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ABSTRACT Robotic rehabilitation is a solution for recovery from neuromuscular diseases and supports
physical therapists in performing high-intensity and repetitive training activities. The main reason for the
limitations of rehabilitation robot utilization is economic factors because rehabilitation robot technology
requires high levels of investment and relatively costly routine operation and maintenance. To facilitate
widespread adoption of rehabilitation robots, low-cost, highly compliant, and simple-to-operate robotic reha-
bilitation devices are required. In this study, to introduce a novel alternative solution to the aforementioned
problem, a low-cost, highly transparent, single pneumatic artificial muscle (PAM) actuated robotic therapy
orthosis that enables the patient to perform all trainingmodalities is introduced. A novel control approachwas
developed by combining admittance control and inverse-dynamics-based compliant controls. By means of
simple counterweight loads and compliant control, quasi-static movement of the orthosis for active exercises
is achieved for the full operation range of PAM without any jerky transitions. A new assist-active modality
named ‘‘Patient Activated Assistance’’ (PAAM) was introduced, in which the patient was the master, and
the exercise was performed as long as the patient was active, avoiding slacking. Assistance was provided by
sharing the load force in accordance with the applied gain. The orthosis performance in realizing the training
modalities was verified using surface electromyogram (sEMG) measurements. The results demonstrated
that the proposed low-cost single-PAM-actuated robotic orthosis could be a solution to robotic rehabilitation
demands, especially in low-middle-income countries (LMIC).

INDEX TERMS Rehabilitation robotics, robotic orthosis, training modalities, pneumatic artificial muscle,
compliant control.

I. INTRODUCTION
In recent years, neuromuscular diseases such as stroke and
neural injuries have affected millions of people with disabil-
ities worldwide. According to the fact sheet of the WSO
for 2022, the global cost of stroke reaches %1.2 of GDP
[1]. The main stroke burden in the world is in low-middle-
income countries (LMIC). Rehabilitation is a key solution
to recovery from neuromuscular diseases that utilizes dif-
ferent disciplines to improve the quality of life of people
with disabilities caused by chronic diseases [2]. Rehabilita-
tion involves motor recovery via neuronal plasticity through
controlled, repetitive, and variable exercise patterns. The def-
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initions of the rehabilitation phases and recovery timeline for
post-stroke are provided in [3]. Especially for upper extremity
disabilities, it is critically important to have rehabilitation in
the early phases, such as the subacute and acute phases [4].
Clinical findings indicate that for many patients, the rehabili-
tation process should begin in hospital for many patients [2].
An understanding of the brain’s recovery processes, called
the computational motor learning perspective, shows that for
many patients, a significant portion of behavioral improve-
ment and rapid changes occur between the first weeks and
months after a stroke. Therapeutic interventions during this
period contributed significantly to recovery [5].

In rehabilitation, the duration and intensity of the therapy
sessions are critical factors that affect recovery. Proper adjust-
ment of therapy dosage, intensity, number of repetitions, and
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execution of task-oriented training enhances plasticity and
functional recovery. To overcome the limitations of conven-
tional therapy, robot-assisted rehabilitation approaches have
been developed to support physical therapists in performing
high-intensity and repetitive training activities, as a more
effective and stable rehabilitation process. Moreover, robotic
assistance helps reduce the physical burden on therapists,
who can support multiple patients. During rehabilitation,
robotic devices can increase afferent inputs from the periph-
eral joints and task-specific stimulation of the central nervous
system, which enhances functional recovery according to the
principles of neuroplasticity and motor learning [6].

Numerous reviews have assessed the efficacy of robotic
rehabilitation [7], [8], [9], [10], [11], [12]. In these reviews,
the performance of robotic rehabilitation systems was evalu-
ated based on published clinical results, and similar opinions
for robotic rehabilitation methods are effective, practical,
and useful for therapies in collaboration with physical ther-
apists have been expressed. Moreover, reviews have been
conducted regarding the technological aspects of robotic
rehabilitation devices. For instance, in [13], the authors pro-
vided an overview of existing robotic rehabilitation devices
with classifications according to applications and usage,
such as the upper and lower extremities. In addition, they
concluded that, although there are many applied robots for
neurorehabilitation, future studies should concentrate on the
development of more compliant control algorithms with
novel mechatronic structures that are lightweight, efficient,
compliant, and portable. The review given in [14] focused
on upper-extremity robotic rehabilitation devices and clas-
sified them according to aspects of the application field,
type of assistance, mechanical design, control strategy, and
clinical evaluation. The end-effector and exoskeleton devices
are the main categories of robotic rehabilitation systems.
An up-to-date review discussing recent advancements in
upper-extremity rehabilitation robotics was presented in [15].
Although there are many comprehensive reviews covering
lower-extremity robotic rehabilitation systems, such as [16]
and [17], the main citations are made from upper-extremity
systems because of their relevance to the work presented in
this text.

One of the most important issues in rehabilitation robotics
is the application of training modalities in therapy. The
training modalities form the human-robot interaction for-
mat during rehabilitation to start the recovery process and
induce motor plasticity. Training modalities for rehabilita-
tion are mainly classified as ‘‘passive,’’ ‘‘active-assisted,’’
‘‘active’’ and ‘‘resistive.’’ The training modalities are clearly
illustrated in [18] as a review of the framework for the
upper extremity, and robotic devices are classified accord-
ing to the training modalities. In [19], the authors reviewed
patient-cooperative control strategies for upper limb rehabili-
tation robots from a multidisciplinary perspective. Reviews
of the control strategies and methods available for robotic
devices are presented in [20] and [21]. According to these

authors, the implementation of highly compliant control
methods is crucial. The control strategies commonly used at
high levels include impedance/admittance-based strategies,
adaptive/intelligent control techniques, and physiological
signal-based control. For compliant control, a basic review
of the concepts and classification of the applied methods
is provided in [22]. The authors in [23] presented a taxon-
omy of algorithms for compliant control and stated that in
the case of human–robot interaction, compliant control is
essential in unstructured environments because it controls
energy transfer to the environment and forms a safe inter-
action. Impedance/admittance-based control strategies are
widely used for high-level control of rehabilitation robots
[24]. An overview of admittance control for human–robot
interactions, considering stability and passivity, is given in
[25]. Classical PD/PID is the most frequently used controller
for low-level control of robotic systems. Many designers
consider back-drivable mechanical structures; however, most
robotic rehabilitation devices are not inherently transparent.
Most of these utilize variable-stiffness actuators, sensors, and
high-level control algorithms to improve patient cooperation
in therapies, resulting in complicated and costly structures.

Although robotic rehabilitation devices have demonstrated
efficacy, there are factors limiting their widespread adoption
in clinics and homes. The primary reasons for the limitations
of rehabilitation robot utilization are high economic costs,
low user friendliness, and various clinical practice settings
[26]. Among them, economic factors step forward because
these robots are very expensive, and neither clinics nor
patients can afford them, especially in LMIC, because reha-
bilitation robot technology requires high levels of investment
and relatively costly routine operations and maintenance
[27]. The development of cost-effective robotic rehabilitation
devices that can work in rough environments under limited
expert supervision and are produced at a low economic cost
is the main solution to the rehabilitation processes in LMIC
[28]. In general, exoskeleton robots are more complex than
end-effector robots; hence, greater complexity results in a
higher cost of technology. Many studies have demonstrated
that end-effector robots are a low-cost solution for the treat-
ment of upper limb proximal joints such as the shoulder
and elbow. In addition, single-joint robotic training can yield
significant results similar to multi-joint functional robotic
training. Therefore, a robot with one degree of freedom
(DOF) is still a reasonable option for rehabilitation com-
pared to multi-DOF training [29]. Such a design approach
could alleviate the complexity of the rehabilitation robot’s
design, making it more affordable by reducing the cost while
increasing portability and usability. Robotic orthoses with
compliant structures could be considered alternative solu-
tions because they are affordable as low-cost therapeutic
devices. A review criticizing current and emerging actuator
technologies for compliant robotic orthoses was provided
[30]. The results clearly indicate that high compliance could
arise from either the actuator type or the applied control
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method. Most robotic devices use motor-driven and geared
solutions with variable stiffness actuators, which are costly.
Alternatively, PAM actuators are inherently compliant and
low-cost actuators with a high force-to-weight ratio and
a flexible structure. Furthermore, the inherent compliance
makes PAM feasible for rehabilitation robots. However, PAM
has high nonlinearity, hysteresis, and time-varying charac-
teristics, resulting in difficulties in modeling and control
actions, which are limiting factors for its use. An up-to-date
review of rehabilitation robots actuated by pneumatic artifi-
cial muscles was provided [31]. In this review, the authors
analyzed the mechanical structures and control strategies of
pneumatic muscle-actuated rehabilitation robots. Soft reha-
bilitation robots are classified and reviewed according to
their actuation configuration. Another important aspect crit-
ically inspected was the advanced control strategies applied
to different mechanical designs to overcome the highly non-
linear and time-varying characteristics of PAM. In addition,
it was indicated that almost all the developed robots were
not tested for the implementation of complete rehabilitation
training modes, which forms a gap between the designs and
clinical applications. Many existing studies have focused on
the application of high-level control methods for accurate
trajectory tracking rather than their therapeutic use [32]. For
instance, in [33], an active knee rehabilitation robot actuated
by antagonistic dual PAMwas described, and it was modeled
using the ‘‘phenomenological model approach’’ for PAM and
controlled by the ‘‘extended proxy sliding mode’’ method.
However, the robot is only a trajectory-tracking robot; hence,
it is only possible to use it for CPM-type ‘‘passive’’ training.
In contrast, the antagonistic use of PAM has limitations for
rehabilitation use, such as high stiffness owing to the dual
PAM structure and slower response. Another limitation is
that their range of motion (ROM) outputs are too small to
cover the entire range of motion of human joints. There
are also robotic devices that use parallel-configured multiple
PAM actuators that are individually controlled, such as soft
ankle rehabilitation robots [34]. Moreover, exoskeleton-type
devices were also implemented, such as ‘‘RUPERT’’ which is
back-drivable and safe for patients, but the gravity is not com-
pensated and the motion range is limited. It was developed
as a passive therapy mode without an active-assist therapy
mode [35]. In a recent study, a 4-DOF upper-limb exoskeleton
prototype performing trajectory tracking only, which enables
the patient to perform passive-mode training, was described
in [36]. To avoid the limitations of antagonistic actuation,
there are approaches that use single PAM actuation with
opposing springs and counterweights [37], [38]. However,
most implemented PAM devices focus on trajectory tracking
and force control rather than how rehabilitation modes are
implemented, and that is limited to ‘‘passive’’ training exer-
cises.

A. CONTRIBUTION OF PAPER
To facilitate widespread adoption of rehabilitation, low-cost,
highly compliant, and simple-to-operate robotic rehabilita-

FIGURE 1. Single PAM actuated robotic therapy orthoses proposals.
(a) Upper extremity, (b) Lower extremity.

tion devices are required. In this study, to provide a novel
alternative solution to the aforementioned problem, the fol-
lowing contributions are presented.

1. A low-cost, highly transparent, single PAM actuated
robotic therapy orthosis that enables the patient to perform
all training modalities, namely ‘‘passive,’’ ‘‘active’’ and
‘‘resistive’’ is introduced.

2. A novel control approach for robotic orthosis is
obtained by combining admittance control and an inverse
dynamics-based compliant control approach to form a
highly compliant multimodal robotic orthosis implemen-
tation for rehabilitation. The novel control approach is
a combination of admittance control and the inverse
dynamics-based compliant control approach proposed
in [38]. A multi-input single-output (MISO) inverse
dynamic model implemented by NARX was combined
with local cascaded position and pressure PID controllers
to obtain a proven solution to the compliant operation
of PAM during exercises, with a larger range of motion
(ROM) and adaptability to external load impedance
variations.

3. By means of simple counterweight loads and compliant
control, quasi-static movement of the orthosis resem-
bling isotonic muscle contractions for active exercises is
achieved for a full operation range of PAM without any
jerky transitions.

4. A new assist-active modality named ‘‘Patient Activated
Assistance’’ (PAAM) was introduced, in which the patient
was the master and the exercise was performed as long as
the patient was active. Assistance was provided by sharing
load force. The amount of counterweight force reflected
on the patient was determined based on the applied gain.
This assist-active mode eliminated the slacking problem
observed in high-level robotic systems.

The principle diagrams of the proposed single-PAM-actuated
robotic therapy orthoses for the upper and lower extremities
are shown in Fig. 1.
The remainder of this paper is organized as follows.

In Section II, the implementation and methods are provided,
and an overview of the robotic orthosis, implemented control
approach, and training modalities are explained. Section III
presents the experimental results. Section IV presents a dis-
cussion.
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II. METHODOLOGY
A. OVERVIEW OF THE ROBOTIC ORTHOSIS
In this section, we will explain the overview of the imple-
mented low-cost, highly transparent, single PAM actuated
robotic therapy orthosis that enables the patient to perform all
training modalities, namely ‘‘passive,’’ ‘‘active’’ and ‘‘resis-
tive.’’ The orthosis has components such as a mechatronic
hardware structure, a graphical user interface (GUI), and
compliant control software. The mechatronic hardware struc-
ture of the robotic orthosis was formed by adding a patient
load arm with a handle and ‘‘Velcro’’ fastening bands to the
single PAM-actuated 1 D-o-F robotic device, which was pre-
viously developed in [38]. The specifications of the hardware
components such as the microcontroller, I/O cards, sensors,
valves, PAM, and mechatronic design details are described
in [38]. In addition, ‘‘Inverse Dynamics Based Compliant
Position Controller’’ is also implemented in the mechatronic
structure with demonstrated successful results. The reader is
kindly asked to refer to this study for further details. To obtain
compliant control software to perform all training modalities,
the control approach in [38] was adapted and combined with
admittance control. The overall block diagram of the system
is shown in Fig.2. The overall block diagram has GUI sub-
sections, namely, the ‘‘TherapyMode Control Panel’’, ‘‘CPM
Control Block, and ‘‘PAAM Control Block’’.,The system
contains Simulink software blocks for high-level control and
for low-level control. Simulink software blocks operate in the
microcontroller. The Patient in Therapy also represents the
patient connected to the device during the exercise. The GUI
sub-sections ‘‘CPM Control Block’’ and ‘‘PAAM Control
Block’’ are aimed to enable the therapist to adjust relevant
training parameters and ‘‘Therapy Mode Control Panel’’ is
used to control the operation of the robotic orthosis. The
TherapyModeControl Panel ‘‘TherapyModeControl Panel’’
has three sub-sections, ‘‘Status’’ for run-stop control, ‘‘Mode
Selector’’ to change the training modalities, and ‘‘Manual
Position SP’’ to adjust the position set-point value in manual
mode. The robotic therapy device can operate under three
different settings. The trainingmodalities consisted of contin-
uous passive exercise (CPM) and patient-activated assistant
(PAAM) modalities corresponding to passive, active, and
resistive rehabilitation modalities. The manual (MAN) mode
is for compliant position control with an adjustable set-point
having a fixed position and supplying the reaction force for
isometricmuscle contraction exercises, and is also utilized for
the initial arrangements of the CPM and PAAMmodes.When
the ‘‘Status’’ is switched to run, the graphical plot screens of
each modality are also activated, and the training parameters
are recorded.

The prototype rehabilitation devices are preclinical
devices, and their performance validation is assessed using
healthy subjects and other physiological signals, such as
sEMG. A similar approach has been applied in the literature
[39], [40], [41]. Therefore, because the implemented robotic
orthosis is also a prototype device, the realization of the train-
ingmodalities is assessed using the sEMG of a healthy person

TABLE 1. Orthosis simplified dynamic model variables.

who performs each modality at different times. Biometric
data for the person is as follows: Age:18, height 1.80 cm,
weight: 90 kg, male. Based on the sEMG results, proper
implementation of the training modalities was validated. The
implementation of CPM and PAAM modalities is explained
in detail in the following sections.

A picture of the single PAM-actuated robotic orthosis dur-
ing the CPM exercise is shown in Fig.3.

B. SIMPLIFIED DYNAMICS OF THE ROBOTIC ORTHOSIS
The robotic orthosis is a 1-D-o-F rotary arm actuated by a
single PAM and counterweight. The dynamics of PAM are
highly nonlinear and have varying parameters; hence, it was
estimated using a model-free adaptive scheme using inverse
dynamic properties in our previous work [38]. In the simpli-
fied dynamic model of the orthosis, the dynamics of PAM
is taken into account as a ‘‘black-box’’ model in connection
to the orthosis in terms of measured force and joint position
variables. Therefore, the dynamics of the PAM were omitted
in the simplified model, and the rest of the orthosis was
modeled using a Lagrangian approach.

Fig.4 shows a diagram of the simplified dynamic model
with the variables used. Table 1 lists the variables used in this
study.

The simplified dynamic model for a robotic orthosis is
given in Lagrangian form in the following page, where L
is the Lagrange equation, K is the kinetic energy, U is the
potential energy, τ is the joint torque, and θ is the joint angle.

L = K − U : (1)
d
dt

∂L

∂θ̇
−

∂L
∂θ

= τ (2)

K =
1
2

[
(ma + mo) l22 + mwl23 + Iaoz + Iwz

]
θ̇2o (3)
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FIGURE 2. Overall block diagram of the PAM actuated therapeutic robotic orthosis.

FIGURE 3. Picture of single PAM actuated robotic orthosis during CPM
exercise.

U = g [l2 (ma + mo) + l3mw] (1 + sin θo) (4)
∂L

∂θ̇o
=

[
(ma + mo) l22 + mwl23 + Iaoz + Iwz

]
θ̇o (5)

FIGURE 4. Diagram for simplified dynamic model of the orthosis.

d
dt

∂L

∂θ̇o
=

[
(ma + mo) l22 + mwl23 + Iaoz + Iwz

]
θ̈o (6)

∂L
∂θ

= −g [l2 (ma + mo) + l3mw] cos θo (7)

d
dt

∂L

∂θ̇o
−

∂L
∂θo

= τo (8)
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τo = fol1 cos θo − boθ̇o + fpl4 (9)[
(ma + mo) l22 + mwl23 + Iaoz + Iwz

]
θ̈o

+ g [l2 (ma + mo) + l3mw] cos θo = τo (10)

Training exercises were performed mainly in isotonic con-
traction mode. Thus, the robotic orthosis runs in a quasi-static
motion, where the rotational velocity of the joint is almost
constant and the acceleration is almost zero. Therefore,
by neglecting the inertia and bearing friction terms, Equation
(10) is reduced to.

g [l2 (ma + mo) + l3mw] cos θo = fol1 cos θo + fpl4 (11)

fo =
1

l1 cos θo

(
g [l2 (ma + mo) + l3mw] cos θo − fpl4

)
(12)

In quasi-static motion,

fm = fo + fpam (13)

In CPM mode, the patient does not apply any force to the
orthosis; therefore, fp is almost zero. In the PAAMmode, the
patient applies force fpvia the handle as much as possible,
depending on the progress of therapy.

C. EMG MEASUREMENT FOR VERIFICATION
The realization of the training modalities was validated by
surface EMG measurements using the Biopac Student Lab
Physiology Set [42]. The hardware used for the sEMG mea-
surement consisted of a Biopac MP36 data acquisition unit
with an SS2LB cable set and electrodes. BSL4 Software was
used to monitor and record the data. Measurements were
obtained for the Biceps and Triceps. The BSL4 and orthosis
high-level Simulink software ran simultaneously during the
exercises, recording both the variables and parameters. The
rectified RMS values of the signal plots were used to assess
the training modality. Verification of the operating modal-
ities using sEMG is also described in the Results section.
In Fig 5., a BSL4 recording of the sEMG of the healthy
subject was given while performing the active exercise with
a 3 kg counterweight, without orthosis operation; that is,
the PAM linkage was not connected to the orthosis arm.
This measurement was performed to determine the maximum
signal level of the measured sEMG to evaluate and compare
with the actual sEMG signal levels recorded while the robotic
orthosis performed the training modalities.

III. IMPLEMENTATION OF TRAINING MODALITIES
A. BRIEF EXPLANATION OF THERAPY MODALITIES
A brief explanation of the therapeutic modalities is presented
for completeness. In ‘‘passive’’mode, during training the sub-
ject is passive and does not contribute to the motion whereas
the robot is active so that it performs the desired motion, as in
continuous passive motion (CPM) devices. CPM training
prevents soft tissue stiffening, reduces edema and spasticity
as well as passive movements, and generates somatosen-
sory stimulation in afferent neural circuits. On the other
hand, in ‘‘active-assisted’’ mode, the subject is active and

FIGURE 5. sEMG measurement results for the patient performing an
exercise with 3kg test load, without robotic orthosis assistance. (a) Raw
sEMG result. (b) Rectified RMS signal of part (a), with the peak value of
0.12 mV.

FIGURE 6. The progress of training modalities with respect to phases of
stroke, adapted from [3].

tries to complete the motion meanwhile the robot is passive
and measures the performance. When the subject is active,
motivation for recovery and contribution to motor learning
is obtained. Robot-assistance behavior occurs when either
weight-counterbalance support or trajectory-based corrective
assistance is provided. In this mode, when the subject was
unable to complete the task, robot assistance was provided
for task completion, during which the subject experienced
passive motion. In ‘‘active’’ mode, the subject is totally active
and tries to complete the task meanwhile the robot is totally
passive thru the training period. The robot was only used for
performance measurements and did not provide assistance
or resistance to the subject. Task completion is not time
dependent and depends on the performance of the subject.
In ‘‘resistive’’ mode, the subject actively performs the task
while the robot resists the movement by providing opposing
forces against the task completion. During the training stage,
the relevant muscles act in an isokinetic mode to enhance
muscular strength. To further illustrate how training modal-
ities should be applied during the rehabilitation process, the
progress of training modalities with respect to the phases of
stroke, adapted from, is shown in Fig. 6, which is adapted
from [3].
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FIGURE 7. Graphical illustration of the system application parameters for
CPM mode.

B. CPM MODALITY IMPLEMENTATION
The CPM modality is implemented only for only ‘‘passive’’
exercises. Hence, in this modality, the admittance portion
of compliant control is not implemented. For implemen-
tation, the therapist should adjust the required parameters
using a GUI before the exercises begin. The parameters were
frequency of exercise, baseline mid-level range of motion
(ROM), and amplitude. The baseline approach is illustrated in
Fig. 7. During the subacute/acute phase, the therapist deter-
mined the trainable section of the limb joint. The therapist
selected the desired limb joint ROM segment for the exercise
by adjusting the baseline and ROM. Initially, the baseline and
amplitude should be adjusted for a very limited ROM, and the
frequency should be very low, such as 0.05 Hz. As long as
the patient progresses through recovery in CPM, the ROM
is increased and the frequency is adjusted. The estimation
of the joint angle for exercise is given by Equation (14).
The exercise angle formed the trajectory setpoint for the
orthosis-compliant position control unit. After the parameter
setup is complete, the ‘‘Therapy Mode Selector’’ is switched
to the CPM position and the ‘‘Status’’ is switched to ‘‘Run.’’
Then, therapy continues as much as required until ‘‘Status’’
is taken to ‘‘Stop.’’

θCPM = θbaseline + Samp sin(ωot) (14)

C. PAAM MODALITY IMPLEMENTATION
The PAAMmodality is implemented for active (assistive and
resistive) exercise. Hence, in this modality, the admittance
portion of the compliant control is implemented according
to the control system block diagram shown in Fig. 8. The
combination of admittance control and inverse-dynamics-
based compliant control is active in this modality. The
admittance control selected was first-order because during
experiments and trials, second-order admittance exhibited
oscillatory behavior, whereas first-order admittance exhibited
robust behavior. Hence, a first-order admittance is imple-
mented as shown in (15). The Simulink admittance control
blocks act as the high-level controller whereas the ‘‘Inverse
Dynamics Based Compliant Position Controller’’ is executed

as the low-level controller. The software modules are first
transferred to the microcontroller and then run according
to the estimated trajectory parameters using GUI settings.
For implementation, the therapist should adjust the required
parameters using a GUI before the exercises begin. The
required parameters for the PAAM modality are F_ref, Ka,
B, and K. Ka is the admittance gain used in the reflected
force estimation. For the range of Ka ‘‘0.9-0.5’’, the robotic
orthosis behaves as ‘‘assistive’’, whereas for the range of
‘‘0.5-0.1’’, it behaves as ‘‘resistive’’. B and K are the admit-
tance adjustment parameters given in (15). The conversion
method for the force to position is given by Eqs.(17) and (18).
Ka, B, and K were adjusted before PAAM training using GUI
knobs. F_ref is the gravitational reference force correspond-
ing to the orthosis load arm weight and counterweight. After
the patient was connected to the load arm, the PAAM exercise
was started. First, the ‘‘Therapy Mode Selector’’ is switched
to ‘‘Manual’’ mode, and the manual position set-point is
adjusted to approximately 175..180 deg. After the orthosis
reached the set point and while it is standstill, the ‘‘Force’’
button in the PAAM control panel is pressed and a refer-
ence value for the fo given in (12) is obtained via the force
sensor. The operation of the orthosis in the PAAM modality
is as follows. After parameter adjustment is completed by
the therapist, the ‘‘Therapy Mode Selector’’ is switched to
‘‘PAAM’’ and ‘‘Status’’ is switched to ‘‘Run’’. The robot
waits for the patient to apply a force to the handle according to
the desiredmotion direction. The block diagram of the PAAM
control system shown in Fig. 8 converts the force applied
on the orthosis handle into an incremental motion request.
The compliant position controller then moves the orthosis
accordingly. The therapy continues as long as the patient
applies force to the orthosis handle and is repeated cyclically
in the upward and downward directions.Whenever the patient
stopped applying force, the exercise was paused. After the
pause, if the patient again applied force to the handle, the
exercise was continued from the last point. This modality
is exercised as much as required until ‘‘Status’’ is taken to
‘‘Stop.’’ Symbols used in the PAAMmodality control system
is given in Table 2.
The first-order admittance control for the rotary joint of the

orthosis is given by (15).

θa(s) =
1

(Bs+ K )
τa(s) (15)

By substituting the inverse Laplace and submitting force vari-
ables into (15), we obtain the following differential equations,
given in (16) and (17):

Bθ̇a + Kθa = l1fa(t) (16)

Bθ̇a + Kθa = l1 [fm(t) − F_ref (t)] (17)

When (17) is discretized with the control system sampling
timeTs, the following forms are obtained: (18),(19), and (20),
where k is the discrete time step for the overall control system:

θ̇a(t) ∼=
θa(k) − θa(k − 1)

Ts
(18)
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FIGURE 8. PAAM modality control system block diagram of the therapeutic robotic orthosis.

TABLE 2. Symbols used in the proposed PAAM mode control system.

θa(k) = θa(k − 1)

+

[
Ts
B

{l1 (fm(k) − F_ref (k)) − Kθa(k)}
]

(19)

θref (k) = Kaθa(k) + θm(k − 1) (20)

IV. RESULT
A. CPM TRAINING RESULTS
In this section, the results obtained during the CPM modality
training implementation are presented. At this point, for the
sake of clarity, a brief implementation perspective of the CPM
exercises is provided. As indicated in the previous sections,
the CPM modality was applied to a patient in either the
acute or subacute phase of the recovery process. Hence, the
patient was completely passive, and the training exercises
were performed using the robotic orthosis according to the
parameters set by the therapist. The force contribution of the
patient to the orthosis was almost zero, and the robotic device
estimated the trajectory using compliant position control in

accordance with the load force. The load force is composed
of gravitational components of the forearm, orthosis hard-
ware, and counterweights, which are determined by force
measurements. During the CPM exercise, to achieve quasi-
static motion, the compliant position control system for the
PAM generates an amount of force to overcome the limb
stiffness, in addition to the load force. The measured force
is the sum of the load force and the force generated by the
PAM.

In this study, CPM exercise implementation variants
were performed on the same subject. To demonstrate that
the implementation ran for different subjects with varying
forearm loads, the exercises were performed with varying
counterweights and frequencies. Under normal clinical con-
ditions, CPM exercises are performed using only the patient
limb loads without additional counterweights.

In Fig. 9, the CPM therapy exercise performance results
at a 0.1 Hz frequency of 80 deg. ROM is given successively
as in (a) result for the only forearm load, in (b) result with
forearm load + 0.5 kg counterweight and (c) forearm load+
1.0 kg counterweight. In Fig. 10, the CPM therapy exercise
performance results for the 0.25 Hz frequency and 80 ◦ROM
are shown successively as (a) result for only forearm load,
(b) result with forearm load + 0.5 kg counterweight, and
(c) result with forearm load + 1.0 kg counterweight. In all
of them, Biceps & Triceps EMG measurements were also
approximately zero (∼=0.0025mV), which indicates that the
patient’s muscles were passive during the exercise at both
0.1 Hz and 0.25 Hz frequencies.

The limited ROMs are shown in Fig. 11. For example,
in (a), the baseline shifted to 160 ◦. and with a 50 deg.
The ROM exercises were performed at 0.1 Hz. Moreover,
as shown in (b), the baseline shifted to 190 ◦. and 40 deg.
The ROM exercises were performed at 0.25 Hz. EMG mea-
surements of the biceps and triceps were close to zero
(∼= 0.0025mV), indicating that the patient’s muscles were
passive.

Although 0.5 and 1 kg counterweight loads were added to
the robotic orthosis load arm, the Biceps & Triceps EMG
measurements remained very close to zero in the range of
0.001–0.0025 mV. This indicates that the patient’s muscles
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FIGURE 9. CPM therapy exercise performance results, (0.1 Hz & 80 deg. ROM): (a) with only forearm load, (b) with forearm load + 0.5kg
counterweight, (c) with forearm load + 1.0kg counterweight.

FIGURE 10. CPM therapy exercise performance results, (0.25 Hz & 80 deg. ROM): (a) with only forearm load, (b) with forearm load + 0.5kg
counterweight, (c) with forearm load + 1.0kg counterweight.

were passive during all the exercises. In this way, the proper
implementation of the CPM modality was validated by the
invariance of the EMG level in the no-load and additional load
cases. In all cases, the loads were compensated by a robotic
orthosis powered by PAM.

In general, the exercise results demonstrated the proper
implementation of CPM therapy exercises with respect to dif-
ferent frequencies, varying patient forearms, and the desired
ROM for the limb using the proposed robotic orthosis and
control method.
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FIGURE 11. CPM therapy exercise performance results for baseline shifts
and limited ROMs: (a) Baseline shifted to 160 deg. and 50 deg. ROM
0.1Hz exercise, (b) Baseline shifted to 190 deg. and 40 deg. ROM 0.25 Hz
exercise.

B. PAAM TRAINING RESULTS
In this section, PAAMmodality therapy exercise performance
results are presented. The PAAMmodality is implemented for
active (assistive and resistive) exercise. As indicated in the
previous sections, the PAAM modality is applied to a patient
in the late subacute or chronic phase of the recovery process.
Hence, the patient was active, the training exercises were
performed by the patient, and the robotic orthosis facilitated
the training according to the parameters set by the therapist.
The patient performed the exercise by applying force on the
handle in the desired direction of motion. This force results
in an incremental motion request. The therapy continues as
long as the patient applies force to the orthosis handle, and is
repeated cyclically in the upward and downward directions.

Whenever the patient stopped applying force to the handle,
the exercise was paused. After the pause, if the patient again
applied force to the handle, the exercise was continued from
the last point. During the PAAM exercise, motion charac-
teristics such as ROM, exercise speed, and frequency were
based on the patient’s performance. The force contribution
of the patient to the training exercise was estimated in
accordance with Ka, the admittance gain, which is the gain
used in reflected force estimation and load sharing. For the Ka
range of 0.9-0.5, the robotic orthosis behaves as ‘‘assistive’’,
whereas for the range of 0.5-0.1, it behaves as ‘‘resistive’’.

In this study, variants of the PAAM exercise were per-
formed by the same subject. To demonstrate that the
implementation ran for different subjects with varying fore-
arm loads, exercises were performed with varying counter-
weights. At this point, it may be useful to re-express that there
is a ratio of 10 between the orthosis force (fo) and the force
applied to the patient handle (fp) owing to the (l4/l1) lever
gain. Hence, the patient sensed 10 % of the measured force
on the orthosis. During the exercises, to obtain a rough index
figure for the amount of force that the patient contributed,
a relative variable findex is introduced, which was estimated
using (21), where fmax and fmin were determined from the
relevant force graph.

f index ∼= (fmax − fmin) (21)

Fig. 12 shows the PAAM therapy mode performance results
with an additional counterweight of 1 kg. The admittance
parameters, B=1 and K=10, were adjusted via the GUI, and
F_ref=125N was estimated before the exercise. The force
index and EMG peak variation with the Ka gain are listed
in Table 3.

In Fig. 13, the PAAM therapy mode performance results
with a 3 kg additional counterweight load are shown. The
admittance parameters, B=1 and K=10, were adjusted via
the GUI, and F_ref=305N was estimated before the exercise.
The force index and EMG peak variation with the Ka gain are
listed in Table 4.

When the results given in Tables 3 and 4 were inspected,
it was observed that the force index increased as the Ka gain
decreased, indicating that the patient experienced smaller
forces with high Ka gains and larger forces with low Ka
gains. Therefore, a variation inKa from higher to lower values
enables the therapy modality to switch from assistance to
resistance.

The verification of the PAAM implementation was per-
formed using EMG levels of the Biceps and Triceps, as Ka
varied. In Fig. 12 and 13, the plots of the EMG signals
recorded during the training exercises for different Ka val-
ues ranging from 0.9 0.1. The EMG peak values are also
given in Tables 3 and 4 for quick evaluation. A situation
similar to that of the force index occurs for the EMG levels.
In both Fig.12 and Fig.13 plots and in Tables 3 and 4, it was
observed that the EMG levels (peaks) increased as the Ka
gain decreased, meaning that the patient experienced smaller
forces with high Ka gains and larger forces with low Ka
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FIGURE 12. PAAM therapy mode performance results with 1kg additional counterweight load: (a) exercise with Ka = 0.9 gain value, (b) exercise with Ka
= 0.6 gain value, (c) exercise with Ka = 0.35 gain value, (d) exercise with Ka = 0.1 gain value.

TABLE 3. Force index and EMG peak variation with Ka gain, for 1kg counterweight load, F_ref =125 N.

TABLE 4. Force index and EMG peak variation with the Ka gain, for 3kg counterweight load, F_ref = 305 N.

gains. As a result, lower EMG levels were recorded with
high Ka values, indicating that the PAAM was in assistance
mode, and higher EMG levels were recorded with low Ka
values, indicating that the PAAM was in resistance mode.
It is also noteworthy that a difference in EMG levels for
the Triceps and Biceps occurs with respect to the applied
force direction (up or down). The biceps generate a patient
force in the upward direction, whereas the triceps generate
a patient force in the downward direction. In the upward
direction, the patient force is against gravity; hence, to start

the motion, it should overcome a portion of the orthosis load
force to trigger motion control, which requires some effort.
On the other hand, for down motion, the patient force is
along gravity; hence, to start down motion, a small amount
of effort is required to trigger motion control. This situation
is particularly evident with a high Ka gain. As Ka decreases,
the difference decreases to a reasonable level. To train the
triceps further, the therapy was implemented in resistive
mode while the patient applied a down-pushing force to
the handle.
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FIGURE 13. PAAM therapy mode performance results with 3kg additional counterweight load: (a) exercise with Ka = 0.9 gain value, (b) exercise with
Ka = 0.6 gain value, (c) exercise with Ka = 0.35 gain value, (d) exercise with Ka = 0.1 gain value.

In conclusion, the results demonstrated that EMG levels
increase as Ka varies from higher to lower values, verifying
that the therapy modality has been properly implemented to
switch from assistance to resistance range.

In Fig. 14, the PAAM therapy performance results with
patient pauses demonstrating transparency are shown under
an additional counterweight load of 2 kg. In (a), the exercise
was performed with a 0.35 gain value of, and in (b) with a
0.6 gain value. In (a), the region marked as ‘‘I’’ indicates
the first pause of the patient for approximately 10 s. During
this pause, the patient releases the handle. The trajectory plot
was stationary at 225 ◦, indicating that the orthosis had not
been moving, and the force plot indicated that the measured
force was equal to F_ref=230 N. The EMG levels decreased
below 0.005 mV, verifying that the patient did not apply any
force. The region marked as ‘‘II’’ indicates the second pause
of the patient for approximately 11 s. A situation similar
to that of the previous pause was observed. However, since
the patient had released the handle at an upper position,
to continue after the second pause, the patient first raised the
arm upward and then touched the handle, which resulted in a
biceps contraction marked as ‘‘P’’ in the plot. In (b), similar
patient pauses were demonstrated with shorter durations and
higher Ka values, as indicated by regions ‘‘III’’ and ‘‘IV.’’
In this case, it was also demonstrated that the orthosis in the
PAAMmode was completely under the control of the patient

and was highly transparent. It did not make No action was
taken after the patient stopped. It became active after the
patient started the training.

C. MODALITY TRANSITION ACCORDING TO THERAPY
SEQUENCE
In this section, the proposal for the therapy modality tran-
sition is implemented by the robotic orthosis in accordance
with the timeline shown in Fig.6. In this study, CPM ther-
apy was initiated during the acute and early sub-acute
phases. It was converted to PAAM in the late subacute
phase as an assistive starting with Ka=0.9. Assistance grad-
ually decreased as neuromuscular recovery developed until
Ka=0.5. In the chronic phase, PAAM acts as a resistive mode
starting with Ka=0.5 and it ends with Ka=0.1. An example
of a modality transition is shown in Fig. 15.

V. DISCUSSION
In this work, a low-cost, highly transparent, single PAM
actuated robotic therapy orthosis that enables the patient to
perform all training modalities, namely ‘‘passive,’’ ‘‘active’’
and ‘‘resistive’’ was presented. An alternative solution is to
support the widespread adoption of rehabilitation and simple-
to-operate robotic rehabilitation devices. The approximate
cost of the proposed prototype device was around 1.5k USD.
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FIGURE 14. PAAM therapy performance results with patient pauses demonstrating transparency, under 2kg additional counterweight load.
(a) exercise with 0.35 gain value. (b) exercise with 0.6 gain value.

FIGURE 15. Modality transition from CPM to PAAM (Assistive, Resistive) therapy performance, under 1kg additional counterweight load. (a) CPM
exercise, (b) PAAM exercise with 0.9 gain value (assistive), (c) PAAM exercise with 0.1 gain value(resistive).

The main contributions of this study are as follows:
First, a novel control approach for the robotic orthosis
was obtained by combining admittance control and an

inverse dynamics-based compliant control approach to form
a highly compliant multimodal robotic orthosis implemen-
tation. In addition, by means of simple counterweight loads
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and compliant control, quasi-static movement of the orthosis
resembling isotonic muscle contractions for active exercises
was obtained for a full operation range of PAM with-
out any jerky transitions. The counterweight approach is
simple enough to implement without any technical sup-
port, as compared to the spring return single PAM-based
devices, where the adjustment of spring stiffness is very dif-
ficult and requires technical assistance. Furthermore, a new
assist-active modality named ‘‘Patient Activated Assistance’’
(PAAM) was demonstrated, in which the patient was the
master and the exercise was performed as long as the patient
had been active. Assistance was provided by sharing the
load force. The amount of counterweight force reflected on
the patient was determined based on the applied gain. This
assist-active mode eliminated the slacking problem observed
in high-level robotic systems. To summarize, the obtained
results could also used to justify performance validation.
For instance, adjustable ROM and region for trajectories and
almost zero sEMG values with respect to different weights
indicate the proper passive CPM modality. Furthermore,
proportional variation of sEMG values with respect to Ka
variation proves the implementation of the patient-assisted
active mode, as well as patient-determined ROM and speed
of exercise demonstrated transparency.

The trainingmodality implementations could be seen in the
annexed videos.

Although the proposed approach was lacking for
game-based graphical simulations, the successful results
demonstrated that it could directly be a solution for ‘‘pro-
prioception deficit’’ recovery in which the visual factors
are eliminated on purpose. According to [43], ‘‘In subjects
with both proprioceptive and motor impairments, assistive
exercise might be more effective if at least part of the training
were performed without vision.’’

In conclusion, the results demonstrated that the proposed
low-cost single-PAM-actuated robotic orthosis could be a
solution to robotic rehabilitation demands, especially in low-
middle-income countries (LMIC). For future works, this
approach could be extended to different mechanisms and
higher D-o-F devices.
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