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Peoples' walking efficiency declines as they grow older, posing constraints

on mobility, and affecting independence and quality of life. Although
wearable assistive technologies are recognized as a potential solution for
age-related movement challenges, few have proven effective for older adults,
predominantly within controlled laboratory experiments. Here we present
WalkON, a pair of soft robotic shorts designed to enhance walking efficiency
for older individuals by assisting hip flexion. The system features acompact
and lightweight tendon-driven design, using a controller based on natural
leg movements to autonomously assist leg propagation. To assess WalkON's
impact on daily walking, we initially conducted a technology assessment
with young adults on a demanding outdoor uphill 500 m hiking trail. We
then validated our findings with agroup of older adults walking on a flat
outdoor 400 mtrack. WalkON considerably reduced the metabolic cost

of transport by 17.79% for young adults during uphill walking. At the same
time, participants reported high perceived control over their voluntary
movements (a self-reported mean score of 6.20 out of 7on a Likert scale).
Similarly, older adults reduced their metabolic cost by 10.48% when using
WalkON during level ground walking, while retaining a strong sense of
movement control (mean score of 6.09 out of 7). These findings emphasize
the potential of wearable assistive devices to improve efficiency in outdoor
walking, suggesting promising implications for promoting physical
well-being and advancing mobility, particularly during the later stages of life.

Simpleactivities such as walking, ascending stairs or rising from a chair
become more energetically demanding as people age, limiting mobility
and independence?.

As areaction to these realities, the scientific community has
intensified its efforts to design solutions that enhance mobility®. In
the realm of robotics, this has led to the development of wearable
assistive devices that support movement in various regions of the
body. The first generation of these wearable robots featured rigid

actuated links that produce large torques parallel to the humanjoints,
best known as traditional exoskeletons* . Over time, a select few of
these devices have been explicitly designed to strengthen the mobil-
ity of older adults, with a specific emphasis on walking, which s typi-
cally most affected as people age®”®. However, their use is confined
mainly to laboratory-based experiments due to their weight and size’.
Incorporation into daily life applications is also limited due to low
social acceptance’®.
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Fig.1|WalkON design. a, An older adult using WalkON for outdoor walking.
Photography by Uwe Anspach. b, WalkON's design comprises a textile structure
encompassing a waist belt and two thigh harnesses that can be comfortably
worn over regular clothing. The actuation mechanism relies on atendon-driven
transmission, with artificial tendons linked to the front part of the user’s legs.
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These tendons are actuated by motors inaccordance with the user’s gait cycle.
Motor commands deliver assistive forces during the swing phase of each step
according to the hip joint kinematics recorded through inertial measurement
units (IMUs) in the sagittal plane.

In recent years there has been a notable shift towards soft, light-
weightsolutions. Commonly known as exosuits’, these devices feature
textile garments and active components working in parallel to the
human muscles. They have proven efficacy both by alleviating muscle
strainin upperbody joints" ", and by reducing the metabolic expendi-
ture associated with walking or running'*'°. Exosuits have exhibited
usability comparable with rigid exoskeletons, but with superior user
satisfaction in terms of weight, effectiveness and safety”.

Nonetheless, there are still substantial obstacles to the wide-
spread adoption of such assistive technologies outside of controlled
laboratory settings. With respect to walking support, foremost among
the current limitations is the critical need for assistive devices to be
self-contained and capable of adapting to the variable pace and modes
of locomotion encountered in unstructured, real-world environ-
ments'®", Furthermore, from the user's perspective, the sensation
of precise control over voluntary movements, known as the sense of
agency, holds paramount importance to enhancing the user experi-
ence'®”, Addressing these challenges has the potential to encourage
amore extensive adoption of such technologies, ultimately lowering
the mobility barriersimposed by aging.

In this study we present a pair of lightweight, soft robotic shorts,
hereafter named WalkON, designed to be worn over regular clothing
andtoactasawalkingaid for daily use. The primary goal of this technol-
ogy is to enhance the autonomy and walking energy efficiency for its
users, witha particular focus on providing supportto older individuals.

By design, WalkON assists hip flexion during the swing phase of
walking. The hip joint plays a vital role in ground clearance and limb
advancement, demanding considerable power, especially up hills and
stairs?*2. Therole of the hip becomes more critical with advancing age.
Compared with young adults, it exhibits more pronounced kinetics
during the push-off phase, resulting in increased mechanical work
required for locomotion and reduced energy efficiency>***. Given
these considerations, preserving hip function emerges asafundamen-
tal strategy for maintaining walking ability>*.

WalkON aims to achieve this objective by supporting the propaga-
tion of upward leg movement through an actuation method that uses
artificial tendons. It features a portable and lightweight design and
employsacontrol strategy grounded inthe user’s natural leg movement
pattern. This versatility makes it well-suited to facilitate prolonged
walking sessions, accommodating both typical outdoor settings and
more challenging hiking-like terrains.

We hypothesize that WalkON can reduce the metabolic cost of
walking compared with unassisted walking. Furthermore, we posit
that no restriction of the physiological kinematic patterns happens
while using the system. We further expect that users maintain full
control over their voluntary movements, thus reporting a strong sense
of agency.

The contribution of this study is twofold. From a technical stand-
point, we tested these hypotheses through a technology assessment
involving young, healthy participants walking on a challenging out-
door uphill path to showcase the biomechanical effects of the system
during demanding walking activities. We then conducted an efficacy
study with our target population, involving participants aged 67 years
and older on an outdoor walking track. These steps served to confirm
the observed effects and provide a comprehensive understanding of
WalkON’simpact across different age groups.

Results

Technology assessment with young adults

Participants. Twelve young and physically fitindividuals, comprising
seven men and five women, were recruited for the technology assess-
ment of WalkON (Fig.1). Their average age was 25.42 + 2.27 years, with
amean height 0f173.50 + 11.63 cm and weight of 66.25 + 11.73 kg (refer
to Extended Data Table 1 for individual demographics).

WalkON significantly reduced the metabolic cost of transport
in uphill outdoor walking. The metabolic cost of transport, which
measures the amount of metabolic energy required to cover a unit of
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Fig.2|Uphill outdoor walking task and metabolic results for young adults.
a, The task involved walking along a steep 500 m uphill trail presenting altitudes
of 127 mand 184 mat the start and end points, respectively. Young adults walked
at their preferred pace unassisted (grey) or while using WalkON (navy). Credit:
Geobasis-DE/BKG (2009) (left panel). b,c, Metabolic results demonstrated a
significant reduction in the cost of transport when using WalkON to perform
the walking task. This is visible from the cost of transport time-seriesin b (in
whichthe thick lines represent the average across subjects, and the shaded
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areasrepresent thes.d.) and the mean (+ s.e.m.) cost of transport valuesinc.
d, The preferred mean walking speed of participants along the trail was not
significantly altered when using WalkON. The results are presented as box
plots, where bounds of boxes represent the lower (25th percentile) and upper
(75th percentile) quartiles, the horizontal lines are medians, and the orange
circles represent means. Individual participants results are shown as dot plots.
***P < 0.001 (linear mixed-effects model).

distance”, serves asacrucial indicator of the effectiveness of wearable
robotic assistive devices. The twelve recruited young adults walked
along a panoramic and winding 500 m uphill trail encompassing the
surrounding hills of the city of Heidelberg (49°24’55.1”N 8°42’00.9”E,
Philosophenweg, Heidelberg, Germany). The trailinvolved analtitude
change of 57 m between the start (127 maltitude) and end (184 m alti-
tude) points (Fig. 2a). Participants walked at their self-selected pace
under two conditions: (1) no assistance, where they wore the robotic
shorts in an unpowered mode, and (2) the WalkON condition, where
they received assistance from the system.

Using WalkON, the metabolic demand of traversing the outdoor
uphill trail was significantly reduced by 17.79 + 2.03% (mean £ s.e.m.,
n=12, P<0.001) (Fig. 2b,c). There were no significant differences in
the linear velocity of walking (Fig. 2d) between the two conditions
(P=0.07), although there was a trend towards an average increase
of 6.34% with WalkON compared with no assistance. In particular,
eight out of twelve participants increased their walking velocity
with WalkON.

Natural hip joint movement was not restricted when using WalkON.
Ensuring that the use of external assistive devices does not restrict or
interfere with natural movementis essential, particularly for individu-
als without substantial movement impairments’. This principle under-
pinsthe use of the device, promoting health and energy optimization
without sacrificing movement freedom.

During naturallocomotion, the hip angle exhibits a periodictrajec-
tory resembling a sinusoidal waveform, while the hip velocity is shifted
by 1i/2 relative to the angle. These variables create a counterclockwise
circular orbit in the hip phase portrait, representing the relationship
between position and velocity in the gait cycle®. The angular separation
betweenthese two quantitiesindicates theleg’s progression during walk-
ing. WalkON's control strategy isbased onthese principles (see Methods),
whichlay the basis for the delivery of assistive forces along the gait cycle.

Figure 3b shows the raw mean hip phase portrait for the twelve
young adults walking along the uphill trail. Itis noticeable that wearing
WalkON did not restrict the natural progression of the hip angle and
velocity along the gait cycle.
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Fig.3|Hipjoint motion results for young adults. a, WalkON actively assists

the hip joint during swing. b, Raw hip phase portraits averaged across steps and
subjects, combining hip angle and velocity measured on the sagittal plane. c, The
hip range of motion (ROM) exhibited a significant increase with WalkON (navy)
compared with the no assistance condition (grey). d, There were no significant

variations in hip velocity peaks with WalkON compared with the no assistance
condition.Incandd, the upper rows show the mean time-series across young
adults and steps (where the shaded areais the s.d.), whereas the bar plots in
the lower rows report the mean + s.e.m hip ROM and peak velocity. ***P < 0.001
(linear mixed-effects model).

Therange of motion of the hip joint exhibited asignificantincrease
with the use of the assistive robotic shorts (Fig. 3¢). In the no assistance
condition, the range of motion was on average 51.42 + 1.16° between
thetwolegs and across subjects, whichiincreased to 56.88 + 1.51° with
WalkON (+10.64 +1.76%, n =12, P< 0.001). However, using the device
did not resultinasignificant change in hip peak velocities throughout
the gait cycle (Fig. 3d).

The sense of agency was preserved with WalkON. The perception
of control over one’s movements greatly influences the acceptance of
wearablerobotic technologies among potential users®. This concept
iscommonly referred to as sense of agency, which s typically defined
as the feeling of being in control”.

We administered a ten-item questionnaire to assess the sense of
agency while using WalkON (Fig. 4). Each participant rated their level
of agreement with the items on a Likert scale ranging from 1 (strongly
disagree) to 7 (strongly agree). After completing the walking task using
WalkON, young adults consistently indicated high sense of agency,
as can be seen by the distribution of answers in Fig. 4. On average,
the mean self-reported score to the questionnaire was 6.20 + 0.20
(mean ts.e.m.) out of 7. Such scores were significantly higher than
the midpoint of 4 on the Likert scale (n =12, t=11.26, P< 0.001), dem-
onstrating that the users’ perception of control over their movements
was not altered when using WalkON.

Efficacy study with older adults

The primary objective of WalkON is to provide support for daily loco-
motion as individuals age, with the goal of elevating the autonomy,
quality of life and overall well-being of its users in the long term. In
line with this vision, an efficacy study was conducted to evaluate

the effectiveness in improving the metabolic demands of outdoor
walking specifically targeted at WalkON’s intended users, that is,
older adults.

Ten participants were recruited, whose ages spanned from 67
to 82 years (mean age = 74.10 + 6.30 years), with a mean height of
176.10 + 9.53 cm and weight 0f 73.10 + 12.84 kg. The gender distribution
was balanced, with an equal number of male and female participants.
According to the LUCAS Functional Ability Index?, nine out of the
ten participants fell into the robust category, indicating that they are
active individuals for whom health promotion and physical exercise are
recommended. The remaining participant was classified as pre-frail,
suggesting a higher likelihood of mobility issues (refer to Extended
Data Table 2 for individual characteristics).

The outdoor walking path was intentionally less challenging to
prevent overexertionamong the older users and accommodate safety
concerns of this population. Here, study participants undertook a
400 m walk on a flat athletic track (49°25’16.0"N 8°39’37.0"E, Hei-
delberg, Germany, Fig. 5a) at their preferred speed, both unassisted
(no assistance) and with the support of WalkON.

Compared with the no assistance condition, the metabolic cost
of transport required for the outdoor walking task was significantly
reduced by anaverage 0f10.48 +2.96% (mean ts.e.m,n=10,P < 0.001)
while using WalkON (Fig. 5b). The linear velocity of walking increased
for five out of ten participants, resulting in an overall slight average
increasing trend of 5.31% (P> 0.05) (Fig. 5c).

The progression of the raw hip angle and velocity in the hip phase
portrait was not altered by the assistive system (Fig. 5d). Neither the
physiological range of motion of the hip joint (Fig. 5e), nor the peak
velocities achieved at the joint during walking (Fig. 5f) were constrained
when compared to the no assistance condition (P> 0.05).

Nature Machine Intelligence | Volume 6 | October 2024 | 1145-1155

148


http://www.nature.com/natmachintell

Article

https://doi.org/10.1038/s42256-024-00894-8

Sense of agency questionnaire - eeeoe n=12
gency a WalkoN Individual participants  (all plots)
While using WalkON: 1 5 3 4 5 6 7 Mean score
*k%k
1. I had full control ‘ ‘ ‘ ‘ ,-l\ ‘ ‘ r
over what | was doing. 6
2. The movements were the
_—( :) [
robot's movements, not my own. 5 5Ff
(6]
3. My movements just happened, ® g 4 Midpoint
without my intention. g
4.1 moved the way | wanted. O &3t
®
5. The decision of when and ~ S oL
how to move was in my hands. ~ €]
4. 60t felt like the movements o ° T
were coming from the robot. ~ o
7. My movements felt like they o
H S
were coming from me. 1. Strongly disagree
8. My movements have felt ° o} ° 2. Disagree
foreign to me. 3. Rather disagree
K 4. Neither agree nor disagree
9. Even if the robot supported me, o
it was my own movements. 2 iather agree
. Agree
10. I am fully responsible for the 0’ 7. Strongly agree

movements | have made.
1 1

! ! ! ~}- This item is inversely coded

Fig. 4 |Sense of agency results for young adults. The sense of agency
assessment for young adults using WalkON involved rating ten items about
motor control onaLikertscale from1to 7, indicating their level of agreement
with each statement. Items 2, 3, 6, and 8, which are inversely coded, were recoded
before analysis. The distributions of answers are presented as box plots (where

the white circles represent medians). The mean (+s.e.m.) across young adults
demonstrates that participants significantly perceived themselves as having
greater control over their movements than the device. This significant difference
was tested in comparison with the midpoint value of 4 (neither agree nor
disagree) on the Likert scale. ***P < 0.001 (two-tailed, one-sample t-test).

Older participants expressed strong sense of agency while using
WalkON (Fig. 5g), with an overall mean self-reported evaluation of
6.09 + 0.26, which was significantly above the scale midpoint of 4
(n=10,t=8.34,P<0.001), signifying their high perception of control
over their movements.

Discussion

As the world’s population grows older, the issues surrounding the
decline of mobility become more pressing, leading to agrowing need
for assistive mobility solutions. The challenge goes beyond merely
extending physical activity; it is about addressing the constraints of
aging and empowering individuals to thrive in their later years.

Backin 2009, Ferris envisioned” a promising future for wearable
assistive technologiesin everyday life, foreseeing that "by 2024, people
willbe walking down the street, in the malls, and to their homes wearing
robotic exoskeletons”. Yet, despite this visionary perspective, their
actual use has remained largely experimental and primarily confined
to laboratory settings™.

We aspire torealize Ferris’s vision with WalkON. We aim to offer an
unobtrusive assistive tool for daily life to address the mobility challenges
of aging by enhancing leg swing dynamics. Althoughit may seemtheo-
retically unnecessary to expend substantial mechanical work to swing
thelegs due to the pendulum model®, research has shown that leg swing-
ingis, infact, energetically costly®. Findings from past studies revealed
thatleg swinging can consume up to approximately one-third of the net
energy required for walking®. This energy expenditure is primarily asso-
ciated with the transition from one stance limb to the next andis linked
to the work performed by the muscles to move the leg forward**>*,
The effects of aging considerably compromise this function®***, Inves-
tigations® have indicated that the strength of lower extremity muscles
tends to decline at a rate of 1-4% per year, beginning around the age of
50. This decline is especially pronounced in the case of the hip flexors,
which have been observed to be the first to deteriorate?. Due to loss in
muscle strength, older adults adaptby incrementing the simultaneous
co-activation of antagonistic muscles during walking®. However, this
adjustment comes at notable increase in metabolic expenditure®**.

WalkON has demonstrated to improve the energy efficiency of
walking in a technology assessment with young individuals and an
efficacy study with older adults, contributing to enhanced mobility.
Intrials with young participants, WalkON facilitated energy savings of
17.79% on average compared with walking with no assistance (Fig. 2c),
whereasinolder adults we observed anaverage decrease in the cost of
transport 0of10.48% (Fig. 5b). Inmore practical terms, these savings are
the equivalent of removing10.3 kg and 6.3 kg from the waist for young
and older adults, respectively”.

Metabolicreductions of this magnitude are accomplished without
necessitating high power outputs from the system (the mean peak
motor power is 1.52 W kg™ while walking). This underscores the high
efficiency of the provided assistance. These findings align with past
studies® that have demonstrated the superior efficiency of assisting
hip flexion when compared with other lower-limb movements, such
as hip extension® or ankle plantarflexion*’. Even modest mechanical
outputs fromthe assistive system are sufficient to achieve substantial
reductions in metabolic costs™.

Taking a broader perspective, optimizing energy efficiency in
daily walking tasks can considerably reduce fatigue during extended
walks. This enhancement enables individuals to cover greater distances
or sustained activity, improving overall endurance*. Studies indicate
that improving walking energy efficiency is pivotal for enhancing
mobility,independence, and the overall quality of life for older adults.
This is evidenced by positive effects on cardiovascular risk factors,
decreased respiratory disease risk, and a general reductionin mortal-
ity from various causes*'. Beyond physical health benefits, walking
demonstrates a direct association with a reduced risk of depression,
a positive influence on emotional well-being, and various aspects of
health-related quality of life*’. We therefore anticipate that prolonged
usage of WalkON could yield numerous benefits over the long term.
These benefits may encompass not only enhancements in physical
conditionbut alsoimprovements insecondary medical symptoms and
other health outcomes; however, it is essential to acknowledge that
potential risks associated with extended use—such as reduced reliance
onnatural muscle function—remain unknown and warrant evaluation.
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Notably, studies demonstrating the effectiveness of wearable
assistive technologies in comprehensive outdoor daily life scenarios
are very sparse. Our ability to draw comparisons with existing litera-
ture is therefore quite limited. For instance, Haufe et al.” tested the
Myosuit—a commercial wearable robot designed to assist hip and knee
extension through atendon-driven mechanism guided by arigidjoint at
the kneelevel—inthe context of a400 muphill gravel path with young
participants. Their findings revealed an average metabolic saving of
10.6% compared with an unpowered condition. Instead, in a recent
study, Slade et al."® introduced an ankle exoskeleton that reduced
the cost of transport by an average of 17% in young, healthy subjects
compared with not wearing the device. This outcome is particularly
relevant considering the crucial role of the ankle, alongside the hip,
asaprimary power source for the forward propulsion during walking.
This metabolicimprovementwas achieved ona 566 mflat path usinga
rigid systemand a controlalgorithm that required specific adjustments
and personalization for each user through data-driven approaches.

Although customization and personalization are important for
optimizing individual assistance, they often compromise the device’s
ease of use and plug-and-play functionality. By contrast, WalkON's core
strategy is to continuously analyze the user’s movement pattern and
derive the progression of their leg throughout the gait cycle. This is
achieved by leveragingimmediate feedback from real-time user meas-
urements, thus eliminating the need for complex data processing or
learning algorithms used in past research’®**, Suchanapproach ensures
independence from pre-defined training examples. It also enhances
responsiveness and efficiency while ensuring scalability (as detailed
in Supplementary Fig. 2). These attributes collectively make WalkON
a plug-and-play solution, allowing users to seamlessly integrate the
systeminto their daily routines without the need for extensive set-up
or customization. Furthermore, in both of the mentioned instances
of the prior art, the outdoor tasks were comparatively less strenuous
than our hiking activity, tests were conducted only on young and fit
individuals, and the outcomes were achieved via systems featuring
rigid links or joints. Such design elements typically simplify the char-
acterization process, ensuring direct and predictable transmission of
force, preserving component alignment and position, and facilitating
ease of control. On the contrary, the core design of WalkON revolves
aroundasoftstructure that conforms to the body like regular clothing
and lacks any rigid joints. This characteristic offers enhanced comfort,
wearability and reduced intrusiveness. However, it does make the final
force transmitted to the human body less predictable, necessitat-
ing greater attention to system modeling and control. Despite these
challenges, our system showcased substantial metabolic advantages
ina deliberately demanding and fatiguing task, all without impeding
freedom of movement during use.

When evaluating hip joint movement during uphill hikes, young
adults exhibited higher range of motion at the hip joint while using
WalkON (Fig. 3¢c). From a physiological perspective, walking uphill
requires anincrease in the hip joint range of motion and a concurrent
reduction in knee extension as the swing phase ends?. Using WalkON
might have possibly accentuated this inherent adaptation; however,
these enhancements did not resultin any disruption of movementand,
consequently, contributed toimproved metabolic efficiency. Instead,
for older individuals walking on level terrain, their natural hip joint
motionremained unaltered, indicating the absence of any movement
constraints (Fig. 5e,f).

So far we have not come across any research that delves into
real-world applications of assistive technologies tailored specifically
forolder adults while quantifying the metabolicadvantages and assess-
ingthe psychophysicalimpact. The latter aspect is undeniably of para-
mount importance and forms a cornerstone of any robotic assistive
system. For the device to be considered valuable by potential users,
it must provide an experience that unequivocally demonstrates its
worth**. This aligns with the overarching objective of enhancing the

user experience, ensuring thatindividuals feel in perfect synchroniza-
tion with the system and retain complete autonomy over their move-
ments. This concept is known in the literature as the sense of agency,
and is often described as the sensation of being in control of a motor
task”. It encompasses the experience of initiating one’s voluntary
actions and influencing the external world via these actions®.

Our assessments regarding the sense of agency yielded promis-
ing outcomes (Figs. 4 and 5g). Participants reported a strong sense
of agency on the administered questionnaire, with mean Likert scale
ratings of 6.20 and 6.09 for young and older adults, respectively, out
of atotal score of 7. This indicates a notable alignment between their
intentions and the system, emphasizing their perception of being
the initiators and controllers of their motor plans. This result can be
primarily attributed to the controller of WalkON, which synchronizes
with the user’s natural motion ensuring that no extraneous actions
are imposed upon voluntary movements. The provided assistance
harmonizes with the user’s walking pattern and seamlessly adapts to
variationsinwalking speed. Thisapproach not only simplifies the user
experience but also reduces usage barriers, making the technology
moreinclusive and akin to a pair of shorts for everyday use.

The primary limitation of our study lies in the absence of a con-
trol measurement of metabolic activity without wearing WalkON. We
instead relied on a comparison based on gross metabolic changes,
utilizing a conditioninwhich the device was wornbut turned off as aref-
erence point. Although this approach may be less realistic in real-world
terms, it was chosen for practical experimental reasons and it is the
most widely adopted in the literature®>***’, This decision allowed us
to capture the user’smovement during the no assistance condition for
meaningful comparison, and toisolate the active biomechanical effect
of assistance from the passive effects of wearing the suits. Only asubset
ofbothyoungand older adults repeated the trial without the weight of
the suit (results for this subgroup are included in Supplementary Figs. 8
and 9, and are representative of the minimal impact of the system'’s
weight).Infact, due to the soft structure of the device, its limited weight
(2.93 kg), and its positioning closer to the user’s center of mass rather
than on moving limbs, we do not anticipate any significantimpact on
thefinal outcomes, as demonstrated by biomechanical studies examin-
ing the effects of added mass on body segment?”.

The metabolic outcomes differed between the two participant
groups, indicating distinct benefits from the system. We believe this
was influenced by age-related factors, including a propensity for
shorter walking sessions, and variations in experimental protocols.
The primary distinction between the experiments comes from the
dissimilaritiesin the walking tasks themselves. Specifically, young indi-
viduals were asked to walk in considerably more physically demanding
conditions, particularly on steep uphill terrain. Ground incline plays a
pivotal role in determining energy expenditure during walking, with
costs escalating proportionally as the gradient increases*®. In such
scenarios, the phase of limb advancement becomes more demanding,
necessitating greater effort from hip flexors to raise the swinging leg
against gravity’. Consequently, the assistance offered by WalkON may
deliver more pronounced benefits in these situations compared with
walking onlevel ground.

Future research endeavors anticipate conducting a pilot rand-
omized controlled trialinvolving our target populationin aneven more
ecologically valid setting, such as stair climbing, with an enhanced
assessment of the system’s impact during everyday use. This will be
complemented by athorough analysis of usability and user acceptance
to provide amore comprehensive understanding of the technology’s
potential and limitations. We envision that prolonged walking ses-
sions with WalkON could yield even greater benefits for our target
users and ultimately achieve our long-term objectives. An upcoming
focus will involve evaluating the impact of repeated use of the device
byindividuals across multiple sessions. By conducting more extensive
studies employing alongitudinal design, our objective is to offer amore
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profound insightinto the effects of WalkON over time and its potential
long-term advantages for users.

Lookingto the future, we anticipate that the advantages of employ-
ing WalkON during extended walking sessions may become increas-
ingly evident. Mitigating the metabolic requirements linked with
daily tasks such as outdoor walks or indoor movement could not only
enhance users’ physical well-being but also potentially have a positive
impact on their mental and emotional health*. As aresult, older indi-
viduals could cover greater distances with reduced fatigue, thereby
enhancing their autonomy and mobility. In doing so, we hope to move
closer torealizing Ferris' vision—a future in which assistive technolo-
gies empower humans to achieve exceptional feats, evenin old age.

Methods

WalkON hardware design

WalkON is a soft robotic assistive system featuring one motor per
leg (AK60-6, 9 Nm peak torque, T-Motor, China), each wrapping up
an artificial tendon on a spool (35 mm diameter). This design allows
independence between assisted legs, enabling adjustmentsin the assis-
tance profile toaccommodate complex movements and abroad range
of motion. The decision to adopt this design configuration resulted
froma preliminary study involving young adults using WalkON in two
distinct actuation set-ups during hiking. Further details and findings
regarding this comparative study arereported in the ‘WalkON design:
acomparative study on two hardware configurations in young adults
hiking’ section in the Supplementary Information.

Theweight of the deviceis 2.93 kg, most of whichis located approx-
imately atthe level of the user’s centre of mass to minimize the impact of
the extra mass on the metabolic energy expenditure during walking®.

WalkON is connected to the human body through a compliant
textile structure. The textile interface consists of an adjustable waist
belt (which is worn at the user’s iliac crest level) and two thigh fabric
harnesses. The belt and harnesses feature an inner layer of neoprene,
offering good tensile strength and hardness while ensuring soft con-
tact with the body. Velcro strips are used to provide a custom fit for a
wide range of human body shapes and sizes. A blueprint of the textile
componentsis provided in Extended Data Fig. 1. The textile interface
serves asananchor for the actuation stage and electronics and to guide
the tendon-driven transmission.

The mentioned transmission uses artificial tendons made of black
braided Kevlar fibre (KT5703-06, 2.2 kN max load, USA) to actively
assist the user’s hip flexion. These tendons run from the actuation
stage—located at the back of the belt on arigid plate—to a proximal
anchor point on the front, guided by Bowden cables (Shimano SLR,
5 mm diameter, Sakai, Osaka, Japan). From here, the tendons run par-
allelto eachleg and are anchored to adistal anchor point on the thigh
textile harness. By shortening the distance between the proximal and
distal anchor points on the suit, assistive forces delivered to the user
generate a flexing moment around the hip joint.

The systems are powered by a portable lithium polymer battery
(Tattu, 0.4 kg,14.8 V, capacity of 3,700 mAh). Custom-designed hous-
ings for actuation, power and electronics, as well as anchor points, are
fabricated using 3D printing technology with PLA (polylactic acid)
material. Computer-aided design files for such elements are provided
inthe Supplementary Information.

The controller is executed on a microcontroller (Arduino MKR
1010 WiFi, Arduino, Italy) at a 100 Hz frequency, and it obtains infor-
mation via the Bluetooth Low Energy (Feather nRF52832, Bluefruit,
Adafruit) protocol frominertial measurement unit sensors (BNOOS5S5,
Bosch, Germany) placed laterally on the thigh harness. These sensors
stream the hip flexion angle of each leg as measured in the sagittal
plane; these data are then converted by the control algorithm to an
assistance profileaccording to the leg progression along the gait cycle.

A schematic of WalkON's components is provided in Extended
DataFig. 2.

WalkON controller

WalkON is operated using a control framework designed to actuate
tendon displacement on the basis of the kinematics of the hip joint
during human locomotion and its progression along the gait cycle.
The entire architecture is built so that signals flow along a forward
path from the sensing system to the control unit and finally to the
actuation unit. This is achieved through a three-tiered approach: a
high-level controller that estimates the gait phase in real-time from
hip kinematic data; amid-level controller that generates the actuator's
reference motion on the basis of the user’s gait phase; and alow-level
controller that provides appropriate assistance to the user on the basis
of the previous layer’s outputs. The control framework is depicted
in Extended Data Fig. 3. Detailed information on the algorithm and
a pseudocode are provided in the ‘Model for tendons displacement
during walking” and ‘WalkON controller pseudocode’ sections in the
Supplementary Information.

The high-level controller calculates a monotonically increasing
gait phase variable from asingleinertial sensor oneachleg. The under-
lying approach incorporates the concepts from the general control
theory of oscillating dynamical systems. Indeed, during natural loco-
motion, the angular position of the hip joint, 6(¢), has a periodic trajec-
tory that can be approximated as a sinusoidal waveform, similar to an
undamped oscillator®*°. As such, the hip angular velocity, 6(¢), has a
11/2 shift with respect to 6(t) and the two variables produce a circular
orbit in the counterclockwise sense of rotation on the hip phase por-
trait, that is, position versus velocity phase plane. The gait phase,
denoted ¢(t) = f([6(t), B(1)]), is extracted in real-time by computing the
polarangle between these two quantities. For each step, both variables
are initially shifted about the origin of the hip phase portrait, and 6(¢)
is rescaled to match the amplitude of 6(¢) to produce a more circular
orbit’. Information on the walking speedis intrinsically presentin the
gait phase extraction, allowing instant adaptation to changes in walking
pattern. To comply with the sinusoidal nature of the hip flexion angular
displacement measured on the sagittal plane, sinusoidal interpolation
follows the gait phase estimation deriving a signal, 6,(¢), used as a basis
for the motor reference trajectory.

As the gait phase extraction method shows sensitivity to noise
captured from the inertial sensors on unstructured terrains, to fil-
ter out such noise from 6,(¢), a Kalman filter is implemented at the
mid-level controller. Kalman filter parameters have been optimized
in preliminary trials to strike a good balance between the noise in
the real-time recorded data and the noise in the estimated data. The
actuator’s final position reference trajectory, 6,.(¢), is obtained using
cubicsplineinterpolation on the Kalman-filtered 6,(¢). The magnitude
of 0,.(t) is established according to the user’s hip range of motion,
pulley diameter, and the positioning of anchor points on the user’s
body. This configurationis valid when the device is worn with the belt
positioned on the iliac crest and the distal anchor point aligned with
half the length of the thigh.

At the low-level controller, a feedback position loop compares
theactual position of the motor 6,,(t) with the reference position 6,.¢(t)
extracted fromthe previous layer. A proportional-differential control-
ler is used to convert the position error into motor angular velocity.
Topreventdisturbances or noise in the hip kinematics recordings from
translating to unwanted motor commands when a subject stops walk-
ing, astop detection conditionisimplemented based onthe gait speed.

Study protocol

The first aim of the study is to evaluate WalkON's effectiveness in
enhancing outdoor walking experiences. To achieve this objective,
a technology assessment of the system was conducted on uphill
hiking-like trails with young adults. The ultimate goal of the research
is to propose this system as an effective support for walking in older
individuals. To explore this possibility, an efficacy study was under-
taken with participants aged over 67 years old.
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Before the study began, all participants provided informed written
consent, as well as consent to publishidentifiable images. Our research
procedures were conducted in accordance with the principles of the
Declaration of Helsinki and were approved by the Ethics Committee of
Heidelberg University under resolution no. S-313/2020.

Recruited subjects, being first-time users of the device, were given
sufficient time to become familiar with it prior to data collection, thus
mitigating potential biases related to familiarization. This process
foresaw walking with WalkON until they felt comfortable and confident
inits usage. Additional details regarding the familiarization procedure
canbefoundinthe ‘Experimental protocol and familiarization’ section
inthe Supplementary Information.

Duringthe study, each participant underwent evaluations in mul-
tiple conditions, acting as their own control for comparison.

Technology assessment with young adults. Inclusion criteria for
young adults (n=12) recruitment included an age between 18 and 35
years, no visual or auditory impairments, or any neurological, cardio-
vascular, metabolic or mental disorders that might interfere with the
tasks athand.

The chosen experimental path was a panoramic snake-like trail
up the hills surrounding the city of Heidelberg, Germany, known as
Philosophenweg (49°24’55.1"N 8°42’00.9"E). We selected the initial
segment of the trail, which isawinding and quite steep 500 mtrack with
achange of altitude from 127 m to 184 m between the starting and end-
ing points (Fig. 2a). The trail began with 108 stairs made of sandstone
irregular inshape, followed by an uphill section.

Study participants were instructed to walk at their preferred speed
along the trail twice under different conditions: without assistance
(noassistance) and with assistance from WalkON. In the no assistance
condition, participants wore the system in the unpowered mode to
allow for recordings of kinematic data. Given the physically demanding
nature of the trial, we conducted the different conditions on separate
days to minimize any fatigue-related effects.

After completing the uphill walking, a subgroup of participants
(n=7) walked the path downhill (total of 1 km). These results are pre-
sented inthe Supplementary Fig. 6 due to the diminished importance
of hip flexion assistance, as downhill walking necessitates less lift for
ground clearance®. The main aim here was to show that the assistive
system and its weight do not hinder motion or add metabolic burden
downhill.

Moreover, another subgroup of young adults (n = 5) instead com-
pleted athird condition of uphill walking without donning the suit (no
suit) to demonstrate the minimal metabolicimpact of the device’s extra
weight. These results are outlined in Supplementary Fig. 8.

Efficacy study with older adults. Older adults enrolled for the efficacy
study (n =10) were selected on the basis of criteria thatincluded being
over 65 years of age, being categorized as either ‘robust’ or ‘pre-frail’
according to the LUCAS Functional Ability Index*®, and not having
severe uncorrected visual or auditory impairments or notable neuro-
logical, cardiovascular, metabolic or mental conditions.

In consideration of the physical limitations and safety concerns
ofthe frailer subjects in the study, we opted for a less demanding and
more accessible path. This decision aimed to prevent any potential
physical strain while ensuring an effective evaluation of the device’s
performance. As a result, we selected a shorter outdoor route with
flat terrain. Participants were instructed to walk at their preferred
speed ona400 mathletictrack onflat ground (located at49°25'16.0"N
8°39'37.0"E, Heidelberg, Germany, Fig. 5a) under two different condi-
tions: wearing the device in the unpowered mode (no assistance), and
with assistance from WalkON. Both conditions were conducted on the
same day, with a minimum 20 min rest period in between to prevent
fatigue. The order of the conditions was randomized among partici-
pants to eliminate order effects.

Asubset of older individuals (n = 4) participatedin a third round of
testing without wearing the suit (no suit). These findings are detailed
inthe Supplementary Fig. 9 accompanying this work.

Data analysis and statistics

To evaluate WalkON's effectiveness at improving walking efficiency,
the principal outcome measure was the metabolic cost associated
with walking. Oxygen and carbon dioxide consumption data were
recorded using a portable respirometer (K5, COSMED, Italy), and the
net metabolic cost was deduced using Péronnet's and Massicotte’s
formula®®. To establish a baseline, participants were instructed to
breathe normally for a3 min period while standing at rest before each
experiment began. The mean baseline metabolic cost from the final
minute was then subtracted from the overall metabolic data todiscern
the cost of walking for each condition. To account for the different
walking speeds across conditions, metabolic data were analyzed in
terms of cost of transport®. This was computed by dividing the net
metabolic cost by the product of the participant’s weight, gravitational
acceleration and average walking speed. The average walking speed was
determined by the distance covered over the duration of the experi-
ment. Considering that it takes approximately 2 min for metabolic
datato stabilize after any notable changes in physical activity, for the
technology assessments involving younger adults, we excluded the
initial 2 min of recording and analyzed the remainder of the data. For
the efficacy study with older adults, we examined the final 2 min of the
trial, as the time taken by participants to traverse the walking track was
approximately 4 min.

Kinematic evaluations were conducted on profiles of hip angle and
velocity for both theleft and right legs, using datarecorded frominertial
sensors integrated into the system. The raw motion data were divided
into steps post low-passfiltering (fourth-order Butterworth, cut-offfre-
quency 10 Hz). For each participant, we evaluated the range of motion,
along with the average peak velocity during both stance and swing
phases acrossall steps, under both unassisted and assisted conditions.

Results are presented as mean + s.e.m, or box plots for the linear
velocity of walking. Data were tested for normality using a Shapiro-
Wilk test and resulted normally distributed. The significance level for
all statistical tests was set to <0.05. A linear mixed-effects model was
used for subsequent statistical analysis of the collected metabolic
and motion data, employing the least-squares regression method
(MATLAB, MathWorks Inc., Natick, MA, USA). The model accounted
for the ‘condition’ (‘no assistance’, ‘WalkON’), which was presented
asdummy-encoded, categorical fixed-effect explanatory variables. A
term ‘participant’ (either YAl to YA12 for young adults or OA1to OA10
forolder adults) wasincluded in the model as arandom-effect variable.

Inour analysis of the sense of agency, we asked study participants
to answer to a questionnaire consisting of six positively framed items
(items1,4,5,7,9,10in Figs. 4 and 5g and four negatively framed items
(items 2, 3, 6, 8) evaluating the sense of control they had while using
WalkON. The items were derived from the theoretical literature on
sense of agency and were fine-tuned to the context of wearable mobility
aids’*. The negatively framed items were recoded so that higher values
indicate higher sense of agency. Internal consistency of the question-
naire scale after recoding was good (a = 0.84, 95% CI [0.71; 0.92]).
A mean score of the scale items was therefore calculated for further
analyses. To test whether participants felt that their movements were
more controlled by themselves or by the device, we tested whether
the mean score significantly deviated from the scale midpoint of 4
(neither agree nor disagree) through a two-tailed, one-sample ¢-test.
A mean above the scale midpoint suggested that the participants saw
themselves more in control of their movements than the device.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All data needed to evaluate the conclusions in the Article have
been deposited in an online repository at https://doi.org/10.6084/
mo.figshare.26125483 (ref. 55) and may be reused for ethical, scientific
purposes.

Code availability

The exemplary scripts for data processing and analysis for this study
havebeendepositedinan onlinerepository at https://doi.org/10.6084/
m9.figshare.26125483 (ref. 55).
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Extended Data Fig. 1| Textile blueprint. (a) WalkON waist belt and layers composition. (b) Thigh textile harness inner view and closed configuration
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Extended Data Fig. 2| WalkON hardware components. (a) Computer-aided
design of WalkON (b) Inertial Measurement Unit (IMU) sensors stream hip
motion data via Bluetooth Low Energy to the control unit. This unit runs the
control algorithm ona microcontroller. The output is a velocity command sent to

(d)

the actuators. The generated motor torque is transferred to the user’s leg via the
tendon-driven transmission. (c) The textile structure of WalkON is composed by
awaist belt and two thigh harnesses. (d) Anchor points are placed on the belt and
thigh harness to guide the artificial tendons.
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Extended Data Table 1| Young adults demographic

Participant characteristics

ID Height (cm) Weight (kg) BMI (kg m) Sex (-) Age (years)
YA1 184 74 21.86 Male 24
YA2 156 60 24.65 Female 28
YA3 171 60 20.52 Male 23
YA4 193 93 24 .97 Male 27
YAS5 163 54 20.32 Female 28
YA6 171 70 23.94 Male 23
YA7 170 62 21.45 Female 25
YA8 158 48 19.23 Female 29
YA9 168 60 21.26 Female 27
YA10 185 73 21.33 Male 23
YA11 178 67 21.15 Male 25
YA12 185 74 21.62 Male 23
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Extended Data Table 2 | Older adults demographic

Participant characteristics

LUCAS Functional Ability

ID Height (cm) Weight (kg) BMI (kg m?) Sex Age (years) Index
OA1 173 63 21.05 Female 69 Robust
OA2 186 90 26.01 Male 82 Robust
OA3 168 58 20.55 Female 78 Robust
OA4 165 70 25.711 Female 67 Robust
OA5 166 66 23.95 Female 69 Robust
OA6 179 65 20.29 Male 82 Pre-frail
OA7 187 90 25.74 Male 68 Robust
OA8 191 90 24.67 Male 69 Robust
OA9 168 61 21.61 Female 81 Robust
OA10 178 78 24.62 Male 76 Robust
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Reporting on sex and gender Young adults (n = 12) recruited for the technology assessment study were seven men and five women.
Older adults (n = 10) recruited for the efficacy study were five men and five women.
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other socially relevant study.
groupings
Population characteristics Young adults (n = 12) recruited for the technology assessment study were 25.42 + 2.27 years old, with mean height 173.50 +

11.63 cm, and weight 66.25 + 11.73 kg. Older adults (n = 10) recruited for the efficacy study were 74.10 + 6.30 years old, with
mean height 176.10 + 9.53 cm and weights 73.10 + 12.84 kg.
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Recruitment Young adults were recruited among volunteers according to the following inclusion criteria: age between 18 and 35 years, no
visual or auditory impairments or any neurological, cardiovascular, metabolic, or mental disorders that might interfere with
the tasks at hand.

Older adults, were recruited through the Center for Geriatric Medicine of the Heidelberg University Hospital. Older adults
enrolled for the efficacy study were selected based on criteria that included being over 65 years of age, being categorized as
either “robust” or ”"pre-frail” according to the LUCAS Functional Ability Index, and not having severe uncorrected visual or
auditory impairments or significant neurological, cardiovascular, metabolic, or mental conditions.

Recruited subjects, being first-time users of the device, were given sufficient time to become familiar with it prior to data
collection, thus mitigating potential biases related to familiarization.

Ethics oversight Research procedures were approved by the Ethics Committee of Heidelberg University under resolution No. S-313/2020.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size We collected data from a total of twenty-two individuals: twelve young adults for the technology assessment and ten older adults for the
efficacy study.
According to a power analysis performed with metabolic data from outdoor walking experiments with an assistive wearable robotic suit
(Haufe et al. 2021), we found that a sample size of at least six participants was necessary for our experiments. The analysis used the difference
in metabolic rate between the assistive suit operated in zero-force mode (no assistance) and the active condition (with assistance) (difference
is 10.6%) and the difference in standard deviation between the two conditions (6.9%). The test used a power of 1- =0.8 and a = 0.05.
For each group of participants (young and older adults) we recorded data from a higher number of individuals than the one suggested by the
power analysis (12 and 10 respectively).

Data exclusions  No exclusions were made.
Replication All experimental data and exemplary scripts for data analysis are available to replicate the results shown in the Figures of the manuscript.

Randomization  For the technology assessment with young adults, given the physically demanding nature of the trial, we conducted the different
experimental conditions on separate days to minimize that fatigue-related effects influenced the outcomes of the comparison. The order of
conditions was anyway randomized across participants.

For the efficacy study with older adults, both experimental conditions were conducted on the same day, with a minimum 20-minute rest
period in between to prevent fatigue. The order of the conditions was randomized among participants to eliminate order effects.

Blinding Blinding was not relevant to this study because the participant could easily recognize whether they were walking unassisted or with assistance
from the soft robotic shorts.
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