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EXOSKELETONS
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The quadriceps are particularly susceptible to fatigue during repetitive lifting, lowering, and carrying (LLC), affect- overnment Tors

ing worker performance, posture, and ultimately lower-back injury risk. Although robotic exoskeletons have been
developed and optimized for specific use cases like lifting-lowering, their controllers lack the versatility or cus-
tomizability to target critical muscles across many fatiguing tasks. Here, we present a task-adaptive knee exoskel-
eton controller that automatically modulates virtual springs, dampers, and gravity and inertia compensation to
assist squatting, level walking, and ramp and stairs ascent/descent. Unlike end-to-end neural networks, the con-
troller is composed of predictable, bounded components with interpretable parameters that are amenable to
data-driven optimization for biomimetic assistance and subsequent application-specific tuning, for example,
maximizing quadriceps assistance over multiterrain LLC. When deployed on a backdrivable knee exoskeleton, the
assistance torques holistically reduced quadriceps effort across multiterrain LLC tasks (significantly except for
level walking) in 10 human users without user-specific calibration. The exoskeleton also significantly improved
fatigue-induced deficits in time-based performance and posture during repetitive lifting-lowering. Last, the
system facilitated seamless task transitions and garnered a high effectiveness rating postfatigue over a multiter-
rain circuit. These findings indicate that this versatile control framework can target critical muscles across multiple

tasks, specifically mitigating quadriceps fatigue and its deleterious effects.

INTRODUCTION

Fatigue is inevitable and detrimental in physically demanding jobs.
According to the US National Safety Council, 69% of workers across
the construction, manufacturing, transportation, and utility indus-
tries get fatigued, increasing the risk of injuries and incidents on the
job (I). Fatigue causes a decrease in workers’ cognitive and physical
performance in their assigned tasks (2, 3). This fatigue-induced per-
formance decline becomes crucially deleterious (injurious) when
a minimum performance level is imposed by factors outside the
workers’” control, such as lifting and placing objects on a conveyor
belt (4). More than a million people in the United States suffered a
nonfatal work-related musculoskeletal disorder in 2021 (5), most
commonly lower back pain (6), and such injuries cost employers
millions of dollars annually in worker compensation (7).

Repeated lifting-lowering (LL) activities are highly associated
with overexertion and lower back pain (8). There are two common
lifting techniques: stooping—lifting with the back and a flexed lum-
bar spine—and squatting—lifting with the legs while maintaining a
neutral lumbar spine (9). Comparatively, stooping consumes less
energy (10) and is associated with less perceived lower limb exertion
and fatigue (11, 12), whereas squatting is associated with less lumbar
shear forces and lumbar passive tissue stress (13, 14). The squat
technique is favored by people who have previously incurred lower
back injuries (15, 16) because squatting prioritizes the safety of the
ligaments and discs of the lumbar spine over the muscles of the low-
er limbs (14, 17). Moreover, the national workplace labor guidelines
(18), military manual lifting guidelines (19, 20), and most physical
therapists (21) recommend the squat technique to prevent lower
back pain, especially for lifting weights placed between the feet.
Opverall, squatting is often considered safer but is more energetically
demanding and fatiguing on the quadriceps (22).

University of Michigan, Ann Arbor, MI, USA.

*Corresponding author. Email: ndivekar@umich.edu (N.V.D.); rdgregg@umich.edu
(R.D.G)

1Present address: Texas A&M University, College Station, TX, USA.

Divekar et al., Sci. Robot. 9, eadr8282 (2024) 18 September 2024

Quadriceps fatigue has been shown to influence a person’s lifting
technique, causing a transition from squatting to stooping as fatigue
progresses (23). Consequently, high quadriceps fatigue is associated
with higher effort of the lower back extensor muscles during repeated
LL (24), increasing the chance of overuse injuries. The quadriceps
are also critically involved in load-carrying tasks (25), including
on ramps and stairs, which are frequently performed in many work
environments (18, 26-29). Although injuries are less common dur-
ing carrying (30), these demanding activities further contribute to
quadriceps fatigue (31) and subsequent injury risk during LL. Hence,
solutions are needed to reduce contributions to quadriceps fatigue
during lifting, lowering, and carrying (LLC) and to mitigate the del-
eterious effects of fatigue on LL, during which most injuries occur.

Although passive knee orthoses (exoskeletons) have been devel-
oped to support the quadriceps during LL (32, 33), a fixed spring
(even with a mechanical clutch) cannot adapt assistance over a vari-
ety of carrying tasks, especially those requiring net positive work.
Similarly, passive hip-back devices can reduce lumbar moments
during forward bending (34) but hinder hip flexion or lumbar flex-
ion in walking (35). Newer commercial devices like the HeroWear
Apex exosuit can be manually disengaged with a clutch when unre-
stricted lumbar flexion and/or hip flexion is desired (36), but the
device then acts as a dead weight during multiterrain carrying tasks.

Robotic exoskeletons can adapt their assistance (including net
changes in work) as the task changes (37, 38), but existing designs
for LL lack the versatility to support multiple carrying tasks. The
robotic hip-back exoskeleton in (39) effectively supported LL but
hindered walking. A subsequent study (40) overcame this limitation
by classifying between LLC tasks, but the classifier was prone to er-
rors and lacked multiple terrains. Moreover, these hip-back devices
do not directly support the quadriceps muscles that are critically
involved in both squatting and load-carrying. Using a combination
of classification and human torque estimation, the hip-knee-ankle
exoskeleton in (41) reduced activation of one quadriceps muscle
during LL and the swing phase of walking but did not support
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multiple terrains. A powered ankle exoskeleton reduced quadriceps
activation by leveraging the closed-chain dynamics of squatting to
induce helpful reaction torques at the knee (42-44). However, this
dynamics phenomenon did not extend to the open-chain (single-
support) phases of carrying. Although the commercial knee exo-
skeleton ROAM Forge can directly support the quadriceps during
squatting tasks, it needs to be manually disabled for a dynamic gait
because its pneumatic actuator impedes swing knee flexion (45). Al-
though recent quasidirect drive actuators (46, 47) are sufficiently
backdrivable and torque dense to dynamically assist the knee, relat-
ed devices have only reduced quadriceps effort and/or metabolic
cost during LL (48, 49). A versatile control strategy is needed for
backdrivable knee exoskeletons to minimize quadriceps fatigue dur-
ing multiterrain LLC and mitigate the consequences of fatigue dur-
ing riskier LL tasks.

Although versatile controllers have been proposed for specific
use cases, they lack the practicality, generality, or customizability for
many applications like multiterrain LLC. One approach is to provide
torques directly proportional to electromyography (EMG) measure-
ments (50), but surface EMG electrodes are cumbersome to set up
and are sensitive to positioning, sweat, and pressure from the exo-
skeleton. Another approach is to command torques proportional to
biological torque, which generally aligns with muscle activation. For
example, ankle torques can be directly estimated from the vertical
ground reaction force (GRF) measured from an insole (51), but
dynamic modeling errors and missing GRF components present
substantial issues for more proximal joints. Alternatively, explicit
representations of gait phase and task can parameterize a biomimetic
torque model derived from human data. Machine learning methods
are commonly used to classify discretized activity modes (52), but
this does not allow adaptation to continuous variations in the envi-
ronment or user behavior. Continuous adjustments in biomimetic
ankle torque were achieved by estimating gait phase, ground incline,
and walking speed in (53), but such phase models struggle with
rapid transitions to and from stationary tasks like LL. Instead of
explicitly representing tasks, emerging task-agnostic control ap-
proaches implicitly encode task-dependent input signals into an
end-to-end mapping to biomimetic output torque. Recently, an end-
to-end neural network trained from device-specific human data en-
abled a hip exoskeleton to predict and apply a fraction of human hip
torques across multiple activities, reducing the users’ metabolic cost
for level walking (LW) and ramp ascent (RA) (54). Although valu-
able for some use cases, this global measure of effort is less pertinent
when performance or posture is compromised by fatigue of a spe-
cific muscle group. This approach has also not been validated for the
more variable kinetics of the knee, which change rapidly during cer-
tain task transitions such as walking to stair ascent. In general,
“black box” learning methods lack formal safety guarantees for
out-of-distribution input data and interpretable parameters for cus-
tomization to different use cases or individuals [for example, via
human-in-the-loop optimization (42, 55)].

Our group has investigated another task-agnostic framework
based on the nonlinear control method of energy shaping, which al-
ters the dynamics (such as potential and inertial forces) of the
human-exoskeleton system in a closed loop by applying joint torques
as functions of the current system state (angles and velocities) (56,
57). The solutions to partial differential equations called the “match-
ing conditions” determine the realizable alterations to the dynamics
of an underactuated system, which can be used to define a set of
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admissible torque basis functions that parameterize the controller.
On the basis of the spring-loaded inverted pendulum walking model,
our early work (56) used a minimal basis set (including gravity com-
pensation and virtual springs and dampers) to provide assistive knee
and ankle torques for incline, decline, and LW. Although intuitive
and provably safe (via passivity/stability analysis), this controller
could only handle limited walking tasks, and its assistance torque
was not biomimetic. Our recent work (57) used human data to opti-
mize the coefficients of a large set of torque bases to closely predict
average torques given average kinematic inputs over the primary ac-
tivities of daily life (including sit-stands, ramps, and stairs). However,
optimizing over hundreds of nonintuitive torque bases made this
method susceptible to overfitting the training data and impractical to
tune for more effective assistance—experiments demonstrated in-
consistent muscle effort reductions across tasks, with a particular
penalty for the hamstrings.

In summary, the exoskeleton field has crucial gaps related to the
LLC use case and task-agnostic control in general. Prior devices
are not sufficiently versatile to reduce contributions to quadriceps
fatigue over multiterrain LLC, and they have unknown efficacy at
mitigating the effects of fatigue during LL tasks, when most injuries
occur. Furthermore, emerging task-agnostic control methods lack
interpretable parameters to customize their benefits for specific use
cases and, more generally, lack predictability and safety guarantees
outside of their training distribution. This paper addresses these
gaps with an energy-based control strategy implemented on a high-
ly backdrivable, bilateral knee exoskeleton (M-BLUE) to deliver
safe, versatile assistance to the quadriceps across multiterrain LLC
tasks (Fig. 1). The controller uses phase- and task-sensitive signals to
modulate a minimal set of intuitive, predictable, and bounded
torque basis functions corresponding to gravity and inertia com-
pensation and virtual springs and dampers (Fig. 2). The associated
parameters are amenable to both data-driven optimization for bio-
mimetic assistance and subsequent application-specific tuning, for
example, maximizing quadriceps assistance across LLC tasks. The
quasidirect drive actuators of the M-BLUE knee exoskeleton (48)
enable this controller to augment voluntary motion with meaning-
ful output torques yet minimal backdrive torques. Experiments with
10 (nondisabled) participants tested our hypotheses that this versa-
tile knee exoskeleton would (i) reduce quadriceps effort across mul-
titerrain LLC tasks in a nonfatigued state, (ii) mitigate performance
deficits during highly fatigued repetitive LL when squatting posture
is enforced, and (iii) facilitate seamless task transitions (without spe-
cific training data) and garner high effectiveness rating postfatigue
over a multiterrain circuit. The results indicate that this exoskeleton
control framework can serve as a foundation for targeting critical
muscles across multiple tasks, specifically mitigating quadriceps fa-
tigue and its deleterious effects.

RESULTS

Our multiterrain LLC controller adapts to tasks on the basis of heu-
ristic modification and modulation of several torque basis functions
corresponding to gravity and inertia compensation and virtual
springs and dampers (see control diagram in Fig. 2 and associated
details in Materials and Methods). The coefficients of the basis func-
tions were first chosen using data-driven optimization to match
controller torques (given reference human kinematic/GRF inputs)
to scaled reference human torques over multiple tasks as done in
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Fig. 1. Experimental protocol summary and M-BLUE bilateral knee exoskeleton. (A) Summary of protocol, data
collection, and outcome measures of the two sessions. The protocol was repeated for two conditions: with exoskel-
eton (exo) and without exoskeleton (no-exo). In session 1, quadriceps and hamstring efforts were assessed with sur-
face EMG for six tasks: SA, SD, RA, RD, LW, and LL. In session 2.1, fatigue mitigation was assessed during repetitive LL
via time trial performance and thorax lean metrics. The fatiguing portion of the exo condition was performed with
the exoskeleton in passive mode, whereas the postfatigue portion was performed with exoskeleton assistance acti-
vated. In session 2.2, continuous circuit traversal demonstrated the exoskeleton’s capability to adapt assistance
torque during task transitions and assessed user perception with a modified QUEST survey. (B) Bilateral knee modules
of the modular backdrivable lower-limb unloading exoskeleton, M-BLUE. Each module comprises a highly backdriv-
able actuator (T-Motor AK80-9 with Dephy motor driver) retrofitted onto a commercial BREG knee brace, along with
a Raspberry Pi-embedded computer, 24-V power tool battery, and force-sensitive resistor system.
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Fig. 2. Control diagram. The diagram shows a high-level summary of the process of creating the task-adaptive knee
torque function. First, core energy-shaping torque bases were heuristically modified to form task-specific stance
torque bases and general (task-invariant) swing torque bases. Next, for stance, task sensitization or multiplication
with functions sensitive to certain task characteristics (such as terrain slope) provided task-adaptive stance torque
functions. Last, taking the convex sum of the stance and swing torque bases on the basis of the GRF unifies them into
the final task-adaptive knee torque function.
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(57). The optimized controller torques
match the reference human torques well
in fig. S1 (see table S1 for goodness-of-fit
results), demonstrating the general ca-
pability to assist squatting, LW, RA, ramp
descent (RD), stair ascent (SA), and stair
descent (SD), including multiple speed
and incline conditions, without explicit
task classification. This controller was
then implemented on an improved, bi-
lateral version of our highly backdriv-
able M-BLUE knee exoskeleton (9:1 gear
ratio, 25-Nm peak output torque, <2-Nm
peak backdrive torque) shown in Fig. 1B
and detailed in Materials and Methods.
The optimized coefficients provided a
starting point for a manual tuning pro-
cess to maximize quadriceps assistance
on the basis of subjective feedback and
EMG measurements in pilot testing (see
Materials and Methods). After a satisfac-
tory controller was obtained, the same
set of coefficients was used for all par-
ticipants (n = 10) in this study; no user-
specific calibration was needed.

The study comprised two sessions:
nonfatiguing and fatiguing—see Fig. 1A
and Movie 1 for a depiction of the meth-
ods. Session 1 tested the hypothesis that
the exoskeleton reduces quadriceps ef-
fort during individual LL and multiter-
rain carrying tasks in a nonfatigued state.
At least 1 week apart, session 2 tested
the hypothesis that the exoskeleton miti-
gates the fatigue-induced LL performance
deficit (in a time trial of 10 fatigued LL
reps) compared with no exoskeleton when
squatting posture is enforced. Perfor-
mance in a time trial is one of the classi-
cal measures of fatigue (3) and has been
previously used to study the efficacy of
back exoskeletons (58). Participants per-
formed repeated squat LL until fatigue-
induced failure (without power in the
exoskeleton condition), immediately fol-
lowed by 10 timed squat LL cycles (with
power in the exoskeleton condition). Par-
ticipants were instructed to take the mini-
mum required pause between repetitions
to complete the next repetition with good
squat posture, emulating a typical time
trial while ensuring safe posture. Although
squatting posture was an experimental
control, we performed an exploratory
analysis of peak sagittal thorax lean to
see whether the exoskeleton helped par-
ticipants maintain a better squat form.
After each fatiguing LL trial, participants
continuously traversed a multiterrain LLC
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circuit to demonstrate task adaptation and gather subjective feed-
back for exoskeleton effectiveness in a fatigued state.

For all metrics, we used linear mixed models with condition (no-
exo, exo) and sex (male, female) as fixed effects and participant as a
random effect. For postfatigue performance and posture metrics, we
included additional effects of order (for the no-exo versus exo condi-
tion) and prefatigue workload (number of prefatigue LL repetitions
required to reach fatigue). Sex, order, and workload were found to be
nonsignificant factors in all statistical tests reported below.

Knee muscular effort and exoskeleton torques in
nonfatigued LLC

We estimated quadriceps effort during six different LLC tasks (LL,
LW, RA, RD, SA, and SD) for the no-exo and exo conditions in a
nonfatigued state. Muscle effort was calculated as the mean root
mean square EMG, normalized to % maximum voluntary con-
traction (%MVC), over the gait/task cycle. Quadriceps effort was
estimated by taking the weighted mean of the efforts of the vastus
medialis oblique (VMO), vastus lateralis (VL), and rectus femoris
(RF) based on their respective physiological cross-sectional areas
as per (59). The results confirmed our hypothesis that the knee exo-
skeleton reduces quadriceps effort during nonfatigued, multiterrain
LLC tasks, with the caveat of LW having a nonsignificant reduction.
Compared with no-exo, the exoskeleton reduced quadriceps effort

Task: Post-fatigue Freestyle Circuit

The freestyle circuit demonstrated rapid and appropriate task transitions.

Mode: Exo
Status:

Exo Torque (Nm)

4 6
Time (s)

Movie 1. Summary of study results, including demonstration of real-time task
adaptation of exoskeleton torques.

for all tasks by 14.5% on average. The effort reductions were signifi-
cant for all tasks except for LW, as summarized in Table 1. Figure 3
shows the distributions of quadriceps effort for all cases.

These results can be explained by the qualitative match between
the ensemble-averaged quadriceps EMG profiles and the exoskele-
ton torque profiles in Fig. 3, demonstrating the appropriate timing
and magnitude of the assistance torque. Furthermore, figs. S2 to S4
show trends similar to those of the individual quadriceps muscle
profiles (for the VMO, VL, and RE, respectively). Averaged across all
tasks, the VMO, VL, and RF efforts were 15, 14, and 11% lower,
respectively, with the presented exoskeleton/controller com-
pared with no-exo. Because our prior work found that a different
exoskeleton/controller caused high hamstring activation in late
stance (57, 60), we also explored hamstring EMG profiles in fig. S5
by taking the mean of the biceps femoris (BF) and semitendinosus
(ST) recordings. Averaged across all tasks, the mean hamstring ef-
fort was 7% lower with the presented exoskeleton/controller com-
pared with no-exo, indicating that there was not an antagonistic
penalty to the quadriceps effort reductions.

Performance and postural benefits in postfatigue LL

The results confirmed our hypothesis that the knee exoskeleton
decreases the postfatigue LL performance deficit. Compared with
no-exo, the bilateral knee exoskeleton induced a significant
(P <0.01) 43% reduction in the postfatigue time deficit, 95% con-
fidence interval (CI) [23%, 63%], corresponding to 44% (no-exo)
and 1% (exo) increases in postfatigue completion times with re-
spect to prefatigue no-exo completion time. For no-exo and exo
conditions, Fig. 4A shows the distribution of percentage comple-
tion time increases (performance deficits), and Fig. 4B shows the
ensemble-averaged repetition durations over percentage trial pro-
gression (pre- to postfatigue). We also found that the prefatigue
workload % (number of prefatigue LL repetitions performed in
the exo condition as a percentage of the no-exo condition) was
uncorrelated (r = 0.34) with the postfatigue completion time per-
centage (exo condition as a percentage of no-exo condition;
fig. S6). Hence, although the exo condition required fewer repeti-
tions to reach fatigue than no-exo, this did not bias the postfa-
tigue results.

Compared with no-exo, the bilateral knee exoskeleton also in-
duced a significant (P < 0.01) 4.4° reduction, 95% CI [2.1°, 6.6°], in
peak thorax lean deviation (from the minimum lean angle in the
no-exo prefatigue trial) during postfatigue LL. This corresponds to
average deviations of 10.4° (no-exo) and 6.1° (exo) and average

Table 1. Quadriceps effort reductions with exoskeleton assistance. For each task, mean percentage reductions in quadriceps effort are provided—a positive
value indicates that the effort with exo was lower compared with that with no-exo. The lower and upper 95% Cls for percentage reductions in effort are shown

next. Last, the Holm-Bonferroni-corrected P value is given.

Task Effort reduction (%)

Lower CI (%)

Upper Cl (%) P value

Divekar et al., Sci. Robot. 9, eadr8282 (2024)
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absolute peak thorax lean angles of 53.3° (no-exo) and 48.9° (exo).
Figure 4C shows the postfatigue thorax lean deviation distribution
for both conditions, and Fig. 4D shows the ensemble-averaged
deviations over percentage trial progression (pre- to postfatigue).

Figure S7 shows deviations in peak knee flexion angles from their
maximum values observed in the prefatigue phase of the respective
conditions. The fatiguing phase of the trial (—100 to 0%) reveals
a progressive increase in peak thorax lean (and a corresponding
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Fig. 3. Effect of exoskeleton assistance on quadriceps activation during LLC. (A to F) No-exo and exo comparisons of quadriceps effort (top) and activation profiles
(bottom) for the six LLC tasks tested. For each task, the box plots and individual line plots show the distributions of quadriceps effort [weighted mean of VMO, RF, and VL
according to respective physiological cross-sectional areas (59)]. Results for tasks other than LW were generally consistent across participants except for S10, who was the
heaviest participant and thus received the least benefit from the exo relative to body mass; * represents a statistically significant difference (P < 0.05) as per our linear

mixed model with n = 10; **P < 0.01; n.s., not significant. The ensemble-averaged

(dashed curve, positive for extension). The shaded regions represent +1 standard devi

Fig. 4. Mitigation of fatigue-induced performance deficit and thorax lean de-
viation. (A) For the no-exo and exo conditions, box plots and individual line plots
show the percentage increase (performance deficit) in time to complete 10 postfa-
tigue LL repetitions with respect to the prefatigue baseline (time to complete 10
repetitions in the prefatigue no-exo condition for each participant). (B) For the no-
exo and exo conditions, the ensemble-averaged plots depict the pre-/postfatigue LL
repetition durations over percentage trial progression [-100 to 0% represents the
fatiguing phase with a variable number of repetitions for each participant and con-
dition, 0% represents the point of fatigue declaration, and 10 to 100% represents the
(fixed) 10 postfatigue LL repetitions]. The shaded regions represent +1 standard de-
viation about the mean. (C) No-exo and exo comparisons of mean deviation in post-
fatigue thorax lean with respect to the prefatigue baseline (minimum thorax lean
angle observed in the prefatigue no-exo condition for each participant). Larger val-
ues indicate more thorax lean (stooping). (D) No-exo and exo comparisons of pre-/
postfatigue thorax lean deviation from prefatigue baseline over percentage trial
progression. ** represents a statistically significant difference (P < 0.01) as per our
linear mixed model with n = 10.
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quadriceps EMG profiles show general alignment with the exo assistance torque
iation about the mean activation.
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decrease in peak knee flexion angles), with similar slopes and rela-
tive magnitudes between the exo and no-exo conditions. After the
onset of exoskeleton assistance (>0% trial progression), the thorax
lean trajectories for the two conditions diverge, where the exo con-
dition tends to return to prefatigue levels—a similar but less marked
trend can be observed with the peak knee flexion angles, which
were (4 + 13)° higher postfatigue with exo compared with no-exo.
Last, the ensemble-averaged thorax lean profiles in fig. S8 verified
that the peaks in the thorax lean occurred at the bottom of the
squat LL cycles as expected.

Task adaptation and effectiveness ratings during

continuous LLC

The exoskeleton torques rapidly and appropriately adapted to var-
ied terrains over the multiterrain circuit. Focusing on the transi-
tion strides, the across-participant average exoskeleton torques
resemble scaled human torques in Fig. 5, despite the controller
not being trained on transition data. Moreover, Fig. 6 shows im-
portant exoskeleton signals and the resulting assistance torque
as a representative participant continuously traversed the circuit.
Task-sensitive signals dajcy and Sajcaist (defined in Fig. 6 and
fig. S9) change instantly at first contact with new terrain, causing
instant torque adaptation (within 7 ms after contact detection)
followed by consistent behavior during each steady-state activity.
In particular, dajcdist goes low during stationary tasks (activating
the LL virtual spring), and 8aycy goes high during ascent tasks and
low during descent tasks (activating the respective virtual spring).
These signals trigger appropriate changes in assistive torque and
power, delivering more positive work during ascent tasks and
negative work during descent tasks.

The average participant rating for exoskeleton effectiveness
across these multiterrain LLC tasks (postfatigue) was 4.3 out of 5
on the modified Quebec User Evaluation of Satisfaction with As-
sistive Technology (QUEST) survey (61). The individual task
averages were 4.8 for LL, 4.8 for SA, 4.3 for SD, 4.2 for RA, 4.2 for
RD, and 3.6 for LW. See Fig. 7 for the distribution of ratings for
the tasks.

DISCUSSION

State-of-the-art exoskeletons and their control strategies lack the
versatility and customizability to target the critically involved quad-
riceps during multiterrain LLC, which comprise varied tasks includ-
ing high-torque closed-chain squatting as well as open-chain gait
tasks such as LW, ramps, and stairs (see table S2 for a summary of
state-of-the-art LLC controllers). In particular, prior LLC studies
have not demonstrated holistic (multiterrain) and multifaceted
(muscular, performance, postural, and perceptual) exoskeleton ben-
efits, especially in highly fatigued states, which are correlated with
injuries during LL. This paper addresses these gaps with a versatile
energy-based control strategy (see Materials and Methods), which
was first optimized to provide a foundational assistive controller
(matching reference human torques in silico in fig. S1 and table S1)
and then customized to maximize quadriceps assistance during
multiterrain LLC (matching quadriceps activations in vivo in Fig. 3).
When deployed on a backdrivable knee exoskeleton, the assistance
torques provided holistic reductions in quadriceps effort (Fig. 3)
during multiterrain LLC in nonfatigued conditions, significant per-
formance and postural benefits to squat LL in a highly fatigued con-
dition (Fig. 4), and rapid and appropriate adaptation during task
transitions (Figs. 5 and 6) with high ef-
fectiveness rating postfatigue on a multi-
terrain circuit.

Task-adaptive knee exoskeleton
=~ reduces quadriceps effort in
multiterrain LLC

We found a holistic decrease in quadri-

100 0 25 50 75
LW to SD (%)

100 0 25 50 75
RA to LW (%)

0 25 50 75
LW to RA (%)

100 0 25 50 75

ceps effort (without negatively affectin
SD to LW (%) P ( & Y &

the antagonistic hamstrings) across all
H : LLC tasks in the nonfatigued session
(Fig. 3). One of the main factors in these
consistent findings could be our mixed
in silico and in vivo approach to the con-
troller development, whereas prior task-

100 0 25 50 75
LW to RD (%)

100 0 25 50 75
SA to LW (%)

25 50 75
LW to SA (%)

IpsiExo — — — Contra Exo

IpsiHuman — — — Contra Human

agnostic controllers (including our prior
work) were limited by and restricted to
the human dataset that informed their
data-driven training processes (53, 54,

100 0 25 50 75
RD to LW (%)

Fig. 5. Exoskeleton torque during task transitions. (A to H) Exoskeleton commanded torques of the ipsilateral leg
(reference side) are shown in solid red, and the contralateral leg is shown in dashed red for the transition strides aver-
aged across participants for eight transition types. Corresponding biological torques for an 80-kg person (62, 63) are
shown as blue lines, where SD and RD are scaled down to 10%, and other tasks are scaled down to 25% to match assis-
tance levels used (on the basis of user feedback during pilot testing). Note that 0 and 100% on the x axes represent
subsequent ipsilateral heelstrikes. The trailing stride is shown for all transitions except the LW to SD/RD transitions, for
which the leading strides are shown—refer to (63) for stride definitions. The swing portion of the controller is task invari-
ant. Instant adaptation of stance exoskeleton torque can be observed at contralateral heelstrike (CHS), denoted with a
vertical dotted line. The stance torque of the ipsilateral leg (solid red 0 to 60%) is suited for the previous terrain, and the
stance torque of the contralateral leg (dashed red after CHS) is suited for the new terrain. The illustrations depict the
point of the CHS, where the dashed arc is the contralateral footpath, and the solid arc is the ipsilateral footpath.
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57). For example, the training data (62)
used in our initial optimization lacked
sufficient flexion torque during late stance
[diverging from other datasets such as
(63, 64)], which we resolved through
in vivo controller tuning (see Supple-
mentary Methods).

The peaks in assistive torques are
well aligned with the peaks in quadri-
ceps activations across tasks in Fig. 3,

6of 14

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

RA LW SD Lower

_
o
o

Knee Angle (°)

Lift SA LW RD

Lower A

rLift

RA LW SsD

Leg Angle (°)

Lift SA LW RD Lower ¢

Lift RA LW SD Lower

Lift SA LW RD Lower D

RA LW SD Lower

Lift SA LW RD Lower E

RA LW sD

Lift

SA

LW RD Lower F

RA LW SD

Power (W)

Lift SA LW RD Lower G

35

Time (s)

Fig. 6. Important exoskeleton signals during continuous LLC over the multiterrain circuit. (A to G) Seven important signals of the right knee exoskeleton module
during a representative participant’s continuous circuit traversal trial in session 2.2 are shown—see Supplementary Methods for a detailed description of each signal.
Briefly, Fg’RS; shows the GRF sensed by the right foot’s insole, which is approximately 0 body weight (BW) during swing, 0.5 BW during double support (such as during LL),
and 1 BW during single support stance. The knee angle is the difference between the sagittal angles of the thigh and shank inertial measurement units (flexion is positive,
and 0 represents the angle in the anatomical standing position). The leg angle (pseudophase variable) provides an estimate of gait cycle progression whereby 0 repre-
sents standing, and a positive angle is observed when the hip joint center is anterior to the ankle joint center. The vertical difference between the bilateral ankle joint
centers (Sa)cy) is used to update the estimate of terrain inclination at heelstrike, in turn, modulating activation of the ascent and nonascent springs (as seen in the torque
plot). The distance between the bilateral ankle joint centers at heelstrike (Sajcdist) is used to estimate the symmetry between the two limbs, in turn, modulating activation
of the LL spring (fully active for low 8a,c,). The task-adaptive knee exoskeleton torque (positive for extension) is shown next. Last, the power delivered by the exoskeleton

is shown in the last panel, which is predominantly positive except for the descent tasks (including the first part of LL) as expected.

explaining the significant reductions in quadriceps effort in the exo
condition (except for LW). It should be noted that human muscles
are much more efficient in performing negative work (as required in
descent tasks) compared with positive work (required in ascent
tasks). It is, therefore, understandable that participants found the
assistive torques the most helpful in the tasks requiring high positive
work (Fig. 7). SA, LL, and RA had the highest reductions in quadri-
ceps effort. On the other hand, the knee exoskeleton was the least
effective at assisting LW. This task received the lowest effectiveness
rating postfatigue (3.6 of 5) and was also the only task that had a
nonsignificant decrease in quadriceps effort with exoskeleton assis-
tance. This result can be explained by the fact that LW exhibits the
lowest knee moments out of all tasks (fig. S1) and accordingly re-
ceived the lowest assistance torque magnitude (Fig. 3). These assis-
tive torques were well aligned to the quadriceps activation profile,
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but we suspect that soft tissue compliance prevented effective en-
ergy transfer from the relatively smaller exoskeleton torques associ-
ated with LW. Fortunately, the presented exoskeleton/controller
satisfactorily eliminated the high peaks in late-stance hamstring ac-
tivation seen in our prior studies (57, 60), likely as a result of adding
knee flexion torques via gravity compensation and using a signifi-
cantly lighter exoskeleton. In summary, the exoskeleton success-
fully reduced quadriceps effort in the quadriceps-intensive tasks
that contribute most to muscular fatigue without an observed
penalty.

Quadriceps assistance mitigates fatigue-induced LL
performance and posture deficits

Fatigue is inevitable in physically demanding jobs and is a causal
factor for work-related musculoskeletal disorders (I1). Our results
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Fig. 7. Modified QUEST summary. (A to F) Stacked histograms show the individual results of the modified QUEST for
the six postfatigue tasks of LL, RA, SA, LW, RD, and SD. The tasks were performed as part of the continuous circuit. The
participants rated their satisfaction with the exoskeleton assistance on a scale of 1, not satisfied at all; 2, not very

satisfied; 3, more or less satisfied; 4, quite satisfied; and 5, very satisfied.

demonstrate that the exoskeleton can mitigate the deleterious effects
of fatigue on LL performance (2) and posture (23), which has impli-
cations for injury risk. Neuromuscular fatigue can be quantified by
the decrease in the muscle’s peak force production ability (or peak
torque of the corresponding joint). The peak knee torque for a fast
squat is about 1.4 Nm kg™ (65), or about 100 Nm for an average
person. During the fast LL squats performed in our study, the peak
knee torque is required at the bottom of the squat to redirect the
body’s downward momentum upward. The bottom of the squat is
also where we observed the peak in postfatigue thorax lean (fig. S8),
a likely consequence of participants trying to reduce the moment
arm on the knee (and stress on the fatigued quadriceps) in this bio-
mechanically compromised position. The peak of the exoskeleton
torque profile was well aligned with this high-torque squat phase
(providing about 25% of biological torque), resulting in good align-
ment with the quadriceps EMG peaks (Fig. 3). Accordingly, exoskel-
eton assistance yielded a 22% reduction in mean quadriceps effort
and a 23% decrease in peak activation for nonfatigued LL. This re-
sult is in line with the ~18% reduction in quadriceps activation dur-
ing lowering in (49) but differs from the 60% reduction found with
just 16-Nm peak assistance torque in (66). However, the participants
in (66) had a highly bent-over posture during the squat lifts, sug-
gesting that a much lower net knee extension torque was required
for their task (for which 16 Nm is a higher percentage).

A fatiguing squat study reported a 25% decline in maximal quad-
riceps force after fatiguing exercises (67), but we did not measure
maximal quadriceps forces pre- and postfatigue in our study. If we
make relatively broad assumptions of a linear relationship between
EMG and force (68) and consider fast LL as a maximal activity for the
quadriceps, then the 23% savings in peak quadriceps force afforded
by the exoskeleton was likely sufficient to fully overcome the sup-
posed 25% deficit in force from the induced fatigue. This could
explain how the exoskeleton assistance enabled the participants to
significantly reduce their fatigue-induced deficit in time to complete
10 LL repetitions by 43% and with significantly better posture (4.4°
decrease in global thorax angle) compared with the no-exo condition.
The exoskeleton assistance limited the fatigue-induced time deficit
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m ST toamere 1% increase relative to prefatigue
o 2; levels. On the other hand, the LL dura-
@ s4  tions in the no-exo condition increased
- zg substantially postfatigue, indicating a per-
m 57 sistent fatigue-induced performance defi-
o 2 cit. The mean LL repetition durations
o s10  before declaring fatigue were quite similar

2 3 4 5

for both the no-exo and (passive) exo con-
Rating of SA

ditions, suggesting similar levels of fa-
tigue. After participants declared fatigue,
both conditions had a peak LL duration
at the first repetition because this was
when they experienced peak fatigue.
Participants were instructed to pause just
long enough to be able to continue with
proper squat form during postfatigue
repetitions; the first pause allowed re-
covery to a fatigue level marginally be-
low failure, which was maintained over
subsequent repetitions. The exo condi-
tion likely had a smaller pause because
participants had more confidence con-
tinuing after fatigue when assistance was expected. The postfatigue
LL feedback rating of 4.8 was also the highest among the tasks
(almost a perfect 5 out of 5), supporting the effectiveness of the exo-
skeleton assistance at a perceptual level.

The exoskeleton’s replenishment of the diminished quadriceps
force in postfatigue LL explains the significant reduction in peak
thorax lean (amount of stooping) for the exo condition compared
with the no-exo condition. A similar rate and magnitude of increase
in peak thorax lean were observed between the no-exo and (passive)
exo conditions in the fatiguing phase of the trial (—=100 to 0% trial
progression in Fig. 4D), indicating similar intensities of fatigue. This
observation agrees with a classic study showing that quadriceps
fatigue leads to a compensatory change in posture (more stooping)
(23). Upon the onset of exoskeleton assistance (>0% trial progres-
sion), the peak thorax lean returns quickly (within two postfatigue
repetitions) toward a prefatigue level, indicating mitigation of fa-
tigue. In contrast, the no-exo condition continues to gradually in-
crease (reaching its highest point at the third postfatigue repetition)
before leveling off at a noticeably higher value than the prefatigue
level, suggesting retention of high-fatigue postural effects. Without
assistance, the participants likely offloaded their highly fatigued
quadriceps by leaning forward and thus reducing the moment arm
on their knees. In contrast, exoskeleton assistance enabled partici-
pants to use more of their legs, thus precluding stooping—this can
be observed in the ensemble average deviation in peak knee flexion
angle in fig. S7. Moreover, although fatigue decreases peak knee
flexion (hence also knee range of motion) at similar rates and mag-
nitudes in both conditions (—100 to 0% trial progression), exoskel-
eton assistance partially recovered the loss in the range of motion
(>0% trial progression), allowing for a straighter and safer back
posture.

The observed changes in posture were likely subconscious
phenomena because participants were reminded to (i) maintain
proper squat posture during the fatiguing portion and (ii) take a
longer pause if they perceived an imminent compromise in pos-
ture during the postfatigue portion. This likely resembles real
workplace scenarios, where fatigue-induced injurious changes in

2 3 4 5
Rating of SD
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posture occur subconsciously to override worker training and
guidelines. Our study showed a partial reversal of compensatory
changes in posture via exoskeleton assistance. This intervention
addresses the root cause of postural changes (fatigued quadri-
ceps) rather than simply alerting the user by means of a vibrator
as in (69).

Study limitations

A possible limitation of this study was relying on participants’ per-
ception of their point of failure to control the level of fatigue be-
tween no-exo and exo conditions. However, the self-assessed failure
point, identified by a disproportionately large increase in effort to
complete the desired movement with proper form, is commonly
used in resistance training (70) and fitness tests (71). EMG has been
used to estimate neuromuscular fatigue offline with mixed results
(72), but real-time assessment to declare fatigue would have been
impractical. Nevertheless, the similarities between conditions in
repetition durations (Fig. 4B), thorax angle (Fig. 4D), and knee
angle (fig. S7) leading up to fatigue (=100 to 0% trial progres-
sions) suggest that the participants reached similar levels of fatigue
at failure.

In addition, the two fatiguing conditions (no-exo and exo) were
performed on the same day (session 2), potentially causing greater
fatigue for the second condition. This study design was intended to
make it easier for participants to declare fatigue at a similar point of
failure. To minimize the possible confound, we gave participants
ample time to rest between conditions and alternated the order of
conditions between participants. Moreover, the effect of the order
was nonsignificant in explaining the postfatigue performance and
posture outcomes.

Although the observed reductions in quadriceps effort did
not have an associated penalty with the hamstrings, we did not
study associated changes in other leg muscles or overall meta-
bolic cost. It is worth noting that the RF (fig. S4) serves as both a
knee extensor and hip flexor and that the hamstrings (fig. S5)
serve as both knee flexors and hip extensors, giving some insight
into the hip effort. Even if other muscles had increased effort,
they are less susceptible to fatigue than the quadriceps in squat
LL (22) and ramp/stair (31) tasks. By focusing on quadriceps ef-
fort, the presented knee exoskeleton improved LL posture and
performance and received high subjective scores during continu-
ous LLC trials. However, we did not examine cumulative activa-
tion of the quadriceps during these continuous trials, which is
left to future work.

Future work

The significant reduction in quadriceps EMG during nonfatigued LL
suggests that the exoskeleton could also delay the onset of fatigue,
which could be studied with an endurance test until failure. Future
work could also integrate the presented knee exoskeleton with a hip-
back brace to directly offload the lower back, helping workers lift
loads that cannot be placed between the feet (because of their shape
or size). Furthermore, hip and/or ankle assistance may be necessary
during frequent level-ground carrying, where a knee exoskeleton
alone offers little benefit. The inherently modular nature of the knee
exoskeleton presented in this study allows it to be readily interfaced
with a hip-back and/or ankle exoskeleton to provide versatile assis-
tance for LLC tasks, including stooping. We presented a modular
knee-hip combination of our exoskeleton in prior work, albeit only
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performing a single LL task with a simple gravity-shaping con-
troller (48).

In future work, we hope to extend the control approach devel-
oped here to combinations of hip-knee-ankle modules and test their
efficacy in continuous LLC with various types of loads. Furthermore,
additional tasks could be supported by the presented control meth-
ods, such as backward hauling of loaded trolleys/dollies up stairs and
ramps. The customizable controller can also be extended to general-
purpose assistance for mobility-limited individuals, such as the el-
derly, by modifying the LL spring for sit-stand tasks. The coefficients
for the three types of springs and gravity compensation can be safely
and independently tuned, enabling future customization to unique
gait impairments. This control approach is also amenable to person-
alization via human-in-the-loop optimization, which requires a
small set of tunable parameters (42, 55).

Conclusion

The presented knee exoskeleton and the controller provided versa-
tile assistance across multiterrain LLC tasks, effectively mitigating
quadriceps fatigue. These results suggest that knee exoskeletons
could be deployed in physically demanding workplaces to reduce
fatigue, enhance lifting performance, and potentially reduce the risk
of lower back injuries. This control framework also addresses funda-
mental limitations with emerging task-agnostic exoskeleton con-
trollers, which typically lack interpretability, customizability, safety
guarantees, predictability, and/or responsiveness during transitions.
Achieving biomimetic torque prediction via data-driven optimiza-
tion provides a general foundation from which the small set of
intuitive parameters can be customized for personalized assistance
or different use cases, including elderly assistance or specific gait
impairments.

MATERIALS AND METHODS
Controller overview
Our control objective was to safely, rapidly, and appropriately
adapt exoskeleton assistance torque across several common activi-
ties, specifically tailored to reducing quadriceps effort during mul-
titerrain LLC. To make the controller stable and predictable, we
took inspiration from the energy-shaping framework previously
used to design energetically passive controllers within the stance
or swing phase (73). Instead of tracking reference trajectories, this
style of controller can generate torques to augment the mechanical
energy of the coupled human-exoskeleton system in a manner that
assists various activities (for example, compensating gravity and/
or inertia). A theoretical guarantee of passivity ensures that the
exoskeleton cannot inject net positive energy over a cycle between
identical leg configurations, with the exception of instantaneous
changes in potential energy when switching between distinct
stance and swing controllers. This further implies that the human
retains control over net energy growth and that the exoskeleton
cannot cause unstable energy injection or oscillations. This guar-
antee is particularly important when operating outside the con-
troller’s design/training conditions (74), whereas emerging neural
network-based approaches such as in (54) are inherently unpre-
dictable in such circumstances.

However, strict energetic passivity only allows energy injection
when switching between stance and swing controllers (for example,
changing the equilibrium angle of a virtual spring), which precludes
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continuous energy injection throughout the stride. We therefore re-
laxed the passivity requirement in our controller design to permit
both small continuous injections and large event-based injections of
energy as in (57). As an example of the former, we used a gravity
compensation term at the knee that depends on the global angle of
the shank during phases of underactuation (57). As an example of
the latter, a preloaded ascent spring activates when the foot touches
down to propel the user up stairs or on ramps, where the amount of
energy injection is a predictable function of the initial knee flex-
ion angle.

The approach in (57) relies on purely data-driven optimization to
choose dozens of unintuitive controller parameters, which are diffi-
cult to adjust for different use cases like LLC. To build an intuitive
and customizable controller (depicted in Fig. 2), we began with a
short list of physical, bounded components that obey the assump-
tions of (57). These components include springs, dampers, inertia
compensation, and gravity compensation, and because each one
maps from measurable quantities to torque, they can serve as basis
functions to parameterize the control law. We then deviated from
the energy shaping framework (57) by heuristically modulating
these core torque bases into specialized task- and phase-specific be-
haviors. We obtained task-specific stance torque bases (for example,
ascent spring) that are suitable for specific task categories (for ex-
ample, incline walking) and general swing torque bases (for exam-
ple, modified gravity compensation) that are universally helpful in
swing (in other words, task-invariant). A part of this specialization
involves “phase sensitization” using a robust phase variable (75),
which, for example, suppresses the ascent spring in late stance that
would otherwise hinder the transition to swing.

Next, the process of “task sensitization” modulates the special-
ized stance torque basis functions to accommodate differences be-
tween activities and variations within activities. For example, the
ascent spring injects net positive energy only for incline or up-stair
tasks (with higher energy injected for steeper inclines), and a nonascent
spring damper absorbs energy only for decline, down-stair, and LW
tasks. Essentially, task sensitization involves scaling the specialized
basis functions by smooth functions of task-sensitive signals (for ex-
ample, the height differential between the two ankle joint centers at
heel-strike, which is sensitive to terrain incline). Summing the task-
sensitized stance basis functions gives the task-adaptive stance
torque function, which is parameterized fully by kinematic and GRF
feedback. Last, the GRF-weighted convex combination of the task-
adaptive stance torque function and task-invariant swing torque
function provides the final task-adaptive knee torque. See Supple-
mentary Methods for a detailed description of the controller and its
data-driven optimization and in vivo customization, resulting in the
parameters given in table S3.

Hardware/controller implementation

The controller was implemented on an improved, bilateral ver-
sion of our M-BLUE knee exoskeleton module (48), as shown in
Fig. 1B. Each module had a highly backdrivable commercial actua-
tor (T-Motor AK80-9), comprising a high-torque pancake motor
and an internal 9:1 planetary gearset. This actuator has very low re-
flected friction and inertia (92.1 kg-cm?), enabling high-bandwidth
torque control [42- to 60-Hz cutoff (76)] without a torque sensor as
commonly used with higher inertia actuators [such as 691.5 kg-cm”
in (73)]. In particular, the output torque of the AK80-9 actuator can
be accurately modeled as a function of g-axis motor current with
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less than 0.39-Nm error (48). Therefore, tracking of the desired out-
put torque was handled by the FASTER motor driver (Dephy, Inc.)
in the current control mode. We bypassed the driver’s default ther-
mal limits and implemented a thermal model-based torque limiter
that smoothly tapers the actuator torque on the basis of the esti-
mated coil temperature (77), allowing short (1- to 2-s) bursts of
higher peak torques (limited to 25 Nm) than the default setting. We
also implemented a GRF sensor (IEE Sense) on the basis of a matrix
of force-sensitive resistors. Last, we improved comfort and practi-
cality by attaching the Raspberry Pi computation unit onboard, im-
plemented waist-mounted “plug-and-play” power tool batteries for
better familiarity with construction workers, and included a waist
suspension strap to prevent exoskeleton slipping/sliding.

The Raspberry Pi-embedded computer ran a 150-Hz real-time
control loop to compute the task-adaptive torque commands on
the basis of sampled sensor feedback. Each torque command was
converted to a g-axis motor current command [using the identi-
fied torque model from (48)] and sent to the motor driver over
USB. Running its own low-level control loop at 10 kHz, the motor
driver tracked the commanded g-axis current (and thus torque)
before receiving the next command from the high-level control
loop. Figure S10 depicts the current/torque tracking for a repre-
sentative participant performing a continuous LLC circuit travers-
al. Across participants, the average root mean square error between
commanded torque and estimated torque (measured current X
gear ratio 9:1 X motor torque constant 0.146 Nm/A) was 0.61 Nm
with a standard deviation of 0.05 Nm.

Experimental protocol

We sought to study the effects of the controller/exoskeleton on per-
formance, posture, muscle activity, and user perception during
assisted multiterrain LLC in fatigued and nonfatigued conditions
(Fig. 1A). The study was approved by the Institutional Review Board
at University of Michigan (HUMO00201957) and associated with
clinical trial number NCT05240014. Ten (n = 10) participants (five
males, five females, age 25 + 1 years) who had prior knowledge
of and experience with the squat lifting technique completed this
study (see table S4 for demographics). The experiment was divided
into two sessions: nonfatiguing and fatiguing, which were completed
on two separate days at least 1 week apart to provide adequate
recovery time.

Before the first session, participants underwent exoskeleton ac-
climation for approximately 15 min, in which they traversed the
multiterrain circuit until they felt comfortably attuned to the behav-
ior of the exoskeleton. For the ascent tasks, the experimenter ex-
plained the intuitive concept of using a preloaded spring (likened to
a spring-loaded toy car). For descent and LW tasks, we explained the
concept of a bracing knee spring that prevents knee buckling.

Last, for the squat LL task, the concept of a velocity-dependent
torsion spring was explained by likening it to intention detection.
For the squat descent (negative work) portion, we explained that the
knee spring would resist the user’s downward motion less if it de-
tected a stronger intention to descend (faster knee bending). For the
squat ascent portion, because the direction of velocity was the same
as that of the spring torque, we explained that the controller would
feel similar to a conventional torsion spring.

After acclimation with the exoskeleton, we acquired important
gait parameters for each participant in the no-exo condition for each
portion of the circuit except LW. For ascent tasks (ramp and stairs),
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we acquired the participants’ maximum knee extension velocity in
stance, and similarly, for descent tasks, we acquired their maximum
knee flexion velocity in stance. For LL, we acquired the maximum
knee extension velocity of the squat ascent portion. These parame-
ters served as experimental controls in session 1.
Session 1 (nonfatiguing) protocol
The purpose of this session was to assess the effect of the exoskeleton
on quadriceps effort in six tasks (LW, RA, RD, SA, SD, and squat LL)
in a nonfatigued state. Accordingly, participants traversed each por-
tion of the ramp/stair circuit and a 10-m level walkway multiple
times until we collected at least 10 gait/task cycles for each task in
which the corresponding maximum velocities in stance were within
+10% of the baseline values collected during acclimation. Because
LW is relatively more common and natural than the other tasks, we
did not enforce a velocity constraint and instead asked participants
to walk at their self-selected speed. The tasks were repeated with
both no-exo and exo conditions, with the order of the conditions
alternated between subsequent participants. To emulate safe carry-
ing etiquette, for the SD and RD tasks, participants were reminded
to carefully walk and lower themselves down and not to skip or hop
down. Because a variety of SA styles exist—knee-dominant (most
common), hip-dominant, and ankle-dominant—it was plausible for
newly acclimated participants to change their climbing style in re-
sponse to the assistive knee torques, potentially confounding the
EMG comparisons between conditions. We thus encouraged the
participants to use the most common knee-dominant style for both
conditions (during both acclimation and data collection trials),
which turned out to be the natural style for all participants.
Session 2 (fatiguing) protocol
The purpose of session 2 was to assess the mitigating effect of the
exoskeleton on postfatigue LL performance deficit when enforcing
the squat form and to acquire a subjective assessment of its effective-
ness on postfatigue multiterrain LLC. Accordingly, participants per-
formed continuous squat LL repetitions with a 9-kg kettlebell until
“failure;,” with no pausing allowed between repetitions. Participants
were instructed to verbally declare failure when they felt they could
no longer complete the next repetition with proper squat form with-
out needing a pause. Declaring fatigue initiated a time trial of 10
fatigued LL repetitions in which participants were permitted to pause
long enough after repetitions to complete the next repetition with
perceived good squat form. The participants were oblivious to the
timed nature of the trial and were instructed to focus their attention
on their posture. This process was repeated without the exoskeleton
and with the exoskeleton. The order of conditions was alternated be-
tween participants, and a minimum break of 15 min (or longer if the
participant desired) was enforced between conditions. For the exo-
skeleton condition, the fatiguing repetitions were performed with
the exoskeleton in passive mode, for which the exoskeleton has an
imperceptible ~1-Nm backdrive torque for the joint accelerations
encountered during LL (48). With the use of a wireless push button,
the researcher changed the exoskeleton to active mode immediately
after “fatigued” was declared by the participants, providing the par-
ticipants with assistance during the postfatigue repetitions.
Immediately after completing the 10 postfatigue LL repetitions,
the participants walked over a multiterrain circuit while carrying
the 9-kg mass. The circuit comprised a 3.7-m ramp inclined at 15°, a
short level platform of 2 m, and a five-step staircase with an 18-cm
step height. The circuit was traversed in a continuous, freestyle fash-
ion in both directions and included a squat LL repetition on both
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ends of the circuit to emulate a workplace multiterrain LLC scenario.
Two round-trip laps of the circuit were completed for each condi-
tion. After completing the circuit with the second condition, par-
ticipants rated the effectiveness of the exoskeleton assistance over
the circuit by filling out a modified QUEST (61) questionnaire (see
table S5 for the list of questions). The questionnaire gathered dis-
cretized ratings of 1 to 5 (not satisfied at all, not very satisfied, some-
what satisfied, quite satisfied, and very satisfied, respectively) for all
steady-state portions of the circuit (RA, RD, SA, SD, LW, and LL).
The participants only considered the effectiveness of the exoskeleton
during the postfatigue circuit traversal.

Data collection

Multiterrain quadriceps effort

In session 1, after appropriate skin preparation, we secured five EMG
electrodes (Trigno Avanti and Snap, Delsys, MA, USA) onto the par-
ticipant’s right VMO, VL, RE BE and ST to assess quadriceps and
hamstring muscle activation. Participants performed an MVC pro-
cedure comprising explosive jump squats (eliciting maximal dynam-
ic contraction) and maximal isometric contraction against manual
resistance, which enabled EMG data to be normalized to %MVC.

To assess muscular effort, we calculated the mean of the MVC-
normalized root mean square signal for each gait/task cycle. The
root mean square signal provided by the Delsys EMG acquisition
software was used for this purpose (window length: 125 ms, 122-ms
overlap). Because we were interested in gross quadriceps effort, and
to reduce the number of degrees of freedom in our statistical analy-
sis, we took the weighted average of the three quadriceps muscles
that we recorded to get a gross quadriceps effort metric. The weight-
ing was based on the respective physiological cross-sectional area of
each muscle as per (59).

Postfatigue LL performance deficit

Postfatigue LL performance deficit was evaluated by the percentage
increase in time to complete 10 LL repetitions after the participant
exclaimed “fatigued” in session 2, with respect to baseline. The base-
line was determined by the time to complete the first 10 LL repeti-
tions during the prefatigue phase in the no-exo condition for each
participant. An LL repetition started with the participant standing
in the upright posture without the weight, then lifting the weight
from the ground and attaining the upright standing posture, lower-
ing the weight back to the ground, and standing upright once again
without the weight. Because some participants declared fatigue mid-
way through repetition, the time measurement was started when the
last fatiguing repetition was fully completed. Because pausing be-
tween repetitions was allowed in the 10 postfatigued repetitions,
most participants took a 2- to 3-s pause immediately after declaring
fatigue—this time was included in the time to complete metric. The
time to complete analysis was performed offline using sagittal-plane
video recordings.

Postfatigue LL posture deviation

Although squatting posture was an experimental control in session
2, we performed an exploratory analysis of lifting posture (peak tho-
rax lean) to see whether the exoskeleton helped participants main-
tain a better squat form. A Vicon motion capture system (Oxford
Metrics, Oxford, UK) was used to collect three-dimensional marker
trajectories for session 2’s LL trials. Retroreflective markers on the
torso were placed at C7, T10, CLAV, and STRN to define the thorax
segment (78). Three additional backup markers were placed on the
shoulders and lower back to aid in postprocess gap filling. After
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appropriate data cleanup, gap filling, and filtering, we calculated the
sagittal plane global thorax angle with respect to upright standing
(0°) (79). First, the peak global thorax angle was found for each lift-
ing and lowering squat. Next, the deviation in thorax lean was calcu-
lated by subtracting the value of the lowest peak found in the
prefatigue no-exo condition. Last, the mean of the deviations from
20 postfatigue squats total (10 lifts and 10 lowers) was taken for each
participant and condition.

Statistical analysis

Our power analysis (for 80% power, a = 0.05) on pilot data for LL
performance and EMG returned a sample size of n = 10. After col-
lecting data from all 10 participants, we first confirmed the normal-
ity of the data using QQ plots.

Quadriceps muscular effort was analyzed using a linear mixed
model in MATLAB with restricted maximum likelihood estimation
of parameters. Data from our 10 participants were tabulated with
information comprising log-transformed quadriceps muscle effort,
condition (no-exo, exo), and sex (male, female). We defined exo-
skeleton condition and sex as categorical variables and fit a separate
linear mixed model for each task, where the condition and sex are
fixed effects and the participant is a random effect

Effort ~ Condition + Sex + ( 1|Participant) (1)

The linear mixed model provided the effect sizes and uncorrected
P values for the fixed factors. We corrected the P values for multiple
comparisons (six tasks) using the Holm-Bonferroni correction. For
the postfatigue performance and posture metrics, a similar linear
mixed model included additional fixed effects of order (no-exo ver-
sus exo condition) and prefatigue workload (number of LL repeti-
tions required to fatigue), without having to correct for multiple
comparisons. The workload was log-transformed before analysis
and mean-centered for each sex and condition combination.
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conclusions. Dryad contains data files S1 and S2. Data file S1: Session 1—for each
participant and condition: normalized EMG profiles and mean values for each LLC task;
exoskeleton torque, GRF, sagittal knee angle, sagittal thigh angle, and sagittal shank angle
profiles for each LLC task. Data file S2: Session 2—for each participant and condition:
repetition duration, thorax lean (raw and deviation), and peak knee angle (raw and
deviation) across LL trial progression; 10 postfatigue squat LL repetition completion time
deficit; mean thorax lean (raw and deviation), and mean peak knee angle (raw and

Divekar et al., Sci. Robot. 9, eadr8282 (2024) 18 September 2024

deviation) of 10 postfatigue squat LL repetitions; and postfatigue modified QUEST feedback

ratings for each LLC task.
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Editor’'s summary

Fatigue among workers engaging in physically demanding tasks increases their risk of injury. In particular, fatigue-
induced musculoskeletal injuries occur because of repeated lifting, lowering, and carrying activities among workers.
Divekar et al. have developed an adaptive knee exoskeleton controller that provides assistance to users depending
on the tasks carried out. The exoskeleton controller was capable of application-specific tuning without user calibration.
It was shown to minimize quadriceps muscle fatigue among participants carrying out repetitive multiterrain lifting,
lowering, and carrying tasks. —Amos Matsiko
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