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ARTICLE INFO  ABSTRACT 
 
 

This paper addresses the application of robots to aid in the physical rehabilitation of patients. The 
objective is to present the design of a pneumatically driven robotic workbench with force control 
for rehabilitation of upper and lower limbs. Recently, the research in the mechatronic systems 
field is being developed to assist the physical rehabilitation of people who have suffered some 
form of serious physical injury. Robotic manipulators make it possible to carry out tasks 
repeatedly in a controlled and reliable way, which has been demonstrated in the literature as a 
determinant factor for the increase of the motor skill and improvement in the performance of 
functional activities. For interaction between the robot and the human, pneumatic actuators with 
controllable stiffness are used to avoid injury to the patient and damage to the equipment. It is 
perceived that due to the compressibility of the air, it is more advantageous and safer in 
applications involving the risk of accidents and the need to limit the forces of interaction with the 
environment. The chosen methodology consists of the analysis of needs, design and modelling of 
systems. This work aims to contribute to the development of innovative robotic manipulators used 
in upper and lower limb rehabilitation therapies. 
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INTRODUCTION 
 

The science of rehabilitation shows that repeated movements 
of human limbs can help the patient regain function in the 
injured limb. There are three types of mechanical systems used 
for movement rehabilitation: robots, cable-based manipulators, 
and exoskeletons (Gonçalves and Carvalho, 2012; Barbosa et 
al., 2018). Advances in the technologies applied to robotics 
and automation are increasing and their applications in the 
medical sectors have increased in the last decades.  
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The robots are now a useful tool in the rehabilitation of upper 
and lower limbs. This fact stimulates the development of new 
structures. In this paper, the major contribution is the 
application of pneumatic robots to aid in the physical 
rehabilitation of patients. The main objective of this work is to 
develop the simple design and low cost of a pneumatically 
driven robotic workbench with force control for rehabilitation 
of upper and lower limbs. The Technology Assistive has 
contributed immensely to the design and deployment of 
interfaces to aid physically handicapped people to combat their 
disabilities. The alternate interfaces assist individuals in 
leading a normal life and perform expected activities. (Dubey 
et al. 2014). Today pneumatic drives are widely used to 
perform various industries motion tasks. They have the 
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advantages of low purchase price and robust design, but show 
high energy consumption in comparison with electric drives. 
Existing energy saving measures lead to the reduction of 
energy consumption, but at the same time they cause the 
increase of the life cycle costs. All in all, the selection of 
pneumatic drives has been done regarding their functionality, 
efficiency and costs. In Rakova and Weber (2016) the novel 
exonomy approach is presented for the selection of the most 
cost-effective pneumatic drive solution. The dynamic model of 
a force controlled system depends not only on the actuator but 
also on the manipulated object. Generally, the object dynamics 
are unknown and frequently change, and it therefore is difficult 
to identify the actual dynamics of the system. To enhance the 
controller performance for the pneumatic system, 
Kaitwanidvilai and M. Parnichkum (2005) proposed a hybrid 
adaptive neuro-fuzzy model. Ben-Dov and Salcudean (1995) 
used graphite piston glass cylinders to minimize the effects of 
friction in power control applications of a special pneumatic 
actuator for applications in robotic claws because friction 
dynamics is very important in a pneumatically driven robotic 
model. The paper is organized in the following sequence of 
sections: materials and methods are described, the brief 
description of rehabilitation need analysis and state-of-the-art 
survey of the main results obtained from the use of robotic 
manipulators for rehabilitation are presented, the results with 
the proposed design of a pneumatically driven robotic 
workbench for rehabilitation and experimental identification of 
friction dynamics in the pneumatic actuator are shown. Lastly, 
remarking conclusions are summarized. 
 

MATERIALS AND METHODS 
 

In order to increase the probability of success of new 
pneumatically driven robotic workbench with force control for 
rehabilitation, the design process was planned carefully and 
executed systematically. In particular, an engineering design 
method must integrate the many different aspects of designing 
in such a way that the process becomes logical and 
comprehensible (Valdiero and Rasia, 2016). To that end, the 
design process of robotic system must be broken down, first 
into phases and then into distinct steps, each with its own 
working methods. It is with these aims in mind that several 
authors (Pahl and Beitz, 2013; Valdiero and Rasia, 2016) split 
the design process into main phases that can be translated as 
Need Analysis; Conceptual Design; Preliminary Design; Detail 
Design; Prototype Construction; Test and Evaluation; and 
Final Documentation of Robot Drives and Mechanism as 
shown in Figure 1. According to Valdiero and Rasia (2016), 
from the Needs Analysis phase, the modelling and controller 
design methodology can be divided into the three main phases 
proposed by Nise (2007) and illustrated in Figure 1: schematic 
and functional representation of the physical system; 
mathematical modelling; and analysis, simulation, controller 
design and tests. Schematic and functional representation of 
the physical system (5) is based on the requirements and 
performance specifications (1) required of the controller, the 
conceptual design of the mechanical system (2) as well as 
detailed information (4) of the mechanical components, the 
description of the physical system. A functional block diagram 
or a schematic representation of the electrical and mechanical 
components can be constructed for better visualization. This 
phase results in knowledge of the physical system. 
Mathematical modelling of the dynamic system is formulated 
from the knowledge of the physical system (5), physical laws 
(from Kirchhoff, Newton, energy balance, among others) and 

treatment tools (linearization, Laplace transform, among other 
mathematical methods), obtaining the system representations 
in the state variables form, non-linear and linear models, 
transfer functions, among other representation forms of the 
dynamic behavior of the system (flow-signal diagram, etc.). 
This phase interacts with the preliminary design (7) of the 
machine elements and obtains an estimate of the nominal 
parameters of the modeled system. Analysis, simulation, 
controller design and tests steps have as input the modelling 
(8) obtained in the previous phase, where can be used linear 
and non-linear control techniques, sensitivity analysis, stability 
analysis, CACSD (Computer Aided Control System Design) 
tools and test instrumentation in order to obtain a controller 
with satisfactory and safe performance. This phase has 
relations with the detailed design (10), the construction (12) 
and the prototype tests (14), through which the system 
parameters are measured, the sensors and other physical 
components of the control system are specified, besides the 
controller gains settings. That is, at this stage the development, 
implementation and validation of the proposed controllers 
takes place. If the test results are satisfactory for both the 
controller (15) and the mechanical (drives and mechanism) 
system (16), then the user-field tests are performed, and in this 
final phase, indicators of customer satisfaction are important 
information, which must be feedback into the process, (17) and 
(18), for design improvements. The activities are being 
developed at the Innovation Center for Automatic Machines 
and Servo Systems (NIMASS/UNIJUÍ Campus Panambi), 
which has adequate computational and experimental 
infrastructure for the construction of a bench of tests to verify 
and to validate the performance of the modelling and force 
control on pneumatic actuators.  
 

 
 

Figure 1. Design Methodology of smart machines and robots 
(adapted from Valdiero and Rasia, 2016) 

 
Need Analysis of Rehabilitation and Survey: Rehabilitation 
medicine aims to treat or lessen the disabilities caused by 
chronic diseases, neurological sequelae, traffic and work 
accidents. Rehabilitation is a global and dynamic process 
oriented towards the physical and psychological recovery of 
the person with disabilities, with a view to their social 
reintegration (Carvalho and Gonçalves, 2010). The Figure 2 
illustrates the main motions at the level of the shoulder. During 
the last two decades, the use of robotic instruments for upper-
limb rehabilitation has increased as robot-based rehabilitation 
provides an accurate evaluation of motor recovery and 
automates simple tasks that burden health professionals such 
as physiotherapists and occupational therapists.  
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Figure 2. Upper-limb rehabilitation movements: (a) Vertical 

flexion-extension, (b) Horizontal flexion-extension, (c) Adduction
abduction. Adapted Hernandez et al

 
Nowadays, as the number of people that require physical 
rehabilitation has increased, the need has arisen to create low
cost home-based robotic instruments that are simple, 
acceptable and provide easy monitoring, smart assessment, and 
adaptable training (Lioulemes et al., 2017)
decade, several lower-limb rehabilitation robots have been 
developed to restore mobility of the affected limbs. These 
systems can be grouped according to the rehabilitation 
principle they follow in Figure 3. During the
the use of robotic instruments for upper-limb rehabilitation has 
increased as robot-based rehabilitation provides an accurate 
evaluation of motor recovery and automates simple tasks that 
burden health professionals such as physiotherapis
occupational therapists. Nowadays, as the number of people 
that require physical rehabilitation has increased, the need has 
arisen to create low-cost home-based robotic instruments that 
are simple, acceptable and provide easy monitoring, smart 
assessment, and adaptable training (Lioulemes 
Over the last decade, several lower-limb rehabilitation robots 
have been developed to restore mobility of the affected limbs. 
These systems can be grouped according to the rehabilitation 
principle they follow in Figure 3. 
 
Hernandez et al. (2017) present an optimized design of a cable 
driven parallel manipulator that is intended in rehabilitation or 
exercise of patients with shoulder problems like illness, 
traumatic events or for the elderly who need to exercise their 
limbs. Cable based parallel manipulators have characteristics 
that make them suitable for rehabilitation exercise purposes 
like large workspace, re-configurable architecture, portability 
and low cost. Plitea et al. (2017) propose a nove
parallel robot design, whose name is ASPIRE. A simple but 
effective solution for shoulder rehabilitation. Kinematics and 
workspace are analyzed as well as motion simulations are 
thoroughly presented to show the feasibility and effectiveness 
of the proposed solution. Guo showed the design of optimize 
structure for the external skeletal upper limb rehabilitation 
robot to assist the stroke patients to recovery the motion 
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function, according with the physiological structure of the 
human body. This rehabilitation robot can be used by patients, 
not only in the hospitals for rehabilitation, but also be used 
when patients are not in hospitals, which bring great 
convenience for hemiplegic patients.
model of the human knee, based on me
provide orthopedic surgeons information that relates forces at 
the anterior cruciate ligament graft (ACL) with its fixing 
position, was developed by Ponce 
position must be defined at the preoperative planning p
the ligament replacement surgery. Wu 
their paper a 3-degree-of-freedom (3DOF) lower limb 
rehabilitation robot (LLRR) has been developed for the motion 
recovery, with aiming to assist stroke patients who suffer from 
motor dysfunction after stroke and reduce the stress of 
physiotherapists. Kweon and Kim proposed a new lower limb 
rehabilitation platform for tailor
Neuroex system working on a lower limb rehabilitation. 
 

Figure 3. Robotic system types for lower
treadmill gait trainers, (b) foot

overground gait trainers, (d) stationary gait and ankle trainers 
Adapted Díaz 

Existing control techniques for 
ignore robot dynamics by assuming a perfect inner control 
loop or are limited to rigid-joint robots. The dynamic stability 
of compliantly-actuated rehabilitation robots, consisting of the 
dynamics of both robot and compliant 
theoretically grounded. In this way Xiang 
presented an iterative learning impedance controller for 
rehabilitation robots driven by series elastic actuators (SEAs), 
where the control objective is specified as a desired impedan
model. Many researchers have done work on pneumatic 
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model of the human knee, based on mechanism theory, to 
provide orthopedic surgeons information that relates forces at 
the anterior cruciate ligament graft (ACL) with its fixing 
position, was developed by Ponce et al. (2017). This fixing 
position must be defined at the preoperative planning phase of 
the ligament replacement surgery. Wu et al. (2016) show in 
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Figure 3. Robotic system types for lower-limb rehabilitation: (a) 
treadmill gait trainers, (b) foot-plate-based gait trainers, (c) 

overground gait trainers, (d) stationary gait and ankle trainers 
Adapted Díaz et al. (2017) 

 
Existing control techniques for rehabilitation robots commonly 
ignore robot dynamics by assuming a perfect inner control 

joint robots. The dynamic stability 
actuated rehabilitation robots, consisting of the 

dynamics of both robot and compliant actuator, is not 
theoretically grounded. In this way Xiang et al. (2017) 
presented an iterative learning impedance controller for 
rehabilitation robots driven by series elastic actuators (SEAs), 
where the control objective is specified as a desired impedance 

Many researchers have done work on pneumatic 
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robotic systems for rehabilitation. The pneumatic technology 
can potentially meet the requirements of rehabilitation robots 
because they have a high power-to-weight ratio, are 
mechanically compliant because of the inherent compliance of 
air, and are force controllable (Morales et al.
et al. 2010).  
 

RESULTS 
 

The proposed design foresees the programming of the 
reference movement trajectories by a physiotherapist, in 
addition to the appropriate limits for the load forces applied to 
the limbs during the exercises. As seen from Figure 4, the 
robotic system for rehabilitation of upper and lower limbs is 
composed of following components: mechanism, pneumatic 
system and control system. 
 

 
Figure 4. The pneumatically driven robotic workbench with force 

control for rehabilitation of upper and lower limbs
 

The control system consists of hardware, software, sensors and 
man-machine interface devices, which allow the 
implementation of control strategies, operation commands and 
data acquisition. The mechanism consists of a set of rigid links 
joined by revolute joints and mounted on a fixed base in the 
chair, whose function is to perform the desired movements in 
the rehabilitation exercises. Figures 5 and 6 show the simple 
design of a pneumatically driven robotic workbench for 
rehabilitation of upper and lower limbs that it was designed on 
CAD (Computer Aided Design) software. 
each mechanism joint is performed by a pneumatic servo 
positioner comprising a double-acting cylinder and simple rod, 
and a five-way directional servo valve.  
 
Figure 7 presents the representation of the pneumatic scheme 
of the robot, designed according to ISO 1219
2012).  Table 1 describes the basic elements of the pneumatic 
robot drive system, according to the numerical indication of 
the Figure 6. For each limb i (upper or lower) to be exercised 
with an angular movement i of the mechanism, it is necessary 
to apply a load force fLi provided by the pneumatic system. The 
mechanical system of the robotic workbench is shown in 
Figure 4, where the main loads and parameters involved in 
each limb rotation dynamics are gravity torque 
fLi, the moment of inertia I0i of the rotating mass (mechanism 
and limb) around the rotation axis, the angular acceleration 
of the platform and the distance r from the turning center to the 
point of application of the force. Applying the sum of the 
torques (∑Toi), we have Equation (1). 
 
 

22411                                           Roberta Goergen et al. 
 

robotic systems for rehabilitation. The pneumatic technology 
can potentially meet the requirements of rehabilitation robots 

weight ratio, are 
cause of the inherent compliance of 

et al., 2011; Wolbrecht 

The proposed design foresees the programming of the 
reference movement trajectories by a physiotherapist, in 

appropriate limits for the load forces applied to 
the limbs during the exercises. As seen from Figure 4, the 
robotic system for rehabilitation of upper and lower limbs is 
composed of following components: mechanism, pneumatic 

 

Figure 4. The pneumatically driven robotic workbench with force 
control for rehabilitation of upper and lower limbs 

The control system consists of hardware, software, sensors and 
machine interface devices, which allow the 

rategies, operation commands and 
The mechanism consists of a set of rigid links 

joined by revolute joints and mounted on a fixed base in the 
chair, whose function is to perform the desired movements in 

s 5 and 6 show the simple 
design of a pneumatically driven robotic workbench for 
rehabilitation of upper and lower limbs that it was designed on 

 The actuation of 
each mechanism joint is performed by a pneumatic servo 

acting cylinder and simple rod, 

Figure 7 presents the representation of the pneumatic scheme 
of the robot, designed according to ISO 1219-1 standard (ISO, 

basic elements of the pneumatic 
robot drive system, according to the numerical indication of 

(upper or lower) to be exercised 
of the mechanism, it is necessary 

provided by the pneumatic system. The 
mechanical system of the robotic workbench is shown in 
Figure 4, where the main loads and parameters involved in 
each limb rotation dynamics are gravity torque Tgi, load force 

ating mass (mechanism 
and limb) around the rotation axis, the angular acceleration   

from the turning center to the 
point of application of the force. Applying the sum of the 

 
Figure 5. Robot prototype design with pneumatic actuation for 

lower limb rehabilitation
 

Figure 6. Robot prototype design with pneumatic actuation for 
upper limb rehabilitation

Figure 7. Pneumatic circuit of the robotic 
workbench
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In that manner, we have Equation (2), which represents the 
dynamics of the rotating mechanism coupled with pneumatic 
actuator. 
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given by Equation (7), and Fatri is the friction force in 
pneumatic actuator. The kinematic relation between linear 
movement yi by the pneumatic actuator rod and the angular 
movement i by the rotating platform can be obtained through 
the methodology proposed by Valdiero (2012), and is shown in 
Equation (3): 
 

  iiiiiiiii LLLLLy 321
2
2

2
1 cos2)(    ……..(3) 

 

where the constructive parameters L1i, L2i , L3i and i are 
described in detail in Valdiero (2012). Pneumatic force Fpi is 
each pneumatic actuator and it is given by Equation (4): 
 

biiaiipi pApAF 21      (4) 
 

where A1i and A2i are the transversal section areas in the 
chambers of the pneumatic cylinder i , and pai and  pbi are the 
respective pressures in these chambers, whose values can be 
measured by means of pressure transducers. The study of 
pneumatic position servo systems is complex when compared 
with others position servo drives types, because air is very 
compressible and the friction force Fatri has a highly non-linear 
behaviour. Friction is a multifaceted non-linear phenomenon 
that exhibits many non-linear characteristics. They are 
composed by well-known and classic static friction (stiction), 
Coulumb friction, viscous friction and drag friction, that 
compose the simpler models based in static maps. Otherwise, 
they are composed by more complex dynamic phenomena 
known as Stribeck friction, rising static friction, frictional 
memory and presliding displacement (Valdiero, 2012). It is 
important to emphasize that, in general the friction 
characteristics are dependent of velocity, temperature, 
movement direction, lubrication and the wear between contact 
surfaces, and even position and movement history. It is 
possible to determinate easily the static parameters of the 
friction model through experimental tests carried out with 
constant velocity. These static parameters can be obtained 
through an experimental curve that represents a static map, 
plotting steady state velocity with corresponding friction force. 
This static map (Figure 8) was obtained through many 
experiments carried out with velocity values being changed 
from around null velocity to maximum system value. These 
experiments were fulfilled with test apparatus configured as an 
open loop system, when a constant pneumatic valve opening 
possibilities that pneumatic actuator moves with constant 
velocity. In this case, acceleration values zero and friction 
force is equivalent to the resulting force produce in actuator by 
pneumatic force, given by Equation (4) subtracted from the 
load force required to drive the robotic mechanism. 
 
The identification of steady state friction (Fatri,ss) is important 
because we can consider at constant speed that the result of the 
forces in the pneumatic actuator is: 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 8. Static friction-velocity map in steady state to pneumatic 

actuator with experimental values of the robot prototype for 
rehabilitation 

 

ssatripiLi FFf ,    ………………(5) 

 
The Equation (5) is useful in force control with friction 
compensation of the pneumatically driven robotic workbench. 
As shown in Figure 4, the physiotherapist prescribes the 
desired movement trajectories for the exercise and the force 
limits that can be applied to the limbs. Then, from the signals 
of the angular displacement sensors and the force transducers 
mounted on the mechanism, the closed-loop control system 
performs the compensation calculations and sends the control 
signals to the pneumatic servo valves with the aim of 
maximizing the performance of the robot for rehabilitation. 

 

Conclusions 
 
This article deals with the application of pneumatic robots to 
assist in the physical rehabilitation of patients. The objective of 
this work is the design of a robotic rehabilitation workbench 
with low cost pneumatic drive. In the design of a 
pneumatically operated robotic machine, it is important to 
experimentally to identify the friction dynamics in pneumatic 
actuators, since they exhibit a non-linear behavior at low 
speeds, as shown in this article. As future work, the authors 
plan to build a prototype for testing and practical 
implementation. 
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