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1 Introduction

Optimization of Active Backpack
Loading Patterns to Improve
the Walking Performance for
Individuals With a Unilateral
Transtibial Amputation

Individuals with unilateral transtibial amputation (TTA) often demonstrate asymmetrical
gait patterns, which are further exacerbated during load carriage as passive prostheses
cannot modulate their mechanical stiffness to accommodate the increased demand. Load
carriage also increases the loads on the intact limb that can lead to overuse injuries and is
also associated with increased metabolic cost and decreased forward propulsion. While
active and passive load-suspended backpacks have been studied in healthy populations, no
studies have explored the use of active backpacks to improve the walking performance for
individuals with TTA. Therefore, the purpose of this study was to identify active backpack
loading patterns to improve the metabolic cost, forward propulsion, and knee joint loading
of individuals with TTA using a musculoskeletal simulation-based optimization framework.
Different loading patterns were simulated using a time-varying actuator force applied to an
active backpack over the gait cycle. The magnitude and timing of the actuator force were
optimized for each performance criterion that resulted in a unique actuation pattern for each
biomechanical measure. Interestingly, similar improvements relative to a passive backpack
were observed across all actuation patterns, regardless of the optimization criteria. With all
active backpacks, the force impulse experienced by the body from the dynamic load
decreased, which resulted in increased forward propulsion, decreased intact knee joint
loading, and improved metabolic cost. This suggests that active backpacks have the potential
to improve walking performance during load carriage for individuals with TTA.
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reaction forces (GRF) on the intact limb during unloaded walking
[7,8]. This reflects an overall redistribution of mechanical work

Individuals with unilateral transtibial amputation (TTA) often
exhibit asymmetrical gait patterns and biomechanical compensa-
tions due to the loss of important muscles crossing the ankle joint [1],
which play a crucial role in essential functions such as body support,
forward propulsion, and balance control [2—4]. Typically, passive
prostheses attempt to replicate the function of the ankle muscles
through the storage and release of elastic energy during the stance
phase (e.g., Ref. [5]). However, without active ankle muscle force
generation, individuals with TTA must utilize compensatory
mechanisms that can adversely affect the intact limb. Individuals
with TTA exhibit a shorter stance phase and longer swing phase on
the residual limb, and therefore longer stance times on the intact
limb [6] that increases the load on the intact side. This asymmetry
imposes increased hip and knee moments and higher peak ground
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toward the intact side. Consequently, this increased loading is
associated with a higher prevalence of overuse injuries such as
osteoarthritis in the intact knee [9]. Musculoskeletal modeling
studies have further shown that peak axial contact forces at the intact
knee that are associated with the development of osteoarthritis are
greater in individuals with TTA than in nonamputees, with the vasti,
hamstrings, and gastrocnemius among the primary contributors to
these elevated joint contact forces [10].

These adverse compensatory mechanisms may further increase in
response to load carriage [11]. Individuals with TTA lack residual
limb ankle plantarflexors, and therefore rely more heavily on the
intact limb to meet the increased mechanical demands imposed by
carrying an external load [12]. Individuals using passive prosthetic
feet experience suboptimal stiffness under altered load conditions,
as the stiffness of the prosthetic foot remains fixed and cannot adapt
to accommodate load variations or changing task demands
throughout the gait cycle [13]. Carrying loads in the form of a
backpack is very common in daily life, which creates an additional
dynamic load that can significantly impact amputee walking
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performance. During backpack load carriage, individuals with TTA
exhibit increased knee flexion during weight acceptance on the
intact limb, supported by increased eccentric knee power, and
increased hip flexion on both limbs [11], with the intact limb bearing
a disproportionate share of the additional load. Furthermore, load
carriage increases the metabolic cost of walking [12] and amplifies
the risk of intact limb knee osteoarthritis in TTA by increasing intact
limb knee joint impulse as a compensatory strategy [14].

More recently, studies have assessed how active backpacks can
influence the biomechanics and energetics of walking. Active, load-
suspended backpacks can help reduce the amplitude of the dynamic
load exerted on the body with assistance from spring and damping
mechanisms and/or motors. Previous research has shown active
backpacks can improve walking economy by reducing metabolic
cost by ~8% in healthy populations [15]. By adjusting the timing of
the assistance periods over the gait cycle, different biomechanical
and energetic benefits can occur. For example, a previous study
found that assistance during the double support phase can aid with
ankle push-off and reduce the peak ankle plantarflexor moment [16].
They also found that reducing the downward force while the body
center-of-mass (CoM) is rising can assist with knee extension and
reduce the knee extensor moment [16]. However, no studies have
examined whether active backpacks can provide similar benefits for
individuals with TTA. It is important to consider that the
biomechanical task demands of active backpack assistance differ
fundamentally for individuals with TTA compared to able-bodied
populations. In healthy gait, active unloading can be distributed
symmetrically across both limbs, with the ankle plantarflexors
playing a central role in absorbing and redistributing the dynamic
load. In individuals with TTA, the absence of residual limb ankle
plantarflexors shifts this burden asymmetrically to the intact side
[14], suggesting that the primary target of active assistance may be
the improvement of residual limb propulsion or the mitigation of
intact limb overloading. Because intact limb overloading in TTA
particularly occurs during weight acceptance and push-off [11], the
timing of active backpack assistance must be tailored to these
asymmetric demands rather than simply mirroring strategies
developed for symmetric gait. In addition, the fixed stiffness of
passive prosthetic feet cannot adapt to the fluctuating load demands
experienced across the gait cycle [13], suggesting that conventional
unloading strategies optimized for able-bodied users may be
misaligned with the needs of users with a prosthesis.

Human subject studies have had success with improving
biomechanical outcomes with an active backpack in healthy
populations, but these iterative studies can be time consuming and
demanding, especially for those with TTA. In contrast, musculo-
skeletal modeling and predictive simulation provide an efficient
framework to investigate the effects of various active loading
patterns on gait performance. Previous simulation studies of passive
load carriage identified how different load carriage positions impact
muscle function and propulsion, as well as joint loading [12,13].
However, no studies have assessed how different active backpack
loading patterns influence the walking performance of individuals
with TTA.

Therefore, the purpose of this study was to assess whether there
are optimal active backpack loading patterns that improve the
metabolic cost, forward propulsion, and knee joint load symmetry
for individuals with TTA using a musculoskeletal simulation-based
optimization framework. We expected to find distinct active
backpack loading patterns that improve the metabolic cost, forward
propulsion, and knee joint load symmetry relative to a traditional
passive backpack. By elucidating the influence of dynamic loading
patterns on biomechanical measures of TTA walking, this study will
provide a framework for future studies seeking to improve other
aspects of TTA walking performance.

2 Methods

2.1 Experimental Data. Lower limb kinematic and kinetic
data were previously collected from five individuals with unilateral
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TTA (for a detailed description of the methods and protocol, see Ref.
[17]). Lower-limb joint kinematics were recorded from reflective
markers using a motion capture system (Vicon, Oxford, UK). Three-
dimensional GRFs were also recorded as subjects walked at their
self-selected speed over five overground force plates (AMTI,
Watertown, MA) and normalized by body weight. The data were
averaged across all trials and normalized to a single stride starting
from the residual limb heel strike. Simulations were then generated
to emulate the group averaged data from all subjects.

2.2 Musculoskeletal Model. A 2D musculoskeletal model
(mass: 72.2kg; height: 1.70m) with ten degrees-of-freedom and
26 Millard-type musculotendon actuators (Supplemental Table 1
available in the Supplemental Materials on the ASME Digital
Collection) was developed by augmenting the LaPré model [18]
with additional back and abdominal muscles. A passive prosthetic
ankle was simulated using a coordinate actuator at the ankle joint to
apply a proportional torque to achieve the desired experimentally
measured ankle kinematics [13]. To model the foot—ground contact,
two compliant Hunt—Crossley contact spheres were applied at the
toe and heel of each foot [19]. The spheres had constant stiffness,
damping, static friction, dynamic friction, and viscous friction
coefficients of 2 MPa, 1s/m, 0.9, 0.6, and 0.6, respectively [18].

To model the active backpack system that encompasses the pack’s
active elements and additional payload, a rigid-body that was 20%
of the model’s body weight (14 kg) with inertial properties adapted
from Dembia et al. [20] was added to the trunk segment. The
interface between the backpack and trunk was modeled using a
slider joint with linear spring (k=45 N/m) and damper (b =80 N/
(m/s)) coefficients that allowed for an oscillation range of ~5 cm.

2.3 Baseline Simulation Without a Backpack. The experi-
mental data used for tracking was collected from TTA subjects
without a backpack; therefore, an initial baseline simulation that
emulated this data was generated without a backpack. The
parameters from this simulation were then used as initial conditions
for the optimizations with a backpack. One full gait cycle (GC) from
one residual limb heel strike to the next was simulated using the
predictive simulation and dynamic optimization software SCONE
(v2.3.0) [21]. Initial muscle excitation patterns were shaped by four
optimizable parameters (i.e., the start time, rise time, fall time, and
peak amplitude) using the “Raise—Fall” profile functions native to
sconE. The optimizer stochastically selected values for the peak
amplitude of the excitations from 0 to 1 (maximum stimulation), and
the timing parameters were selected based on electromyographic
timing from the literature [22,23] within *10% of the gait cycle. The
excitations were further refined using a reflexive feedback controller
to stabilize the model based on the specific stage of the gait cycle and
the dynamic interaction between the foot contact spheres and the
ground [24]. The timing and magnitude of the excitations were
optimized by minimizing a cost function using the covariance
matrix adaptation evolution strategy [25]. For the unloaded TTA
simulations, the cost function (/) (Eq. (1)) consisted of a weighted
sum that penalized deviations of the predicted joint angles,
horizontal position and velocity of the pelvis CoM, as well as
vertical and anterior—posterior (AP) GRFs (Y,;,») from the corre-
sponding experimentally measured values (Y;). The error was
normalized by the experimental variability of that variable (g;). This
resulted in a total of m = 12 variables in the cost function (Eq. (1)).
Equal weights (w;=10) were initially assigned to each variable,
then based on the resulting error from each simulation, the weight of
the variable with the greatest deviation from the experimental data
was increased in increments from 1 to 5. Multiple optimizations
were run in sequence, and the results from the simulation with the
lowest cost function value were used to initialize the next
optimization. The weights were adjusted, and the process was
repeated until the unloaded TTA baseline simulation tracked the
experimental data within *£2 standard deviations to establish a
reference for the subsequent loaded simulations.
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2.4 Simulations With an Active and Passive Backpack.
After this baseline simulation successfully replicated the experi-
mental data, a separate 14 kg mass was added to the trunk segment to
represent the backpack system with a payload. The passive
backpack’s range of motion was constrained to 5cm, with
coordinate limit forces applied at the top and bottom of the slider
joint between the backpack and trunk. This allowed for limited
relative motion between the trunk and backpack. Another term was
incorporated into the cost function to penalize excessive pelvic tilt
and assure postural stability under the additional load. The
optimization process was repeated, and the cost function weights
were adjusted to allow for expected kinematic deviations due to the
added load. Next, the active backpack condition followed the same
simulation framework as the baseline simulation but included a
linear coordinate actuator acting on the backpack. Different loading
patterns were simulated by applying varying magnitudes of force to
the backpack using this actuator (i.e., actuation pattern). These
actuation patterns were determined by a parameterized curve, which
defined the magnitude and timing of the actuation pattern. These
parameters were optimized based on additional walking perform-
ance criteria (Eq. (2)). The resulting impulse produced by the
backpack with these actuation patterns was calculated as the time
integral of the total force transmitted to the body, including both
passive forces from the backpack joint’s spring and damping
elements and the active force from the actuator.

2.5 Walking Performance Criteria. To increase residual limb
propulsion (PROP), a propulsion measure (Jprop) and associated
weighting factor (Wpyop = 5) were added to the cost function (Eq.
(2)). This term was calculated by integrating the positive portion of
the normalized AP GRF curve during the residual limb push-off
phase (30-60% GC) (Fig. 1(b)). The simulated GRFs were
normalized by total weight, which included both the body weight
and additional pack weight. Simulations with higher Jp,,, values
were favored and the weight of each term was adjusted to produce
the lowest cost function value while maintaining kinematics and
GRFs that mimicked experimental values within =2 standard
deviations. To minimize metabolic cost (EFFORT), the propulsion
measure was replaced with an effort measure (/gggo) and weighting
factor (Wggrory = 0.0001) that minimized metabolic cost of transport
over one gait cycle while maintaining consistent walking speed,
kinematics and GRFs. This measure was computed using the
Bhargava metabolic cost model [26], and the cost function weights
were readjusted accordingly. Finally, to reduce the intact knee joint
loads, a knee joint contact force (KJCF) measure (Jxjcp) was
introduced to minimize the axial intact knee joint contact force. This
measure penalized simulations exhibiting high joint contact forces,
and the cost function was readjusted with a new weighting factor
(wkgcr = 95). The axial tibiofemoral joint contact force was obtained
in both the intact and residual limbs and the time integral was
computed over their respective stance phase to determine the joint
contact impulse for each simulation [12]. In addition, peak sagittal
plane knee extensor and flexor moments were determined for each
simulation and normalized by total body weight.

m n (Yij — Yij)
J= ZWJ Z T e + W performances / Performance (%)
s ! Measure Measure

2.6 Mechanical and Muscle Work Analysis. To help interpret
the influence of the active backpacks on muscle demand, a post-hoc
analysis of muscle work was performed using opensiM 4.5 [27].
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Muscle power from each simulation was integrated over each phase
of the gait cycle to compute muscle work for all muscles
individually. To aid interpretation, the muscles were combined
into functional groups [28] (Supplemental Table 1 available in the
Supplemental Materials on the ASME Digital Collection). The work
done by each functional group and a selection of key individual
muscles were analyzed. Positive (negative) work was defined as
concentric (eccentric) work.

To assess the impact of the optimized actuation patterns on the
prosthesis energy storage and return, the residual limb ankle power
was calculated by multiplying the moment at the prosthesis ankle
joint by its corresponding angular velocity. Positive (negative)
power delivered by the prosthesis indicated that the moment was
applied in the same (opposite) direction as the velocity. Each stance
phase was subdivided into two regions: loading (0-30% GC) and
push-off (30-60% GC) (Fig. 1(b)). The prosthesis power was
integrated over both regions of the stance phase to determine the
work done during loading and push-off. The energy return ratio of
the prosthesis was defined as the positive work divided by the
magnitude of negative work, representing the proportion of stored
energy that was returned.

3 Results

3.1 Optimized Backpack Actuation Patterns. When opti-
mizing for different performance criteria, the resulting backpack
actuation patterns (Fig. 1(a)) produced varying impulses at different
phases of the gait cycle (Fig. 1(b)). Overall, the downward impulse
applied to the body by the backpack was significantly reduced
throughout the entire GC in all simulations with an active backpack
relative to the passive backpack. Furthermore, in specific regions of
the GC, the optimized backpack actuations applied a small upward
impulse. The PROP and KJCF actuations provided an upward
impulse during residual limb early stance. During residual limb
midstance, the PROP, KJCF, and EFFORT actuations provided a
downward impulse. During residual limb late stance, all actuations
provided an upward impulse. In residual limb early swing, all
actuations provided a downward impulse. Finally, in residual limb
late swing, the EFFORT and PROP actuations provided an upward
impulse.

3.2 Simulated Joint Angles and GRFs. Overall, the simu-
lations emulated well the experimental data (Figs. 2(a) and 2(b)). In
simulations with a passive backpack (PASS), the predicted sagittal
plane joint angles for the hip and ankle were within 2 standard
deviations (SD) of experimental unloaded data (Fig. 2(a)).
However, the intact knee demonstrated less extension (—2.8 SD),
and the residual knee demonstrated more extension (+2.8 SD)
compared to the unloaded experimental average (Fig. 2(a)). The
predicted intact knee and ankle angles with all three active
backpacks mimicked the unloaded, experimental joint angles
more closely than with the passive backpack (Fig. 2(a)). Likewise,
the predicted, normalized intact limb GRFs in both the vertical and
AP directions were within 2 SD of the experimental unloaded TTA
walking data (Fig. 2(b)).

The PROP simulation demonstrated a larger positive AP GRF
duration in the residual limb compared to the passive condition (Fig.
2(b)) and a reduction in the second peak of the residual limb vertical
GREF curve. In addition, the positive residual limb AP GRF peak was
delayed from the PASS simulation (+7% GC), while for both the
KJCF and EFFORT simulations the positive AP GRF peak occurred
slightly earlier (—3% GC) compared to the PASS simulation (Fig.
2(b)). The residual limb AP GRF impulse during push-off (30-60%
GC) increased by 31%, 22%, and 18% for the PROP, KJCF, and
EFFORT simulations, respectively, compared to the PASS
simulation (Fig. 2(c)).

3.3 Metabolic Cost of Transport. The metabolic cost of
transport for the residual limb stance phase (0-60% GC) decreased

AUGUST 2026, Vol. 148 / 081001-3
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Fig. 1 (a) The optimized actuation patterns applied to the backpack in the PROP (dotted
hash), KJCF (solid), EFFORT (dashed), and PASS (dotted) simulations. Positive (negative)
force indicates force applied upward (downward) on the backpack CoM. (b) The model’s
position in each region of the gait cycle: early stance (residual: 0-20% GC; intact: 50-70%
GC), midstance (residual: 20-40% GC; intact: 70-90% GC), late stance (LS) (residual: 40-60%
GC; intact: 90-100% and 0-10% GC), early swing (residual: 60-80% GC; intact: 10-30% GC),
and late swing (residual: 80—-100% GC; intact: 30-50% GC). Each stance phase was further
subdivided into aloading phase (residual: 0-30% GC; intact: 50-80% GC) and a push-off (PO)
phase (residual: 30-60% GC; intact: 80—100% and 0—10% GC). The arrows indicate the relative
impulse experienced by the body from the dynamic load during the PROP (dash-dot), KICF
(solid), and EFFORT (dashed) simulations. (¢) Impulse from the backpack applied to the body
across the different regions of the gait cycle, resulting from the passive force from the
backpack joint’s spring and damping elements and the active force from the actuator for the
PASS (vertical striped), PROP (horizontal striped), KJCF (diagonal striped), and EFFORT
(solid) simulations.
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for both the PROP and EFFORT simulations by 7% and 8%,
respectively, but increased for the KJCF simulation by 9% relative to
the PASS simulation (Fig. 3(a)). The metabolic cost of transport
during intact limb stance (0—10% GC and 50-100% GC) decreased
for both the KJICF and EFFORT simulations by 10% and 16%,
respectively, but increased for the PROP simulation by 19% relative
to the PASS simulation (Fig. 3(b)). Overall, the total metabolic cost
for the full gait cycle decreased in the KJCF and EFFORT
simulations by 6% and 12%, respectively, and increased in the
PROP simulation by 5% relative to the PASS simulation (Fig. 3(c)).

3.4 Kbnee Joint Loading and Moments. The total axial knee
joint contact force in the intact limb decreased in all active backpack
simulations compared to the PASS simulation (Fig. 4). The axial
intact knee joint contact impulse decreased by 4%, 21%, and 12%, in
the PROP, KJCF, and EFFORT simulations, respectively, relative to

(a)

Intact Knee

Intact Hip

the PASS simulation (Fig. 4). The symmetry of the impulse
experienced by both joints improved in the KJCF simulation. During
intact limb early stance, the peak knee extensor moment decreased
in both the KJCF and EFFORT simulations compared to the PASS
simulation, while the peak knee flexor moment remained consistent
during midstance with the PASS simulation (Supplemental Table 2
available in the Supplemental Materials on the ASME Digital
Collection).

3.5 Prosthesis Mechanical Work. Changes in the magnitude
of the energy stored and returned by the prosthesis during the
residual limb loading and push-oft regions were observed in all three
simulations (Fig. 5). In the PROP, KJCF, and EFFORT simulations,
roughly twice the amount of negative work was performed by the
prosthesis during loading compared to the PASS simulation (Fig. 5).
This resulted in a proportional increase in the amount of positive
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Fig. 2 (a) Joint angles and (b) GRFs for the intact (top row) and residual (bottom row) limb
from simulations optimized for propulsion (dotted hash), KJCF (solid), and metabolic cost
(dashed) compared to the joint angles and GRFs from simulations with a passive backpack
(dotted). The 0% GC corresponds with residual limb heel contact. Initial intact limb heel contact
occurs at 50% GC. Experimental, unloaded TTA joint angle and GRF data (grey and black
ticked) =2 standard deviations (shaded region) are shown for reference. (¢) The magnitude of
the residual limb push-off phase AP GRF impulse increased from the PASS (vertical striped) in
the PROP (horizontal striped), EFFORT (diagonal striped), and KJCF (solid) simulations. As
each condition represents a single predictive simulation, error bars are not displayed.
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Metabolic Cost of Transport

(b)

4 Residual Limb Stance 4 Intact Limb Stance () 4 Total Gait Cycle
x 10 6 10 12 x10

6 0

5 5 10

4 4 8
£ 3 g3 E*
= = =

2 2 4

1 1 2

0 : :

PASS  PROP  KICF EFFORT PASS  PROP  KICF EFFORT PASS  PROP  KICF EFFORT

Fig.3 The metabolic cost of transport for (a) residual limb stance (0-60% GC), (b) intact limb stance (0—10% and 50-100% GC),
and (c) total gait cycle for the PASS (vertical striped), PROP (horizontal striped), KJCF (diagonal striped), and EFFORT (solid)
simulations. As each condition represents a single predictive simulation, error bars are not displayed.

work delivered during push-off. The overall energy return ratio
remained similar for all simulations with a slight increase in energy
return in the PROP and EFFORT simulations (Fig. 5).

3.6 Muscle Work. The magnitude of positive work performed
by the residual hip extensors in early stance decreased with all
actuation patterns (Fig. 6 right column). During residual limb early
and midstance, there was a decrease in residual Vasti (VAS) work in
all simulations with an active backpack (Fig. 7 right column).
During residual limb midstance, flexor work decreased in all
simulations with an active backpack (Fig. 6 right column). The
reduction in flexor work was primarily due to a decrease in residual
limb iliopsoas (IL) work in this phase (Fig. 7 right column). During
intact limb loading in the PROP simulation, the negative work
performed by the knee extensors increased. In early and midstance,
the magnitude of work required by the intact knee extensors
decreased in all simulations (Fig. 6 left column). This was driven
primarily by a decrease in the intact limb VAS work during early
stance (Fig. 7 left column). In early stance, an increase in intact hip

250 Axial Knee Joint Contact Impulse During Stance

— I
I Residual |
200
2 150
'{:
3
2
£ 100
S0
0t— S
PASS PROP KICF EFFORT

Fig. 4 The axial knee joint contact impulse in both the intact
(horizontal striped) and residual (vertical striped) limbs in the
PROP, KJCF, and EFFORT simulations compared to the PASS
simulation. As each condition represents a single predictive
simulation, error bars are not displayed.
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extensor work was observed with the PROP and KJCF actuation
patterns (Fig. 6 left column).

4 Discussion

The objective of this study was to assess whether there are optimal
active backpack loading patterns that improve various aspects of
walking performance for individuals with TTA using a musculo-
skeletal simulation-based optimization framework. We expected to
identify distinct backpack loading patterns that would improve the
metabolic cost, forward propulsion, and knee joint loading relative
to a traditional passive backpack. This was partially supported as,
overall, distinct backpack loading patterns were observed when
optimizing for the different outcome measures. However, similar
improvements were observed with all active backpack loading
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Fig. 5 The magnitude of mechanical work performed by the
prosthesis during loading (0-30% GC) and push-off (30-60% GC)
in the PROP (horizontal striped), KJCF (diagonal striped),
EFFORT (solid), and PASS (vertical striped) simulations. As
each condition represents a single predictive simulation, error
bars are not displayed.

Transactions of the ASME



patterns relative to a passive backpack. For example, regardless of
associated cost function terms, all simulations with an active
backpack demonstrated increased forward propulsion and prosthe-
sis mechanical work, which resulted in decreased intact knee
loading and helped restore a normal gait pattern. This suggests that,
overall, walking with an active backpack is more beneficial than
walking with a passive one for individuals with TTA.

4.1 Kinematic and Kinetic Changes With an Active
Backpack. Across all active backpack simulations, joint kinematics
more closely resembled the unloaded TTA gait patterns than those
observed in the PASS simulation, with the greatest improvements
occurring in the intact limb. All active backpack simulations
resulted in more intact knee extension during intact limb loading
compared to the PASS simulation, which may be beneficial as
individuals with TTA often exhibit increased intact knee flexion
during stance when carrying a load [11]. Similar reductions in knee
flexion during early stance have also been reported in active
backpack studies aiming to reduce metabolic cost in healthy
individuals [29]. Typical adaptations in loaded TTA gait also
include altered intact ankle plantarflexion during weight acceptance
and push-off [11]. For all simulations with an active backpack, the
intact ankle angle during stance aligned more closely with the
unloaded gait pattern, which suggests improved ankle motion with
assistance from the active backpack.

In the residual limb, the prosthetic ankle demonstrated increased
dorsiflexion during early stance, indicating greater energy storage by
the prosthesis [30] in all active backpack simulations. During
midstance, the prosthesis entered plantarflexion earlier as this stored
energy was subsequently released throughout midstance and was
associated with increased mechanical work performed by the ankle and
an increase in the peak positive AP GRF in the PROP simulation
relative to the PASS simulation. In all active backpack simulations, the
onset of positive AP GRF in the residual limb occurred earlier in
the gait cycle compared to the PASS simulation. This extended the
duration of propulsion, resulting in a larger positive AP GRF impulse
relative to the PASS simulation. These findings are consistent with
previous work that has explored the relationship between prosthesis
energy return and propulsive GRF impulses [5,30].

The residual limb AP GRF impulse for the KJCF and EFFORT
actuation pattern increased, despite the absence of a propulsion-
specific term in the cost function. This enhancement in residual limb
propulsion likely contributed to improved interlimb symmetry,
which has been associated with reduced joint contact forces in
individuals with TTA [31]. By redistributing the mechanical
workload, the KJCF actuation pattern helped alleviate excessive
loading on the intact knee joint. This is consistent with previous
studies that have shown devices enhancing propulsion on the
prosthesis side can help to alleviate loading on the intact limb [32]
and decrease metabolic cost [33].
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4.2 Metabolic Cost Reduction With an Active
Backpack. The actuation pattern optimized to reduce metabolic
cost achieved lowered costs of transport by decreasing the dynamic
load impulse experienced by the body. The results from all active
backpack simulations align with other studies that have successfully
reduced the metabolic cost of load carriage by reducing the impulses
experienced by the body from a passive load [29,34]. During
midstance, when the CoM rises, all active backpacks reduced the
downward impulse experienced by the body, suggesting that these
actuation patterns helped to decrease the demand for body support
during the phase of the gait cycle when it is metabolically expensive
[28]. Similar reductions in metabolic cost have been observed in
previous experimental active backpack studies [16]. In addition, the
backpack actuator provided an upward impulse during the double
support phase in all active backpack simulations. By providing
assistance during double support, when energy is being used to
redirect the body CoM, the active backpacks help reduce the
metabolic cost during a gait phase that is energetically demanding
[28].

4.3 Muscle Work Analysis With an Active Backpack. The
muscle work analysis determined that the magnitude of positive
work performed by the residual hip extensors in early stance
decreased with all actuation patterns (Fig. 6 right column). Previous
research has highlighted that individuals with TTA demonstrate
increased residual limb hip extensor work in early stance when the
task demands increase by walking at increasing speeds [35]. The

decrease in positive hip extensor work suggests that these actuation
patterns may assist with alleviating the demand for these muscles
during load carriage. These muscles are primarily involved in body
support during this phase of the gait cycle [36], which supports the
observation that the active backpacks assist with decreasing the
demand for body support. During residual limb midstance, flexor
work decreased in all simulations with an active backpack (Fig. 6
right column). The reduction in flexor work was primarily due to a
decrease in residual limb IL work in this phase (Fig. 7 right column).
Typically, during load carriage, the work required by the residual hip
flexors during stance increases as individuals with TTA rely on the
hip to adapt to added load [11,37]. Thus, the reduction in hip flexor
work with an active backpack suggests a reduced need for
compensation at the residual limb hip joint.

During intact limb loading in the PROP simulation, the negative
work performed by the knee extensors increased. When optimizing
solely for propulsion, the increased work generated by the residual
limb required greater energy absorption in the intact limb during
loading. This helps explain the observed increase in metabolic cost
during intact limb stance in the PROP simulation. Typically, in early
and midstance, there is an increase in intact knee extensor power
generation when an external load is present [11]. However, in early
and midstance, the magnitude of work required by the intact knee
extensors decreased in all simulations. In early stance, an increase in
intact hip extensor work was observed with the PROP and KJCF
actuation patterns. This suggests that these actuation patterns may
result in a tradeoff between the intact hip and knee work required
during stance. Similarly, other studies investigating active backpack
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assistance in able-bodied individuals have reported reductions in
knee extensor activity during midstance when seeking to minimize
metabolic cost [29]. These findings suggest that knee extensor
demands during midstance may represent a substantial portion of the
metabolic burden during load carriage [38]. Thus, these actuation
patterns may assist with reducing the metabolic demand of load
carriage by redistributing some of the workload to the hip joint.

4.4 Joint Loading and Moment Improvements With an
Active Backpack. The total axial knee joint contact impulse was
reduced with all active backpack patterns, primarily by decreasing
the load impulse experienced by the body from the backpack and
increasing residual limb propulsion [39]. The KJICF actuation
pattern reduced the magnitude of joint loading in both limbs by
providing an upward force as the CoM descends, thus reducing the
downward acceleration of the backpack during residual and intact
loading phases. Previous studies have observed a 14-20% increase
inintactknee joint contact impulse when individuals with TTA carry
a back load that is 17% of their body weight [12]. This suggests that
the 23% reduction observed with the KJCF actuation pattern (Fig. 5)
could almost fully restore the intact knee joint contact impulse to
those observed in unloaded TTA gait. The reduced impulse from the
backpack during midstance also assisted with decreasing the knee
extensor moment in the KJCF and EFFORT simulations (Supple-
mental Table 2 available in the Supplemental Materials on the
ASME Digital Collection). This aligns with previous work
demonstrating that decreasing the load force when the CoM is
rising assists knee extension and reduces knee extensor moment in
healthy populations [16].

In the active backpack simulations, there was also a decrease in
the magnitude of muscle work performed by the intact VAS during
early stance (Fig. 7 left column) and by the residual VAS during
early and midstance (Fig. 7 right column). VAS is a major
contributor to the axial knee joint contact force during unloaded
walking [10], and VAS activity has been shown to increase as the
demand for body support increases [40]. In addition, increased VAS
contribution to body support has been associated with more
asymmetric knee joint loading in individuals with TTA [41]. This
suggests that by reducing the demand for body support, and thus
lowering VAS work, these actuation patterns contributed to lower
intact knee joint loading. If the reductions in knee joint contact
impulse predicted here are experimentally confirmed, an active
backpack system could meaningfully reduce the joint loading
associated with load carriage, potentially enabling individuals with
TTA and knee osteoarthritis to carry similar loads. This would
represent a clinically meaningful advancement for this population,
making load carriage more accessible and improving overall quality
of life for individuals with TTA.

4.5 Limitations and Future Work. This study used musculo-
skeletal modeling and predictive simulations to investigate the
effects of optimized active backpack actuation patterns on gait
kinematics and kinetics, metabolic cost, and knee joint contact
forces for individuals with TTA. When interpreting these results, a
number of limitations should be considered. First, the experimental
tracking data that were used to inform the motion of the simulations
were collected from a sample of five individuals with TTA during
unloaded walking. The small sample size of experimental tracking
data limits the generalizability of the simulation results to the
broader TTA population. It should be noted that each condition is
represented by a single predictive simulation output. Therefore,
traditional descriptive statistics and effect sizes cannot be
calculated. The magnitude of observed effects is therefore conveyed
through percentage differences between conditions. The percentage
changes reported throughout the results reflect descriptive compar-
isons between conditions rather than formally defined thresholds for
a statistically significant change. Similarly, the *=SD thresholds
used to contextualize kinematic and kinetic deviations are derived
from the experimental, unloaded gait data of a small sample of five
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participants and may not fully capture the natural variability in gait
across the broader TTA population. The experimental data also does
not account for predictable gait changes that occur during load
carriage. To account for expected gait adaptations under the
additional load, the weights of the tracking terms in the cost
function were reduced in the load carriage simulations. Conse-
quently, simulation outputs deviated from the original unloaded
experimental kinematics by more than two standard deviations
during different regions of the gait cycle. However, these deviations
aligned with typical compensatory strategies observed in loaded
TTA gait [11], suggesting that the simulations were able to capture
realistic adaptations. In addition, the passive prosthetic ankle angles
were simulated using a torque actuator and a proportional—
derivative controller to replicate the experimental kinematics.
Therefore, the prosthetic ankle in the simulations is not a purely
passive joint; however, the resulting mechanical work output was
comparable to that of other energy storing and releasing prosthesis
models [5]. It should also be acknowledged that every simulation
variable was optimized with each cost function, including muscle
activations, such that this large number of simultaneously changing
variables could influence the observed gait changes attributed to the
optimization criteria. The resulting multiplicity of dependent
variables and comparisons across conditions increases the risk that
some observed differences may not reflect true biomechanical
changes, but instead are artifacts of the optimization. However, this
concern is partially mitigated by enforcing kinematic and kinetic
tracking and holding the simulated distance and velocity constant
for all simulations.

It is also important to consider that the simulations were
performed with a 2D model, so changes in the frontal plane could
not be observed. Importantly, several studies have associated the
increased risk of osteoarthritis with greater knee adductor moments
in the frontal plane (e.g., Ref. [42]). Therefore, future work should
analyze the impact of active backpacks using a 3D musculoskeletal
model to fully observe their influence on the knee joint contact force.

A final potential limitation of this work is the unlimited flexibility
of the backpack actuator used in the simulations. The magnitude and
timing of the forces applied by the actuator were unconstrained by
potential hardware limitations. In contrast, a physical active
backpack system would be limited by the mechanical design and
motor capacity. However, the optimized actuation patterns did not
demonstrate any large instantaneous changes in force or direction
that would be unrealistic to produce with motors previously used in
active backpacks [43]. Further, the active backpack system was
modeled as a 14kg load, which included the weight of active
elements and an additional payload. Previous studies have reported
the weight of active components to be around 5.3 kg (e.g., Refs. [15]
and [29]) and have analyzed load suspended backpacks between
15kg [29] and 27 kg [34]. The weight of active backpack systems
should be optimized to ensure that the benefits of the active
backpack are not offset by the metabolic burden of the hardware
itself.

A natural extension of this work is the development of a physical
active backpack system and corresponding controller capable of
replicating the optimized loading patterns. This system would
provide a valuable opportunity to experimentally validate the
simulation results in the TTA population and would help establish
the translational potential of this simulation framework. Impor-
tantly, experimental validation in the TTA population presents
unique challenges, as there are a wide range of prosthesis types,
residual limb lengths, and activity levels. These factors could
influence how individuals respond to active backpack assistance.
Recruiting a sample large enough to account for this variability
while maintaining adequate statistical power would therefore be an
important consideration in the design of future experimental studies.
In addition, fatigue and evolving compensatory strategies over the
course of a testing period may make it challenging to isolate the
effects of the backpack actuation pattern itself. It is also important to
consider the rapid changes in vertical acceleration produced by the
active backpack actuator (Supplemental Fig. 1 available in the
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Supplemental Materials on the ASME Digital Collection) may
present additional challenges for the user. The dynamic shifts in load
distribution could be uncomfortable or destabilizing for individuals
with TTA, who already experience significant balance control
deficits that can increase their risk of falls [44]. Notably, the results
of the present study indicate that the loading pattern resulting from
the EFFORT optimization produced favorable outcomes in all
evaluated categories and may represent the most broadly beneficial
loading pattern to improve overall gait in individuals with TTA. In
addition, the exploration of a semipassive backpack system, in
which springs and dampers are tuned to approximate the EFFORT
actuation pattern, may provide a lightweight, simple solution
resulting in similar overall benefits. This approach may produce
smoother, more gradual load transitions that could be more easily
adapted by individuals with TTA.

Future studies should also seek to improve other aspects of
walking performance with active backpacks, such as balance
control. While measures were incorporated into the cost function
to penalize deviations in sagittal plane trunk angle and velocity,
more targeted analyses could be performed to assess whether active
backpacks can improve balance control during different walking
conditions to decrease the risk of falling for individuals with TTA.
Finally, although the weighting factors used in the optimization
improved the various aspects of walking performance, future work
should also explore how robust the results are to variations in those
weighting factors.

5 Conclusion

In summary, we have shown using modeling and simulation that
active backpacks can improve various biomechanical and energetic
measures during load carriage for individuals with TTA. All active
backpack actuation patterns assisted with decreasing the load
impulse acting on the body compared to walking with a passive load.
These improvements were associated with reduced metabolic cost,
greater forward propulsion, and reduced intact knee joint loading
compared to walking with a passive backpack. This study provides a
framework for future research to further explore the optimization of
active backpack assistance for different biomechanical outcomes for
those with TTA and other clinical populations with altered gait
patterns.
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