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Motor adaptation is the process of adjusting motor commands to perform a movement task
under altered conditions. The ability and time needed to adapt to an exoskeleton may be
crucial to their acceptance and effectiveness. The mechanical changes with exoskeletons
are multi-faceted. Therefore, this study focused only on the additional mass and aimed to
investigate motor adaptation to bilaterally loaded walking. Six females and six males
(24.6+3.8y; 173.31£9.4cm; 66.4+10.1kg) walked with and without weight cuffs attached to
their thighs and shanks on a treadmill. Spatio-temporal parameters and lower-limb sagittal
angles did not show the hypothesized adaptation progressions and after-effects. Yet,
angle-angle diagrams exhibited patterns that may reflect adaptation. Adaptation may occur
in the interplay of the lower limb segments, reflecting underlying motor control processes.
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INTRODUCTION: Lower-limb exoskeletons are increasingly used in rehabilitation and
industry. However, their mechanical properties change the user’s leg mechanics (Qiu et al.,
2023) and probably require the user to adapt the motor commands to achieve and maintain
stable walking (Poggensee & Collins, 2021). In motor neuroscience, this process is known as
motor adaptation. The motor system responds to perturbations to regain a former performance
level in the new setting. The adaptation process typically shows a monotonic increase in
performance, which is initially rapid and then converges to an asymptote close to the original
performance level (exponential course). When the perturbation is removed, participants show
“after-effects”, deviations in the opposite direction to those when the perturbation was first
introduced (Krakauer et al., 2019). Motor adaptation has been studied extensively in upper
limb movements but much less in locomotion (Severini & Zych, 2022). The ability and time
needed to adapt walking may be crucial to exoskeleton use, as difficulties or prolonged
adaptation time may reduce their acceptance and effectiveness. Considering that older people
often have problems maintaining a stable gait (Verghese et al., 2006), the adaptation phase,
which comprises the steps after putting on the exoskeleton, and the de-adaptation phase,
which comprises the steps after taking off the exoskeleton, may be critical, as gait during these
phases likely exhibits instabilities. However, there has been barely any research into motor
adaptation to walking with exoskeletons (Poggensee & Collins, 2021), especially as various
factors influence the gait pattern with exoskeleton assistance (Qiu et al., 2023). To approach
the multi-faceted influences, we simulated the mass of a lower limb exoskeleton under
development. This study aimed to investigate motor adaptation to bilaterally loaded walking in
young participants to establish baseline information helpful to developing exoskeletons. Based
on the adaptation literature (Krakauer et al., 2019), we hypothesize that (H1) people adapt to
loaded walking, i.e., reduce the deviation in the parameters’ values induced by the weight cuffs
with ongoing strides, and that (H2) people show after-effects when walking after the weight
cuffs are taken off. This research is also relevant for training in sports and rehabilitation, as
walking with additional loads is a common practice (Washabaugh et al., 2020).

METHODS: Twelve healthy volunteers (six females and six males; 24.6 + 3.8 years; 173.3 £

9.4 cm; 66.4 + 10.1 kg) walked on a treadmill (h/p/cosmos Saturn; Nussdorf-Traunstein,
Germany; Figure 1) with and without weight cuffs attached to their thighs and shanks (4 x 2.25
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Figure 1: Experimental setup (left) and protocol (right). The analyzed phases are highlighted. The
red phase will be referred to as “washout”. Figure modified from Riedel et al. (2023).

kg = 9 kQ), representing a typical weight of lower-limb, gait-assisting exoskeletons (Bortole et
al., 2013). A custom-made hip belt with Velcro straps ensured proper weight cuff positioning.
The lower edge of the thigh’s weight cuff was fixed 10 cm above the knee joint. Sixteen
cameras (200 Hz; Vicon, Oxford, UK) captured full-body movements using a modified Master-
Motor-Map marker setup with 56 markers (Mandery et al., 2016). The participants walked
without weight cuffs on the treadmill for six minutes to familiarize themselves; then, their
individual preferred gait speed was measured (4.0 £ 0.3 m/s). The order of blocks | and Il, as
shown in Figure 1, was counterbalanced across the participants. The marker trajectories were
post-processed and filtered (6 Hz low-pass, 4™-order Butterworth) with VICON Nexus (v2.14.0,
Vicon, Oxford, UK) and MATLAB (R2023a, The MathWorks, Natick, MA, USA). Contrary to
well-known adaptation paradigms, a metric reflecting motor adaptation to bilateral loaded
walking has not yet been described. Therefore, step width, stride length, stance phase, stride
time, and cadence were evaluated. Sagittal hip, knee, and ankle angles were derived with
OpenSim’s Inverse Kinematics Tool (OpenSim v4.4) using the model by Arnold et al. (2010).
For gait coordination analysis (Wheat & Glazier, 2006), hip-knee and knee-ankle diagrams
(“coupling angles”) were calculated. To test differences between unloaded walking (five strides
in the middle of the unloaded phase) and the start and end of loaded walking (first five and last
five strides; H1), repeated-measures ANOVA and post-hoc Bonferroni-corrected dependent t-
tests were used (p = 0.016). Dependent t-tests were used to test for differences between
unloaded walking and the start of the washout (first five strides; H2). The significance level was
set a priori at two-sided p = 0.05.

RESULTS: The parameters deviated partially from unassisted to the start of loaded walking
(Table 1: puos) and did not exponentially converge back toward the end of loaded walking at
the same time (H1 rejected; Table 1: pu-e, psog; Figure 2A). Furthermore, the parameters did
not show after-effects, i.e., mirror-inverted values during washout (H2 rejected; Table 1: puow).
However, the coupling angles showed changes, especially during the swing phase (Figure 2B),
in line with H1 (indicated by arrows).

DISCUSSION: This study analyzed motor adaptation to bilaterally loaded walking on a
treadmill with spatio-temporal parameters and sagittal lower-limb joint angles. Contrary to our
hypotheses and the literature (Krakauer et al., 2019), people demonstrated neither a classical
exponential adaptation progression during loaded walking (H1) nor after-effects (H2) based on
the evaluated parameters. Yet, the coupling angles revealed patterns, especially regarding the
change from unloaded to loaded and during loaded walking, possibly indicating underlying
adaptation processes. In general, adding masses leads to kinematic differences at the ankle
and knee during early swing and at the hip throughout the gait cycle (Fang et al., 2022). We
can now add that these differences change over time during loaded walking and, thus, may
reflect adaptation. Possibly, adaptation occurring in the coordination of the lower limb
segments is not reflected by the spatio-temporal parameters. Instead, people might be able to
switch their walking patterns immediately to achieve the task goal - they can immediately walk
at the imposed speed with weight cuffs attached. But still, adaptation may happen in the
underlying control processes, e.g., optimizing the interplay of the lower limb segments to
minimize energetic cost successively (Selinger et al., 2015). A possible contrasting explanation
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Table 1: Statistical results to evaluate adaptation during loaded walking (H1, top) and after-
effects (H2, bottom). Statistically significant differences are in bold numbers.

Adaptation Unloaded Start loaded End loaded PANOVA Puss  PucE  PsoE

Stride time [s] 1.16 £ 0.07 1.19+0.08 1.21+0.08 <0.01 0.035 <0.01 0.106
Stride length [m] 1.30+£0.09 1.34 £ 0.07 1.36 £ 0.08 <0.01 0.035 <0.01 0.091
Stance phase [%] 66.47 £+0.83 64.68+1.10 64.98+0.83 <0.01 <0.01 <0.01 0.125
Step width [m] 0.08 £ 0.03 0.11 £0.03 0.10£0.03 <0.01 <0.01 <0.01 0.142

Cadence [steps/min] 104.15+5.85 101.32+6.97 99.58+6.55 <0.01 0.039 <0.01 0.089
Sag. hip RoM [°] 41.44 +4.87 4222+484 43.64+599 0.132

Sag. knee RoM [°] 64.13+4.97 57.36+530 61.40+540 <0.01 <0.01 <0.01 <0.01
Sag. ankle RoM [°] 29.07+6.73 24.16+4.22 26.99+533 <0.01 <0.01 0.035 <0.01
Washout Unloaded Washout puow

Stride time [s] 1.16 £ 0.07 1.15 + 0.07 0.473

Stride length [m] 1.30 £ 0.09 1.29 +0.08 0.211

Stance phase [%)] 66.47+0.83 66.37+1.10 0.470

Step width [m] 0.08 + 0.03 0.07 + 0.03 0.224

Cadence [steps/min] 104.15+5.85 104.56 +6.72 0.508

Sag. hip RoM [°] 41.44+4.87 42.17+3.90 0.255

Sag. knee RoM [°] 64.13+4.97 63.69+4.76 0.534

Sag. ankle RoM[°] 29.07+6.73 27.20+5.98 0.041
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Figure 2: A: Change of stance phase duration over time in the three phases as a representative
of the spatio-temporal parameters. B: Coupling angles of hip, knee, and ankle sagittal angles.
The green arrows illustrate the change (first inward at the start of loaded walking and then back
toward unloaded walking with increasing strides).

for why typical adaptation patterns are not displayed might be that walking with additional loads
is a frequent task, e.g., wearing hiking boots. They might, thus, have formed a permanent
walking pattern approximating the new movement (our setup) and be able to switch their gait
pattern rather than needing to adapt over multiple strides (Reisman et al., 2010). Several
limitations may have influenced the obtained results. Walking speed was fixed, so participants
could not alter it, which could have been a possible adaptation mechanism. Yet, Fang et al.
(2022) observed that neither thigh nor shank loading changed the walking speed significantly.
As coupling angles illustrate the coordination between lower limb joints and exhibit a pattern
that might reflect motor adaptation, a future investigation could investigate possible
adaptations at the joint angle level more holistically. We would not expect the CoM movement
to change significantly, but the level below (e.g., joint angles) generating the CoM movement
(Mohler et al., 2021). Also, exoskeletons not only alter the limbs’ masses but often have a
mismatch of the human—robot joint rotation centers and provide support (Qiu et al., 2023).
These additional factors can be addressed in the future to more thoroughly assess possible
adaptation to the multi-faceted changes induced by an exoskeleton.
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CONCLUSION: Motor adaptation is a process crucial for the performance and acceptance of
exoskeletons, which may be used in training or rehabilitation. The first results based on spatio-
temporal and joint-kinematic variables suggest that young participants do not exhibit an
exponential stride-by-stride adaptation pattern. Yet, angle-angle diagrams provide a starting
point for gait coordination analysis, possibly revealing underlying motor adaptation processes.
The biomechanical changes induced by exoskeletons are complex. Therefore, it is necessary
to disentangle various aspects, such as the additional loading. In the future, the methodology
presented here may help to investigate motor adaptation to walking with actuated, i.e., actively
gait-supporting exoskeletons.
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