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Abstract— To reduce the possibility of lower back pain (LBP),
which is the most frequent injury in manual labor, several back
support exoskeletons have been developed and implemented for
lifting motion assistance. Although pneumatic power
transmission is attractive due to its inherent compliance and
backdrivability, the portability of the pneumatic system is
highly limited due to the bulky air compressors that provide
compressed air to the system. Therefore, we aimed to develop a
fully-portable pneumatic back support exoskeleton by
integrating all pneumatic components in the system. The
compressed air consumption and generation of pneumatic
system were modeled to meet design requirements. The
developed exoskeleton was completely stand-alone and provides
80 Nm of maximum extension torque for 6 liftings per minute (6
l/m). The upper limit of the resistance torque was estimated to
be about 2 Nm, which implies high backdrivability. Finally,
lifting
experiments
were
performed
and
surface
electromyography (sEMG) was measured to validate the
physical assistance of the developed exoskeleton system for ten
subjects. Compared to the case with no exoskeleton, the back
muscle activation was significantly reduced with the assistances.

I. INTRODUCTION
Manual laborers in the industrial workplaces suffer from
work-related musculoskeletal disorders (WMSD), which not
only deteriorate individual quality of life but also incur great
economic and social costs [1], [2]. Industrial exoskeletons
have the potential to reduce physical load and the risk of
WMSD by assisting laborers [3]. The most frequent WMSD
in manual labor is lower back pain (LBP) [4], [5]. For this
reason, most currently developed industrial exoskeletons are
intended to support the back during tasks with high risk of
LBP, such as lifting, lowering and static bending [3].
Depending on the actuation type, powered back support
exoskeletons are generally categorized as either electric
motor-driven or pneumatic-driven. Commercial powered
back support exoskeletons are generally of electric
motor-driven type, except for the Muscle Suit [6]-[8].
Motor-driven systems generally have the characteristic of
being fully portable, which is an important advantage for
industrial exoskeletons in a dynamic workplace. However, to
amplify the low output torque of electric motor-driven
actuators, a gearbox with high reduction ratio must be
installed, which causes high mechanical impedance due to
amplified friction and inertia. Consequently, electric
motor-driven systems are vulnerable to impact and this
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Fig.
1. System overview of a portable pneumatic back
support exoskeleton. The system is powered by a pneumatic
cylinder and fully portable due to a microcompressor inside a
pneumatic actuation pack.
reduces backdrivability, which has disadvantages on user
safety and comfort [9].
On the other hand, pneumatic-driven systems have
considerable advantages for wearable robotic applications
because they are backdrivable and conducive for human use
due to the inherent compressibility of the air, which implies
safe and comfortable physical human-robot interaction in
wearable robotics [10]. Also, pneumatic-driven systems are
more robust than software-rendered compliance and
backdrivability systems under malfunction and power failure
[9]. However, conventional pneumatic back support
exoskeletons, including several laboratory prototypes [11],
[12], require large air compressors, which significantly limits
their portability, and thus the practicality of the system [10],
[13]. This study therefore aims to design a portable pneumatic
actuation system for back support exoskeleton application.
There have been efforts to develop portable pneumatic
sources [14]-[21]. According to previous studies, electric
motor-based microcompressors are suitable for wearable
applications because they are easily adaptable to
battery-powered systems and involve no potential hazards
[20]. Therefore, in this study, we customized and applied a
previously developed microcompressor for back support
application [21]. Since the portable pneumatic sources has

limited flow rate compared to large conventional compressors,
we used a reservoir to increase the pressure by accumulating
compressed air from the microcompressor. In this study, the
design requirements for portability and performance for
lifting assistance were defined based on previous studies.
Then, the actuation mechanism was designed and its
backdrivability was experimentally verified. The reservoir
and microcompressor were designed by pressure dynamics
modeling to meet the design requirements. The total weight
of the developed system is about 9.2 kg and the battery (750 g)
was able to power lifting assistance for 1.6 hour. Finally, the
physical effectiveness of the developed system was shown by
reduced back muscle activation.
In Section Ⅱ, the overall mechanical structure and
performance of the designed mechanism are presented. In
Section Ⅲ, the pneumatic system design method based on
pressure dynamics modeling is presented. In Section Ⅳ, Fig. 2. Mechanical configuration and modeling of developed
lifting experiments are used to evaluate the performance of the system.
system in terms of back muscle activation. Section Ⅴ presents
a discussion of results, concludes the paper and provides
It is assumed that 𝑀𝑝 is negligibly small. Since lifting
information on future work.
requires unidirectional assistance, the opposite cylinder
chamber is always kept at atmospheric pressure, because no
II. STRUCTURAL DESIGN
air supply is required (𝑃𝑏 = 𝑃𝑎𝑡𝑚 ). The cross-sectional area
It has been reported that, to be portable, exoskeletons worn of chamber a equals to sum of cross-sectional area of chamber
on the torso must have weights of less than 15 % of the weight b and piston rod ( 𝐴𝑎 = 𝐴𝑏 + 𝐴𝑟 ). Therefore, (1) can be
of the wearer [22]. In this study, the maximum weight limit of written as (2)
the whole system is set at 10.5 kg, assuming that the weight of
the wearer is about 70 kg.The configuration of the system is
𝐹 = (𝑃𝑎 − 𝑃𝑎𝑡𝑚 )𝐴𝑎 − 𝛽𝑥̇ − 𝐹𝑓 𝑠𝑖𝑔𝑛(𝑥̇ )
(2)
shown in Fig. 1. The human body and exoskeleton are in
contact with a commercial trunk/thigh brace and shoulder
The total output torque for both cylinders can be expressed
strap. For user’s safety and comfort, braces and strap disperse in (3). 𝜃ℎ is the hip joint angle; 𝐷(𝜃ℎ ) is the moment arm of
the weight and interaction force exerted on the skin. Also, the mechanism, which is a function of 𝜃ℎ . 𝜏 is the torque
each brace position can be adjusted to fit different body sizes. resulting from both cylinders to the upper link.
As can be seen in Fig. 2, there is a single degree of freedom (1
DoF) rotational joint between the upper and lower link and a
(3)
𝜏 = 2𝐹𝐷(𝜃ℎ )
pneumatic cylinder is connected between them on each side.
A pair of cylinders (CM2D32-75FZ, SMC, Japan) with
The transparent mode refers to a control strategy for zero
diameter of 32 mm and stroke of 75 mm was selected as the human-exoskeleton interaction torque. High backdrivability
actuator. The estimated joint torque on the lower back is implies low interaction torque in transparent mode. In this
about 240 Nm when lifting a 15 kg object and a target torque study, to achieve transparency, the cylinder chamber pressure
of 80 Nm, which is about a third of the joint torque, is was simply kept at atmospheric pressure. Therefore, in
suggested as sufficiently strong [23]-[26]. Therefore, a peak transparent mode, the frictional force 𝑓 and the resulting
assistance torque of 80 Nm is aimed at in this study.
resistance torque 𝜏𝑓 from the mechanism are described in (4)
The moment arm of the force induced by the cylinders
varies with respect to the trunk flexion. Higher torque can be
𝑓 = −𝛽𝑥̇ − 𝐹𝑓 𝑠𝑖𝑔𝑛(𝑥̇ )
obtained with a constant actuation force and larger flexion
(4)
{
𝜏𝑓 = 2𝑓𝐷(𝜃ℎ )
angle due to the increased moment arm. When the user is in
the upright position, both the required torque and the moment
arm becomes zero, a situation that is safe and efficient.
Equation (1) is the dynamic equation of the cylinder. 𝑀𝑝 is
the mass of the piston-rod assembly. 𝐹 is the force exerted by
the cylinder rod. 𝑥 is the position of the piston from the
lowest point of the cylinder stroke; 𝑃𝑎 , 𝑃𝑏 are the pressure of
chambers a and b, respectively. 𝐴𝑎 , 𝐴𝑏 and 𝐴𝑟 are the
cross-sectional area of each chamber and of the piston rod. 𝛽
is the viscous friction coefficient and 𝐹𝑓 is the Coulomb
friction force [27].

𝑀𝑝 𝑥̈ + 𝛽𝑥̇ + 𝐹𝑓 𝑠𝑖𝑔𝑛(𝑥̇ )
(1)
= 𝑃𝑎 𝐴𝑎 − 𝑃𝑏 𝐴𝑏 − 𝑃𝑎𝑡𝑚 𝐴𝑟 − 𝐹

𝜏𝑓 is a function of 𝜃ℎ and 𝜃ℎ̇ , as shown in (4). The frictional
parameters of cylinder ( 𝛽 , 𝐹𝑓 ) were identified with an
experiment. The cylinder was perturbed manually with range
of linear speed (-0.3~0.3 m/s) and the frictional force was
measured. The relationship between frictional force and
cylinder speed is shown in Fig.3. According to the
experiments in the previous study, the average hip joint
angular velocity (𝜃ℎ̇ ) during fast lifting is about 130 °/s [28].
Based on the identified parameters and lifting speed, the
possible peak 𝜏𝑓 is estimated about 2 Nm, which is less than
1 % of lifting joint torque [25], thus implies the developed
mechanism has high backdrivability under fast moving
condition (130 °/s). Thus, in most situations we can assume

Fig. 3. Model parameters of friction force were identified.
The experimental data points are plotted according to cylinder
speed (𝑥̇ ) in red dots and the black line is the fitted result
(𝛽 = 54.0, 𝐹𝑓 = 1.62, 𝑅2 = 0.953).
that 𝜏𝑓 is small enough to be ignored. The pressure required
to achieve the target torque of 80 Nm with the selected
cylinder is 700 kPa and the measured torque profile with
respect to 𝜃ℎ at 700 kPa is shown in Fig. 4. A total of 6 lifting
trials (𝜃ℎ̇ =64.4 9.6 °/s) were performed and the measured
interaction torques were the ensemble averaged with respect
to 𝜃ℎ . Thus, the designed mechanism satisfied the
backdrivability and torque design requirements.
Active back support exoskeletons have various sensors to
control the system by utilizing kinetic and kinematic data [26],
[28]. As shown in Fig. 2, the load cells (CDF40-100,
Bongshin Loadcell, Rep. of Korea) are connected in series
with the cylinder rod to measure the force from the cylinder
rod to each link and absolute rotary magnetic encoders
(SME360C, SERA, Rep. of Korea) are attached to measure
the angle of the hip joint. Inside the pneumatic actuation pack,
as shown in Fig. 6, pressure sensors (ISE30A-01, SMC, Japan)
are used to measure the pressure of the reservoir and cylinders.
A controller (myRIO-1900, National Instruments, USA) is
implemented that communicates remotely with the host PC
via Wi-Fi; data sampling frequency is 1 kHz. The entire
system was powered by an embedded Li-ion battery.
III. PORTABLE PNEUMATIC SYSTEM DESIGN
The working principle of the proposed pneumatic system is
shown in Fig. 5. Compressed air generated from
microcompressor is accumulated in the reservoir. Regulator
controls the cylinder pressure.
The maximum acceptable lifting frequency range at the
worksite is approximately 6 liftings per minute (6 l/m), so this
is defined as the nominal target frequency [29]. Also, we
aimed at a reservoir capacity sufficient to support continuous
actuation twice instantaneously without generating
compressed air by using air accumulated in the reservoir.
Fig. 6 shows the configuration of the pneumatic system.
The microcompressor generates compressed air, which is
accumulated in the reservoir and transported to the cylinder
through the pressure regulator. A 3-way proportional pressure

Fig. 4. Ensemble averaged measured output torque with
respect to 𝜃ℎ for 6 lifting trials with different lifting speeds.
The errorbar represents ±1 standard deviation across trials.

Fig. 5. Pneumatic circuit diagram of proposed system.

Fig. 6. Components inside the pneumatic actuation pack for
generation, accumulation and control of compressed air.

fast (about 0.2 s); it is assumed that there is no displacement
of the cylinder due to lifting. The second step assumes an
ideal isobaric expansion process (𝑃𝑎̇ = 0).
By ignoring the cylinder pressure ripple, it was assumed that
the pressure was controlled by the regulator at 700 kPa of
constant pressure during lifting. The pressure drop of the
reservoir for each step can then be obtained as (8) by
integrating (6) and (7) with respect to time.
∆𝑃𝑟1 = −

𝑉0
𝑉𝑟

∆𝑃𝑎

∆𝑃𝑟2 = −𝑘𝑃𝑎,𝑑𝑒𝑠

∆𝑉𝑎

(8)

𝑉𝑟

{∆𝑃𝑟,𝑡𝑜𝑡𝑎𝑙 = ∆𝑃𝑟1 + ∆𝑃𝑟2

Fig. 7. Reference step input (700 kPa) and actual pressure
trajectory. The 10% to 90% rise time is about 100ms.
regulator (VPPM-6L, Festo, Germany) was selected to
control pressure of cylinder chamber. The pressure regulator
controls the output pressure by comparing the desired
pressure with the actual pressure through internal feedback
control [30]. Fig. 7 shows reference step input (700kPa) and
measured cylinder pressure trajectory controlled by the
pressure regulator.
A. Air Consumption Modeling for Reservoir Design
The following assumptions were applied: 1) air is an ideal
gas, 2) the temperature of the chamber and the reservoir are
uniformly distributed, 3) the potential and kinetic energy are
ignored and 4) an adiabatic process is assumed. By the ideal
gas law, continuity equation and energy equation, the
pressure dynamics equation of the control volume can be
written as (5) [27]
𝑃̇ = 𝑘

𝑅𝑇
𝑃
𝑚̇ − 𝑘 𝑉̇
𝑉
𝑉

(5)

∆𝑃𝑟1 and ∆𝑃𝑟2 are the pressure drop of the reservoir
during each step. ∆𝑃𝑎 is the cylinder pressure change (600
kPa in this case) and 𝑃𝑎,𝑑𝑒𝑠 is the desired constant cylinder
pressure (700 kPa in this case). ∆𝑉𝑎 is the cylinder volume
change under full-stroke actuation and 𝑉0 is the dead volume
of the cylinder including pneumatic tubing. ∆𝑃𝑟,𝑡𝑜𝑡𝑎𝑙 is the
total change of reservoir pressure. Based on (8), the minimum
reservoir pressure required to actuate the cylinder at the
desired pressure of 700 kPa can be determined. Therefore, the
desired reservoir pressure for 𝑛 times actuations at 700 kPa
can be obtained as (9)
𝑃𝑑𝑒𝑠,𝑛 = 𝑃𝑎,𝑑𝑒𝑠 + 𝑛∆𝑃𝑟,𝑡𝑜𝑡𝑎𝑙

(9)

Fig. 8 shows 𝑃𝑑𝑒𝑠,𝑛 according to the reservoir volume. Since
the maximum output pressure of the microcompressor is
theoretically 1100 kPa, to assist twice (𝑛 = 2) continuously
from a fully charged reservoir, the volume of the reservoir
should be greater than 0.65 L (𝑉𝑟,𝑚𝑖𝑛 ). The larger the volume
of the reservoir, the more stably the air can be supplied [13],
but the lower the portability due to device volume and weight.
Thus, the smaller reservoir should be used as long as it
satisfies the desired performance. Therefore, a 0.75 L
commercial reservoir (PISCO, ATS-0.75, USA) was used in

𝑃, 𝑇 and 𝑉 are pressure, temperature and volume of the
control volume. 𝑘 is specific heat ratio, 𝑅 is gas constant of
air and 𝑚̇ is the mass flow rate. Equation (5) is applied to the
reservoir and the cylinder and can be written as (6). Subscript
𝑎 means cylinder and 𝑟 means reservoir.
𝑅𝑇
𝑃𝑎
𝑚̇ 𝑎 − 𝑘 𝑉𝑎̇
𝑉𝑎
𝑉𝑎
𝑅𝑇
𝑃̇ = 𝑘
𝑚̇
{ 𝑟
𝑉𝑟 𝑟
𝑃𝑎̇ = 𝑘

(6)

Air flow during lifting is assumed only from the reservoir
to the cylinder and no leakage occurs. Then, the relationship
between the mass flow rate of the reservoir and cylinder
during lifting can be described by (7)
𝑚̇ 𝑟 = −𝑚̇ 𝑎

(7)

Cylinder pressure change during lifting can be divided into
two steps. In the first step, it is assumed that the change of the
cylinder chamber volume is 0 (𝑉𝑎̇ = 0) in the pressure rising
period since the time to reach desired pressure is sufficiently

Fig. 8. Desired reservoir pressure (𝑃𝑑𝑒𝑠,𝑛 ) to volume of
reservoir (𝑉𝑟 ). For example, to actuate the cylinder twice (𝑛 =
2) with fully charged reservoir, the volume of the reservoir
should be at least 0.65 L (=𝑉𝑟,𝑚𝑖𝑛 ).

Fig. 9. Structure of customized microcompressor. Ambient
air is compressed via double piston crank mechanism.
this study. However, with the selected reservoir, the actual
measured ∆𝑃𝑟,𝑡𝑜𝑡𝑎𝑙 was about 190 kPa and the value
calculated from (8) was about 170 kPa, which is about 10.5%
of modeling error. This is because modeling includes ideal
assumptions and does not take into account additional
pressure drop due to energy loss and leakage. Therefore,
when designing the microcompressor, 890 kPa and 1080 kPa
were used as 𝑃𝑑𝑒𝑠,1 and 𝑃𝑑𝑒𝑠,2 respectively, by considering
the actual measured values of the pressure drop.
B. Microcompressor Design
The overview of the microcompressor is shown in Fig. 9. It
is designed to generate 1100 kPa of maximum pressure with a
double-piston crank mechanism driven by a DC
motor-gearbox [21]. In this study, the main concept of the
design was to achieve identical maximum pressure; however,
the DC motor-gearbox module was changed to increase the
flow rate for lifting assistance application.
𝑃𝑖 = (𝑃𝑚𝑎𝑥 − 𝑃𝑖−1 )

𝑉𝑐
+ 𝑃𝑖−1
𝑉𝑐 + 𝑉𝑠𝑦𝑠

(10)

The relationship between the design variables of the
microcompressor is described in (10) [21]. 𝑃𝑖 is the pressure
of the reservoir in the 𝑖 th stroke, 𝑃𝑚𝑎𝑥 is the maximum
pressure of the compressor, 𝑉𝑐 is the volume of the
compressor cylinder when the compressor piston is fully
compressed and 𝑉𝑠𝑦𝑠 is the total volume including the
reservoir and pneumatic tubing.
A DC motor with a planetary gearbox 26:1 (RE40, Maxon,
Switzerland), for which the nominal torque is 4.6 Nm and
nominal speed is 267 rpm, were selected to meet the design
requirements. Fig. 10a shows the experimental validation of
the designed microcompressor and reservoir. The cylinder is
actuated at 6 l/m of frequency with 700 kPa of pressure, and
the microcompressor generates compressed air to maintain
the reservoir pressure at 𝑃𝑑𝑒𝑠,1 (890 kPa). Fig. 10b shows that
when the reservoir is charged at 𝑃𝑑𝑒𝑠,2 (1080 kPa) of pressure,
the cylinder can be actuated twice at 700 kPa without
supplying compressed air from the microcompressor.
Therefore, the designed reservoir and microcompressor
satisfy the design requirements.

Fig. 10. Reservoir and cylinder pressure under continuous
lifting assistance (6 l/m) (a) and assist twice with
fully-charged reservoir and without generating compressed air
(b).
IV. EXPERIMENTAL EVALUATION
To investigate the effect of the developed exoskeleton on
muscle activity during lifting, muscle activation measurement
experiments were conducted with wireless surface
electromyography (sEMG) sensors (Trigno system, Delsys,
USA). The sampling frequency was 2 kHz.
Ten males (age of 22.3 1.7 years, height of 1.71 0.04 m
and weight of 69.5 5.0 kg) who had no experience of LBP
were the volunteers. The hip joint of the wearer and the
exoskeleton were aligned by adjusting the brace location
before the experiment. Experimental setup is shown in Fig.
11a. The movement started from the upright posture, with
trunk bending, grasping and lifting of a box on the ground,
and then a return to upright posture. The box size was 35 29
18 cm and it was located 30 cm of height from the ground.
The lifting was performed during one minute at a frequency
of 6 l/m and it was synchronized with actuation frequency.
A visual feedback displayed in a monitor provided timing
information to user when to start lowering and lifting.
Lowering cue was provided 5 seconds before lifting cue.

Fig. 11. Experimental setup (a) and sEMG electrode
placement for TES and LES muscles (b).

Subjects were instructed to not start lifting before the assist
was provided. Since the assist was strong enough to be
recognized by the user and to initiate the user's movement,
motion and assist moment were able to synchronyzed.
Subjects performed lifting of two different weights (10 kg
and 20 kg), without the exoskeleton and with the exoskeleton
(noExo, Exo-On). Following SENIAM guidelines [31],
sEMG electrodes were attached to the thoracic erector spinae
(TES) at the T9 level and lumbar erector spinae (LES) at the
L4 level, as shown in Fig. 11b [32]. The experimental
protocol was approved by the Institutional Review Board of
Korea Advanced Institute of Science and Technology
(KAIST). Written informed consent and assent were obtained
from each participant.
EMG data during lifting were normalized to the maximal
voluntary contraction (MVC) of each muscle previously
measured before the experiment. The raw EMG signals were
low pass filtered using a second order Butterworth filter with
2.7 Hz cutoff frequency after rectification [33]. Then, each
lifting trial was normalized by entire lifting time (%Lifting)
for each subject. The normalized muscle activities of each
subject were ensemble averaged across the subjects for each
condition. The normalized muscular activity data were
averaged with respect to the lifting cycle. The mean
normalized EMG of each muscle was used as a dependent
variable for the statistical analysis. Paired-samples t-tests
with significance level of 0.05 were performed to investigate
the effect of exoskeleton for each weight condition on back
muscle activity.
The results of the experiments are shown in Fig. 12 and Fig.
13. The ensemble-averaged normalized muscular activity
values across all subjects for each condition are shown in Fig.
12. The red and blue lines are the mean muscular activity of
the ‘noExo’ and ‘Exo-On’ conditions, respectively. The
shaded area represents 1 standard deviation (SD) across all
subjects.
The EMG values of both muscles for each condition are
shown in Fig. 13. For both ’10 kg’ and ’20 kg’ conditions,
significant reductions of EMG for both muscles were
observed. For ’10 kg’, the EMG decreased 18.3% (TES) and
25.5% (LES) (p<0.012, p<0.016) and for ’20 kg’, it decreased
18.7% (TES) and 24.7% (LES) (p<0.005, p<0.008)
V. DISCUSSION AND CONCLUSION
This study aimed to develop a back support exoskeleton
with high backdrivability and provide a design method of a
portable pneumatic system for specific performance
requirements. In the transparent mode of the developed
mechanism, the resistance torque introduced by the frictional
force of the cylinder was identified, so that about 2 Nm of
maximum resistance torque was estimated, which is less than
1% of lifting joint torque, therefore implying that the
developed mechanism is highly backdrivable.
The microcompressor was used as a pneumatic source for
the fully-portable pneumatic actuation system. By modeling
the compressed air consumption, generation of
microcompressor and the reservoir that stores the air, the
pneumatic system was designed to meet the design
requirements, providing a desired pressure of 700 kPa in 6 l/m
frequency. However, about 10.5 % of error occurred in the
compressed air consumption modeling due to energy loss in

Fig. 12. Muscle activities (%MVC) with respect to lifting
cycle (%Lifting) for each muscle (TES/LES) with respect
to noExo/Exo and 10 kg /20 kg conditions.

Fig. 13. Mean normalized EMG of TES and LES were
reduced with exoskelton compared to noExo conditions.
the empirical situation, which is not considered in the
simplified model. This is expected to improve with the use of
more precise models in future work. In addition, to examine
the feasibility of suggested system, instead of implementing a
specific assistive strategy, 80 Nm of peak torque was
provided by maintaining a constant pressure of 700 kPa
during lifting assist. In future work, we will implement a
more advanced assistive strategy for lifting assistance and
design the pneumatic system accordingly.
Experiments were conducted to verify the effectiveness of
the physical assistance of the developed system by measuring
the muscular activity of the back muscles. Experimental
results showed that the developed system significantly
reduced back muscle activity during lifting range from 18 to
25 %, which is in line with those values found in previous
studies on various back support exoskeletons [3]. Therefore,
it can be concluded that the developed prototype has the
effect of preventing LBP by assisting the worker during
lifting. However, this study did not consider the influence of

the exoskeleton on the body kinematics, so biomechanical
analysis will be conducted for more precise analysis of the
system in future experiments. The developed prototype has a
total weight of 9.2 kg (excluding battery), which meets the
weight requirement (<10.5 kg) for portability and the battery
(750 g) can power the system for 1.6 hour, which corresponds
to 570 liftings at nominal frequency. However, it is expected
that the weight of the system can be further reduced by
optimizing and simplifying the system. Also, we will verify
the system by measuring the metabolic energy expenditure of
workers under a real working scenario in a dynamic working
place.
In conclusion, by designing a portable pneumatic actuation
system for a back support exoskeleton application, it is
proposed that both portability and backdrivability can be
achieved by applying the suggested design method to various
pneumatic exoskeleton applications.
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