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Abstract: In the present work, an exoskeleton of upper limb intended for rehabilitation and training is studied. The aim 
of the work is to find and evaluate an appropriate design solution that provides performance on the one hand 
and transparency and natural safety on the other. Therefore, a pneumatic drive is proposed and transparency 
of the exoskeleton is investigated, where positive pressure actuation is compared with vacuum pressure 
actuation.  To assess transparency, the interaction force between the patient and the exoskeleton in passive 
mode is examined. Simulations and estimates of the interaction force between the patient and the exoskeleton 
as a result of exoskeleton gravity and the elastic forces from the pneumatic actuation are performed. In this 
case, the forces in the closed chambers of the pneumatic actuators are used to compensate for the gravitational 
forces. Simulations are performed with harmonic motion imposed by the patient at one joint of the 
exoskeleton. The interaction force at the end effector is evaluated in two cases of pneumatic actuation: at 
pressures higher than atmospheric pressure and at vacuum pressure. The simulation results are shown 
graphically. A discussion is presented as well as conclusions and directions for future work. 

1 INTRODUCTION 

The use of exoskeletons for robotic rehabilitation 
provides an alternative to conventional manual 
therapy to improve motor function in post-stroke 
patients (Manna, 2018). Rehabilitation exoskeleton 
should be able to create great power to support, assist 
and direct the patient's hand in the early stages of 
recovery as well as to follow the human arm without 
opposition or be able to respond to the movement 
made by the patient in the full recovery stage. 
(Jarrasse, 2014). For this reason, in the control design 
of the rehabilitation exoskeletons in general, two 
"extreme" ideal modes can be defined that cover the 
whole spectrum of therapeutic interventions: "robot 
in charge" and "patient in charge" (Veneman, 2006). 
In the 'robot in charge' mode, it is important that the 
robot has sufficient force and power to realize the 
desired motion with relatively high impedance. In the 
"patient in charge" manner, it is important that the 
interaction forces between the exoskeleton and the 
human are low; in other words, the perceived 
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impedance of the robot should be low. The key 
feature here is transparency. 

To provide security and transparency in the 
interaction, there are two main approaches to change 
the mechanical impedance of the structure: active and 
passive. Electric motors and other active actuators are 
used to control the impedance of rehabilitation 
exoskeletons through an active approach. This control 
is based on sensors and motor control algorithms. For 
example, impedance control successfully manages 
the interaction between the patient and the 
exoskeleton in all regimens of therapeutic 
interventions (Courtois G., 2021).  

The passive approach involves natural and 
inherently safe actuators. Pneumatic actuation has the 
inherent flexibility and allows in a passive manner to 
achieve inherent safety and transparency in all stages 
of the rehabilitation process (Morales, 2011). There 
are different types of pneumatic actuators. The most 
widely known are conventional pneumatic cylinders 
and rotary pneumatic motors. They are characterized 
by large dimensions, high weight and rigidity of 
construction, therefore they are not suitable for 

Chakarov, D., Veneva, I. and Venev, P.
Comparative Study of a Vacuum Powered Upper Limb Exoskeleton.
DOI: 10.5220/0011260100003271
In Proceedings of the 19th International Conference on Informatics in Control, Automation and Robotics (ICINCO 2022), pages 403-410
ISBN: 978-989-758-585-2; ISSN: 2184-2809
Copyright c© 2022 by SCITEPRESS – Science and Technology Publications, Lda. All rights reserved

403



wearable devices. One of the oldest approaches to 
implement inherent safety and natural compliance is 
the use of pneumatic artificial muscles (PAMs) 
(Daerden Fr., 2002). These have good power-to-
weight (volume) ratios for wearable systems. The 
impedance is low over a wide frequency range due to 
the low inertia and compliance of the gas. The 
problem is that performance is reduced by poor 
dynamic force response and poor positioning. 

 Various pneumatic actuators are known to be 
used in the field of soft robotics, which stretch and 
bend by inflating or deforming elastic chambers to 
produce useful mechanical work (Nikolov S., 2016). 
All of the pneumatic actuators discussed so far are 
activated at pressures higher than atmospheric 
pressure. Recently, some soft pneumatic actuators 
have been developed that are activated by vacuum 
(Yang D., 2017). Using the effect of mechanical 
deformation to generate controlled force, vacuum 
actuated mechanisms have been successfully 
developed and used for soft robotic systems with 
redundancy (Matthew A., 2017).  Soft vacuum 
actuators have many advantages over positive 
pressure actuators. First, this type of actuator offers 
implicitly safe operation where the actuation force is 
limited by the magnitude of the atmospheric pressure. 
Thus, in (Mendoza, 2021) a low-profile vacuum-
actuated artificial muscle has been developed and 
proposed for infant rehabilitation. Second, vacuum 
actuators contract upon activation similar to 
biological muscle (Tawk Ch., 2019). This makes 
them suitable for a bionic approach of actuation, 
through the opposing action of antagonist actuators. 
Finally, this actuation method improves the lifetime 
and durability of actuators. 

A pneumatically driven upper limbs exoskeleton 
has been developed by the authors, which is designed 
for training and rehabilitation assisted by interactions 
in virtual scenes. Experiments on exoskeleton 
propulsion have been performed using PAM bundles 
included in an antagonistic scheme (Chakarov D., 
2019), as well as propulsion units integrating 
pneumatic cylinders and parallel electric motors 
(Chakarov D., 2021). 

The aim of this article is to continue the previous 
work by studying the case in which the exoskeleton is 
driven by pneumatic cylinders with vacuum pressure 
and to compare this approach with positive pressure 
actuation. The aim of the work is to evaluate the 
exoskeleton actuation in terms of transparency and 
natural safety on the one hand, and in terms of 
performance on the other. 

2 MATERIALS AND METHODS 
OF THE STUDY 

As presented in our previous studies (Chakarov D., 
2019), (Chakarov D., 2021) a prototype of a 
lightweight upper limb exoskeleton has been created 
in which all the heavy components are added in a 
fixed base. The exoskeleton mechanical structure 
includes two identical arms. Each arm includes pairs 
of identical rotational joints for clavicle movements 
J1, J2, shoulder movements J3, J4 and elbow 
movements J5, J6 respectively, as shown in Figure 1 
a), b). Each arm has a total of 6 degrees of mobility, 
mimicking the natural movement of the human arm 
from back to elbow. The structure of Figure 1 was 
selected for designing the arm exoskeleton using 
uniform universal joints and thus more complex 
solutions involving circular guide and triaxial joints 
are avoided.  
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Figure 1: Exoskeleton right arm: a) prototype; b) structural 
scheme. 

Each arm of the exoskeleton consists of six 
movable segments (1, 2, 3, 4, 5 and 6) made primarily 
of aluminum alloy. Plastic shells with straps are 
placed on the segments for attachment to the human 
limb (Figure 1a). The generalized masses of the six 
segments of the arm are M1 = 0.463 kg, M2 = 0.321 
kg, M3 = 0.497 kg, M4 = 0.782 kg, M5 = 0.510 kg and 
M6 = 0.793 kg. The arm and forearm lengths of the 
exoskeleton were set with initial values L1 = 0.286 m 
and L2 = 0.370 m. The range of motion in the joints is 
as follows: J1(15°),J2 (15°),J3(120°), J4 (120 °), J5 
(150 °), J6 (135 °).  The range of movements in the 
joints is tailored to that in the joints of the human arm, 
as shown in (Abane, 2016). 

Light drive units integrating pneumatic cylinders 
and cable transmissions are used to drive the 
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exoskeleton joints. The drive unit of each exoskeleton 
joint is built as a separate unit located in the fixed 
base. A diagram of the drive unit is shown in Figure 
2. The base has a bearing wheel 1 with a cable reel R1 
mounted thereon.  Bowden cables T1, T2 are used to 
connect the reel R1 and a similar reel R3, located in 
the exoskeleton joint. A high-precision rotary sensor 
is installed in the joint to measure the effective 
deviation. 

 

Figure: 2: Scheme of pneumatic drive of the exoskeleton 
joints. 

The pneumatic actuator consists of a pair of 
pneumatic cylinders, C1 and C2, mounted in the base   
as shown in Figure 2. Pneumatic cylinders with 
diameter D = 0,02 m were used. A transmission was 
used, including timing belt B1 and additional wheel 2 
to transmit movement from pneumatic cylinders to 
wheel 1.  The cylinders simultaneously drive opposite 
sides of the belt B1. The left-hand chamber of one 
cylinder is connected to the right-hand chamber of the 
other cylinder by piping, and the other right-hand and 
left-hand chambers are connected by other piping 
(Figure 2). The piping of each pair is connected to two 
parallel valves, one of which supplies pressure air to 
the chambers and the other of which connects the 
chambers to atmospheric pressure. Pressure sensors 
are mounted on each line. 

In the work, the interaction between the patient 
and the exoskeleton is evaluated in the so-called 
"patient in charge" modes, when the patient is able to 
initiate complex independent movement in a 
relatively safe manner, where it is important that the 
interaction forces between the exoskeleton and the 
patient are low.  

Different approaches are used to study human-
robot interaction. They are all built on the connection 
between human behavior and the abilities of the 
robot. For example, in (Melchiorre M., 2018) the 
robot monitors the position of the human operator's 
hand and moves its end effector to reach the operator's 
hand. 

To assess the interaction forces, experiments are 
performed with motion in one joint of the 

exoskeleton, similar to the approach used in (Bembli 
S., 2019). All joints are locked and the J4 joint is 
mobile where flexion-extension is performed in the 
shoulder. The patient moves the arm on the 
exoskeleton applying force in the end effector (EE) 
normal to the arm. This force is the subject of 
assessment in the present work. 

The patient performs harmonic motions from an 
initial position q0 with uniform amplitude qm and 
constant oscillation frequency ω. The angle q at joint 
J4 determines the arm position, assuming q = 0 when 
the arm is coincident with the y-axis (Figure 3). The 
following law of motion is used to model the 
harmonic motions 

 0m q)tsin(qq      (1) 

Figure: 3: Exoskeleton joint J4 performing harmonic 
motion with amplitude qm from starting position q0. 

The assessment of the interaction forces is carried 
out in a passive regime. In passive mode, the 
exoskeleton does not generate active forces. The 
resisting forces are determined only by the 
mechanical impedance of the exoskeleton. The EE 
force applied to the operator's arm, which overcomes 
the mechanical impedance of the exoskeleton, is 
determined by the inertial, frictional and gravitational 
forces as well as the elastic forces of the pneumatic 
actuation. In the present study, a low dynamic mode 
is applied in which only the influence of gravitational 
and elastic forces is considered. The EE force Fh 
applied to the patient's arm is the sum of the forces 
from gravity Fg and the forces from the pneumatic 
actuation Fp applied to the end effector according to 
equation: 

pgh FFF      (2) 

where                  N/QF e
gg        (3) 

N/QF pp  .      (4) 

Above: 
Qe

g is the torque created by the exoskeleton 
gravity according to the equation 

Comparative Study of a Vacuum Powered Upper Limb Exoskeleton

405



)qcossinqg(MQ e2e1e
e
g      (5) 

where: Me represents the mass of exoskeleton moving 
parts 4, 5, 6;   ρe=[ρe1; ρe2]T represents the radius 
vector of the mass center C in а local frame and  g is 
the gravity acceleration coefficient;  

Qp is the torque produced by the forces in the two 
pneumatic cylinders, represented by the sum 

r))s(sp-)s(sp(Q 21b21ap    (6) 

where pa and pb are the supply pressures in both 
chambers, r is the radius of reel R1 and s1 and s2 are 
the areas on both sides of the piston; 

N is the value of the radius vector of the EE. 
 In the passive mode, to provide transparency of 
gravity, the torque generated by the pneumatic 
cylinder forces Qp is used to compensate the torque 
from the gravitational forces Qe

g. For this reason, one 
of the chambers of the pneumatic cylinders is 
supplied with an appropriate pressure, after which the 
inputs and outputs of this chamber are closed. The 
second chamber of the pneumatic cylinders is open to 
the atmosphere. In this case, the torque Qp is 
determined by the elastic forces in the closed chamber 
due to air compression. 

Assuming that air is an ideal gas undergoing an 
isothermal process (Czmerk, A., 2017), the rate of 
pressure change p and volume change V in a closed 
chambers of the cylinder can be expressed by the 
polytrophic process equation  

 CVp       (7) 

where C is a constant. 
Once in the starting position of the cylinders X0 

(Figure 2), chamber a of the pneumatic cylinders is 
closed with a pressure p0

(a) and the volume V(a) of the 
chamber is represented as a function of piston area 
and chamber length, equation (7) takes the form: 

a210
0
(a) C)ss(Xp        (8) 

where s1 and s2 are the areas on both sides of the 
piston and Ca is a constant. 

After the patient performs motions according to 
the scheme of Figure 3, the piston makes a deviation 
x from starting position X0 (Figure 2) and the pressure 
pa in the closed chamber changes. Then equation (8) 
allows the new equality to be displayed: 

a210a210
0
(a) C)ss)(xX(p)ss(Xp    (9) 

Then, equality (9) give the equation for the variation 
of the pressure pa depending on the piston deviation x       

xX

Xp
p

0

0
0
a

a 
          (10) 

When chamber a is closed and chamber b open to 
the atmosphere or pb = patm, according to (6) and (10), 
the equality of elastic actuator torque as a result of the 
pistons deviation x from the starting position X0 is 
derived 

)rs](sp-
xX

Xp
[Q 21atm

0

0
0
a

pa 


  (11) 

When in the starting position of the cylinders X0 
chamber b is closed with a pressure p0

(b) and chamber 
a  is open to the atmosphere, after that the patient 
performs motions and  the piston makes a deviation x 
from starting position  X0, (Figure 2), еquation (7) 
allows the following equalities to be compiled 

b210b

210
0
b

C)ss)(xXL(p

)ss)(XL(p




  (12) 

xX-L

)X-(Lp
p

0

0
0
b

b 
      (13)  

where L is the cylinder length and Cb is a constant.  
In this case where pa = patm according to (6) and 

(13) the equality of elastic actuator torque is as 
follows 

)rs](s
xX-L

)X-(Lp
-p[Q 21

0

0
0
b

atmpb 


  (14) 

As the initial position of the arm q0 corresponds to 
the starting position X0 of the cylinders,  the piston 
deviation x, is determined by the deviation q of the 
joint angle, as follows   

 qrx       (15) 

The behavior of closed pneumatic cylinders 
according to (11) and (14) behaves like a variable 
compliance spring. The  stiffness of the joint driven 
by pneumatic cylinders can be determined as a 
derivative of the joint torques (11) and (14) about the 
joint deviation, according to the equality:  

 
q

x

x

Q

q

Q
K

)b,a(p)b,a(p
)b,a( 










  (16) 

After differentiating equations (11) and (14), 
taking into account that patm=const,  pa

0=const,  
pb

0=const and that piston displacement x is a linear 
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function (15) of the articular displacements q, it 
follows   

 2
212

0

0
0
a

a )rs(s
x)(X

Xp
K 


   (17) 

2
212

0

0
0
b

b )rs(s
)xX-(L

)X-(Lp
K 


  (18) 

 The stiffness of the joint when a chamber is 
closed and the other is open to the atmosphere 
according to (17) and (18), represents a linear 
function of the initial pressure in the closed chamber 
and a nonlinear function of the piston displacements. 

In the present study, the objective is to evaluate 
the interaction force at the end effector as a result of 
pneumatic actuation with pressures higher and lower 
than atmospheric pressure. Therefore, two cases are 
considered: first, when the pressure p0

(a)  in chamber 
a is greater than atmospheric pressure, and chamber b 
is open to the atmosphere  (pb= patm); second, when 
chamber а is open to the atmosphere (pa= patm), and 
the pressure p0

(b)  in chamber b is less than 
atmospheric pressure or vacuum pressure. 

3 RESULTS 

3.1 Interaction Force at the End 
Effector as a Result of Pneumatic 
Actuation with Pressure Higher 
than Atmospheric Pressure 

In this experiment, the initial pressure in chamber a 
takes on the following values equal to or greater than 
atmospheric pressure: p0

(a)   = 100, 150, 250, 350 kPa. 
Chamber b is open to the atmosphere and has a 
constant pressure pb = patm =100kPa. The other 
parameters of the pneumatic drive are shown in Table 
1. Since chamber a is closed, it is a generator of 
elastic force. The initial position of the arm is q0 = 
2700 (Figure 3) and the selected starting position of 
the piston is X0 = 0.0625 m. The maximum deviations 
of the arm from the starting position equal to qm = 250 
correspond to the deviations of the piston from the 
starting position equal to x = 0.014 m. When the arm 
oscillates according to (1), the elastic moment (11) is 
calculated and is brought to the end effector, where it 
forms the resistance force from the pneumatics (4). 
The results of this experiment are shown graphically 
in Fig.4 a). 

 

a)  

b)  

Figure 4: Interaction force at the end effector as a result of: 
a) pneumatic (Fp) with pressures p0

(a) = 100, 150, 250, 350;    
b) gravity (Fg);  pneumatic (Fp) with pressure p0

(a) = 350 
kPa and  resulting force (Fp+ Fg). 

In order to use the force from the pneumatic drive 
as a balancer of the force from the exoskeleton gravity 
according to (2), a pressure in chamber a equal to p0

a 
= 350 kPa is selected. The aim is to increase the 
transparency or to bring the force applied to the 
operator's arm closer to 0. At the same starting 
position and the same arm movements as in the 
previous experiment, the change in gravitational force 
(3) and pneumatic force (4) was calculated.  Graphs 
with the variation of these forces, as well as with the 
resulting force (2), are shown in Fig.4 b). 

Table 1: Pneumatic drive parameters. 

Piston area side 1 s1 314 10-6 m2 

Piston area side 2 s2 264 10-6 m2 

Pneumatic cylinder diameter D 0.020 m 

Pneumatic cylinder stroke L 0.125 m 

Piston starting position X0 0.0625 m 

Exoskeleton mass Me 2.085 kg 

Radius of EE N 0.660 m 

Radius of pulley 1 r 0.0315 m 

Coordinate 1 of mass center ρe1 0.256 m 

Coordinate 2 of mass center ρe2 0.031 m 
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3.2 Interaction Force at the End 
Effector as a Result of Pneumatic 
Actuation with Pressures Lower 
than Atmospheric Pressure 

In the experiment, the chamber a of the pneumatic 
cylinders is connected to the atmosphere, therefore it 
has a constant pressure pa = patm =100 kPa. The initial 
pressure in chamber b acquires the following values 
less than or equal to atmospheric pressure: p0

(b)= 0, 
14, 40, 70, 100 kPa. Since chamber b is closed, it is a 
generator of elastic force. When p0

(b)= 0 (vacuum), 
according to (14) the actuator torque reaches its 
maximum value Qp

max which is constant and does not 
depend on the deviations of the piston position.  

.constr))s(spQ 21atm
max

p       (19) 

The maximum torque determined by the constant 
atmospheric pressure may not be sufficient to drive 
the designed device. For this reason, the vacuum-
powered exoskeleton needs to change some of the 
other parameters, such as the face of the pistons. 

Thus, larger pneumatic cylinders with diameter D 
= 0.035 m and piston area (s1 + s2) = 0.001840 m2 
were selected for vacuum pressure drive. The values 
of the other parameters of the pneumatic drive are 
those of Table 1. 

The experiment was performed with the same arm 
movements: starting position q0 = 2700 and maximum 
deviations qm = 250. When the arm oscillates 
according to (1), the elastic moment (14) is 
calculated, which is reduced to the end effector as the 
interaction force from the pneumatic actuation (4). 
The results of this experiment are shown graphically 
in Fig.5 a). 

In order to balance the gravity of the exoskeleton 
with the pneumatic drive according to (2), chamber 
pressure, p0

b=14 kPa is chosen, so that the force 
applied to the operator's arm is equal to 0. At the same 
starting position and arm movements the force (2) is 
calculated. The change of this force, as well as of the 
gravitational force (3) and of the pneumatic drive 
force (4) are shown in the graph in Fig.5 b). 

4 DISCUSSION 

In the experiments performed, the interaction force in 
the passive mode of interaction is evaluated, as this 
force represents the initial reaction of the 
exoskeleton, which can then be changed by the active 
mode. Static forces in the interaction such as gravity 
resistance and propulsion resistance are evaluated. 

a)  
 

b)  

Figure 5: Interaction force at the end effector as a result of: 
a) pneumatic actuation (Fp) with vacuum pressures p0

(b) = 0, 
14, 40, 70, 100 kPa ; b) gravity (Fg);  pneumatic (Fp) with 
pressure p0

(b) =  14 kPa  and  resulting force (Fp+ Fg). 

When the pneumatic drive uses positive pressure, 
the compressed gas creates an elastic resistance force, 
which is greater at higher pressures and is close to 0 
when the pressure in the closed chamber is equal to 
atmospheric (Fig. 4a). Pneumatic actuation can 
compensate for gravity by appropriate pressure in the 
chambers, but deviations from the equilibrium 
position lead to resistance fluctuations due mainly to 
the increased pressure and increased stiffness of the 
compressed gas (Fig. 4b). The advantage here is the 
theoretically unlimited magnitude of the driving 
force. 

When the pneumatic drive uses vacuum pressure, 
the resistance force depends less on the imposed 
deviations. In this case, when the vacuum pressure 
approaches zero, the drive force increases, and the 
stiffness of the drive decreases (Fig.5a). This leads to 
a constant resistance force, independent of the 
imposed deviations. If gravity is compensated by a 
vacuum pressure close to 0, in the case of deviations 
from the equilibrium position, the force of interaction 
remains almost constant, and small deviations are the 
result of changes in the moment of gravity (Fig.5b). 
The main advantage of the vacuum drive is the low 
stiffness of the drive, which reaches its minimum 
when the driving force is highest. The disadvantage 
of this approach is the limitation in the maximum 
value of driving force. This can be corrected by 
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increasing the active area of the pneumatic actuator 
on which the atmospheric pressure acts. However, the 
increased area leads to a change in other mechanical 
parameters. 

5 CONCLUSION 

In the present work, an exoskeleton of the upper limb 
intended for rehabilitation and training is studied. The 
aim of the work is to find and evaluate an appropriate 
exoskeleton solution that provides performance on 
the one hand and transparency and natural safety on 
the other. Therefore, a pneumatic drive is proposed in 
the work, which is evaluated by comparing the 
positive pressure drive with the vacuum pressure 
drive. To assess transparency, the interaction force 
between the patient and the exoskeleton in passive 
mode is examined.  

Simulations were performed with harmonic 
movement imposed by the patient in one joint of the 
exoskeleton. The interaction force between the 
patient and the exoskeleton was assessed as a result 
of the gravity of the exoskeleton and the pneumatic 
force. In this case, the torque generated by the elastic 
forces in the closed chamber of the pneumatic 
actuators is used to compensate for the torque due to 
gravity. The interaction force at the end effector is 
estimated for cases of pneumatic propulsion with 
pressure higher than atmospheric and with vacuum 
pressure.  

Assessments show that an increase in positive 
pressure leads to increased stiffness and higher values 
of the interaction forces. This allows for better 
efficiency when performing operations in "robot in 
charge" mode. Vacuum pressure reduces stiffness and 
leads to small deviations in the interaction force and 
from there to higher transparency and patient safety.  
However, low stiffness is associated with a weak 
force response and low efficiency.  

The combination of safety requirements on the 
one hand and the efficiency requirements on the other 
can be achieved through pneumatic actuators that 
allow a wide range of control pressures. The subject 
of the future work of the authors is the development 
and experimentation of pneumatic drive, which 
allows adjusting the stiffness in a wide range. 
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