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Continuous Passive Machines (CPM) facilitate patients in eliminating
joint stiffness after surgery and lead to a faster and more efficient
recovery. However, many previous CPM machined are mechanically
complicated, expensive, and lack a user interface. This paper presents
a new CPM machine for elbow flexion-extension and forearm
pronation-supination. The machine is simple, low-cost, and equipped
with Graphical User Interface (GUI). Its mechanism is designed so that
it can be used on the left or right arms interchangeably. It is developed
using aluminum, perspex, and steel rods. The electrical part of the
machine consists of Arduino Uno to drive the motors and a
potentiometer to measure the patients’ Range of Motion (ROM). The
GUI for setting the exercise parameters and monitoring the patients’
progress has been developed using MATLAB software. The
experimental results show that the machine has successfully provided
the repetitive desired motions. The machine realizes elbow flexion-
extension and forearm pronation-supination movements with 0°-135°
and 0°-90° ranges of motion (ROM), respectively. The machine is also
capable of increasing the elbow joint’s ROM by 5° increments for the
therapy. The results show that the machine has the potential to be used
in hospitals and rehabilitation centers.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Continuous passive motion (CPM) treatment is widely used in treating patients after
various joint surgeries [1]-[8] to avoid joint stiffness and improve patient’s recovery. It
enhances the knee flexion range [9] and functionality [10] in the initial stage of postoperative
for total knee arthroplasty (TKA). This type of treatment can also be combined with alternative
medicines or therapy. In Korea, the treatment has been combined with Korean medicine for
treating injuries at the knee, and this results in a more effective outcome [11]. In China, Cao et
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al. studies the effect of the treatment integrated with filiform fire-needling in the treatment for
frozen shoulder [12].

Continuous Passive Motion (CPM) machine automates the CPM procedure, and it is
important for helping the patients to regain their upper or lower limb functionality after a
surgery or post joint trauma. It works by moving the patients’ joints, which can be either the
knee, elbow, shoulder, wrist, or fingers repetitively within a specified range of motion (ROM)
without the patients having to move the limbs by themselves. Its continuous and passive
movement avoids joint stiffness that is indicated by joint pain and limited movement. This joint
stiffness may be caused by the adhesion of the joint capsule with the cartilage that is due to the
reduction in the amount of synovial fluid, which acts as the joint’s lubricant. This problem may
occur due to the lack of joint movement following joint surgery or trauma [13]. CPM machines
can also reduce pain, decrease the number of adhesions and amount of atrophy experienced by
the supporting muscles [14], reduce scar tissue formation, and increase range of motion (ROM)
and flexibility of the joints [15]. It also has the advantage of decreasing the duration of the
patient’s hospital stay, thereby reducing the therapists’ workload and pressure.

Previous studies on CPM machines include the work in [13]-[29], Wang et al. developed a
knee CPM machine. The machine is simple, and its motion is actuated by the DC geared motor
and controlled through the Arduino microcontroller board [15]. Trochimczuk and
Kuxmierowski [16] proposed a new CPM machine for the knee and performed its kinematic
analysis. The machine is made of a four-bar linkage and a slider-crank mechanism. The
mechanism operation was tested through computer simulation using Microsoft Visual Studio
2012 and Windows Presentation Foundation library [16]. Tangjitsitcharoen and Lohasiriwat
[17] proposed a new form of CPM machine for total knee replacement therapy to solve structure
redundancy and mechanism complexity in the existing CPM machine. The suitability of the
machine’s measurement was verified by finite element analysis [17].

A Continuous Passive Motion (CPM) focusing on the fingers and wrist joints was developed
by Almusawi and Geza [19] and Almusawi et al. [20]. The proposed machine was cost-efficient
and can be used by both right and left arms. Its structure is based on the grounded-exoskeleton
concept, and it is able to realize the flexion and extension movements of the fingers and radial
and ulnar deviation of the wrist. The mechanism was built using a lead screw and a dual-sided
actuator [19]. Fu et al. [21] developed a CPM machine that is portable. It can be used with
various finger sizes. The machine can attain the desired fingers’ range of motion, amount of force
to be exerted, and angular speed accurately [8]. In the CPM machine for the wrist joint
developed by Noviyanto et al. [13], the angular displacement and speed can be adjusted
according to the therapy requirement. The machine is attached to a chair and able to help the
patients to conduct continuous repetitive shoulder flexion and horizontal abduction motions
[13]. Park et al. [24] extended the CPM to be used for mirror therapy for arm rehabilitation. CPM
machines can also be controlled by the motor imagery-based brain-computer interface (BCI)
[23] and actuated by pneumatic muscles [25].

Numerous lower limb CPM machines can be found in Malaysian hospitals. However, a
relatively smaller number of CPM machines for the upper limb are used in these hospitals. This
situation, among others, is contributed by the lower number of commercial CPM machines for
the upper limb, bulky design of many upper limb CPM machines with no anatomical
adjustability to cater for different sizes of individuals, and also the lack of a user-friendly
interface to make the therapy to be more experiential and immersive for the patients.

The contribution of this paper is a new design of 2 degrees of freedom (DOF) CPM machine
for elbow flexion-extension and forearm pronation-supination that is simple, lightweight, low
cost. The mechanism design enables the machine to be used interchangeably by the left and
right arms. A new Graphical User Interface (GUI) has been specifically developed for the
machine to allow the therapists and patients to observe and monitor the treatment progress.
The CPM machine is programmed to provide the option for the therapist to set or increase the
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desired Range of Motion (ROM) of the joints during the rehabilitation exercise gradually in small
increments as in the manual rehabilitation. A prototype of the machine has been developed
using aluminum, perspex, and steel rods. A potentiometer is utilized to measure patients’ joints
ROM. The required joint angular displacement and speed during the exercise can be set by the
therapists a priori.

This paper is organized as follows. Section 2 presents the mechanism design of the CPM
machine for elbow rehabilitation. The mathematical modeling and PID controller for controlling
the speed of elbow joint movement are described in Section 3 and Section 4, respectively. The
explanation of the developed GUI is provided in Section 5. Section 6 discusses the results
obtained, and finally, the conclusion is drawn in Section 7.

2. Mechanism Design

This section describes the mechanical design and electrical connection of the CPM machine.

2.1 Mechanical Design

The proposed CPM machine has been developed with two degrees of freedom (D.O.F.) for
elbow flexion-extension motion and forearm pronation -supination movement. Fig. 1 shows the
main components of the CPM machine. The CPM machine consists of a table that is made of
aluminum, where the affected human arm is fastened to the machine using a Velcro strap. The
table movement is actuated by a DC motor which is placed below the table to perform the
flexion-extension motion. The table is fixed to an aluminum L-shaped linkage. This linkage is
connected to the holder, round disk (Round 1), and four pieces of lead screws. An arc (Round 2)
and a handle are connected to the leadscrew, and a servo motor is mounted at the back of the
disk (Round 1). These rounds have been made using a 3D printer. During the therapy, the
patients hold the handle, and the servo motor moves the holder, Round 1, leadscrew, Round 2,
and handle, together with the patient’s forearm for pronation and supination movement. The
table is mounted on two layers of aluminum supports at the top and bottom and one layer of
perspex in the middle. The middle layer is designed with a slot to enable the L-shape linkage to
rotate, and it is lubricated with grease to reduce the friction between the linkage and the table.
A potentiometer is connected to the DC motor below the table using a 1:1 gear to measure the
angular displacement and range of motion (ROM) of the elbow joint for the flexion-extension
movement. The overall cost of the machine is RM 480.00. Fig. 2 and Fig. 3 illustrate the
developed CPM machine prototype for the elbow and the human arm position while using the
machine for therapy, respectively.

Holder

Round 1

Rod

Round 2

Fig. 1. Main components of the CPM machine
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Fig. 3. Human arm while using the CPM machine at full extension

2.2 Electrical Connection

Fig. 4 shows the electrical connection of the system, consisting of an Arduino Uno as the
microcontroller board, a DC Motor, a servomotor, a potentiometer, a push button, a motor driver
(L293D), and a power supply. The electrical part of the system provides the necessary input for
the machine movement, measures the angular displacements during both flexion-extension and
pronation-supination motions, and also ensures the patients’ safety while using the machine.
The motor driver, L293D, is connected to the power supply, 3 of its pins are connected directly
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to the digital inputs of the Arduino, and its other two pins are fixed to the DC motor. During the
flexion-extension therapy, the patient will press the push button if she/he feels any pain, and
the motor will stop from rotating and then turns in the opposite direction. By this, the machine
can avoid any injuries and learn the patients’ range of motion (ROM).

Push Button

R1
2200

Servo Motor

Arduing Uno

Potentiomeater
10KQ

Molor Diriver

L
I | | '—‘ | | ‘ Power supply
v

T Arduing T
] [ﬁﬂ%n ‘| I | I
— REREEER

l DC fmotor

<

Fig. 4. The electrical connection of the CPM Machine

3. Mathematical Model

3.1 Mathematical Model of the Mechanical Linkages

The mathematical model is developed for controlling the machine speed during therapy. In
the model, the whole structure that is attached to the L-shape linkage ad itself is lumped as a
single link for simplicity. The mathematical equation for modeling a mechanical system can be

written as
0( oL oL
T =—| — |-— 1

® 6’([60)) o0 (1)

Where T'is torque of the link, L is Lagrange equation, 6 is angular displacement of the link, w is
angular velocity of the link and ¢t is time.

The Lagrange equation can be expressed by

L=K-P, (2)
where K is the kinetic energy and P is the potential energy. Kis equal to
K=Z100) 3)
2
and [ is moment of inertia and simplified as
1
| ==ml? 4
3 (4)
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The potential energy is zero since the motor is rotating horizontally. Substituting (3) and
(4) into (2), the Lagrange equation becomes

171
L==|=ml* |&*(t). 5
5(3m7 e ©)
Differentiating (5) to get the partial derivative of L with respect to w yields
oL 1
— ==ml?w(t 6
5 3m @ (6)
Differentiating (6) with respect to t gives,
ofoL) 1
—| —=|=Zml?a(t 7
&[5 )-gmra )

where « is the angular acceleration. Substituting (7) into (1) results in

T(t) = %mlza(t) (8)

3.2 Mathematical Model of the Electrical Motor
Using Kirchhoff Voltage Law (KVL), the equation for the voltage in a motor can be written as

V(0 = RI() + Ly S +k,() ©)

where i(t) is the current, R is the resistance, L;,4 is the inductance, and kj, is the back emf
constant. The dynamic equation of the mechanical part of the motor can be written as

Ja(t) +ba(t) + T (1) =ki(t) (10)

where | is the moment of inertia, b is the friction factor, and k; is the motor torque constant.
Substituting (8) into (10) gives

Ja(t) + boo(t) +%m|2a(t) —Ki(t) (11)

4. PID Controller

The equation for PID controller to control for the elbow flexion-extension movement speed
in the CPM machine is given as

de t
u(t) = Kpe(t) + Kd% + Kif i(t)dr (12)
0

where U(t) is the input voltage to the motore(t) is the difference between the desired and
actual speed of the link. The K, K; and K; are the proportional, derivative and integral gains,
respectively [30].

5. Graphical User Interface (GUI) Development

The developed graphical user interface (GUI) enables the user/therapist to enter the
exercise setting and monitor the patient’'s movement during the therapy. It has been
constructed using MATLAB software together with Arduino IDE. The user interface for the CPM
machine starts with a dialog box prompting the user to start the therapy, as shown in Fig. 5.

Hamzah Hussein Mohammed Al-Almoodi (Continuous Passive Motion Machine for Elbow Rehabilitation)



International Journal of Robotics and Control Systems
408 ISSN 2775-2658
Vol. 1, No. 3, 2021, pp. 402-415

After pressing the “START” in Fig. 5, window 1, as shown in Fig. 6, will appear. The window
will display four buttons which are “Measure,” “Exercise,” “Settings,” and “Exit.” Pressing the
“Settings” button will lead to Window 2, as illustrated in Fig. 7, which will allow the therapist
to enter the therapy setting. Clicking the “Measure” button will prompt Window 3, as shown in
Fig. 8, to measure the patients of a range of motion (ROM). Window 4, as depicted in Fig. 9, will
appear once the “Exercise” button is pressed to start the therapy, and finally, the “Exit” button
is used to stop the whole therapy session.

» o«

4 Title = X

WELCOME!!

Continuous Passive Motion
(CPM) Machine
for Elbow Rehabilitation

START

Fig. 5. Welcome window

4 base = X

Continuous Passive Motion
(CPM) Machine

Measure Exercise

Settings Exit

Fig. 6. CPM Window 1

In Window 2, the therapist can enter whether the therapy will be done on the right or left
arm, which movement will be realized (flexion-extension or pronation-supination), the speed
of the motor movement, and also the duration of the exercise.

Upon the selection of the “Measure” option (Window 3), as shown in Fig. 8, the machine
will measure the patient’s range of motion (ROM) or the maximum angle that he/ she can move
his/ her arm for the type of movement that had been chosen in the Setting window a priori.
The therapist needs to press the “START” button, and the patients need to move his/ her elbow
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or forearm to begin the measurement process. Once the patient has reached his or her
maximum limit, the therapist needs to press the “STOP” button. The result will be displayed
graphically. After the measurement of the ROM, the therapist can start the exercise by pressing
the “Exercise” button or return to the previous window by pressing the “Back” button.

4 settings = X

Continuous Passive Motion
(CPM) Machine

- Speed
Hand | piont hand v .
Motion  Flextion-Extension v { ’ i
Choose time for exercise minutes
OK

Fig. 7. CPM Window 2 for “Setting” option

4| measure = X
Continuous Passive Motion
(CPM) Machine
Measure ROM The speed is
Angle (Degree) START
e
08}
STOP
06}
04}
Exercise
02t
0 "
0 02 0.4 06 08 1
time(s) Back

Fig. 8. CPM Window 3 for “Measure” option

In the “Exercise” window, the therapist can press the “START” button to begin the exercise
session based on the type of motion, speed, and duration of the exercise that have been keyed
in the “Settings” window. The exercise will be continued until the duration ends. The therapist
may also terminate the exercise at any time by pressing the “STOP” button and continue the
exercise by clicking the “Continue” button. The therapist may click the “Add 5 Degree” option to
increase the patient’s ROM in a small increment in the therapy. The patients’ elbow or forearm
movement graph during the therapy is displayed in this window. Pressing the “Back” button
leads the therapist to the previous window.
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4\ Untitled = X
Continuous Passive Motion
(CPM) Machine
Exorciee The speed is
Angle (Degree) START
i
08 STOP
06
Continue
04r
0.2 Add 5 Degree
0 L
0 0.2 0.4 0.6 0.8 1
time(s) Back

Fig. 9. CPM Window 4 for the “Exercise” option

6. Results and Discussion

6.1. PID Control Simulation Results

The simulation test focuses on the speed control of the CPM machine’s flexion-extension
motion described in Sections 3 and 4. In this test, the desired speed is set to be 72.5°/s which is
equivalent to 1.265 rad/s since it is required for the machine to move the full range of movement
of 145° within 2 seconds. It is also desired for the machine to achieve zero percentage overshoot
and steady-state error less than 0.005 rad.

The PID parameters, K,, K; and K; have tuned manually to 66, 3, and 5, respectively.
Increasing the value of K;, makes the actual output closer to the desired position, whereas in

raising the values of K; and K,; reduces the steady-state error and overshoot percentage,
respectively. The system response under the PID is shown in Fig. 10. From the figure, it can be
seen that the system reaches the desired speed with settling time less than 0.2s and percentage
overshoot less than 1% under the PID controller.

1.4

3 S P

0.2

o 0.z 0.4 0.6 0.8 1

Fig. 10. System response under PID controller
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6.2. CPM Machine Experimental Test Results

The prototype of the CPM machine has been developed and tested for ROM measurement
and flexion-extension and pronation-supination exercises. The results from the CPM machine
for measuring the patient’s ROM for flexion-extension motion are depicted in Fig. 11. The figure
indicates that the machine has measured a ROM of —82° for this particular subject. From the
figure, it can be seen that the proposed machine has successfully taken and displayed the ROM
measurement in real-time for the therapy.

For the flexion-extension motion, the resistance of the potentiometer varies with the motor
movement, and the value is transferred to the microcontroller in terms of voltage change. The
Arduino microcontroller board converts the voltage change into digital output ranging from 0-
1023 as it has a 10-bit Analog to Digital Converters (ADC). Thus, if the resistance of the
potentiometer is set to the middle, the Arduino will show a value of 512. If the right hand is
under therapy, the angular movement will be from 0° to 135° for the full flexion, and then the
linkage will reverse its movement. If the left hand is under training, the angular position will be
from 0° to —135°.

Fig. 12 shows the extension-flexion exercise that was performed with a speed of 28.5
degree/s. The DC motor rotates downwards from 0° to —82° repetitively for 2 minutes based
on the ROM measured in Fig. 11. If the therapist would like to increase the ROM in the exercise
with an increment of —5°, then the CPM machine will rotate up to —87°.

The forearm pronation-supination movement has been carried out using the servo motor,
which rotates between 0° to 90°. Fig. 13 shows the GUI display capturing the subject’s forearm
pronation-supination motion during the exercise with the ROM of 67° to 90° at the speed of
—3.2%s.

The experimental results show that the proposed CPM machine has successfully measured
the patient’'s ROM and performed the repetitive elbow flexion-extension and forearm
pronation-supination motions as required. The continuous passive treatment can be done on
the left or right arm interchangeably using the same machine. It can also be seen from the
results that the GUI functions properly in providing the interface for the therapists to key in
the input for the treatment settings. It also provides a clear description of the patients’
treatment progress and achievement for easy monitoring and recording.

4| measure = X

Continuous Passive Motion
(CPM) Machine

Measure ROM
Angle (Degree) START
0~ r . T T T r
\, /
\
] N 1
\ i
20 Y. J
\ /
_apl s 3 v | Emergency Stop
\ /
= % /
5ol \\ /
Y /
-60 | NG /* = 3
Ne ? Exercise
-70F e Lo 8
N /
8ol AL /
-90 . L \ . . .
0 5 10 15 20 25 30 35
time(s) Back

Fig. 11. ROM measurement displayed on the GUI
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4. Untitled = X

Continuous Passive Motion
(CPM) Machine

Exercise The speedis | 2.85193 | Degls

Time 2 min

Angle (Degree)
20 T T T START

| | 1
| ;i \‘\ \‘\ || Emergency Stop

=]
=)

AL Add 5 Degree
\f

-100 L L L Back
0 50 100 150

200
time(s)

Fig. 12. Elbow flexion-extension motion during the exercise displayed by the GUI.

4. Untitled - X

Continuous Passive Motion
(CPM) Machine

Exercise The speedis | 322899 | Degls

Time 0.75 min

Angle (Degree)

& T ' : START
LTI UL LTI
| f [ I
85-" il ’“ Il Hi [\ f H fl \: -t “\ i l“ ‘\_
H\\ \H “l I i“ ‘!\ “H” \II \H\ 1“ [l "\ fi Emergency Stop
a [V
‘u“\HH'H‘HJ.H"‘,H“"‘H“‘H
75“\‘”'4]“,‘\!“\\ “JH”M."‘H-
|| ‘H' IRIRIR 'H‘ RTRIAIRIRIR Nl Add 5 Degree
| | | | ‘_‘ I ‘_i i \_\ | | \_l
= ‘ : ' : Back
o 50 100 150 200

250
time(s)
Fig. 13. Forearm pronation-supination motion during the exercise displayed by the GUI.

7. Conclusion

In this study, a 2 DOF CPM machine has been developed and tested. The machine is simple,
low-cost, and equipped with GUI. Left or right arm rehabilitation treatment is possible using the
same CPM machine due to the proposed mechanism design. The experimental results show that
the machine is capable of facilitating the patients’ rehabilitation therapy to regain their elbow
flexion-extension and forearm pronation-supination functions as desired. The ROM for the
elbow and forearm movements are 0°-135° and 0°-90° respectively, and the span of the joint
displacement during the exercise can be increased or decreased by 5°. The PID controller has
successfully controlled the speed of the DC motor in realizing the elbow flexion-extension
movement. The GUI has been developed using MATLAB, and it allows the therapist to set the
exercise parameters and monitor the patients’ progress. Future works involve: (1) improving
the machine’s mechanism to accommodate patients among children, (2) extending the machine
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for fingers rehabilitation, (3) enhancing the GUI with games to encourage and increase the
patients’ motivation, and (4) clinical studies with real patients.

Funding: This research was funded by INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA, grant
number P-RIGS18-019-0019.
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