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Abstract— Over the past decade, considerable steps have been
made in designing wearable assistive devices that reduce the
metabolic cost of walking. As the field continues to advance,
a growing emphasis is extending to human running, driven by
the goal of improving efficiency and reducing metabolic strain.
In our study, we developed a portable active exosuit to support
hip extension during endurance running. The exosuit, featuring
custom linear actuators and a control system synchronous
with the wearer’s kinematics, initially underwent bench testing
and, finally, a field evaluation with users running at their
self-selected pace on an athletics track. Results from seven
participants showed a significant reduction in the metabolic
cost of transport when the exosuit was active. Specifically,
we observed a 9.6% decrease with respect to the unpowered
condition, with a 4.3% net saving compared to not wearing
the device. Additionally, kinematic assessments revealed no
alteration of the participants’ motion after toe-off, indicating
transparency to physiological movement pattern during hip
flexion. These findings highlight the potential of the exosuit
to enhance athletic performance, opening new possibilities for
running assistance in real-world scenarios.

Exosuits; Wearable Robots; Human Performance Augmen-
tation; Physically Assistive Devices.

I. INTRODUCTION

Running has evolved, through a complex interplay of
biomechanical adaptations, from a crucial survival skill in
our ancestors to a modern form of athletic performance,
recreation, and social engagement [1], [2], [3], [4]. Many
individuals, particularly those involved in athletics, aspire
to enhance this human ability as they continually strive to
surpass their limits. In this context, the use of assistive wear-
able robotics technology emerges as a promising avenue for
pushing the boundaries of human potential. Yet, only a few
state-of-the-art devices currently meet the necessary criteria
to enhance human running speed [5] or endurance [6], [7],
as the weight and structure must be precisely optimized to
accommodate the dynamic nature of this activity [8], [9].

Among assistive wearable devices, exosuits represent an
encouraging solution, offering a blend of flexibility and sup-

1 A. Ciaramella, T. Bagneschi and A. Frisoli are with the Institute of
Mechanical Intelligence, Sant’Anna School of Advanced Studies, 56127
Pisa, Italia.

2 A. Ciaramella is with the Department of Information Engineering,
University of Pisa, Largo L. Lazzarino 1, 56122 Pisa, Italia.

3 E. Tricomi, F. Missiroli and X. Zhang are with the Institut fiir
Technische Informatik (ZITI), Heidelberg University, 69120 Heidelberg,
Deutschland.

4 L. Masia is with the Munich Institute of Robotics and Machine
Intelligence (MIRMI), Technical University of Munich, 80992 Miinchen,
Deutschland

FA. Ciaramella and T. Bagneschi contributed equally to this work.

* corresponding author: a.ciaramella3@studenti.unipi.it

port [10]. Made from soft and adaptable materials, exosuits
align with the natural biomechanics of the human body,
promoting comfort and wearability while still providing
substantial locomotive assistance [11], [12].

Exosuits can be broadly classified into passive and active
types, each with distinct capabilities. Passive exosuits use
springs and elastic elements to store and release energy
[7], [13], [14]. This design approach leads to lighter and
more portable systems, beneficial for extended use. However,
the effectiveness of passive exosuits is often constrained
by their limited versatility to varying gait patterns and
individual user needs [15]. Active exosuits, on the other hand,
employ actuators and control strategies that can dynamically
adapt to the wearer’s movements [6]. The need for this
adaptability is particularly evident in real-world scenarios,
where the exosuit must be capable of adjusting to different
running paces and meet the diverse assistance requirements
of users with heterogeneous anthropometrics and individual
functional capabilities.

Although the device offers help, its added weight is a
major issue. The extra mass affects the metabolic cost more
during running than walking because the more dynamic
movements of running require more energy [16], [17]. The
metabolic burden can be reduced by designing an interface
with low distal mass and minimal motion restriction during
unassisted gait phases, along with an actuation profile spe-
cific to the activity. This torque [18], velocity [19], or posi-
tion [20] actuation profile, aligned with limb dynamics, must
strike a balance between delivering necessary assistance and
allowing natural movement, leveraging the passive dynamic
locomotion [21], [22].

So far, research on assisted running has mainly used
treadmills and tethered devices, offering regulated settings
for the studies [15], [23]. However, this technique has under-
lined the importance of field research to further understand
and advance running in actual environments. A few recent
investigations have shifted from indoor to outdoor exami-
nations, focusing on how these exosuits influence metabolic
consumption in real-world settings [6], [7], [18].

In this article, we introduce an active exosuit, designed to
aid in hip extension during running. Our goal is to create
a device that is lightweight and portable but also enhances
usability across different running conditions by maintain-
ing optimal performance at various cadences. Our exosuit
aimes at meeting the demand for functional, field-ready
solutions in this domain and providing effective hip extension
assistance during running. Featuring linear actuators with



ball screw transmission, it achieves efficient torque density
and bandwidth, ensuring powerful and precise assistance. A
significant innovation of our exosuit is its advanced control
system, which offers continuous and coordinated support
aligned with the user’s movements, achieving position con-
trol without relying on force sensors. This design adapts
to varying step frequencies, effectively supporting stride
frequencies up to 1.7 Hz.

We tested our exosuit with seven healthy subjects on a
running track, evaluating its impact on metabolic cost. This
approach offered valuable insights into the device efficacy
and highlighted its potential to improve efficiency and ath-
letic performance in long-distance running.

II. EXOSUIT DESIGN

The current exosuit aims to enhance human running by
aiding in hip extension. It features built-in electronics and
a wireless sensory network. This autonomous device has a
weight of 4.0 kg and guarantees more than 2 h of continuous
functioning. It supports stride frequencies as high as 1.7 Hz,
equivalent to a step cadence of 200 bpm, and can generate
a tensile force of 200N on each leg.

A. Suit frame

The fabric structure of the suit comprises mainly two sec-
tions (Fig. [TFa), worn by the user tightening hook-and-loop
fasteners and adjustable buckle clips. The upper part is a soft
back support (BACK BODYGUARD 2023 Home Trainer,
Diisseldorf, Germany), featuring a hip belt that helps stabilize
and distribute the weight for added comfort. The lower
part includes two thigh braces (YOSOO Health Gear Thigh
Bandage, Shenzhen, Guangdong, China). Every component
has been modified with additional textile segments and
reinforced with a layer of Neoprene rubber to accomodate
the actuation stage, the control unit, the power supply (Tattu,
14.8V, 3700mA h, 45 C Lipo, Gens Ace, Korschenbroich,
Germany), and additional ancillary elements, such as 3D-
printed anchor points.

A pair of synthetic tendons (Black Braided Kevlar Fiber,
KT5703-06, 2.2 kN max load, Loma Linda CA, USA) trans-
mit assistive forces from the actuators to the user’s legs.
Each tendon is enclosed in a Bowden sheath (Shimano SLR,
diameter 4 mm, Sakai, Osaka, Japan) down to the respective
proximal anchor point, positioned at gluteus level. A further
exposed portion, aligned with the wearer’s thigh, leads to
the distal anchor point, stitched onto the rear of each thigh
brace. The end fitting employs a commercial system (BOA
Fit System, series-H, Denver, CO, USA) that facilitates quick
coupling and pretensioning. As the actuator pulls the tendon,
the two anchor points move closer, exerting an extension
moment at the hip joint.

B. Actuation mechanics

The device incorporates two actuation stages, designed to
independently assist each leg, while strategically positioned
away from them to mitigate the added mass penalty [24]
(Fig. [T}b). Linear actuators with high-transmission ratio ball

screws have proven to be an effective solution to achieve
high torque density [25]. Thus, our actuator operates con-
verting the rotary motion of an electronically commutated
(EC) brushless motor (EC-4pole 22, @22 mm, 90 W, Maxon
Motor Gmbh, Munich, Germany) into linear motion via a
ball screw (SFU1204-DM, pitch 4 mm, DOLD Mechatronik,
Haslach, Germany), with an overall transmission ratio of
342° 1mm. The motor shaft drives the threaded rod
through a 3.8 : 1 planetary gearhead and a pair of 1 : 1
spur gears, providing a space-efficient solution. Two angular
contact ball bearings support the screw, while a linear guide
constrains the nut to move axially. This sliding element pulls
and releases the connected tendon according to the motor
command, within a maximum stroke of 150 mm. This stroke
is suitable for the physiological range of motion of the hip
joint during running, which is approximately 50° [26]. The
lightweight and modular housing, made of 3D-printed ABS
components, transfers the loads to the exosuit frame.

The capabilities of the actuation stage were initially as-
sessed on a test bench, where bench fixtures were used to
secure the actuation stage housing and firmly anchor its
end fitting to a load cell. To experimentally characterize
the relation between motor current I, read from the Hall
probes of the motor, and tensile force, measured by the load
cell (Fig. [T}c), the tendon underwent quasi-static loading,
gradually increasing the command until reaching up to 120%
of the nominal continuous current In. The results also
provide an estimation of the efficiency in direct motion as
0.7, which is sufficient to allow for backdrivability. This is a
desired property for ensuring a smooth and safe interaction
during eccentric phase assistance.

C. Electronic architecture

The electronic architecture of the exosuit integrates sen-
sors, control boards and power converters (Fig. E}d).

The sensing unit consists of a pair of 9-axis Inertial Mea-
surement Units (IMU BNOOSS, Bosch, Gerlingen, Germany)
placed on the lateral side of the thigh braces.

The control unit is composed of a controller board (MKR
WiFi 1010, Arduino, Ivrea, Italy) and two motor drivers
(EPOS4 Compact 50/5 CAN, Maxon Motor Gmbh, Munich,
Germany), communicating with each other over a CAN-bus
through Service Data Object (SDO) protocol. The former
board runs the high-level Controller at 40 Hz, while each of
the latter ones drives the respective motor with the low-level
Control looping at 2.5 kHz

A wireless network of Bluetooth Low Energy (BLE)
modules (Feather nRF52 Bluefruit, Adafruit Industries, New
York City, USA) interfaces sensing and control units.

Motor drivers use Pulse Width Modulation (PWM) for ac-
tuator control. A relative encoder (ENC 16 EASY, 1024 im-
pulse, Maxon Motor Gmbh, Munich, Germany) is mounted
to the motor shaft, with a mechanical limit switch at the end
of the stroke serving as a zero reference to retrieve absolute
measures.
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Fig. 1.  Exosuit design and actuation mechanism. (a) The suit frame comprises a soft back support accommodating the actuation stages, the control

unit, and the power supply, along with a pair of thigh braces. Two synthetic tendons provide assistance to the user by moving the proximal and distal
anchor points closer. The sensing unit consists of a pair of IMUs placed on the lateral side of the thigh braces. (b) The actuation stage pulls and releases
the connected tendon by converting the rotary motion of an EC brushless motor into linear motion via a ball-screw. (c) Tensile force - motor current
characteristic of the actuation stage, with the shaded area indicating the level of uncertainty. (d) Electronic architecture: a wireless network of BLE modules
interfaces sensing and control units, and the CANopen-SDO communication protocol is employed for sending commands to PWM motor drivers.

III. CONTROL FRAMEWORK

The real-time control framework aims to provide assistive
hip extension torque in synchrony with human gait dynamics,
in order to reduce the biological torque required for move-
ment.

The control scheme is organized in two layers and two
sides (Fig. 2}a). The high-level layer, providing information
processing abstractions, and the low-level layer, serving as
the real-world interfaces, are both subdivided into a Human
side, focusing on the biomechanics of the user’s movement
and remaining agnostic of electromechanics of the exosuit,
and a Machine side, dealing with conversion of human
biomechanics information into mechanical assistance. In
total, four modules are established categorized into either the
Human or Machine side (H/M) and belonging to the high or
low level controller (h/1): A. Motion Sensing (H-1), B. Gait-
State Estimation (H-h), C. Assistance Mapping (M-h), and
D. Actuator Control (M-1).

This modular approach offers the advantage of enhanc-
ing the generalization potential of the control framework,
allowing it to be customized for different locomotion modes
and implemented on a variety of exoskeleton platforms by
selecting the most fitting modules for the specific purpose.

In our case, we have carefully tailored the controller to
deliver assistance during late swing and stance phase of

running, when hip extensor muscles are involved respectively
in an eccentric and concentric contraction [27], whilst not
hindering the user’s movement after toe-off (Fig. |Z|—b).

The following description of single modules focuses on a
single limb subsystem, as the control of the left and right
sides is symmetric and fully decoupled (Fig. [2}c). The loop
is closed through the physical Human-Robot Interaction at
the interface between the user and the exosuit.

A. Motion Sensing

The output signal of the sensor unit is y(t) =
[0(t), 6(t))]T, with 6(t) being the thigh angle with respect
to the global vertical, estimated by a proprietary fusion
algorithm that combines information from IMU data (mea-
surements m(t) of accelerometer, gyroscope, and magne-
tometer) to manage integration drift [28]. Conversely, the
pitch component of thigh angular velocity 6(t) is measured
directly and extracted as raw data from the gyroscope.

Neglecting trunk pitch oscillations [29], this global angle
is related to the hip joint flexion angle by a steady offset
accounting for trunk lean [30].

B. Gait-State Estimation

The goal of the high-level layer is to generate motor
control references that synchronize with the user’s natural
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Machine sides, comprising four modules — A. Motion Sensing fuses IMUs information about y(t) = [6(t), 0(t)) ]T, thigh angle and angular velocity

in the sagittal plane. B. Gait-State Estimation observes &(t) = [¢(t), &(t),

@(t), p(t)]T, representing the phase, envelope, angular rate, and offset of

the gait waveform. This is achieved through EKF tracking its in-phase and quadrature components. C. Assistance Mapping provides a position reference
profile 7(¢) for the actuation stage, parameterized by the gait-state estimate to ensure it aligns with the ongoing user’s motion. D. Actuator Control is
implemented with a high-bandwidth and soft-stiffness PID-cascade feedback architecture, supplemented with feed-forward contributions, compensating for
speed-proportion friction and known inertia. (b) Top row: hip angular position (gray) and velocity (black) profiles across the gait duration for a representative
subject. Bottom row: the corresponding actuator control reference (dotted orange), actual position (solid orange), and the provided assistance force (yellow).
(c) Block diagram for a single limb subsystem, from the IMU sensor to the corresponding actuator.

running pattern. Employing the estimator-regulator paradigm

[31], this process relies on an estimated gait-state signal (t).
Representing the thigh angle 6(¢) in the following general

form, a suitable choice for the gait-state vector emerges:

0(t) = p(t) +9(t) = p(t) + a(t)cos¢(t) (1)

z(t) = [6(t), at), w(t), p(t)]" 2)

Among these components, the gait phase ¢(t), is a nor-
malized parametrization of time during each gait cycle [32],
spanning from one foot strike event to the next, and allows
for synchronization. Beyond the gait phase ¢(t), the gait-
state x(t) considers also the wave amplitude «(t), the angular
rate w(t), and the signal offset u(t).

The mean bias u(t) is a low-frequency component and
the balanced waveform () is a narrowband signal, where

a(t) is slowly varying with respect to the timescale of w().
Well-defined expressions for the instantaneous phase and
amplitude (envelope) can be derived through the analytic
representation J,(t) = 9(¢t) + iH{J(¢t)} [33]. Within this
representation, the real part corresponds to the in-phase
component, which is essentially the original signal itself.
The imaginary part, determined by the Hilbert transform of
the signal, assumes the role of the quadrature component.
When visualized on the complex plane, the analytical sig-
nal traces cycle curves around the origin (Fig. B}a), and
instantaneous measurements are extracted from its polar
coordinates: ¢(t) = arg(¥,(t)) and «(t) = |9,(t)|. Given
the non-causal nature of the Hilbert transform, real-time
tracking of in-phase and quadrature components is enabled
by means of extended Kalman filtering (EKF), leveraging
the predictability of quasi-sinusoidal wave signals [34].

Using the standard discrete-time EKF equations [35],
we define the state-space representation of the ob-



server as fk = [ﬁk Ok, Ok fir.]T and the observation as
vk = [0k, 0y, ]T. We formulate the state-transition model Fy,
the observation model Hy, the covariance of the process
noise (Ji, and the covariance of the observation noise Ry

as follows:
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discretization. The loading factor 7, which describes the
difference between sensor-fused and raw data, along with
the noise variance weights 0,2, 0,%, and 0,? were fine-
tuned through offline preliminary testing to optimize filtering
performance. Additionally, the angular rate @ is constrained
to be positive to prevent divergence and locking phenomena
in the proximity of locally unobservable states.

Finally, estimated gait-state 2 = [q@k, Qg Wk a7 s
computed from observer state ék = [ﬁk, gy O k] by
the change of variables:

1, = arg(@dy + i) (7)
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C. Assistance Mapping

The assistance reference 7(&(t)) provided by the high-
level layer is a position profile for the actuation stage,
parameterized by the gait-state estimate to ensure it aligns
with the ongoing user’s motion. In a similar fashion to
the thigh angle in expression (I), as the reference profile
needs to share frequency domain characterization to allow
synchronicity, it can be represented as:

r(t) = v(t) +v(t) = v(t) + B(t) cos ¥(t) ©)

It comes natural to explicitly represent the dependency as
follows:
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signal traces cycle curves around the origin. (b) The reference analytical
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circulating difference.
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where f(-), g(-), and h(-) are non-linear static functions
of their respective arguments. The function f(/l) defines
the actuator neutral position, g(&) is designed to ensure
smooth transitions between quiet standing and acceleration
status (Fig. a), and h(g{)) anticipates the gait phase to
compensate for electro-mechanical delay, and warps it to
account for exosuit transmission non-linearity (Fig. @}b). To
experimentally model and evaluate these functions, look-
up tables were built during offline preliminary testing, via
the empirical characterization of a completely transparent
following reference. When visualized on the complex plane,
the reference analytical signal, v,(t) = t(t) + iH{x(¢)},
traces deformed cycles around the origin (Fig. B}b). The
discrepancy between these cycles and the zero-force fol-
lowing reference results in a circulating difference, thereby
illustrating the operating principle of active assistance.

D. Actuator Control

The reference r(t) undergoes re-sampling using linear
interpolation to match the increased control frequency; it is
then fed into the low-level actuator controller. This controller
is implemented with a PID-cascade feedback architecture
supplemented with velocity and acceleration feed-forward
contributions, which compensate for speed-proportion fric-
tion and known inertia, respectively. The position outer loop
sends commands to the current inner loop, which drives the
motor through PWM signal ¢(t), and it is closed based on
encoder measurements. The feed-forward component I (s)
and the feedback component Is;(s) of the command are
linked to the position reference R(s) and error E,(s) through
the transfer functions:

K,s+ K,s?
Lps(s) = 14 2¢1ss + 7?52 R(s) an
Ki KdS
Ifb(s) = (Kp + ? + TW)EP(S) (12)

To prevent kicking and noise magnification phenomena,
the differential part of the command signal is low-pass
filtered. On a test bench, controller parameters were carefully
tuned to balance high-bandwidth and soft-stiffness, rendered
without recurring to force sensing and admittance control.
Fig. ] reports the closed-loop actuator response at different
strokes.

IV. EXPERIMENTS

To assess the impact of the exosuit on human running
kinematics and energy expenditure, a group of seven healthy
participants (age 26 + 3 years, mean + SD, mass 74 +
7kg, height 179 + 7cm) was included in the study. All
participants gave their informed consent at the beginning of

(a) INPUT OUTPUT
Closed-Loop
System
() .
Amplitude
10
5 - E
g 0 -
—_ _5 L -
-10 . . . e
0 Phase
501 8 mm 1
5 -100 | 16 mm _
— 32 mm
-150 ¢ — 04 mm 1
-200 . . . . bttt
0.5 1 2 3 4
Frequency [Hz]
Fig. 5. Closed-loop actuator response. (a) The actuator is excited with

swept-sine chirp input commands of varying amplitude; the amplitude and
phase shift of the output response are then evaluated at each frequency.
(b) Bode plots at different strokes illustrate the tradeoff between cut-off
frequency and resonant peak.

each experimental session. The research procedures adhered
to the Declaration of Helsinki guidelines and received ap-
proval from the Ethical Committee of Heidelberg University
(resolution S-313/2020).

A. Experimental Protocol

The study involved subjects participating in two sessions
performed on consecutive days: 1) a treadmill familiarization
and 2) an outdoor experiment.

In the familiarization session, lasting approximately one
hour (40 min of activity interspersed with multiple breaks),
participants were instructed to run on a treadmill across
various speeds, ranging from a minimum of 6kmh~? to
a maximum of 12kmh~!, while being assisted by the
exosuit. This range was deliberately chosen to encompass
a spectrum of typical running speeds, providing participants
with exposure to the entire extent of assistance offered by
the exosuit, including transient phases such as starting or
progression.

The experimental outdoor session involved participants
running at their self-selected pace on an overground 800 m
route, which corresponded to completing two laps of a 400 m
athletics track (Fig. [8Fa). This trial was repeated three times
under different conditions: (a) when the exosuit was not worn
(No Exo), (b) while the exosuit was worn but with disabled
actuators and untethered tendons (Exo Off), and (c) with
the exosuit actively assisting (Exo On). All repetitions for
each participant were performed on the same day, with a
minimum 30-minute rest period between them to reduce the
potential impact of fatigue. The order of the conditions was
randomized among the subjects to mitigate any carryover



effect.

B. Data Acquisition

We assessed how the exosuit mechanics influence the
user’s hip kinematics by comparing data from IMU during
the trials with the device — Exo Off vs Exo On. The motor
current serves as a coarse indication of delivered force, in
the absence of a dedicated load sensor.

To compare the impact of receiving assistance from the
device on metabolic energy expenditure in contrast to the
negative effect of additional weight, we also consider the No
Exo condition, where individuals ran without carrying extra
mass, except for a portable gas analyzer (K5, COSMED,
Rome, Italy). We collected data on oxygen and carbon
dioxide consumption during each repetition (Fig. [8}b). Fur-
thermore, we recorded participants normally breathing for 4
minutes while standing at rest before the test.

C. Data Analysis and Statistics

Kinematic Assessments Hip angular position and velocity
mean profiles, along with related spatiotemporal features
such as range of motion (ROM) and peak velocity in stance
(negative peak) and swing (positive peak), were derived from
IMU data for Exo Off and Exo On conditions. Sensor data
collected at standardized 90s time intervals in the second
lap of each trial were divided into steps, and kinematic
evaluations were then averaged across these segments. Ad-
ditionally, movement smoothness was quantified using the
Spectral ARC length (SPARC) index on the norm of the hip
angular velocity [36]. Comparisons were carried out using
the Wilcoxon signed-rank test (significant level set to 5%)
and results were pooled from left and right sides, which
revealed no significant differences.

Assistance Action The mean tensile force delivered to
the user in the Exo On scenario throughout the previous
segments was reconstructed by isolating the feedback part of
the motor current command and utilizing the experimental
relation obtained for the quasi-static case (Fig. [T}c). This
rough estimate assumes that the feed-forward contribution
accounts for the major part of dynamic factors. Subsequently,
the motor power is computed by multiplying this force by
the actuator speed.

Effects on Metabolic Rate The energy Cost of Transport
(CoT) for the No Exo, Exo Off, and Exo On conditions is
determined by the formula:

P
Col = —
i

Here, P represents the net metabolic power during run-
ning, calculated using the equation proposed by Péronnet
and Massicotte [37], with the average cost of the last two
minutes of quiet standing then subtracted to eliminate the
basal metabolic rate contribution. This value is normalized
with respect to the subject’s weight w (excluding the excess
weight of the device) and the average running speed v,
computed as the track length (400m) over lap time. The
analysis exclusively focuses on second-lap data for each

13)

experimental repetition, ensuring a stable and consistent
metabolic response and minimizing transient effects. The jus-
tification for using this metric while considering self-selected
speed as an uncontrolled variable in the experimental design
is well-supported, as research indicates that the energy cost
of transport for human running is essentially independent of
speed [3], [38].

The three matched groups were compared through the non-
parametric Friedman test (significant level set to 5%). As the
results were significant, we performed a post-hoc analysis
using Wilcoxon signed-rank tests with Bonferroni correction
to evaluate pairwise differences between conditions.

V. RESULTS

Kinematic Assessments Fig. [6] presents the results of
kinematic assessments. All time series plots display popu-
lation averages as a function of gait cycle.

Fig. [6la shows hip angular position mean profile and av-
erage range of motion (ROM) of the hip joint. No statistical
differences were found between Exo On (ROM 48+6°, mean
+ SD) with respect to Exo Off (ROM 45 £ 6°, p>0.05).

Fig. [6}b shows hip angular velocity mean profile and
average peak velocities. Statistical differences were observed
between Exo On with respect to Exo Off for velocity
extremum during hip extension (Negative Peak Exo On
—263 +21°s7! vs. Exo Off —219 4 36°s~1, p<0.05), but
not during flexion (Positive Peak Exo On 263 £33°s~1 vs.
Exo Off 247 +43° s™1, p>0.05).

Fig. [6}c depicts the gait cycle in the hip phase plane
(velocity vs. angle) and highlights the distribution of the
movement smoothness indices. The phase plane relates the
hip angle to the hip velocity averaged across subjects. The
relationship between both variables results in a clockwise
cycle, showing a smooth trend, except for foot strike events,
for both conditions. Accordingly, statistical analysis on the
SPARC index did not reveal significant differences between
conditions, suggesting that the device exhibits transparency
to users’ physiological kinematic patterns.

Assistance Action Fig. [/| illustrates the time series plots
of assistive tensile force and motor power as a function
of gait cycle for population averages. The assistance action
aligns with late swing and stance phase, in coherence with
how the controller was designed. In the initial part of this
period, it helps decelerate the swing leg before foot strike
(negative work), while during push-off phase it contributes
to power production and forward propulsion (positive work).
Following toe-off, it decreases to avoid impeding the user’s
movement.

Effects on Metabolic Rate Fig. [8}c presents the results of
metabolic energy expenditure evaluations. The running Cost
of Transport resulted significantly reduced during Exo On
(CoT 0.42 £+ 0.05JN"'m~!, mean + SD) with respect to
both Exo Off (CoT 0.47+0.06 JN"'m~, saving 9.6+5.1%,
p<0.05) and No Exo (CoT 0.44 + 0.05 JN"im1, saving
4.3 £ 3.7%, p<0.05).
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Fig. 6. Kinematic Assessments. (a) Left: mean hip angular position profile
as a function of gait cycle, for Exo Off (gray) and Exo On (yellow), with
shaded area indicating standard deviation across subjects. Right: range of
motion of the hip joint. (b) Left: mean hip angular velocity profile as
a function of gait cycle, for Exo Off (gray) and Exo On (yellow), with
shaded area indicating standard deviation across subjects. Right: negative
and positive peak velocity statistical, with the symbol * indicating statistical
significance in pairwise comparisons. (c) Left: the gait cycle in the hip
phase plane, for Exo Off (gray) and Exo On (yellow). Right: movement
smoothness, in terms of SPARC index.

VI. DISCUSSION AND CONCLUSIONS

In pursuit of augmenting human running capabilities, our
research focuses on the development and assessment of a
wearable exosuit designed to support hip extension.

Our exosuit employs linear actuators based on ball screw
transmission, offering a good combination of high-torque
density and bandwidth. This design choice ensures powerful
and adaptable performance in assisting human locomotion,
contributing to the overall effectiveness of the device. With
a weight of 4.0kg, the device is fully portable and can
accommodate stride frequencies up to 1.7 Hz exerting tensile
forces of 200 N on each leg. This step cadence equivalent to
200 bpm is adequate for running [39].

The real-time control framework aligns the mechanical
assistance to human gait dynamics within a step, providing
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Fig. 7. Assistance action. Top row: assistive tensile force mean profile as a
function of gait cycle, with shaded area indicating standard deviation across
subjects. Bottom row: the corresponding motor power profile, with shaded
areas representing eccentric phase negative work (grey) and concentric phase
positive work (yellow).
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Fig. 8.  Effects on Metabolic Rate. (a) Participants completed two laps
of a 400 m overground athletics track at their self-selected pace in three
different conditions: Exo Off (dark grey), No Exo (light grey), and Exo On
(yellow). (b) Metabolic energy expenditure was determined using indirect
calorimetry (c) Net running Cost of Transport during the second lap of
each experimental repetition, averaged across subjects. Savings for the Exo
On are computed in relation to both Exo Off and No Exo, and statistical
significance in pairwise comparisons is indicated with the symbol *.



assistive hip extension torque during late swing and stance
phase of running.

Tested by participants involved in running trials on an
athletics track, the exosuit has proven its efficacy in ecologi-
cal settings. The transition from controlled laboratory condi-
tions during familiarization, where participants experienced
assistance with an imposed speed ranging from 6 kmh~" to
12kmh~!, to overground outdoor running at self-selected
pace underscores the practicendfigureality and robustness of
the device. The observed reduction in metabolic Cost of
Transport during Exo On compared to Exo Off and No Exo
by 9.6 % and 4.3%, respectively, suggests that the exosuit
succeeds in lowering the metabolic demand of hip extensor
muscles during movement, all the while upholding a favor-
able margin in relation to the added mass penalty. Kinematic
assessments reveal that the device maintains transparency
to users’ physiological movement patterns. Statistical anal-
ysis exposes distinct effects during various phases of the
gait cycle, as expected. Specifically, hip extension velocity
experiences a significant increase at negative peak values
with the exosuit, while no such impact is observed during
flexion. This dynamic response indicates a selective influence
on specific phases of the gait cycle, positively impacting
propulsion during push-off phase without hindering natural
flexion.

The limited landscape of research in the field of wearable
robotics for running augmentation underscores the challenges
in the design and control of such devices in real-world
scenarios. A noteworthy benchmark is the work by Kim
et al. [6]. Our study, building upon this precedent, further
contributes to the body of work and advances it. Indeed,
our results are competitive compared to the achievements
obtained in outdoor settings by this pioneering investigation
(8.2 % vs. Exo Off and 3.9% vs. Exo On), with an improve-
ment in the weight of the device (4.0kg in this work vs.
5.0kg in Kim et al.).

Additionally, the study conducted by Yang et al. [7] is
another relevant point of comparison, as their exploration
involved a complementary approach, utilizing a lightweight
passive device. Although their assessments were performed
on a treadmill with stationary speed and referring to the opti-
mal setup that maximized the benefits for each individual, the
comparable outcomes in terms of metabolic reductions (4.7%
vs. No Exo) suggest the efficacy of different methodologies
in achieving similar goals. On that account, an intriguing
prospect for the future is the direct integration of our active
exosuit with a passive counterpart, forming an active-passive
hybrid system. The power analysis conducted reveals that
the current utilization of the actuator, also functioning as
a braking spring, is suboptimal. To address this power
inefficiency, we propose incorporating an elastic element
that serves as an energy tank [40]. By adopting this hybrid
approach, we can employ smaller motors and power supply,
alleviating concerns related to heat production and reducing
overall weight. This design can not only maintain the same
level of assistance and adaptability as the active solution but
also offers a substantial advantage in mitigating the weight

penalty associated with wearable exosuits.

To generalize the use to different locomotion modes, our
distinctive modular control facilitates scalability to further
layers for activity classification [6], for example, by means
of machine learning [41]. Assisting sprinting among these
locomotion modes could be another goal, as demonstrated
by the recent work of Moon et al. [5].

Finally, in the future, we plan to conduct extensive testing
on a broader sample of individuals to further evaluate the
robustness, adaptability across diverse user populations, and
user experience of the device. We envision athletes utilizing
our device during long runs to experience enhanced move-
ment efficiency, reduced metabolic strain, and prolonged
endurance, ultimately contributing to improved overall per-
formance.
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