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Abstract—Sitting, standing, and walking are fundamental
activities crucial for maintaining independence in daily life.
However, aging or lower limb injuries can impede these activities,
posing obstacles to individuals’ autonomy. In response to this
challenge, we developed the LM-Ease, a compact and soft
wearable robot designed to provide hip assistance. Its purpose
is to aid users in carrying out essential daily activities such
as sitting, standing, and walking. The LM-Ease features a
fully-actuated tendon-driven system that seamlessly transitions
between assistance actuation profiles tailored for sitting, standing,
and walking movements. This device provides the user with
gravity support during stand-to-sit, and offers hip extension
assistance pulling force during sit-to-stand and walking. Our
preliminary results show that with the LM-Ease, healthy young
adults (n = 8) had significantly lower muscle activation: average
reduction of 15.6% during stand-to-sit and 17.8% during sit-to-
stand. Furthermore, with LM-Ease, participants demonstrated a
12.7% reduction in metabolic cost during ground walking. These
evidences suggest that the LM-Ease holds potential in reducing
muscular activation and energy expenditure during these fun-
damental daily activities. It could serve as a valuable tool for
individuals seeking assistance in enhancing lower limb mobility,
thereby bolstering their independence and overall quality of life.

Index Terms—Wearable Robotics; Exosuits, Adaptive Lower
Limb Assistance Control, Machine Learning.

I. INTRODUCTION

IN our daily lives, the sequential process of “sitting-
standing-walking” is a frequently repeated series of actions.

Statistics indicate that healthy free-living adults perform ap-
proximately 60 repetitions of these actions on average each day
[1]. The ability to independently execute these fundamental
activities of daily living (ADLs) significantly contributes to
personal autonomy and overall well-being. However, owing to
the natural aging, congenital conditions, or acquired injuries,
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Instituto Politécnico Nacional, 07340 Mexico City, Mexico.

4Alessandro Ciaramella is with the Institute of Mechanical Intelligence,
Sant’Anna School of Advanced Studies, 56127 Pisa, Italia.
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certain individuals may encounter difficulties in transitioning
from stand-to-sit, sit-to-stand, or walking. These challenges
stem from alterations in muscle composition and a decline in
motor control [2], significantly curtailing their daily activities
and reducing their independence [3].

Given the latest developments in the robotic field, there is
a growing interest on technological products that can improve
or enhance the capacity to execute fundamental ADLs. For
instance, wearable lower limb assistive devices are gaining
great attention as a potential response to this need and chal-
lenge [4]–[6]. These devices are intentionally designed to offer
effective support to individuals with reduced muscle strength
or lower limb impairments [7]–[9], potentially enhancing their
muscle function and enabling them to perform ADLs tasks
with increased independence and ease [10], [11].

Commonly found on the market, devices such as sit-stand
lifts [12] and wearable powered exoskeletons [13], [14] are
widely employed to facilitate sitting and standing transitions
or walking assistance for frail users. These devices rely
on rigid structures for support and mobility assistance, yet
they are costly, power-intensive, and bulky, challenging their
integration into daily life. In contrast to conventional rigid
devices, wearable soft exosuits present customized lightweight
and flexible designs suited for users, exhibiting reduced power
consumption and lower costs [15]. Their working principles
rely on human lower limb natural movements, acting in par-
allel to the user’s muscles to provide the necessary assistance
for accomplishing ADLs tasks [3].

Currently, research on soft wearable lower limb devices
mainly focuses on assisting users in walking or running [10],
[16]–[18], while research exploring the use of soft exosuits to
assist with sitting and standing is notably lacking. Lee et al.
[19] assessed a passive wearable soft exosuit utilizing elastic
bands, demonstrating its potential to diminish the energy
expenditure during users’ sit-to-stand movements. Kulasekera
et al. [20] proposed a low-profile vacuum actuator that utilizes
a low-profile spring encased within a low-density polyethylene
film to provide users with sit-to-stand assistance in a soft
exosuit through vacuum actuation and passive recovery. Its
effectiveness in reducing the user’s muscle activation was
verified. Schmidt et al. [21] demonstrated that the Myosuit,
a commercially available wearable device utilizing a tendon-
driven mechanism guided by a rigid knee joint and elastic
bands at the hip, can also reduce the user’s muscular activity
when performing sitting and standing transitions.

In this study, we present the design and evaluation of
a novel powered lower limb wearable hip exosuit, namely
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LM-Ease (Lower-limb Movement Ease), designed to assist
individuals in transitioning between sitting and standing, as
well as facilitating walking. The hip joint, serving as a critical
connection point between the trunk and lower limbs during
movement, is a major player in generating and transmitting
force [22], [23]. Given the pivotal role of the hip joint, the
main goal of the LM-Ease exosuit is to provide effective hip
assistance, empowering users to perform daily activities with
enhanced ease and autonomy. The control system of the LM-
Ease employs locomotion mode recognition and gait phase
estimation algorithms to enhance synchronization between the
user and the device. It is a tendon-driven system able to
provide the users with stable anti-gravity support during tran-
sition from stand-to-sit, and hip extension assistance during
transition from sit-to-stand and walking.

We hypothesize that wearing the LM-Ease exosuit would
reduce users’ muscle activity during the stand-to-sit and sit-to-
stand transitions, as well as reduce metabolic cost of transport
during walking. We also hypothesized that wearing the LM-
Ease exosuit does not restrict users’ natural movements. We
have tested these hypotheses through experiments based on a
comparison between performing sitting, standing, and walking
actions with and without assistance from the LM-Ease device,
monitoring and further comparatively analyzing the muscle
activation, metabolic cost, and kinematics of eight participants.

The contributions of this study are primarily demonstrated
in two aspects. Firstly, the newly designed soft lower limb
assistive device, LM-Ease, has realized and verified for the
first time that the soft-powered hip tendon-driven exosuit can
provide gravitational support for users during the stand-to-
sit transition, while also offering extension-assistive tension
during sit-to-stand transition and walking. Secondly, this work
includes a preliminary test on the feasibility of the LM-Ease
in assisting users with sitting and walking, along with an
analysis and evaluation of muscle activation, metabolic costs,
and kinematics in participants. The practical implementation
of this study is expected to advance the extensive application
of textile-based soft assistive devices in the realm of wearable
assistive technology. This, in effect, will encourage the seam-
less integration of assistive devices into everyday life, thereby
improving autonomy in the performance of daily activities.

II. EXOSUIT DESIGN

The fully-actuated LM-Ease exosuit (depicted in Fig. 1) has
a weight of 3 kg and is specifically designed to provide hip
support and extension assistance for the user.

The primary textile components of the LM-Ease exosuit
comprise a waist belt and two thigh bandages. They are
connected to each other by two artificial tendons (Anyasen
Braided Waxed String, 2 mm diameter, Black, China), which
are responsible for transmitting the assistive forces to the user
by connecting the proximal (on the waist belt) and distal
(on the bandages) anchor points (3D-printed) after passing
through their respective head-end Bowden sheaths (Shimano
SLR Mantel, 5 mm diameter, Japan).

The LM-Ease’s control unit, actuators, and power supply
are mounted on the back of the belt and represent most of

the device’s weight. The control unit primarily comprises a
Nvidia Jetson (Nvidia Jetson Nano, USA) responsible for ex-
ecuting machine learning algorithm and an Arduino (Arduino
MKR 1010 WiFi, Italy) that reads kinematic signals from the
IMUs and manages the control of actuators. Additionally, the
control unit includes a Feather (BLE, Feather nRF52 Blue-
fruit, Adafruit, USA) for receiving IMU signals transmitted
via Bluetooth Low Energy (BLE) and a Can-bus extension
board (Can-bus Shield V2.0, Seeed Studio, China) to facilitate
communication between the controller and the motors.

The actuation system, situated at the base of the control unit,
features two brushless motors (T-Motor, AK60-6, 24 V, 6:1
planetary gear-head reduction, CubeMars actuator, China) and
a 3D-printed pulley with a diameter of 35mm was mounted
on top of each motor.

On the lateral side of the thigh harnesses, two thigh IMU
modules communicate with the control unit via the BLE
protocol. Each IMU module is mainly comprised of a BNO055
(Bosch, Bno055, Germany) for measuring thigh kinematic
signals and a Feather (BLE, Feather nRF52 Bluefruit, Adafruit,
USA) for generating BLE signals for transmission. Another
IMU is positioned atop the control unit at the back of the
waist belt, connecting to the control unit via wires.

All electronic components draw power either directly or
indirectly (via a 24V/12V to 5V 5A DC-DC buck power con-
verter board) from a 14.8V battery (Tattu, 14.8V, 3700mAh,
45C, USA).

The times and procedure of one participant donning (1
minute 08 seconds) and doffing (56 seconds) the exosuit are
demonstrated in the supplementary video material.

III. METHODS

The embedded controller within this wearable LM-Ease
exosuit is founded upon machine learning algorithms. It offers
supplementary assistance to users in their daily activities
(sitting, standing, and walking) by leveraging user’s kinematic
characteristics.

In recent years, methods of detecting motion patterns and
identifying gait phases have been widely used in lower limb
wearable devices to improve their assistive efficiency. For
instance, various sensors such as cameras, IMUs, and EMGs,
along with diverse machine learning algorithms [17], [24]–
[27], have been employed for locomotion mode detection.
Similarly, methods for gait phase estimation have been de-
veloped using adaptive oscillators [28], [29], phase portrait
[30], [31], or machine learning techniques [32]. However, it
remains a major challenge to design a control system that can
use simple and easy to process sensors to accurately identify
movement patterns while estimating gait phases in real-time.

Here, we focus on the real-time human-in-the-loop assis-
tance utilizing only IMU sensors, as well as the construction
of its internal locomotion pattern detection and gait phase
recognition assistive models in terms of two parts: Offline
modelling and Real-time assistive control Framework.

A. Offline Modelling
The locomotion mode detection and gait phase estimation

models embedded in the controller were obtained offline using
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Fig. 1. Design of the LM-Ease exosuit. (a) The hip exosuit is a textile exomuscle consisting mainly of a waist belt that anchors the controller unit, the actuator
unit, and the power supply, and a thigh bandage that anchors the sensor units. The assistive force is transmitted to the user by an artificial tendon connecting
the proximal anchor point on the waist and the distal anchor point on the thigh under the action of a motor. (b) Mechanical design of the actuator unit for
each leg. (c) The LM-Ease is designed to provide support for the user’s stand-to-sit activity and to provide extension assistance for the user’s sit-to-stand and
walking activities. (d) Hardware components of the exosuit and communication protocols between hardware modules.

a purposeful experimental dataset derived from eight healthy
participants.

The eight participants selected for the offline modelling
experiment were free of disability. Prior to the initiation of
the experiments, informed consent was obtained from each
participant. All procedures adhered to the principles outlined
in the Declaration of Helsinki, and this research received
approval from the Ethical Committee of Heidelberg University
under resolution S-313/2020.

1) Training dataset collection: Eight participants (six males
and two females, age: 25.9�1.8 years, height: 1.78�0.10 m,
weight: 72.4�12.8 kg, mean � std) were enlisted to carry
out the task of collecting the dataset used to train the LM-
Ease’s internal machine learning models. Each participant was
instructed to perform two separate experimental sessions on
these data collection-oriented lower-limb tasks:

a. Conducting ten rounds of transitions between sitting and
standing, synchronized with an 8 beats per minute (bpm)
metronome. In each round, participants were instructed to
perform a transition from standing to sitting (stand-to-sit)
upon hearing the metronome beat, followed by a transi-
tion from sitting to standing (sit-to-stand) upon hearing
the next beat. The cycle continued for the duration of each
round, with participants moving on to the next round at
the sound of the following beat.

b. Continuous walking on level ground at a self-selected
walking speed for 400 m, followed by standing still for
one minute.

The kinematic data, comprising angles and angular veloc-
ities from the left leg, right leg, and trunk, was collected by

three IMUs sampled at 100 Hz in the Matlab/Simulink R2021b
environment (Mathwork, Massachusetts, USA). In order to
correct for the angular drift of IMUs over prolonged usage
of the device during walking, we additionally captured the
real-time angle values for both the left and right legs after
the application of a notch-peak filter (centered at 0 Hz). This
strategy aims to eliminate hip angular drift measured by the
IMUs during walking, retaining solely the relative angular
change values centred on 0 degrees.

The collected data were used to train the locomotion mode
recognition model and the gait phase estimation model.

2) Locomotion mode recognition model: The locomotion
mode recognition model is used to differentiate and identify
the user’s sit-to-stand/stand-to-sit and walking patterns. The
following procedure was performed offline for model training.
Training data selection: For the purpose of improving the pre-
diction accuracy of the model, we selectively choose training
dataset based on the correlation and variability of kinematics
across different locomotion modes, as well as past empiri-
cal knowledge, aiming to maximize model performance and
generalization capability. The training dataset for locomotion
mode recognition module incorporates eight distinct vectors.
These vectors were derived from the participants’ kinematic
dataset (collected in Section III-A1) and encompassed the right
leg thigh angle �rt and angular velocity vrt, the left leg angle
�lt and angular velocity vlt, the trunk angle �tr and angular
velocity vtr, the sum of the angles of the right and left legs,
computed by �sum = �rt+�lt and the sum of angular velocity,
expressed as vsum = vrt +vlt. Additionally, it is worth noting
that our analysis of the kinematics from the IMUs revealed


