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Robotic Technology for Spinal Cord Injury: Upper

Extremity
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Abstract

Spinal cord injury brings a sudden change in the lives of the affected individuals and causes permanent functional motor limitations. Although this
condition has been believed to be refractory to treatment for many years, the life expectancy of affected individual is comparable to that of healthy
individuals with the application of new treatment methods. Upper extremity function in tetraplegic patients affects the quality of life. Currently, the
use of robots has increased for different treatment alternatives. Robot-mediated rehabilitation includes robot assistance, robotic perturbation, adding
virtual reality to robot-mediated therapy, and interfacing the brain with a robotic device. The effects of upper extremity robotic rehabilitation, during
and following treatment, and their side effects will be discussed along with currently available literature.
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Introduction

Traumatic spinal cord injury causes a sudden change in the life
of a person and affects their quality of life and ability to have an
independent life because of their permanent functional move-
ment restriction; furthermore, in terms of society, it has signifi-
cant impacts on health services and economy (1,2). Although
the sudden damage to the central nervous system was consid-
ered to be resistant to treatment for many years, over the last
30 years, this opinion has changed with an improved under-
standing of the mechanisms of healing and reorganization of
the neural pathways (3).

In spinal cord injuries, neurotransmission is subjected to par-
tial or complete interruption at the spinal cord level between
muscles and the central nervous system. The messages coming
from the brain or surrounding tissues cannot be transmitted,
and goal-oriented movements cannot be completely estab-
lished. The ideal repair of damage at this level is regeneration.

According to the severity of the lesion, motor, sensory, and au-
tonomic functions can spontaneously recover or improve at a
certain level (4).

Currently, there are some treatments that provide guidance and
support to spontaneous recovery. These treatments are as fol-
lows: constraint-induced movement therapy, robotic-assisted
therapy, goal-oriented treatments, pharmacological treatments
(e.g., selective serotonin reuptake inhibitors), epidural spinal
stimulation, non-invasive cortical stimulation, and treatments
that use the aforecited treatments together (3).

The purpose of rehabilitation is to improve the control of the
remaining muscle strength and to improve the function and
quality of life. Repetitive, progressive, and challenging practices
using the affected extremity stimulate plastic changes in the
neural connections and support motor control and learning. All
of these changes, including functional, structural-anatomical,
and neurophysiological processes are defined as neuroplasticity.
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Plastic changes might be found through neuraxis regardless of
the lesion level and whether the spinal cord injury is complete
or incomplete. These changes include changes in the features of
the unaffected neuronal pathways, collateral sprouting in unaf-
fected and damaged axons, and synaptic new adjustments (4).

The fastest neurological recovery period is the first 3 months af-
ter injury, and functional recovery continues up to 6-12 months.
Although individuals with spinal cord injuries who are initially
sensory and motor complete have the lowest potential for neu-
rological and functional recovery, individuals who are initially
motor incomplete have the possibility to regain a significant
ambulation function. Bilateral loss of grasp function among in-
dividuals with severe cervical spinal cord injury limits a person’s
possibility to independently live or work following injury.

Therefore, the priority in these patients is to regain their grasp
and reaching functions. If there is enough voluntary muscle
control at the distal to the elbow level, surgeries, such as ten-
don and muscle transfers, tenodesis, and arthrodesis, can be
successfully applied to gain meaningful grasp function. If there
is no sufficient muscle function below the elbow level or if the
patient does not accept surgical treatment, grasp prosthesis
based on functional electrical stimulation might be an option
in acquiring upper extremity function. For patients with severe
spinal cord injury without voluntary upper extremity muscle
contraction, aid devices that provide access to the Internet and
social media are used. These devices can be computer con-
trolled or mouth, eye, or voice controlled depending on the
remaining functions of the individual. For cases that require
respiratory aid devices and when it is difficult to use these
technologies, studies on new advanced technology computer-
assisted interface devices continue (5).

With the advancement of technology in rehabilitation pro-
grams, robots are now beginning to be part of rehabilitation
programs. Robots may provide the repetition of a movement as
desired. During robot-assisted therapy in appropriate patients,
the movements can be completed and observed by the patients
themselves. Therefore, robot-assisted therapies can also increase
the motivation of the patient.

According to the application, robot-assisted therapies are
grouped under four main headings (Table 1). Despite their re-
liance on different etiologies, spinal cord injuries and patients
with stroke demonstrate improvement with similar cortical re-
organization mechanisms. Therefore, the different treatment re-
sults performed by robots usually deal with patients with stroke
and spinal cord injuries (3,6).

Robot Support

For patients who cannot perform a movement, the robot either
makes or directs the patient to perform the movement. Stud-
ies have revealed that robot-assisted wrist movements or grasp
movements cause different activities depending on the volun-
tary movement on the neural cortical connections in healthy
individuals (3,7,8). Furthermore, robotic-assisted one-sided
wrist movements change the alpha and beta waves in contralat-

Table 1. Robot-assisted rehabilitation applications

1-  Robot-assisted therapy
2-  Complicating movement with the help of the robot
3-  Adding virtual reality to robot-assisted treatment

4-  Connecting the brain to a robotic device via an interface

eral cortical areas that participate in voluntary wrist movements
(3,7). Thus, active voluntary and seemingly passive robot-assist-
ed motor movements activate similar brain regions (3).

Although neuroplasticity is enhanced by the challenging and
progressive motor learning, it is considered that using only re-
petitive motor movement learning is not as effective as the first
one (3). Via active motor learning in the wrist; 1. In the contra-
lateral primary motor cortex activity, 2. In motor excitability par-
ticipation curves, and 3. Compared to passive motor learning
intracortical facilitation has shown greater increase (3,9).

The evidence found in the robot treatment for patients with
stroke supports the notion that after robot-assisted therapy, re-
organization of brain connections is possible in terms of both
regional activation and interhemispheric and intrahemispheric
functional connections (3,10,11).

Complicating Robotic Movement

In this application of the robotic treatment program, while per-
forming a target movement, the deterioration of the movement
by applying an external force makes the practice difficult. Com-
plicating the movement might create more stimulation to learn-
ing by increasing the intensity of training. However, complicat-
ing the movement might disrupt the learning process (3).

A general application regulates the arm movement deterioration
and a person’s adaptation to this by implementing robot-assist-
ed force regions. The deterioration of the general application
of robot-assisted arm movement by applying force regulates
this area and enables people to adapt. During this adaptation
process, corticostriatal neural activation and intracortical inhibi-
tion at short intervals and the presence of changes with cortical
stimulability accompanied with facilitation have been demon-
strated (3,12,13).

Complicating the movement stimulates the adaptation of a
healthy motor system. As a response to the deteriorated move-
ment, reactive feedback adjustments occur. Adaptation is a rapid
process, and it is different from the learning provided by repeat-
ing the same movement (3,14). While there is neuroplasticity
in the learning provided by repetition, in adaptation, cerebellar
error-based learning occurs (3,15). In adaptation, orientation
from corticostriatal activation to cortico—cerebellar adaptation
occur (3,13,16). Shift changes of activation in neural connec-
tions continue during a period of rest (3,17). This situation sup-
ports the existence of the motor memory consolidation process
(neuroplasticity). Preliminary studies support that it is beneficial
to add error augmentation strategy-based learning to upper ex-
tremity rehabilitation in patients with chronic stroke (3,18,19).
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Addition of Virtual Reality to Robot-Assisted Therapy

Virtual reality is based on experiencing visual forms of comput-
er-simulated situations (Figure 1). This situation provides an ex-
tremely convenient opportunity for simulating awarding move-
ment. Reward regions of the brain are considered to activate
dopaminergic paths in animal models (3,20).

Recent studies support that the motor cortex responds to reward-
ing the successful behavior of the primary motor cortex, which
participates in motor learning in healthy individuals. Whereas
motor memory lasts long with rewarding, with punishment, it is
short lived. Therefore, for correct movement sequences, strate-
gies in which reward signal sequences are matched with virtual
reality might provide clinical benefit (3,21,22).

Interfacing the Brain with a Robotic Device

Brain computer interfacing can be defined as a means of in-
teracting with computers via thoughts. The purpose of the
brain interface device technology is to provide a link between
the brain and external devices and to improve the control of
individuals in situations such as limb amputation, stroke, and
spinal cord injury by enabling a faster and more efficient com-
munication (3). Figure 2 shows a diagram of a brain computer
interface mapping (23). The purpose is to use this technology
both as an assistive technology and as a rehabilitation device.
The main focus of using these in spinal cord injury is to improve
communications and environmental control as an assistive or
alternative channel in individuals with high levels of personal
injury. The combination with neuroprothesis in upper extremity
use is promising. However, there is a need for further studies in
terms of the side effects that may occur during training (such as
neuropathic pain) (3,5,24).

In a study on robotics technologies developed and applied with
the upper extremities in SCI conducted by Cortes et al. (25), 10
chronic traumatic tetraplegic spinal cord injured patients who
were included in wrist robotic training programs were followed
for 6 weeks (1 h/day, 3 times/week). This study included the
patients who had an extensor carpi radialis muscle strength of
1-4 / 5, a duration of injury >1 year, and patients who could
tolerate sitting in an upright position for at least 1 h and who
could adapt and understand the robotic treatment protocol. Ex-
clusion criteria in the study were patients with progressive neu-
rodegenerative diseases, concomitant head trauma or stroke,
uncontrollable pain or exercise intolerance on the affected side,
advanced mobility limitation, irreversible muscle contractures,
patients who were medically unstable or with drug use that af-
fected the central nervous system, or patients with transcranial
magnetic stimulation contraindications (past history of seizures
or epilepsy, presence of metal implants in the brain, presence of
pacemakers and pregnancy) (25).

Wrist flexion-extension, abduction-adduction, and pronation-
supination movements were applied with the InMotion 3.0 wrist
robot without support and by applying force or resistance for 3
days a week, for 6 weeks, for a total of 18 sessions. Treatment
programs were designed as a maximum of 1 h of exercise, 1-min
rest between each adaptive treatment regimen, for a total of a
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Figure 1. Virtual reality and robotic upper extremity rehabilitation
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Figure 2. Diagram of the brain computer interface

maximum of 1000 movements. As a follow-up, the results of
the cases were assessed with kinematic measurements and neu-
ropsychological result scales, whose clinical result scales were
determined with transcranial magnetic stimulation of motor
performance. The kinematic movement measurements of the
motor performance evaluated: 1. purpose, 2. deviation in the
movement, 3. average speed, 4. peak speed, 5. the mildness of
the movement, 6. the duration of the movement. Furthermore,
1. The upper extremity motor score and 2. the modified Ash-
worth scale were followed with the clinical result scales, while
3. The pain results were followed with a visual analog scale.
The neurophysiological result scales in this study, on the other
hand, cover 1. resting motor threshold, 2. motor stimulated
potential amplitudes and latencies of rest, and 3. the motor
stimulated potential facilitation in this study, all of which were
determined with transcranial magnetic stimulation. As a result,
after six weeks of robotic therapy, a significant improvement
was achieved in reaching the goal of the movement and in soft-
ness. However, there was no change in the deviation, average
and peak speed, or the duration of the movement. There was
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also no significant enhancement in the upper extremity motor
scores for those patients that received treatment and those who
did not receive treatment. After the treatment, there was no
change in the evaluation of the spasticity levels of the four upper
extremity muscles that were assessed, and also, the pain levels
did not change. Also no significant change was observed in the
neurophysiological parameters that were studied with transcra-
nial magnetic stimulation (25).

The authors stated a number of limitations to their study, such
as the fact that the study was conducted with a small number
of patients, there was no control group, and in the stroke exer-
cises, there had been more sessions with robotic upper extrem-
ity training, and there was an insufficient number of sessions.
However, it was stated that spinal cord injured individuals who
received robotic upper extremity training demonstrated good
compliance, and the application was safe for patients in an envi-
ronment that can be controlled (25).

Yozbatiran et al. (26) published their study on a 28-year-old fe-
male who had had incomplete spinal cord injury (C2 AlIS C)
29 months ago and who was included in the upper extrem-
ity robot program. The patient underwent 12x3 h of treatment
for four weeks in three different modes: passive, active/assistive,
and resistance- with MAXI Exo-ll. The purpose of the treatment
was to improve the patient’s strength and joint mobility spacing
with a single joint exercise. The result scales were determined
to be: Action Research Arm Test, Jebsen-Taylor Hand Function
Test, and the AlS-upper extremity motor score. The safety of the
application was assessed with a 5-point scale as fatigue, pain,
and discomfort. As a result, although some improvement was
observed in the left hand and arm, no change was determined
in the right hand or arm function. No side effects of the applica-
tion, such as increased pain, fatigue, or discomfort, were found.
In this case report, an upper extremity robotic rehabilitation ro-
bot was evaluated as applicable, safe, and effective (26).

The interest in robotic treatment conducted in the treatment and
follow-up of neurological damage is increasing. However, there
are gaps concerning the possible side effects and puzzles of this
practice. The issues to be clarified in future robotic therapy are (3):

1. The impacts of robotic treatment on neural connections
and neuroplasticity are unknown.

2. The effects of complicating the movement in robotic treat-
ment on neuroplasticity in neurologic patients are not
known. There is a need to study the correlation and the
clinical results of the neurological illnesses of this treatment.

3. In robot-based motor adaptation, the impacts of motiva-
tion/reward on neuroplasticity are not known. There is a
need for new studies on this subject.

4. ltis believed that the reorganization of the brain that occurs
with brain interface devices may cause inhibition or may
affect learning the new applications by interfering with the
learning. Thus, long term repetition may create resistance in
learning new movements for related neurons (3).

As a result, as life expectancy among individuals with spinal cord
injury increases, the quality of life and rehabilitation programs
are becoming increasingly important. Technological advances
offer new treatment options in this area (27). Robots are gradu-
ally taking an important place among new methods of treat-
ment for spinal cord injuries. In particular, since the develop-
ment of high-tech imaging methods, the variety of available
robots and their technological features will continue to increase
in the future, and we will be able to gain a better understand-
ing of the effects, especially on neuroplasticity, of this treatment
method. In the future, personalized reproducible, and standard-
ized combined treatments will become increasingly important.
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