.11 [-0.21, <0.01* [-0.23, 0.29 [-0.13, 0.56
(0.07) (0.06) (0.07) (0.07) (0.06) (0.07) —0.06] —0.08] 0.02] —0.07] 0.03]
HM3 0.4 0.36 0.4 0.43 0.38 0.33 0.3 0.08 0.31 [-0.03, 0.99 [-0.07, 0.39 [-0.12, 0.17 [-0.02, 0.02* [0.01, 0.47 [-0.03, 0.36
(extension) (0.04) (0.04) (0.04) (0.04) (0.04) (0.04) 0.12] 0.08] 0.03] 0.12] 0.16] 0.1]
KM1 0.89 0.81 0.77 0.12 0.43 0.36 0.43 0.34 0.2 [-0.03,0.2] 0.03* [0.01, 0.74 [-0.08, 0.25 [-0.04, 1[-0.11,0.12] 0.31 [-0.18, 0.48
(extension) (0.06) (0.07) (0.06) (0.06) (0.06) (0.07) 0.23] 0.15] 0.18] 0.04]
KM2 (flexion) —0.31 —0.24 -0.3 0.05* —-0.27 -0.23 —0.22 0.18 0.01* [-0.12, 0.85 [-0.06, 0.04* [0.00, 0.15 [-0.09, 0.08 [-0.1, 0.9 [-0.06, 0.36
(0.02) (0.02) (0.02) (0.02) (0.02) (0.02) —0.01] 0.04] 0.11] 0.01] 0.01] 0.04]
Frontal Moment
HMf1 Nm/ 0.91 0.60 1.18 <0.01* 0.74 0.88 0.39 <0.01* <0.01* [0.18, 0.01* [-0.45, <0.01* [-0.72, 0.02* [-0.26, <0.01* [0.16, <0.01* <0.01*
(abduction) kg  (0.07) (0.06) (0.05) (0.07) (0.06) (0.05) 0.44] —0.08] —0.43] —0.02] 0.54] [0.35, 0.64]
HMf2 0.72 0.47 0.94 <0.01* 0.67 0.81 0.39 <0.01* <0.01* [0.15, <O0.01* [-0.34, <0.01* [-0.58, <0.01* [-0.23, <0.01* [0.17, <0.01* <0.01*
(abduction) (0.06) (0.05) (0.04) (0.06) (0.05) (0.05) 0.35] —0.11] —0.37] —0.05] 0.42] [0.33, 0.54]
KMf1 0.36 0.25 0.46 <0.01* 0.23 0.31 0.14 <0.01* <0.01* [0.04, 0.01* [-0.16, <0.01* [-0.28, 0.03* [-0.15, 0.01* [0.02, <0.01* <0.01*
(abduction) (0.03) (0.04) (0.03) (0.03) (0.03) (0.04) 0.19] —0.02] —0.13] —0.01] 0.17] [0.10, 0.25]
KMf2 0.31 0.24 0.37 <0.01* 0.12 0.20 0.09 <0.01* 0.01* [0.02, 0.05* [-0.12, <0.01 [-0.18, <0.01* [-0.14, 0.57 [-0.04, <0.01* <0.01*
(abduction) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) 0.12] —0.00] —0.08] —0.03] 0.09] [0.05, 0.17]
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Fig. 5. Mean sagittal joint power profiles at the (A) hip, (B) knee, and (C) ankle for the intact (solid lines) and prosthetic (dashed lines) limbs in NL, IL, and PL. Power
generation indicating concentric muscle contraction is positive. NL: no load condition, IL: intact-side load condition, PL: prosthetic-side load condition.

results may not generalize to transfemoral amputees who adopt different
gait compensatory strategies (Varrecchia et al., 2019) due to greater
musculoskeletal loss. For instance, those with osseointegrated prosthe-
ses have improved static balance (Gaffney et al., 2023) but maintain
loading asymmetry (Thomsen et al., 2024). Second, we used an added
load that exceeded the 10 kg range for which an immediate change to a
stiffer prosthetic foot would be recommended, and to simulate a typical
side load carried by individuals with and without TTA in daily activities.
However, this load was not as heavy as those reported by other studies in
individuals without amputation (Wang et al., 2012) and TTAs (Doyle
et al., 2015, 2014). Higher loads (e.g., >20 % body mass) that are
typically required for military activities may yield more significant
differences in GRF parameters. Next, we only included a passive elastic
prosthetic foot in the analysis of this current study. This foot was
selected to reflect the standard-of-care feet. This is a realistic scenario in
which most TTAs do not have adapting feet, and this is what they would
experience in their daily lives. Further, we selected this foot to avoid
potential confounds due to differing prosthetic systems and foot designs
that may influence GRF (Snyder et al., 1995). However, we acknowledge
that the constant stiffness characteristics of the study prosthetic foot
represent a substantial limitation in functionality. There could be po-
tential benefits of a more versatile prosthetic foot design for load car-
riage applications that were not explored here. Additionally, while we
discussed the kinetic changes in this study in light of the biomechanical
activity of relevant muscles, we did not collect EMG data to support our
arguments and confirm these results. Future work should include EMG
observations to confirm these discussions.

This study provides insight into certain gait kinetics for TTAs
walking overground during side load carriage conditions. While the
results may provide some evidence to support our hypotheses, our study
demonstrated mixed findings to determine which side TTAs should carry
a load, suggesting that it depends on the desired kinetic effects, partic-
ularly on their intact limb. For example, the intact limb propulsive force
would be smaller if the load were carried on the prosthetic side, sug-
gesting two clinical implications. First, it may reduce the demand on
ankle plantarflexors, which can benefit individuals, including TTAs,
who have muscle weakness by reducing mechanical strain during loaded
walking. Second, the decreased intact limb propulsion may potentially

lead to inefficient gait and compensatory patterns over time. To address
this, rehabilitation strategies associated with prosthetic-side load car-
riage could focus on physical therapy to strengthen key muscle con-
tributors to forward propulsion (e.g., intact-side gastrocnemius and
soleus) (Liu et al., 2006; Neptune et al., 2004, 2001) and balance control
(e.g., vasti, gluteus medius) (Neptune and McGowan, 2016). In contrast
to prosthetic-side load condition, the intact hip flexor moment in late
stance and knee flexor moment in late swing would be slightly smaller if
TTAs carried their load on the intact side. This finding may compromise
balance control by increasing the risk of insufficient foot clearance on
their intact limb. The decrease in hip and knee flexor moments can lead
to a higher likelihood of tripping, which may be mitigated with reha-
bilitation strategies such as muscle strengthening (e.g., for intact-side
iliopsoas, hamstrings, and gastrocnemius) and balance training.
Further, targeted prosthetic gait training could improve load distribu-
tion across both limbs and enhance walking coordination during load
carriage activities. However, further study is warranted to investigate if
these effects are substantial when carrying a side load over time.
Additionally, future work may increase the mass of side load to reflect
more heavy-duty activities, for which a stiffer prosthetic foot or one
purported for sudden increased loading (e.g., powered foot, foot with
heel-stiffening wedge or dual keel) is recommended. If the effects are
indeed clinically significant, prosthetic designs, as well as gait rehabil-
itation for TTAs who routinely carry a side load, should take these re-
sults into consideration.
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Fig. 6. A). Mean sagittal internal joint moments and B). Mean frontal internal joint moments at the hip and knee for the intact (solid lines) and prosthetic (dashed
lines) limbs in NL, IL, and PL. Extensor and abductor moments are positive. NL: no load condition, IL: intact-side load condition, PL: prosthetic-side load condition.
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