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ABSTRACT

This article presents an active industrial trunk support exoskeleton design with a non-
conventional structure. A earlier design was improved, eliminating the leg links and placing two
active multifunctional pneumatic actuation groups at the sides of the wearer’s trunk. The
backframe along the wearer’s back was also eliminated, with an eye to having its function
performed via the actuation groups themselves and a textile vest that can be stiffened if necessary
with elastic bands inserted into pockets in the fabric. In the future, the authors plan to design an
alternative solution using electric actuators. Experimental tests were carried out with a volunteer
to gain a better understanding of the physiological trunk movement, while future tests will be
conducted with a larger number of individuals and Al pose estimation models. Results proved
useful for design optimization. The exoskeleton structure provides excellent wearability,
compact dimensions, can be further optimized in weight, and is designed to fit a near-universal
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range of wearers.

Keywords: active trunk exoskeleton; non-conventional trunk exoskeletons; pneumatically controlled trunk exoskeleton;
innovative trunk exoskeleton without leg-link

1 INTRODUCTION

Over the past several years, advances in new technologies
and robotics [1-4] have fueled the spread of wearable
machines, i.e., exoskeletons. Exoskeletons have been used
for a variety of purposes including military, rehabilitation
and nursing applications, and, more recently, industry. In the
industrial sector, many types of active and passive
exoskeletons have been developed [5-8] to support the trunk,
arms or lower limbs, and to aid in lifting loads and
maintaining a mobile sitting position. Wearable robotic
exoskeletons are used in industry to support the wearer in a
variety of tasks. They reduce musculoskeletal fatigue,
enhance the wearer’s performance and make workplace
accidents less likely [9-11]. Obviously, wearer safety and
comfort is a prime consideration in the use of these devices.
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Care must be taken to ensure that they do not put excessive
stress on the wearer’s body, especially in the long term, and
that they are always used for their intended purpose.
Ongoing studies conducted on volunteers have highlighted
these devices’ usefulness, and 9 out of 10 workers report that
wearing an exoskeleton has improved their working lives
[10]. In any case, long-term evaluations will be necessary to
assess the effects these devices may have on the body of a
worker wearing them, performing certain tasks, and using
the device for many hours a day and for several consecutive
days. This is particularly important given that the
relationship between man and machine has become ever
closer over the years, to the point that robots have in some
cases been replaced with wearable exoskeletons. Physically
demanding sectors such as agriculture, construction, and
industrial mechanical production and logistics have received
the most attention in this respect, as workers exert
considerable effort in repetitive tasks that impose high
stresses on the spinal column [12-17]. Currently, other
authors have presented trunk support exoskeletons [9-11]
with no leg links, though most designs feature leg links as
well as a backframe [18]. They are in general wearable
robots capable of limiting muscle fatigue in the lumbar
region and reducing dangerous compressive loads on the
spine. Patents have been filed for exoskeletons supporting
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the wearer’s trunk while bending forward for many hours,
some dating from as early as the beginning of the twentieth
century [19] and having important applications in
agriculture. Some of these designs are also interesting in
terms of their actuation mechanics, as they feature
noteworthy mechanisms and assemblies [20]. Analyzing the
evolution of leg link geometry over the years can yield
valuable insights into this component’s function which can
be useful in design exoskeletons with no leg links. In
previous exoskeleton designs such as those presented in [ 19-
21] and later, we find leg links consisting of: a front support
on the thigh connected by a spring to the backframe [19]; leg
links connected to an actuation assembly consisting of
mechanical parts such as springs, locking or release stops,
etc., mounted on the front of the body, with an innovative
mechanism that, despite the presence of the leg link, allows
unrestricted upright walking regardless of leg stance [21];
leg links consisting of rigid material with a narrow band
around the thigh for agricultural and other applications [22];
leg links consisting of rigid material with a plate pressed
against the leg [23, 24]; leg links consisting of flexible
materials such as textiles [25-30]. For many years, the
Politecnico di Torino Department of Mechanical and
Aerospace Engineering (DIMEAS) has constructed
exoskeleton prototypes consisting both of rigid bodies [31-
36] and textile structures [37] for rehabilitation,
pressotherapy, active suits, industrial purposes, etc.
Simulations and other studies have also been carried out
[38]. This paper presents a new type of trunk support
exoskeleton with no leg links or backframe. Pneumatic
actuators are used, providing a less rigid structure and
ensuring that the action of the exoskeleton on the wearer’s
body can be changed with ease.

2 THE NEW EXOSKELETON PROTOTYPE

The exoskeleton prototype presented here is based on
DIMEAS’s extensive experience with exoskeletons for
and for

industrial  applications [31,32,36] robotic

neurorehabilitation [33-35, 37].
backframe

actuation unit

~

leglink

~

Figure 1a Earlier DIMEAS industrial trunk support
exoskeleton [31,36].
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textile
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Figure 1b Details of this exoskeleton as worn [36].

Earlier industrial trunk support exoskeletons were designed
with a conventional structure (Figures la and 1b) featuring
active hip joint actuation units, a backframe carried on the
wearer’s back, and leg links in contact with the thigh.
Optimized wearability of some of these exoskeletons is
illustrated in Figures la and 1b [36]. In this case, the
multifunctional actuation units employ electric motors. As a
result of earlier studies conducted by the authors [31,32,36],
these multifunction units accommodate three exoskeleton
operating modes: allowing the wearer’s legs to move freely
during emergencies or special situations; moving the
wearer’s trunk in flexion or extension, providing 30% of
peak muscle torque; and supporting the wearer’s trunk in
bending forward while stationary, when the actuation system
locks the exoskeleton in the required position. To improve
weights, dimensions and “legs-free” mode, the authors have
designed a new geometry for an industrial trunk support
exoskeleton with no leg links (Figure 2a). The new design
features four pneumatic actuators at each side of the wearer’s
trunk (Figures 2b and 2c) that impose a rotation initially on
the hip axis and then, after the physiological delay [14]
between spine joint motion and hip joint motion during
forward bending, on the wearer’s back. Flat actuators were
selected to reduce overall exoskeleton dimensions and
improve wearability. Currently consisting of standard
materials, these actuators can in the future be replaced with
similar technopolymer actuators to further reduce weight.
The backframe carried on the wearer’s back was also
eliminated, with an eye to having its function performed via
the actuation groups themselves and a textile vest that can be
stiffened if necessary by elastic bands inserted into pockets
in the fabric. In this way, the top actuators move the torso C-
frame slightly after the bottom actuators move the hip bar.
As there are no leg links, “legs-free” mode is automatically
guaranteed, with the option of immediately reducing the
pressure in each cylinder, leaving the operator free to move
in the event of emergencies or indisposition. To provide the
delay between normal spine joint and hip joint movement
[14], two devices (dubbed “delayers”) were located at the
end of the top rod actuators.



1: hip bar
2: pelvic link

3: center plate
within actuators

4: delayer
5: torso C-frame

6: single flat
pneumatic actuator

Figure 2a The new actuation unit structure.

Figure 2b The new DIMEAS exoskeleton with no leg links
worn by a 95%ile male.

torso C-frame

~

\\ ~

flat
pneumatic
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within actuators

pelvic
link

hip bar

Figure 2¢ Details of the new DIMEAS exoskeleton with no
leg links.
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This actuation unit design, and the use of pneumatic
actuators, also guarantee that the exoskeleton’s other
functions can be performed (viz., providing the required
percentage of muscle torque at the hip and trunk, and fully
supporting the trunk when leaning forward). Consequently,
this new design also qualifies as a “multifunctional actuation
unit.” These units now have a pneumatic actuators, but the
authors plan to design an alternative solution with electric
actuators in the future. In designing exoskeletons of this type,
knowledge of the human pelvis and spine is also
fundamental. Accordingly, the authors reviewed key
literature [12-16] and developed spreadsheets whereby they
can determine the main dimensions of the human pelvis [17],
especially the distance from the hip axis to the lumbosacral
joint.

3 EXOSKELETON PROTOTYPE GEOMETRY AND
OPERATION

As shown in Figure 3, the bottom actuators act on the hip
axis by imparting a rotational motion to a bar whose length
is such that the system guarantees the necessary torque-assist
even at pressures below 5 bar. The top actuators act on a C-
shaped component placed at a certain distance from the hip
bar and called the “torso C-frame.” To minimize air
consumption and ensure wearer safety, the exoskeleton is
designed to guarantee sufficient assistive torques with
pressures below 5 bar (1 bar = 103 Pa). Given its structure,
the actuation unit is self-balancing when the wearer is
standing upright, as all four actuators are identical and
supplied at the same pressure. During forward trunk flexion,
the actuator axes are no longer perfectly aligned; as will be
discussed below, however, this misalignment does not cause
problems or place excessive forces on the wearer.

Figure 3 Details of DIMEAS exoskeleton operation.

3.1 PNEUMATIC ACTUATOR SELECTION

In selecting actuator bore and stroke, the objective was to
provide the highest possible percentage of torque at the hip
with pressures below 5 bar at all times. The final actuator
geometry shown in Table 1 was determined on the basis of
the minimum bores available in the manufacturer’s catalog.
Flat actuators were chosen because of the need to limit
overall dimensions, improve wearability and prevent piston
rotation [39]. For optimization purposes, similar commercial



Table I — Pneumatic cylinder characteristics (1 bar=10° Pa)

Actuator Characteristic
Model Festo series DZF
Bore 25 mm
Stroke Actuator 1 =10 mm; 2 =40
mm; 3 =40 mm; 4 =25 mm
Type Rectangular section, anti-
rotation
Mass Actuator 1 =0.186 kg; 2 =
0.240 kg; 3=0.240 kg; 4 =
0.204 kg
Envisaged operating <5 bar
pressure
Maximum operating 10 bar
pressure

actuators consisting of lightweight materials such as
technopolymers are now being sought.

4 WEARABILITY STUDY

Given the X-configuration of each actuation unit, it is
advisable to avoid the need to make anthropometric
adjustments for individual wearers which would change the
distance between the hip bar and torso C-frame, and thus
affect actuation unit performance and operation.
Accordingly, the design of the X-configuration and the
distance between the hip hinge and the C-frame was based
on an in-depth anthropometric study to accommodate
wearers ranging from 5" percentile women to 95 percentile
men. As shown in Figures 4a and 4b (dimensions in
millimeters) the current geometry will fit wearers down to
10™ percentile women without modifying the arrangement of
the actuation unit components. For 5™ percentile women, it
may be necessary to make a small geometric modification to
the torso C-frame, creating a concave shape that allows the
exoskeleton to fit equally well without interfering with the
wearer’s axillary area [40-43]

10%ile woman

5%ile man

Figure 4a Distance between hip bar and torso C-frame
accommodates a wide range of wearers.
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73.28

95%ile man 50%ile man

- -

19.28

5%ile man 10%ile woman
Figure 4b Distance between torso C-frame and axillary
fossa in various wearers.

5 MOVEMENT STUDIES

The new exoskeleton’s design was also based on
experimental studies of trunk flexion. For this preliminary
evaluation, a volunteer performed all movements, which
were videotaped and analyzed using Tracker, a free software
tool [27] (2024 version). In the future, movement studies will
also be conducted with a larger number of volunteers and
with pose estimation techniques using Al models (pre-
trained or otherwise) developed with appropriate software as
shown in Figures 5a and 5b [45,46].

Figure 5a Pose estimation with pre-trained models in
Node-RED (version 18.50, Posenet TensorFlow) [45].



Figure 5b Pose estimation using author-trained models in
Teachable Machine (version 2.0) [46].

In this exoskeleton design procedure, a single subject
movement was studied because this study is focused to verify
some information on this topic from the general literature but
also by referring to studies and experimental tests and
simulations previously conducted by the authors [.31,32,38].
The study of motion is here aimed only at the exoskeleton
design and analysis the subject not wearing the exoskeleton.
The authors have already begun experimental tests with
other subjects and with multiple subjects (both women and
men) to further their understanding of this motion in healthy
individuals not wearing the exoskeleton and with the purpose
only to better know this kind of movement. These studies are
also now conducted by the authors using Al pose estimation
models for the human body. After all these further
considerations, authors will start some more verifications
simulating and analyzing various kind of subjects wearing
the exoskeleton.

5.1 VOLUNTEER SELECTION AND VIDEO
RECORDING CONDITIONS

To expedite this initial movement study, a single volunteer
was selected [12-16, 43,47,48]. Characteristic data were
collected and markers were placed on the clothed volunteer
so that trunk movement could be analyzed using the Tracker
software. The markers were placed over the subject's
clothing, since the exoskeleton will always be worn by a
clothed subject. It was thus also possible to analyze clothing
movements. Videos were recorded using an ordinary
Android smartphone placed at a distance of 2 m from the
subject. All videos were shot in the sagittal plane. A healthy
volunteer’s physiological trunk flexion and extension was
recorded. Table II presents the volunteer’s main
characteristics. Studying physiological trunk motion rather
than the specific motion of an individual lifting a load from
the ground is essential in designing a trunk exoskeleton that
respects the anatomy of the pelvis, which has two different
hinges: the hip axis and the lumbosacral joint, where the
spine connects to the pelvis.

It is also important to study movement dynamics to design a
device that respects the delays between pelvis and spine
movements [14]. A study of this type also allows for
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repeatability in experimental motion analysis. The
exoskeleton presented here is primarily designed to support
the motion of the trunk and support it when bent forward. For
the moment, the case of lifting a load from the ground has
not been addressed in detail.

Table II - Subject characteristics

Characteristic Value
Gender Male
Age 25
Profession Mechanical engineer
Body mass 70 kg
Height 1.75m
Right-handed/left-handed Right-handed
Sports Trekking
Surgical operations None
Hip axis tp ¥umbosacral 160 mm
joint
Hip axis to axillary fossa 450 mm
Hip axis to neck attachment 550 mm
Hip axis to top of head 820 mm
Hip axis to knee axis 430 mm
Pelvis width 340 mm
Hip axis to torso C-frame 360 mm

6 EXPERIMENTAL MOVEMENT ANALYSIS

Markers were placed on the shoulder joint, at the point under
the armpit where the torso C-frame will make contact, on the
lumbosacral joint, on the hip axis, at the mid-point of the
thigh and on the knee joint to correctly examine the entire
physiological motion of the trunk in flexion and subsequent
return to the upright position. Marker positions and motion
angles of the trunk and of the pelvis are shown in Figures 6a
and 6b. In particular authors underline that: o is the trunk
angle; B is the torso C-frame forward flexion angle; 0 is the
pelvis angle.

MARKERS y

knee joint
half of thigh
hip joint

lumbo-sacral joint
thoracic C

shoulder

@ 0O®@®O0 o

3

- Figure 6a Markers positioned on the volunteer.



i

- Figure 6b Motion angles used by the authors.

The experimental and theoretical curves for torso C-frame
forward flexion are shown in Figure 7a. The experimental
results were in complete agreement with the theoretical
cycloidal law typical of this movement.

Pelvis and spine rotation angles and angular velocities are
shown in Figures 7b and 7c¢; in particular, Figure 7c¢ also
shows motion onset and thus the physiological delay
between pelvis rototranslation and trunk forward flexion [ 12-
16].

* Theoretical cyeloidal

~~ B0 . .
L behaviowr
& T = Experimental behaviour
=1
o G
fard
= 50
2
= 4
il
g
A
g
& w

1]

0 5 10 15 20
Time (&)

Figure 7a Experimental and theoretical curves for torso C-
frame forward flexion (p angle) versus time.

—+—Spine

+—Peivis

Rotation angle (%)

Time (s)

Figure 7b Pelvis (0) and spine (o) rotation angles versus
time.
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Figure 7c Pelvis and spine angular velocity versus time.

As can be seen, experimental tests and analysis are in good
agreement with theory and the literature, and are consistent
with normal physiological trunk motion. Figures 8a and 8b
compare the current results for pelvis and spine motion
during trunk forward flexion with those obtained in a
preliminary experimental study carried out at DIMEAS a
few years ago [32]. Current results are shown in Figure 8a,
while results of the earlier tests are shown in Figure 8b. It
should emphasized that the curves and displacements from
the current study are consistent with those obtained in the
2019 study with different subjects and motion tracking
methods [32]. During trunk flexion, the pelvis undergoes a
rototranslation. In [14,15] with a trunk flexion of 63.89°,
pelvic backward shift is approximately 146 mm, while under
other test conditions, it is approximately 160 mm, as
determined in earlier experimental tests conducted at
DIMEAS (2019 with a 25 year old male subject [32]). In the
current motion analysis, pelvic backward shift was
approximately 130 mm. The disparities between these values
are entirely acceptable in view of the differences between the
subjects and testing methods.

7 EXOSKELETON OPERATION

A model of the exoskeleton worn by the volunteer was
constructed in a CAD environment (SolidWorks software
version 2024) (Figure 9) to check its operation during trunk
flexion and determine each actuator’s lever arm with respect
to the hip axis and the center of the torso C-frame, thereby
obtaining the torques.

spine
movement

pelvis
movement

Figure 8a Pelvis and spine movements during trunk flexion
determined experimentally in this study.
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Figure 8b Pelvis and spine movements during trunk flexion
determined experimentally by the authors in 2019 [32].

}Q\r

Figure 9 Cylinder lever arms relative to the hip axis and
the lumbosacral joint during motion.

Obviously, exoskeleton dimensions and design have not yet
been optimized. It was thus possible to evaluate lever arm
variation during exoskeleton operation in trunk flexion from
0° to 70°: actuator 1 lever arm is shortened by approximately
10 mm, while that of actuator 2 remains almost constant
relative to the center of the torso C-frame. Actuator 3 lever
arm is shortened by approximately 10 mm, while that of
actuator 4 lengthens by approximately 7 mm relative to the
hip joint axis. Given this information, changes in the torque
delivered by the exoskeleton during trunk flexion and
extension were quantified as shown in Figures 10 a-d, where
the blue bar represents the torque required with that trunk
flexion angle. In particular, Figures 10a and b shows the
maximum torques provided by actuators supplied at 5 bar.
Practically all actuators provide much more torque than is
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required. Figures 10c and d show the maximum torque
provided at 2 bar supply pressure. The torques thus obtained
are better than those at 5 bar, as they are all lower and reduce
air consumption. Supply pressure laws can thus be plotted
for trunk flexion and extension (Figures 11a and 11b) to
optimize the future control system. In this way, as shown in
Figures 12a and 12b, all torques are optimized during
movement, and are never too far above or below the
maximum required muscle torque. It is important to bear in
mind that the exoskeleton need only deliver a percentage of
the maximum required muscle torque. This improves
actuator operation and demonstrates an advantage of using
pneumatic power. It can be concluded from the results
reported in the bar charts (Figures 10) that having a constant
power supply for the entire duration of the movement is
ineffective, as it is likely to produce excessive or insufficient
torques for certain trunk angles.

30 BCYL
1
BCYL
25 3
mCYL
— 3
= 20 mCYL
= 4
= [ BT
ERE
L
g
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5
0
0.0 203 410 68.2
Trunk angle (%)

Figure 10a Actuator torque versus trunk flexion angle
(supply pressure: 5 bar).
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Figure 10b Actuator torque versus trunk extension angle
(supply pressure: 5 bar).
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Figure 10c Actuator torque versus trunk flexion angle
(supply pressure: 2 bar).
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Figure 10d Actuator torque versus trunk extension angle
(supply pressure: 2 bar).
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A time-pressure law should thus be used to ensure that the
pressure reached is sufficient to obtain the correct torque for
each angular position reached over time. The supply pressure
law was determined interactively in such a way as to obtain
the maximum percentage of active exoskeleton support at
every angle reached during flexion. It was thus possible to
construct the supply pressure law that, with an appropriate
control system, will optimize exoskeleton operation in all
phases of trunk motion (Figures 11a and 11b). Figures 12a
and 12b also show the new torque percentages that can thus
be obtained. Results of this analysis are very satisfactory, and
useful both for understanding actual exoskeleton operation
and for designing the future control system.
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Figure 11b Optimized supply pressure versus trunk
extension angle.
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Figure 12a Actuator torque optimized via the indicated
supply pressure law (trunk flexion angle).
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Figure 12b Actuator torque optimized via the indicated
supply pressure law (trunk extension angle).

8 DELAYERS

A delay reflecting the physiological delay between spine
joint motion and hip joint motion must be provided between
the activation of the bottom cylinders driving the hip lever
and the top cylinders driving the torso C-frame. Devices
called “delayers” were thus designed that allow the top
actuators to move the C-frame only after a predetermined
time lapse from bottom cylinder activation [49]. With this
solution, the correct delay can be provided either in parallel
with the future actuator control system to ensure a high level
of wearer safety, or independently (i.e., instead of the control
system) to simplify the control logic. Initially, these delayers
were conceived as a connecting rod hinged on one side to the
C-frame and on the other to the piston of the top actuators,
with an interposed damper (or spring) capable of delaying
top cylinder action on the C-frame as shown in Figure 13.
Starting from this geometry, the delayers were then designed
and engineered using a shock absorbing material between the
actuators and C-frame. Before rigidly transmitting motion
from the actuator to the C-frame, the shock absorbing
material deforms viscoelastically in such a way as to create
the desired delay.

A neoprene rubber with good damping properties and
elasticity was selected for this purpose [49].

As shown in Figures 14a and b, the delayers are coaxial with
the actuators, linked in one side to the actuator and on the
other side to the C-frame. They feature a split casing
consisting of two interlocking sections containing the
delaying system and the mechanical transmission from the
actuators to the C-frame. To study the system’s dynamic
behavior, the delayer is simplified into a discrete lumped
parameter model, treated as a single degree-of-freedom
mass-spring-damper system as shown in Figure 15a.
Simulation was performed by perturbing the system using a
ramp input signal, representing actuator displacement over
time. By solving the differential equation, trunk
displacement depends on system mass m and the neoprene
rubber’s damping S and elastic k values (Figure 15b).

11
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torso C-frame

damping element

top actuator

Figure 13 Preliminary delayer design.
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Figure 14b Delayer construction details.

Numerical simulation was performed with MATLAB
Simulink software (version R2024a) and the following
parameters; system mass, which depends on the mass of the
human torso and the upper part of the exoskeleton, damping
value, which is an intrinsic characteristic of the neoprene
rubber, and the elastic propriety, which depends on the
neoprene component’s geometry and shape. As can be seen
from the simulation results in Figure 16, the C-frame tends
to follow the actuator curve, initially with an oscillatory



movement and slightly after the input signal, while at steady-
state the two curves tend to coincide. The initial delay
between the two signals matches the physiological delay
between hip joint motion and spine joint motion, which is
about 60 ms on average [14].

y

CR neoprene

« g

}

Figure 15a Delayer design model.

=
i

Figure 15b MATLAB Simulink model.

10 — cylinder
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Displacement (mm)
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Time (ms)

Figure 16 Selected simulation results.

Equation (1) clarifies the modelling process.

j=—[Ba—y) +ku-y]-[ >y-
J -y 0]

9 LOADS ON THE WEARER’S BODY

To better understand the interaction between the exoskeleton
and the wearer, the forces exerted by the device on the
wearer’s body were studied under various trunk flexion
angles and in the extreme and unrealistic condition in which
the body acted on by the exoskeleton is considered to be

12
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inert. In reality, the body and exoskeleton are two
autonomous active systems that must always move in perfect
synchrony and never in opposition. Consequently, the forces
exerted by the device on the body are actually lower than
those calculated here. Figure 17 shows the action of each
actuator (yellow) during exoskeleton operation, with their
components (red) along the wearer’s back and perpendicular
to the wearer’s body. The blue arrow indicates trunk
movement. Analysis addressed only the actuator actions and
their effects (difference or sum components) on the wearer’s
body, which was considered to be rigid and stationary.In
reality, the body moves under its own muscle power in
synchrony with the exoskeleton, which provides only an
auxiliary torque. Again, the exoskeleton forces perceived by
the wearer are actually much lower than the values obtained
here.

MOVEMENT

Figure 17 Details of the actuator forces along and
perpendicular to the wearer’s body.

Table III shows the forces exchanged between the
exoskeleton and the wearer at supply pressures of 2 bar and
S bar.

Table III - Exoskeleton forces on the wearer’s body.

FORCES ON THE WEARER’S BODY
Supply Average
Type pressure maximum
(bar) value (N)
Perpendicular 5 560
pelvis (traction and 2 224
compression)

Perpendicular 5 604
thoracic (traction 2 242
and compression)

Tangent to the 5 175

spine (traction) 2 70

Tangent to the 5 171

abdomen 2 68
(compression)




Comparing these values with others from the literature
[10,50], it was found that average forces on the wearer’s
body from a trunk exoskeleton vary in the literature from 120
to 150 N in traction, reducing disc compression by about 600
N during the flexion-extension cycle, with thoracic traction
about 170 N and dorsal traction of 120 N. This analysis
demonstrates that the prototype performance well under the
conditions indicated above.

10 PRELIMINARY RISK ANALYSIS

To complete this stage of exoskeleton design, it is necessary
to analyze the potential risks that may arise from the use of
the exoskeleton before proceeding to address the purely
technical aspects. Risk analysis for an industrial exoskeleton
is carried out for several fundamental reasons, with the
common goal of ensuring wearer safety and the device’s
effectiveness in an actual work setting [50]. These
considerations are of paramount importance, as the
exoskeleton is a machine that works in close contact with the
wearer, meaning that safety standards must be particularly
high to prevent problems that could jeopardize the wearer’s
health [51] [42].

Performing a risk analysis of the prototype at this stage of
the design and with an eye to future design is advisable, as
what the danger scenarios and their technical causes might
be can be understood in advance.By identifying these critical
aspects, it is possible to take action during the design phase,
with the aim of arriving, at the end of prototyping and testing,
at a product whose technical and functional characteristics
are such as to minimize dangers for the wearer, other users
and the surrounding environment [51] [42]. The method
employed for the risk analysis involves identifying the
prototype’s operating and geometric characteristics (Table
IV), defining risk scenarios for exoskeleton use (Table V)
and objectively assessing the most dangerous scenarios in
order to limit and/or eliminate them though changes in the
device’s design. The Fine-Kinney method was used to assess
these scenarios.

Table IV - Main exoskeleton characteristics.

EXOSKELETON
Type Active, pneumatically
actuated
Components Torso C-frame
Hip bars
Center plates
Pneumatic actuators
Delayers
Total mass 9.9 kg
Dimensions [mm] 400 x 175 x 351
Adaptability > 5 pct man
> 10 pct woman
Range of movement Forward trunk flexion
0° - 70°
Max. torque assist 18.31 Nm - top actuators
13.08 Nm - bottom actuators

13

ISSN 1590-8844
International Journal of Mechanics and Control, Vol. 27, No. 01, 2026

Table V - Main risk analysis considerations

Hazard Classes Type

Mechanical hazard Hazards resulting from
moving components, pinch
points and connections
between components

Thermal Hazards Hazards resulting from
component overheating,

friction between parts

Noise Hazards Hazards resulting from

harmful levels of noise

Vibration Hazards Hazards resulting from
vibrations transmitted to the

wearer

Ergonomic Hazards Hazards resulting from
component misalignment

and non-optimal design

Max. torque assist 18.31 Nm - top actuators

13.08 Nm - bottom actuators

The Fine-Kinney method [52] is a risk assessment
methodology based on mathematical calculation whereby a
numerical score is assigned to a hazardous situation so that
all analyzed risk scenarios can be objectively ranked.

The method uses three dimensionless parameters: likelihood,
or the probability that risk scenario will occur; exposure, or
the frequency with which the wearer may be exposed to the
hazardous situation; and the possible consequences of the
risk scenario in question. The scenario’s risk score is the
product of these three independent parameters [52]. As
shown in Figure 18, the results show that potential hazards
chiefly arise from the physical and functional interaction
between the device and the wearer. Future design work will
thus center on providing protective bellows around the
delayers and actuators to prevent injury, crushing, or
pinching of clothing or skin. Further studies will also address
the materials that can be used, structural optimization to
improve the components’ mechanical resistance/weight
ratio, and improving ergonomics by eliminating sharp edges
and protrusions.

experimental
harness pqsition protective
evavluanon bellows for
(UMO6) delayers
(UMO03)
torso C-frame
mass and design :
S protective
optimisation bellows for
(UMO06, UMO07) .
actuators
T]
pelvic link mass and (E=)
design optimisation experimental
(UMO6, UMO7) exoskeleton operation
evaluation (UMO02)

Figure 18 Summary of the risk analysis.



For a full evaluation of exoskeleton operation, moreover, a
prototype must be constructed to test actual movement
assistance.

11 WEARABILITY, WEIGHT AND SIZE

The analyses presented here indicate that the new trunk
support exoskeleton is very versatile compared to earlier
DIMEAS designs [31,32,36] or exoskeletons described in
the literature [6,21], and offers good fit, low weight and
compact dimensions Like earlier DIMEAS prototypes [36],
it features multifunctional actuation units. To maintain the
advantages of the first prototype, the exoskeleton’s “X”
configuration and the type and mounting direction of the
actuators have been retained. Although the geometry
remains unchanged, the overall height of the exoskeleton has
been reduced from the first prototype’s 360 mm to ensure
that the device will fit a wide range of users (Figure 19a).
Figures 19b and 19c illustrate the main dimensions and
masses of two earlier industrial trunk exoskeleton prototypes
designed at DIMEAS [31,36].
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Figure 19a Main dimensions of the new exoskeleton
structure (in mm).

ﬁ'l_‘

916

Figure 19b An earlier DIMEAS prototype with active
multifunctional actuator units (dimensions in mm).
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916

576

Figure 19¢ Optimization of the earlier DIMEAS prototype
(dimensions in mm).

The advantages of the new prototype presented here are clear
from a comparison with these data.

The fact that new prototype has no leg links is a particularly
important advantage, as it reduces stress on the wearer,
especially on the thigh, which is now free. It also permits a
new geometry for the actuation units (which are always self-
balancing thanks to their X-shaped arrangement and use of
identical actuators), automatically ensures “legs-free” mode,
and improves wearer comfort and fit. The masses of the
earlier DIMEAS prototypes are respectively 5.6 kg (Figure
19b) and 5.3 kg (Figure 19¢) for each actuation unit, while
total mass is 9.2 kg (Figure 19b) and 8.9 kg (Figure 19c¢),
including leg links and backframe.

Table VI shows the main materials currently constituting the
prototype, which are still optimizable.

Figures 20a and 20b show the new version of the exoskeleton
on a CAD model of a 95" percentile Italian male and on a
volunteer.

Table VI — Main characteristics of the new prototype

Component Material Mass (kg)
Torso C-frame Ergal 7075 - T6 1.90
Hip support Ergal 7075 - T6 1.50
Hip bar Ergal 7075 - T6 0.46
Center plate Ergal 7075 - T6 0.06
Delayer Delrin POM - C 0.11
Ball joint Delrin POM - C 0.02
Spacer Delrin POM - C 0.02
Screws Titanium alloy 0.01
Standard Aluminum alloy / 0.87
pneumatic high-alloy steel
actuator
Total mass, 4.95
single actuation
unit




In the future, it will be necessary to further optimize the
overall weight, choosing similar technopolymer actuators
and constructing the hip bar and torso C-frame using strong
but lightweight polymer materials.

rear view

front view

Figure 20a An example of the new exoskeleton worn by a
95%ile male.

Figure 20b CAD visualization of exoskeleton worn by a
50%ile Italian male volunteer.

11.1 MASSES AND BULK IN COMPARISON WITH
THE LITERATURE

The study was then completed with a weight and size
analysis of the entire exoskeleton. Comparing it with others
(Table VII and Table VIII), this exoskeleton shows a good
level of optimization. As shown in Table VIII, the main
characteristics of the prototype presented here were
compared with other exoskeletons now in production. The
prototype’s masses and dimensions compare very favorably,
taking its great versatility into account (it assists trunk
movement, supports the trunk when bent forward; can aid in
lifting a load from floor level or elsewhere, etc.). In addition,
the multifunctional actuation unit is designed for several
exoskeleton operating modes (legs-free mode, percentage
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muscle torque delivery, peak muscle torque delivery, etc.).
Obviously, in the future, some aspects of actuation unit and
delayer design can be improved, and technopolymer
actuators could be used. The exoskeleton’s wearability could
also be improved by reducing bulk and eliminating
protruding angles. Furthermore, a textile vest will be
designed to make the exoskeleton more comfortable to wear
and assist its operation, for example by inserting flexible
components whereby the stiffness of the vest/ exoskeleton
interface can be adjusted as desired.

12 CONCLUSIONS

Based on experience gained in developing earlier
exoskeletons, the study presented here led to the design of a
trunk support exoskeleton with an non-conventional
structure. Eliminating the leg links and backframe
significantly simplifies the exoskeleton’s structure without
jeopardizing performance, and improves comfort and
versatility while reducing weight and size as well as
construction and maintenance costs.

The device was designed to fit wearers ranging from 5%
percentile women to 95" percentile men without modifying
the arrangement of the actuation units. This constitutes its
innovative potential. Installing delayers between hip bar
actuator movement and torso C-frame actuator movement
reproduces the physiological hip joint and spine joint
movement, greatly simplifying system geometry and
avoiding the need for the additional components used in
previous prototypes. The weight/dimensions of each
actuation unit could be further optimized in the future, for
example by using actuators of similar type but consisting of
technopolymers. The analysis of the forces acting on the
wearer’s body, which is here assumed to be inert, provides
the basis for the future development of human-machine
interaction methods through instrumented experimental tests
and simulation models. In any case, this preliminary analysis
demonstrates the exoskeleton’s effectiveness, while future
analyses considering the motion of the wearer’s body will
show a further reduction in the forces applied to the body, a
goal that will also be achieved by regulating the control
pressure of each pneumatic cylinder. The study of the torque
percentages during trunk flexion and the resulting pressure
law will be fundamental in designing an appropriate control
system. In the future, the authors plan to replace the
pneumatic actuator with lightweight and space-saving
electric actuation employing latest-generation electric
actuators. The prototype provides multiple advantages. It has
no leg links, which by definition means it is always in “leg-
free” mode, and has fewer components, lower weight and
costs, and is more compact. It is designed to fit a near-
universal range of wearers, from 5" percentile women to 95
percentile men, while the actuation units’ X-configuration
makes them self-balancing when the wearer is standing
upright. Minimal forces are exerted on the wearer’s body
during operation, which generally takes place at low
pressures (2 or 3 bar) and can also be achieved with electric
actuation.
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Table VII — Comparison with similar devices

Ref. Model Producer Main mechanical Type of Mass (kg) Main points of
operation structure contact with the
body
Active trunk RoboMate DC electric Rigid 11.0 Thigh; shoulders;
[51] actuation; back; hip
motorized hip axis;
leg link
ATOUN Panasonic DC electric Rigid 7.4 Thigh; hip
[53] MODEL A actuation;
motorized hip axis;
leg link
ATOUN Panasonic DC electric Rigid 4.4 Thigh; shoulders;
[54] MODEL Y actuation; back; hip

motorized hip axis;
leg link; small

backframe
CRAY X German DC electric Rigid 7.0 Thigh; shoulders;
[18] Bionic actuation; back; hip

motorized hip axis;
leg link; small

backframe
VEX Hyundai DC electric Rigid 4.5 Thigh; shoulders;
[55] actuation; back; hip

motorized hip axis;
leg link; small

backframe
[9,10] JAPET W Japet DC electric Flexible <2.0 Lower back
actuation
This DIMEAS DIMEAS Pneumatic Flexible/rigid 9.9 Hip; crotch; chest;
exoskeleton | Politecnico of actuation (improvable in the shoulders
Turin future)

Table VIII — Main characteristics of the new DIMEAS trunk support exoskeleton
Type Pneumatically actuated active trunk support exoskeleton

Characteristics | Structure with no leg links or backframe, respecting the physiological structure
of the pelvis and spine

Range of Trunk flexion from 0° to 70°
Movement
Mass 4.95 kg per side; 9.9 kg overall
Dimensions 400 x 175 x 351 mm
Wearability Fits wearers from 5%ile women to 95%ile men
Harness Vest consisting of polymer fabric and foam with shoulder, chest, lower back
and crotch straps
Main materials Ergal 7075 — T6 and Delrin POM - C

Maximum hip
torque assist
Maximum force
perpendicular to

18.31 Nm (70% maximum muscle torque)

Pelvic area: 5 bar 560 N; 2 bar 224 N
Torso area: 5 bar 604 N; 2 bar 242 N

the body
Maximum

traction/compres Along spine: 5 bar 175 N; 2 bar 70 N

sion force on Abdomen: 5 bar 171 N; 2 bar 68 N

wearer

Future design Design and mass optimization; design of protective casings for moving parts;
changes to avoid | possible experimental evaluation of exoskeleton operation and fit; further study
danger scenarios of the textile vest and exoskeleton/wearer
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Lastly, the exoskeleton is multifunctional, as it provides
trunk support, assists in lifting loads, reduces effort when
holding demanding postures, etc. The authors are already
conducting experimental studies on pose estimation using Al
tools on various healthy subjects, as well as optimizing the
exoskeleton itself. Specifically, its design and fit have been
improved, and a possible solution using small, latest-
generation electric actuators is being evaluated. This will
determine the best final geometry to minimize the
prototype's weight and size. In the future a strategy useful to
have a potential indicator of the mechanical efficiency of the
device will be set by the authors and all these indications
with some more optimizations and studies on this human
body movement will be taken in consideration before the
device final construction. In particular the effectiveness of a
torso exoskeleton can be assessed in various ways, such as:
muscle activity analysis (EMG) to measure lumbar support,
postural  biomechanics (flexion angles), subjective
perception of comfort, and ergonomic risk indices (such as
NIOSH or EAWS). Specifically, a kinematic and postural
analysis, including simulations, could be performed on a
healthy subject wearing the exoskeleton. This allows for
range of motion (ROM) assessments, as a good device
reduces lumbar torque without interfering with natural gait,
flexion, or the execution of daily maneuvers in the
workplace. A subjective assessment of comfort, fit, size, and
weight of the device itself, as well as any constraints during
specific movements, can also be performed, also using
ergonomic risk indices
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