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Analysis of bend-over gesture wearing a trunk-support
exoskeleton
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Abstract. In the context of industrial tasks, back exoskeletons aim at reducing operator's
muscular effort during the work gesture and prevent professional illnesses. Passive devices
have the limitation of providing fixed support based on a single angle of bending kinemat-
ics. In this study, a multibody model previously validated was used to evaluate the biome-
chanical effects of assistance provided by passive exoskeletons in terms of joint actions.
Specifically, the model, which involves the DOF allowed by the spine in the waist joint,
reproduced experimental kinematics of two subjects realizing stoops and squats at various
speeds. Kinematics was measured using an active exoskeleton prototype developed by the
authors and inertial sensors (IMUs). Simulations revealed that passive assistance results in
joint internal reactions mainly along the sagittal axis, which may lead to discomfort and
instability in squat bending. Results underscore the importance of developing flexible laws
for active systems able to adjust support dynamically to users' movements and preferences.

Keywords: Wearable Robotics, trunk-support exoskeleton, biomechanical model, bend-
over strategy, lifting strategy.

1 Introduction

Despite the new paradigm of robots at the service of industry aiming to achieve perfor-
mance excellence, many workers continue to face physical exertion in tasks where hu-
man skills and flexibility cannot be replaced [1, 2]. Physical strains can cause work-
related musculoskeletal disorders (WMSDs), particularly affecting back muscles in re-
petitive and prolonged activities [3]. Among wearable assistive technology, exoskele-
tons aim to safeguard workers' health, by reducing muscular workload and exposure to
occupational disease [4, 5]. Manufacturers and researchers have analyzed various ar-
chitectures and functionalities of exoskeletons designed for specific industrial tasks,
exploring both passive and active solutions [6, 7].

Passive exoskeletons incorporate mechanical elements like springs or elastic bands,
which can store and release energy, with an a priori predetermined law. For this reason,
passive devices cannot adapt to the variability of worker’s behaviors who can adopt
various techniques during material handling and bend-over, exploring different Kine-
matic ranges of human joints and also involving secondary movements like standing,
walking and sitting [8]. The support released by passive exoskeletons neglects differ-
ences between users and their kinematics [9]. Thus, despite their simplicity, weight and



cost advantages, the lack of support law modularity results in user discomfort and in-
stability perception, making them unsuitable for certain industrial tasks. On the con-
trary, active devices offer flexible and adaptive assistance, adjusting it according to the
wearer's kinematics, comfort, and perceptions. The challenge in implementing an active
exoskeleton involves developing control laws that can adapt to personal support pref-
erences and movement variability.

To objectively investigate the validity of an assistance strategy, it is necessary to
evaluate the biomechanical effects on the user's joints. Since musculoskeletal loads
cannot be easily measured experimentally, human multibody modelling has been ex-
ploited to simulate industrial tasks. Van del Have et al. developed an OpenSim model,
evaluating joint torques and peak power during lifting movements [10]. Multibody sim-
ulations were exploited also to assess an upper-exoskeleton assistive effect [11], eval-
uate a new device design concept [12] and investigate the whole-body control of a lower
limb exoskeleton [13]. However, many studies involving multibody modelling during
bend-over movements typically connect the trunk and thighs by the hip joints, neglect-
ing the range of motion permitted by the spinal column. It, together with the hip joint,
allows differentiating among bend-over techniques. The Simscape human model pro-
posed in [14] and optimized in this study approximates the degree of freedom (DOF)
allowed by the spinal column concentrating it in the vertebrae L5-S1 as a single joint
defined waist. Hence, the back flexion-extension is modelled as the interaction of three
links (thigh, pelvis, and trunk) and two joints (waist and hip).

The study goal is to exploit the multibody model to design and assess assistance
strategies in terms of joint torque and reaction forces considering the varying kinemat-
ics among bend-over techniques. The embedded sensor system of a powered exoskele-
ton prototype, implemented by the authors and detailed in [15], and additional inertial
sensor units (IMUs) were used to collect kinematic data from two subjects while per-
forming stoops and squats. The captured joint angle kinematics were exploited in the
multibody model to simulate the effect of a passive support strategy, aiming to assess
its limitations concerning comfort perception and adaptability to movement.

2 Material and Methods

2.1  Exoskeleton prototype

An active exoskeleton prototype was implemented by the authors to assist the wearer’s
trunk during industrial lifting, static bending, and posture maintenance, according to
user preference and kinematic configuration [15]. However, in this study, the exoskel-
eton was exploited to gather experimental kinematic data from two subjects performing
different bending movements while wearing the device, as depicted in Fig. 1.

The prototype consists of a main central structure and two interaction parts on the
chest and legs. The former comprises two pelvic plates connected by a pelvic belt, that
include active electric joints aligned with the hips, as illustrated in Fig.1la. Each active
joint is coupled with the pelvis plate through a bushing to allow free rotation. A chest
interface is linked laterally to the joints via rigid bars called trunk supports and



posteriorly to the pelvic belt using fabric belts. Additionally, two pads are attached to
the thighs and connected to the active joints by two rigid segments, named leg supports.

The design of the active joint, detailed in [15], enables torques up to 65 Nm for each
side. Each active joint can measure the angle between the trunk and leg supports
through an encoder integrated into the motor and provide a torque between them, ex-
changing support forces at the user's chest and thighs to reduce the joint load and muscle
efforts. Moreover, an angular sensor system embedded in each joint enables the user's
kinematics tracking, allowing differentiation among the various bending strategies and
offering adaptable support. Other prototypes use an additional IMU for measuring trunk
inclination and a hip kinematic sensor and adapt support [16, 17]. This device integrates
sensors directly into the structure, avoiding external sensors that can introduce errors
(e.g. inclined floor) and extend dressing times, unsuitable for industrial settings.

The control system, communication, and sensor acquisition are implemented re-
motely on a PC using LabVIEW (National Instruments®, USA) operating at 50 Hz.
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Fig. 1. User performing a bend-over while wearing the active prototype: a) device main components,
IMUs reference frames and placement on human segments; b) Joint angles in a generic configuration.

2.2 Motion capture procedure and signal processing

Two male subjects were recruited for the study, both with a height of 1.80 m and body
mass 73 kg and 65 kg respectively. Each participant maintained an initial standing ref-
erence configuration for 10 seconds, then executed 5 stoops and 5 squats suggested in
random order on a screen every 15 seconds. The bending movements were performed
lifting an empty box for each of three self-selected speeds (slow, normal, fast) while
wearing the active exoskeleton. Since in the study the active prototype is exploited only
for its kinematic measuring function, it was controlled through the transparency mode
[15], allowing users to perceive no obstruction and perform unrestricted movements.
Transparency setting was calibrated according to user’s comfort.

The angular sensor system enables tracking the angular displacement between the
trunk support and leg support, as well as the angle variation between the leg support
and the pelvic plate. These values are measured as the difference of a generic configu-
ration with respect to the initial neutral posture. By combining these measurements, the



hip and waist joint angles, named 9p,;,, and d,,4;5¢ respectively, can be estimated, as
indicated in Fig.1b for a generic posture. Additionally, the embedded sensor system
allows the evaluation of the angular velocities 19',”,, and Oy qise-

To capture the full-body kinematics during the trials, three IMUs were placed on the
subjects' right shank, right thigh, and right upper arm following the standardized man-
ual unit-to-body segment alignment (Fig. 1a). Angular kinematics was recorded at a
frequency of 100 Hz. Movements were assumed to be symmetrical with respect to the
sagittal plane and only kinematics from the right side was considered. This was con-
firmed by observing a mean variation below 2 degrees and a maximum peak variation
of 15% between the 9,,;,, angles of the right and the left side during all the trials. Ankle
joint kinematics is derived by assuming that the foot remains constantly attached to the
ground. Specifically, the ankle angle 9, IS determined by assessing the relative ori-
entation of the shank IMU during the whole trial and its averaged orientation during the
10-second static reference posture maintenance. Then, the knee joint angle Jy,.. Was
evaluated decomposing the orientation of the distal IMU on the shank expressed respect
to the proximal IMU on the thigh after referring both to the initial reference posture.
Shoulder angle 9gp,0u14er Was calculated using the relative orientation of the IMU on
the upper arm referred to the IMU on the thigh and considering 9y, and 9,,4;¢. Simi-
larly, ankle, knee and shoulder angular velocities and accelerations were calculated
from IMU data. Instead, ﬁhip and 9,,4;5 from device sensors were derived and filtered
obtaining accelerations. Signal filtering was conducted using a low-pass 2nd-order But-
terworth filter with a cutoff frequency of 5 Hz. Synchronization between signals from
the two capture systems was achieved using a trigger signal emitted by the IMUs station
and received by the device acquisition board. Following synchronization, joint kine-
matics was segmented and collected based on bending type and motion speed. The re-
peatability of kinematic signals with the same speed and within the same bending tech-
niques was evaluated with Pearson correlation coefficient r? achieving values above 0.9
for all the movements. Signals of each simulation were aligned in time and then aver-
aged according to the bending strategy and execution speed to obtain an average trend
and dispersion. Custom MATLAB 2023b®© routines were developed to execute the sig-
nal processing and Simulink© environment was chosen to implement the simulations.

2.3 Human multibody model

The multibody model developed and validated in a previous study [14] using MATLAB
Simscape Multibody software (MATLAB®©, USA) has been updated for this analysis.

It consists of 15 rigid bodies connected by 14 joints, with each joint modelled as
three revolute joints in series, except for the knee and elbow joints, which have only
one revolute joint. The model includes two lower limbs composed of the foot, shank,
and thigh linked by ankle and knee joints. Additionally, the model introduces the waist
joint to divide the back into trunk and pelvis considering the contribution of waist and
hip joint flexions during different bend-over techniques. The hip joint links the pelvis
to the thigh. Finally, two shoulder joints connect the trunk to the upper limbs (hand,
forearm, and upper arm, linked by wrist and elbow joints). The foot is anchored to the



ground using a rigid transformation. The device assistance is modelled by applying
forces at its contact points with the body. This involves applying two forces perpendic-
ular to the trunk and thigh bodies respectively at chest and mid-thigh levels and one
force applied to the hip joint as the vector sum of the previous ones. In this study, the
model does not incorporate the weight of the device during simulation.

2.4 Simulation

To implement the simulation, the model body segments are proportionally scaled based
on the subject's anthropometric data: mass, height, and trunk and limb lengths.

Experimental joint kinematics recorded during stoops and squats were used as input
for the multibody model. Specifically, kinematics obtained from the IMUs were as-
signed to the model ankle, knee, and shoulder joints, while the hip and waist joints
received input from the exoskeleton data. Since movements occur mainly within the
sagittal plane, null kinematics was imposed along the other two axes during the simu-
lation. The MATLAB solver was selected as variable-step ode45. Simulation outputs
are the net human hip and waist torques and reaction forces applied from the proximal
body to the distal one, evaluated through inverse dynamics.

Initially, simulations on the experimental bending kinematics were performed with-
out integrating exoskeleton assistance. This aimed to explore variations in joint torques
depending on the subjects and the postures adopted during different bending techniques
performed at various speeds, as well as a benchmark for assessing the effectiveness of
the support strategy. Subsequently, the conventional support offered by passive sys-
tems, which rely solely on the variation of the angle between the interaction points (the
angle between trunk and leg supports in this device), was designed and compared with
non-assisted dynamics. The support torque is proportional to the relative angular dis-
placement between thigh and trunk segments, regardless of the bend-over technique.
The design point that defines the exoskeleton stiffness k concerns a torque peak value
provided by the device equal to 70 Nm when this relative angle variation reaches 101
degrees (maximum value recorded during experimental tests), defining k as 0.69
Nm/deg. This torque value contributes to a 50% reduction of peak torque generated by
the hip joint at the bending maximum flexion angle [18]. The magnitudes of assistive
forces applied to the chest and thigh during the simulation were calculated by dividing
the torque by the distances between each application point and the hip joint.

3 Results

Changes in joint actions were examined to understand whether the biomechanical ef-
fects of passive assistance were acceptable. Only graphs for subject 2 considering stoop
and squat at slow speed are presented, as both subjects yielded similar outcomes.

Fig. 3 presents a comparison between the hip joint torques with and without the passive
assistance law, considered as the sum of both hip contributions. The graphs in the first
row depict trends during stoops on the left and squats on the right. In the second row,
passive assistive torque profiles are illustrated according to the bending technique.



200 Subject 2 Slow Stoop 200 Subject 2 Slow Squat
Non-assisted
N Non-assisted

Z 100 100
g3 =
T 50 50
3 =
= 0 0

50 -50

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Subject 2 Slow Stoop Subject 2 Slow Squat

EZOO 200
< 150 150
3
a 100 100
5
@ 50 —_ 50 o
(]
g o = 0 - o E—
o
= 50

Fig. 3. Hip joint torques comparison between assisted (green) and non-assisted (grey) cases (first
row) and assistive torques profiles (second row) during stoops (left) and squats (right) for subject 2.
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Fig. 4. Waist reaction forces during stoops (left) and squats (right) for subject 2. Rx trends are shown
in the top row, with the assisted case in magenta and the non-assisted case in red. R; trends are dis-
played in the bottom row, with the assisted case in cyan and the non-assisted case in blue.
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Postures assumed during the two different bending techniques are depicted at the
bottom to show the technique differences on the kinematic chain. Assistance is deter-
mined by the relative angle between the thigh and trunk, which exhibits similar profiles
across both techniques as indicated by torque trends, despite different model postures



reported for stoops and squats. Both stoops and squats exhibit a reduction in hip torques
when supported with the passive strategy compared to non-assisted motion, as well as
in the waist. All graphs correspond to trials conducted at a slow self-selected velocity.
Trends in normal and fast speed trials report similar shapes, with increased peak torques
and more pronounced variations due to inertial effects.

Figure 4 evaluates the passive assistance in terms of waist reaction forces along the
ground x-axis and z-axis, with Rxe shown above and R,c below. Force outputs were
referred to the ground coordinate system depicted in Fig. 1, which aligns with the body
anatomical sagittal, transversal, and longitudinal axes. Expressing the reaction forces
along these directions allows the evaluation of their magnitudes and direction effects
on the body in terms of imbalance and instability with greater clarity. Trends during
stoops (left column) and squats (right column) are depicted, comparing the assisted and
non-assisted motions. A reduction in R,g and an increase in Ry can be observed in the
assisted to non-assisted movements comparison. Similar outcomes characterize the hip
joint forces, while knee and ankle joints do not present any torque and force differences
between the assisted and non-assisted cases, across both subjects and execution speeds.

4 Discussion

Passive assistance reduces the torque required to the user's hip joint to perform both
stoops and squats, especially during the phase of maximum flexion. Reductions of up
to 60 Nm are observed. Focusing on squat, the torque exhibits a trend opposite to the
flexion direction in the first motion instants resulting in negative values, which is fur-
ther exacerbated by the assistance. In the remaining part of the movement, the assis-
tance almost nullifies the user moment. The trend of the assistive torque is similar be-
tween stoop and squat, but subjects should not receive the same support in both situa-
tions since they assume different postures. However, observing only hip torques it is
not possible to infer evidence of unsuitability and discomfort caused by this passive
support, as it appears to alleviate effort for both subjects.

Similarly, the passive law provides support by reducing the reaction force R; at the
waist and hip during both stoops and squats. This is achieved as the device applies
action against the chest and thighs, thereby reducing the workload on the joints along
the vertical axis. However, along the x-axis, the user undergoes a reaction force when
assisted which is not present in non-assisted simulations. During stoops, this force
barely reaches 50 N, but during squats, it peaks at up to 150 N, also increasing in trials
with normal and fast speeds. During squats, this force exerted backwards on the user
leads to instability and contributes to the discomfort experienced by the wearer while
aided by a passive device. Passive assistance based on the angle between the trunk and
thighs does not consider the techniques employed by the operator, as the angle exhibits
a similar range in both stoops and squats. Assisting all bend-over techniques equally
leads to discomfort, reducing device adoption and acceptability among workers. Active
devices can be exploited to assist the different bending techniques in specific ways.
Achieving this requires the development of a technique identification algorithm based
on sensor kinematic measurements which modulates the support. Assistance tailored to



the bending technique will avoid instability and discomfort perceived by the user when
adopting a passive device during squat movements. The main limitation of this study is
the small sample size analyzed. Future work includes expanding the sample, assessing
active strategies, and validating through muscle effort evaluation.
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