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Abstract
Background. The use of an exoskeleton elbow is considered an effective treatment in several patholo-
gies, including post-stroke complications, traumatic brain injury (TBI) and spinal cord injury (SCI), as well 
as in patients with neurodegenerative disorders. The effectiveness of rehabilitation is closely linked to a suit-
ably chosen therapy. The treatment can be performed only by specialized personnel, significantly supported 
with the use of automated devices.

Objectives. The aim of this study was to present a novel exoskeleton for elbow rehabilitation without 
a complicated control system.

Material and methods. Single-degree-of-freedom (SDOF) solution in constructing the prototype of an 
elbow exoskeleton for rehabilitation purposes has been applied. The simplicity of the actuation mechanism 
was set as one of the priorities in the design; thus, a single-axis stepper motor with a controller was found 
to be adequate for providing a reliable and precise source of motion for the exoskeleton.

Results. Technological development may provide novel solutions, such as an exoskeleton – a wearable, 
external structure which supports or (in selected applications) even replaces the muscle actuation in the pa-
tient. The reported advantages of the proposed exoskeleton reflect current state-of-the-art. The proposed 
control strategy relies on closed-loop position control, performance, low manufacturing cost, and predicted 
performance in a rehabilitation scenario. All these factors play an important role in establishing the direc-
tions for further research, e.g., an integrated force sensor in the device, measurements of torque interactions 
on the elbow joint, and assessment and response to an overload of articulation. 

Conclusions. This study suggests not only the clinical but also the possible economic and logistical 
advantages offered by the portability of the system, and its effective support for therapists applying an elbow 
exoskeleton.
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Introduction

In Western countries, elderly people will suffer from 
a growing number of neuromotor disorders each year, and 
this age group is at greatest risk for disability. In that popu-
lation, it is important that physically weak people are able 
to take care of themselves.1 The question of the superiority 
of robot training of the upper limbs over classical therapies 
in neuromotor disorder patients remains controversial.2–4 
During the subacute stage, upper limbs training is likely 
to be the most useful. 

Advances in technology have led to the development 
of a variety of robotic devices for the use in rehabilitation. 
Robotic devices have been progressively included in neu-
rorehabilitation programs.5–8 Exoskeletons are wearable 
robots which exhibit a close cognitive and physical inter-
action with the human user. They are robotic exoskeletal 
structures that typically operate alongside human limbs.9 

Scientific and technological work on exoskeletons began 
in the early 1960s, but only recently they have been applied 
to rehabilitation and functional substitution in patients suf-
fering from motor disorders.10,11 The effectiveness of reha-
bilitation is closely linked with the suitability of the chosen 
therapy.12,13 Robotic techniques allow the precise recording 
of movements and the application of forces to the affected 
limb using visual cues; they convert repetitive movement 
practice into a useful task within everyday activity.14 Cur-
rent state-of-the-art of robotic systems and their prospec-
tive function in the post-stroke rehabilitation of the upper 
limbs is presented in the studies conducted by Fausti et 
al.,12 Bishop and Stein,15 Hochstenbach-Waelen et al.,16 
Loureiro et al.,17 Lu et al.,18 Maciejasz et al.,19 and Morales 
et al.20 The application of robotics in neurorehabilitation 
is promising, but is still not widely used in clinical settings. 

The aim of this study was to present a novel exoskel-
eton for elbow rehabilitation without a complicated control 
system. 

Challenges and requirements

We took into consideration the needs and preferences of pa-
tients, their families and caregivers, and therapists when de-
signing a robot supporting upper limb rehabilitation. A study 
by Lu et al. showed the main requirements for an upper limb 
rehabilitation device, including the following:

–– facilitating a variety of arm movements;
–– being usable in a seated position;
–– giving feedback to clients;
–– including virtual activities specific to daily living;
–– being useful at home;
–– having adjustable resistance, and
–– costing less than 6000 USD.18,21

To sum up, based on the classification proposed by Ma-
ciejasz et al.,19 we proposed a novel exoskeleton for upper 
limb rehabilitation purposes in low- and middle-income 
countries, with the following features:

–– application field: supporting basic activities of daily 
living (ADL), neurological rehabilitation and ortho-
pedic rehabilitation;

–– target group: patients with severe neurological deficits, 
including post-stroke patients, those with traumatic 
brain injury (TBI) or spinal cord injury (SCI), geriatric 
patients with neurodegenerative disorders, and people 
who need similar solutions for functional support dur-
ing recovery only (e.g., for avoiding physical effort after 
cardiopulmonary diseases);

–– type of assistance: active device and elbow strength 
assistance;

–– mechanical design: exoskeleton-based arm with a sin-
gle one-degree-of-freedom (SDOF) stepper motor and 
control system;

–– control strategy: a mix of kinematic and dynamic; and
–– clinical evaluation: experimental study, further re-
search and a randomized controlled trial.

The most common symptoms in elbow functional defi-
cits are weakness, loss of joint control, excessive muscle 
contraction, spastic co-contraction, and pathological 
synergies.22–27 The most recent, state-of-the-art advances 
in the area of the elbow exoskeletons has been presented 
by Vitiello et al.28

An  elbow exoskeleton combines motor (re)learning 
principles. It  should provide repetition of  task-related 
movements, tailored to the patient and the patient’s goals, 
in a meaningful context, with associated variability and 
increasing levels of difficulty in exercises. The hardware 
and software should allow for easy use (including prepara-
tion for the exercises), and easy adjustment to individual 
patients’ health status, needs and change over time (recov-
ery or relapse). The important features are safety, price, 
proven efficacy, and motivation to exercise.

Safety precautions

An  elbow exoskeleton supports physiological move-
ments, taking into consideration the current health sta-
tus of the patients, the goals of the therapy, etc. The most 
important factors which influence patient and therapist 
safety that we took into consideration during the develop-
ment of the elbow exoskeleton were as follows:

–– the method of wearing and repeatedly fixing the exo-
skeleton to the arm and elbow joint in order to avoid 
injuries;

–– limitations of the personal range of motion (ROM);
–– regulation and limitation of personal speed of movement;
–– an emergency switch;
–– protection against unauthorized use;
–– safety alerts, low-battery and error signals; and
–– online help desk and availability of service.

The  potential for  robots constraining the  natural 
movement of  the  shoulder joint to  cause subluxation 
at the shoulder was described by Jeong-Ho et al., but this 
does not apply in the case of an elbow exoskeleton.27
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An  important issue, especially in  elderly patients, 
is the acceptance of advanced devices by the patients, their 
families and caregivers. It should be facilitated by reason-
able and patient-adjusted learning of novel technologies.

Material and methods

Design of elbow exoskeleton

It  has been decided that  it  will be sufficient to  use 
a SDOF solution in constructing the prototype of an el-
bow exoskeleton for rehabilitation purposes. The simplicity 
of the actuation mechanism was set as one of the priorities 
in the design; thus, a single-axis stepper motor with a con-
troller was found to be adequate for providing a reliable and 
precise source of motion for the exoskeleton, in contrast 
to the bionic model of the human arm, which requires 
an antagonistic actuator control, resulting in a much more 
complex control system and possibly also a heavier device. 

This paper presents 2 solutions for an elbow exoskeleton 
for rehabilitation:

–– asymmetrical with a 1-side drive system (Fig. 1,2)29; 
–– symmetrical with a 2-side drive system (Fig. 3,4).

The asymmetrical design of the upper limb exoskeleton 
(ULE) was presented as a virtual prototype (Fig. 1) and 
a functional prototype of ULE (Fig. 2). In order to ensure 

a strong and lightweight support structure, the exoskeleton 
frame was manufactured from aluminum. 

Design work showed that  locating the  motor close 
to  the elbow should provide the optimal functionality 
of  the exoskeleton. A standard NEMA 23 stepper mo-
tor (MOONS’, Shanghai, China) with a 1.8° step size and 
a nominal torque of 1 Nm was chosen for this project. 
To  increase the  torque, the  motor was equipped with 
a helical gearbox with a 1:5 gear ratio, which effectively 
increased the available torque to 5 Nm. This provided 
for low weight and sufficient torque for joint actuation. 
The maximum peak torque output of 5 Nm needs to be im-
proved because it does not seem high enough to mobilize 
patients with no residual mobility. Spasticity can generate 
articulation torque higher than 5 Nm, preventing passive 
mobilization from the robot.

A virtual model of a symmetrical device is presented 
in Fig. 3. Its architecture consisted of 2 vertical side plates 
fixed to a base support, between which, in the lower part, 
a rotary motor is located. In the upper part of the plates, 
2 parallel rods are hinged, which are able to  link with 
the appendix to support the wrist.

As shown in Fig. 3, the patient puts his/her upper arm 
into the  support positioned at  the  rear of  the  device 
and, using a special orthopedic glove, engages the wrist 
to the support positioned in front of the device. The wrist 
support has a semicircular guide and can rotate around its 
own axis, so as to allow the pronation–supination move-
ment of the hand. 

Integration (Fig. 4) of the symmetrical device was done 
by adopting 3D-printed polymeric materials to create an er-
gonomic interface with the patients and by transferring 
the exoskeleton architecture around the arm of the patient 
to align the rotary joint of the device with the biomechanical 
rotary joint associated with the elbow of the patient. 

Fig. 1. Asymmetric upper limb exoskeleton (ULE) with a 1-side drive system: 
the virtual model made in Solid Edge (Siemens PLM Software, Plano, USA)

Fig. 2. Prototype of an asymmetrical upper limb exoskeleton (ULE) 
with a 1-side drive system

Fig. 3. Virtual model of a symmetrical upper limb exoskeleton (ULE) with 
2-side drive system: upper arm (1) and wrist (2) supports
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Exoskeleton control system

The idea of the ULE control system is an asymmetrical 
design (Fig. 1,2). The exoskeleton control was created us-
ing a TB6560, a single-axis stepper motor driver control 
unit (Toshiba, Minata, Tokyo, Japan) (Fig. 5,6A) connected 
to the computer through an LPT port (Fig. 6B). A limit 

switch was used for reliable system start-up with a known 
position (Ky). 

The system is powered with an industrial 600 W power 
supply (Power Control Systems, Veneto, Italy) providing 
a regulated output voltage up to 36 V and an output current 
of 16 A. A Dell GM 520 computer (Dell Computer Corpo-
ration, Round Rock, USA) (Fig. 6B) was used for control 
because of its available LPT port. In addition, this com-
puter model has many USB ports, which makes it suitable 
for interfacing with other hardware. A touch LED screen 
(Fig. 6C) was used for easy interfacing with ULE.

The software interface for the controller was provided 
by Step2CNC v. 2.51 (Akcesoria CNC Elżbieta Taraszkie-
wicz, Augustów, Poland).30 It is mainly designed for nu-
merical controlling of machining stations utilizing stepper 
motors. The main screen of the application is presented 
in Fig. 7. This software allows for both manual and auto-
matic control using G-code. G-code can be imported from 
an external file or it can be edited directly in the Step2CNC 
software.31,32 The software was calibrated to use angular 
position as input. The position and the speed of movement 
can be controlled. G-code simplifies the creation of even 
complex motion patterns for training.

Using Step2CNC software enables complex control 
of the position and velocity of the motion path throughout 
the whole range. Motion can be prescribed as a function 
of  f, which can later be converted to G-code. Position-
ing accuracy is dependent on the stepper motor step size. 
For a standard 1.8° step size, 200 steps per revolution allow 
for more than sufficient control accuracy for a human–
machine interaction. The gearbox used in the design with 
a 1:5 gear ratio allowed the positioning accuracy to be in-
creased to 0.36° in full-step mode. The controller we used 
also allows operation in micro-stepping modes up to 1/16 
of a step. Step division can be selected using jumper switch-
es available inside the casing. Figure 8 illustrates the po-
sitioning accuracy which can be obtained using different 
step size settings with and without an external gearbox. 

Results 

This study presents the original concept of an automatic 
control system based on Step2CNC software for the ULE 
(Fig. 7). The system consists of a limited number of commands 

Fig. 4. Prototype of a symmetrical device with 2-side drive system: a) view 
of the device, b) view of 3D-printed ergonomic elements

Fig. 5. Upper limb exoskeleton (ULE) control system with a single-axis stepper motor 

Ky – rotary encoder for stepper motor; Step2CNC – software for the controller; 
TB6560 – single-axis stepper motor driver control unit.
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used to describe the movement trajectory and speed in an ab-
solute coordinate system. The software includes visualization 
of the movement as a function of time. The limit switch posi-
tion is also visualized. Despite the limitations of the visualiza-
tion, the software is useful for the ULE control.

The following actions are possible for the ULE:
–– clockwise motion of the motor (arm flexion);
–– counterclockwise rotation of the motor (arm extension); 
–– stoppage of the motor for a specified time.

Figure 9 presents a definition of the control parameters 
of arm rotation.

Forearm motion speed can be individually predefined 
for each motion segment, which can be defined as fast 
movement speed or exercise speed. In case of exercise 
speed, it can be adjusted freely. Fast movement is per-
formed at 1 predefined speed. 

The following G-codes are used for the proposed system:
–– G00 – fast motion with 1 predefined speed;
–– G01 – exercise motion – the speed of motion can be 
freely defined on the control panel;

–– G04 Hpar – a break in motion for a defined length 
of time, for instance, G04 H200 stops motion for 200 ms;

–– M04 – works analogically to G04, using 0 as a delay 
parameter: the program is stopped until the “continue” 
key is pressed on the software interface;

–– commands G00 and G01 can accept the  following 
parameters:
•	 Xpar – 1st axis coordinate;
•	 Ypar – 2nd axis coordinate;
•	 Fpar – speed setting in mm/min.

–– M30 – ends the program;
–– G90 – enables absolute positioning;
–– G91 – switches to relative positioning;
–– G28 – returns to the home switch position.

Fig. 6. Mobile control system

a – interior of the stepper motor controller; b – stepper motor controller and PC connection; c – complete station.

Fig. 7. Step2CNC user interface

a)

b)

c)
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Even though only a single axis is controlled, the X pa-
rameter is  used for  visualization of  the  movement 
on the software interface. The G04 command can be used 
to pause the motion to let the patient rest between exercise 
sequences. 

The velocity of  the motion, fy, can be defined using 
the following relationship:

fy Dy
T

= × 60,

where Dy is  the  rotation angle of  the  forearm and T 
is  the rotation time in seconds. Break time, Tb, which 
is a parameter of the G04 and M04 commands, needs to be 
expressed in miliseconds, thus:

T Tb = × 1000,

where T is the break time expressed in seconds.
Exemplary G-code is presented in Table 1. The sample 

code does not include the X parameter used only for visu-
alization of the movement. 

The presented code has been tested with the forearm 
exoskeleton. The  formation of  motion loops requires 
the same code fragment to be copied multiple times. Based 
on the example G-code and available commands, an auto-
matic G-code generator was created according to the al-
gorithm presented in Fig. 10.

The algorithm has been implemented in the custom Vi-
sual Basic 6 (Microsoft Corp., Redmond, USA) code Code-
Make software (Fig. 11). The tool allows for simple G-code 
generation based on an input motion pattern. The software 
visualizes computation results and G-code output during 
operation. The text field in the software allows for easy copy-
pasting of the code into Step2CNC. In addition, the generat-
ed code can be saved in a file. The CodeMake software con-
tains a preview from a USB camera. It also has the “on top” 
feature, which locks the window in front of other windows, 
including Step2CNC. Such a configuration is convenient 
while using the remote control of Step2CNC, for instance, 
TeamViewer or Remote Desktop.33

Fig. 8. Influence of step size on theoretical positioning accuracy with and 
without a gearbox

Fig. 9. Angle computation for the Step2CNC

Y – the angle parameter.

Fig. 10. Simplified algorithm of G-code generation 

Ya, Yb – initial and final angles, Stop – pause time, Tab – motion time,  
fy – motion speed; ULE – upper limb exoskeleton.

Table 1. Example of G-code

G-code Description

ULE control file
file header – lines preceded with a semicolon are 
treated as comments

G90 switches on absolute positioning mode

G28 Y
homing the arm unit limit switch is reached 
to initialize the system with the arm position

G01 F100 Y150
rotates the forearm 100°/min until reaching 
an absolute position of 150° 

G04 H0
pauses the program execution until 
the “continue” button is pressed

G01 F20 Y60
slow motion with a velocity of 20°/min until 
an angular position of 60° is reached

G04 H2000
pauses program for 2 s and then continues 
automatically 

G01 F50 Y0
sets motion at a velocity of 50°/min until initial 
position (0°) is reached

M30 ends program

ULE – upper limb exoskeleton.

forearm

α = 180°
Y = 180°−α

α = 180°

α 

Y = 180°−α

th
eo

re
ti

ca
l s

te
p 

si
ze

step division

1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

1 2 4 8 16

direct drive Start

insert setup data
G90
G28

end
append M30

append G04 HStop

append G01 Hfy YYb

fy = abs(Yb – Ya)/Tab ∙ 60

Stop > 0

Tab > 0Ya ≠ Yb

yes

yes

no no

no
yes

define ULE motion trajectory
Ya, Yb [°]

Tab [s]
Stop [s]

geared drive
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During remote operation (Fig. 12,13), there is an option 
of adjusting the camera resolution to provide smooth im-
age transmission even in the case of slow Internet con-
nection. Remote operation mode allows the user to create 
exercise programs and to supervise exercise performance 
even if the patient and the operator are at distant locations.

Quantitative analysis showed significant benefits from 
an economic point of view (lower price and wider acces-
sibility) and from a logistical one (easier manufacturing, 
3D-printing potential and reverse engineering for custom-
ized solutions).

Discussion

Despite several decades of work on exoskeletons, signifi-
cant scientific contributions in the applications of rehabili-
tation and functional compensation and substitution have 
only begun to appear in the last 10 years. As exoskeletons 
are characterized by close cognitive and physical interaction 
with the human user, the requirements applied to the cog-
nitive interaction are strict. As technological advances are 
made, there is much potential for growth in this field. 

The evidence supporting the upper limb rehabilitation 
using robotics to facilitate therapeutic process makes ro-
botic control systems a significant emerging field in robot-
ics, biocybernetics, rehabilitation engineering, and clinical 
medicine. It becomes more complex and integral, taking 
into consideration the International Classification of Func-
tioning (ICF) perspective to correctly evaluate the dis-
abling effect of neuromotor disorders. Prior to the year 
2000, there was a paucity of high-quality evidence regard-
ing the management of neuromotor disorders with elbow 

exoskeletons. At one time, practitioners might have be-
lieved that elbow neurorehabilitation with such an exoskel-
eton was not effective because of the lack of empirical evi-
dence. Robot-aided rehabilitation of the upper limbs is still 
a complementary therapy method, even as a home-based 

Fig. 11. Main window of the CodeMake tool: a) during control code generation; b) when the G-code is ready

Fig. 12. Remote view of the Step2CNC and CodeMake window on top 
with a live preview of upper limb exoskeleton (ULE)

Fig. 13. System setup for upper limb exoskeleton (ULE) remote control

Ky – Ky encoder for motor control purposes. 
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rehabilitation treatment. There is still a lack of evidence 
that  robotic therapy is more effective than traditional 
face-to-face treatment. Strong evidence can be obtained 
using randomized controlled trials, large patient samples 
and a control group for comparison. However, shortages 
in the area of specialized personnel (including physicians, 
physiotherapists, nurses, etc.) make the robotic solution 
cheaper and more accessible. Easily transportable, wear-
able devices could improve rehabilitation after discharge 
as well, in outpatient or home-based settings. Efforts are 
being made to establish the ideal type of treatment, length 
of training and patient’s characteristics for a successful 
treatment of this type. Cost-effective solutions, reduced 
effective hospitalization, early discharge, and home-based, 
long-term rehabilitation make robotic systems a new, basic 
and cheaper modality.34,35

The advantages of the proposed exoskeleton reported 
here reflect current state-of-the-art. A proposed control 
strategy relies on a closed-loop position control, perfor-
mance, low manufacturing costs, and predictable perfor-
mance in a rehabilitation setting. All these factors play 
an important role in establishing the directions for further 
research, e.g., integrated force sensors in the device, mea-
surements of torque interactions on the elbow joint, and 
assessment and response to an overload of articulation. 

The aforementioned issues describe the main limitations 
of the current study. 

Based on a literature review and our own experience du- 
ring working on the proposed system, we can formulate 
the following conclusions.

The designed actuation system utilizing a stepper motor 
and a special gearbox provides precise positioning and repeat-
ability of movement (angular accuracy within 0.18–0.36°), 
a wide range of speeds, and full torque availability even 
at 0 speed (as long as there is power in the windings).

Step2CNC software offers a simple software–hardware 
interface, providing G-code interpretation and control strat-
egy; it also allows the user to edit G-code, thus providing 
an option for code sequence generation. The aluminum con-
struction of the exoskeleton yields a strong and lightweight 
system (2 kg).

The prototype consisted of easily obtainable compo-
nents, with a simple and off-the-shelf control system.

The  prepared Code-Make software allows for  cam-
era image previews, useful for remote operation, as well 
as for straightforward G-code generation concerning de-
sired positions and delays in the exercise program.

Remote operation of  the system is possible and easy 
to implement using Remote Desktop or Team Viewer.

The control system presented above uses a standard  
G-code implementation as well as a typical Computer Nu-
merical Control (CNC). Therefore, it is possible to expand 
this system by adding additional degrees of freedom. 

The limitations of the study are the imperfections observed 
in the construction of the exoskeleton and its shortcomings 
in terms of mapping all the movements of the elbow and 

forearm. In this respect, the exoskeleton must be improved. 
Another limitation is the fact that this is only a theoreti-
cal paper with no clinical studies. Further research should 
include deeper clinical studies on large samples of patients. 
Such an approach allows for further compartmental stud-
ies and better fulfillment of the needs of the patients, their 
families and caregivers, as well as therapists. 

Conclusions

The current study suggests that choosing an elbow 
exoskeleton may have not only clinical but also possible 
economic and logistical advantages. In the future, exo-
skeleton-based rehabilitation of upper limb function may 
constitute the most promising therapeutic tool which can 
meet the increasing demand for therapy. 

The design of ULE presented here is a good solution 
for  the  rehabilitation of  the  patient. The  components 
of  the  control system are easy obtainable and can be 
used for control of a ULE by the available application, 
Step2CNC. CodeMake software allows for a camera image 
preview, is useful for remote operation and can generate 
G-code straightforwardly. 
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