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INTRODUCTION 
As population ages and people live longer, conditions such as stroke, Parkinson’s, dementia, as well as major 
joint replacement surgeries, and injuries caused by accidents such as falls, become more prevalent. 
Telerehabilitation can play an essential role in promoting wellness and rehabilitation in the treatment of such 
conditions. Telerehabilitation is a modality of telehealth in which rehabilitation services are delivered by a therapist 
who is not physically present with the patient. The addition of a robot to assist with the therapy enhances the level 
of intervention which can be provided at a distance. Factors which make telerehabilitation valuable include the 
access and convenience of care delivery, improved adherence to therapeutic regimen, and lower costs, all of 
which result in improved outcomes. [1]  The Covid-19 pandemic has accelerated the adoption of telerehabilitation 
further, so that patients receive rehabilitation services while remaining in their place of living. [2]  As per RESNA’s 
“Welcome Home” theme, the system presented here is a viable and potentially transformative telerehabilitation 
solution which guides patients with their physical therapy and tracks their progress while at-home.  
Physical therapy (PT) promotes an individual’s health and well-being through movement. More specifically, PT 
typically is intended to improve function by strengthening and increasing range of motion of parts of the body in 
need of rehabilitation. The general principle of PT is that more movement results in better outcomes. [3] One 
challenge in the practice of PT is that rehabilitative measures are not applied consistently. Although published 
studies suggest that therapy improves functional outcomes, the amount, intensity, timing, frequency, and duration 
have not been established. [4] For example, metrics such as the Medicare OASIS and the FIM (functional 
independent measure), require the therapist to perform subjective assessments of perceived level of functioning 
based on specific activities of daily life (ADL) and these can vary from therapist to therapist and even from 
session to session. [5] Objective measures such as the Berg Balance Scale, Tinetti’s Balance and Gait 
Evaluation, 6-Minute Walk Test (6MWT), Functional Reach Test and the Timed Up and Go (TUG), are frequently 
used but these are task-specific and may not generalize consistently. [5-6] 
Patient engagement and motivation present another challenge in the delivery of PT. Physical therapy treatments 
are generally performed over long periods of time and frequently result in patient boredom, lack of engagement, 
and worst of all, quitting. [7] This is particularly the case with children, who may not understand the benefits of the 
therapy or with individuals with conditions which affect their memory and may not be able to initiate the therapy or 
remember the steps on their own. Therapists often use methods such as motivational interviewing, person first 
language, and patient specific goal development to motivate patients during therapy sessions, but these methods 
are effective only while the therapist is present in person with the patient. 
The objective of this project is to develop a robot-assisted system which engages the patient to conduct their 
therapy and which tracks their rehabilitative progress. The rehabilitative outcomes considered in this project focus 
on expanding upper body range of motion (ROM), strengthening core/trunk musculature, as well as developing 
and improving balance, proprioception and kinesthetic awareness for trunk weight shifting and righting reactions. 
The system is designed not only for those in need of rehabilitation but also for building strength and endurance in 
healthy individuals who can benefit from improved balance to prevent falls, such as the elderly. [8] It should be 
noted that this robotic system is not designed to be a replacement for therapists, but rather, to serve as a tool for 
therapists to deliver therapy at home so that patients can achieve their rehabilitative outcomes. 
RELATED WORK 
Telerehabilitation has been implemented effectively in several forms. There is a category of tabletop computer 
systems in which therapy is delivered through interactive games, where patient movements are tracked and 
monitored using motion sensors such as Kinect or telepresence cameras. While such systems have proven to be 
effective, they require a specialized sensor and are not always able to track movements under some conditions. 
[9]  Telerehabilitation systems which deliver therapy by having patients mimic a humanoid robot with movable 
limbs are also being developed. Examples of such types of systems include Lil’Flo and the NAOTherapist. [10-12]  
In these telepresence systems, therapists can communicate with the patients remotely using video and voice to 
provide additional guidance and motivation. The system proposed here builds on these approaches. The system 
does not require patients to mimic motions of moving limbs on a humanoid robot, but rather, patients perform 
therapy by actively participating in games presented to them on a digital display. This results in a system which 
can be implemented more simply and without the need for additional moving parts or sensors.  
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MATERIALS AND METHODS 
System Architecture 
The system developed in this paper is shown in Figure 1 and is made up of the following components: 
1. A robotic-base transports the system to the place where the patient is located to deliver the prescribed 

physical therapy treatment. The robot is guided via remote-control. An iRobot Create2 platform was used for 
the first prototype because of its simplicity and low cost (under $500). In a typical therapy scenario, the robotic 
base transports the system to the patient, where it positions itself, adjusts the height and angle of the display, 
and initiates the therapy. 

2. Tele-rehabilitation software  uses Restore Skills software, a commercially available software as a service 
system (SaaS) with around 10,000 montly users. [13] The therapy is delivered as games which engage the 
users to move relevant body parts. The system includes a wide variety of games which span many types of 
motion-based activities. The therapy regimen is customized for each patient by the therapist. In general, the 
activities are clear and engaging, so that is easy and enjoyable for patients to follow consistently while doing 
therapy.  

3. Tablet computer runs the therapy software. The tablet is connected via the internet to a secure online cloud 
server, where the data is collected and analyzed. The built-in camera tracks patient movements, including 
supination, pronation, flexion, extension, adduction, and abduction of trunk or limbs. The computer vision 
processing follows up to two circular shaped objects attached to the patient’s body parts being rehabilitated at 
a rate of around 20 frames-per-second. The objects tracked by the camera can be any circular object of at 
least one inch in diameter and colored red, green, or blue, such as a small ball, a circular sticker, etc.  

4. A therapist console is an online graphical dashboard which allows the therapist to design an appropriate 
therapy regimen as well as to review the progress of each session the patient performs. The therapy is 
personalized for each individual patient and their specific rehabilitation needs. Metrics such as range of 
motion, number of repetitions, and endurance are monitored so that the therapy can be modified based on 
how the patient is progressing.  

 
Figure 1. The robotic tele-rehabilitation system consists of a tablet computer mounted atop a robotic base. A 
therapist console, as shown on the right, is used to design the therapy session and monitor progress. 
SYSTEM EVALUATION 
The working hypothesis in this project is that as a patient performs their therapeutic plan repeatedly over time 
their range of motion improves, and their endurance increases. While a full evaluation remains to be done, a pilot 
study was performed. In this study, two subjects conducted 3-minute therapy sessions over the course of several 
days. Both subjects performed the therapy sitting down. One utilized the right arm the other subject utilized the 
left arm. Rehabilitative metrics used focused on upper extremity movements and ROM. The Restore game Ski 
Saga was selected because it guides patients in performing motions which exercise and develop actions including 
sustained upper extremity movement with functional ROM, crossing the midline (horizontal adduction and 
horizontal abduction), and lateral reach. The data collected from these sessions is summarized by metrics 
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including total number of movements, ROM coverage/position and frequency, number of times extremity crosses 
midline to opposite side and number of times player completed movements correctly and incorrectly. These 
metrics are shown in the output data screens generated by the system, examples of which are shown in Figure 2. 
RESULTS 
Therapeutic maps shown in Figure 2 illustrate patient performance and other relevant metrics. The maps indicate 
coverage of reachable workspace as well as endurance in performing specific motions repeatedly. In these maps, 
positions of body parts being rehabilitated are recorded as horizontal and vertical coordinates (x and y) as a 
function of time. The coordinates plotted correspond to the right, center (midline), and left sides of the body. The 
traces shown in the Controller Path maps span the functional ROM of one upper extremity across the therapeutic 
workspace. The Heat Maps indicate the number of times the patient’s upper extremity traversed each specific 
position in the therapeutic workspace. The blocks become darker blue in proportion to the number of times those 
positions were traversed. Thus, the darkest blue blocks were traversed the most, lighter blue blocks were 
traversed less, and non-shaded areas were not traversed at all. 

 
Figure 2: Therapeutic maps for two subjects (Subject 1 data on the left, Subject 2 data on the right) 

 
DISCUSSION 
While the metrics being used in the project need to be evaluated more fully, preliminary indicators are promising. 
For example, from the controller path map in Figure 2, for Subject 1 on the left, the Left arm (LUEx) spanned a 
large part of the workspace on the left side of the body, but it did not reach upper right quadrant in the diagram. 
This could be interpreted as the subject having difficulty with crossing the midline due to some limitation in ROM, 
which the subject had. In such a case, for example, a therapeutic goal could be to help Subject 1 build endurance 
and to increase the range of motion towards that upper right quadrant of the therapeutic workspace.  
More generally, following this line of analysis, improvements in range of motion would appear as gradual outward 
expansions of the traces in the controller path map as the sessions progress with time. Similarly, increased 
endurance would be indicated by a greater number of areas of the heatmap shaded darker. Additional metrics are 
being investigated as potentially applicable to identifying the desired patterns and trends in the data. These may 
include scatter data statistics, as well as other trend analysis or pattern analysis methods.  
FUTURE WORK 
While a working prototype was built and tested, additional work remains to be done on aspects of the project.  On 
the hardware aspect, the functionality of the robotic system is being developed. Functions such as navigation, 
positioning, adjustment of height of screen, mobility and tele-presence are being implemented. The Create2 
robotic base used in the prototype is limited in its programming and interfacing capabilities and does not 
demonstrate the full potential of the system. A more powerful and flexible robotic base is being considered for the 
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second-generation system. Later generations of the system could be capable of autonomous navigation. More 
work remains to be done on the data analytics aspects of the system as well. Additional therapeutic metrics are 
being identified to help in tracking rehabilitative outcomes in patients. In related work, acceleration-based metrics 
have been proposed by Lang and are being explored for use here. [14] Future generations of this type of 
telerehabilitation system could be made self-adapting by incorporating artificial intelligence methods to monitor 
progress and automatically adjust the therapy as the patient’s performance evolves. 
CONCLUSIONS 
Robot assisted telerehabilitation focuses on the use of robotics and data analytics to help patients reach their 
rehabilitative outcomes. A prototype of a system which engages and guides patients in performing their physical 
therapy with minimal or no human assistance was developed. Unlike other sensor based or humanoid robot 
based systems, the simplicity in the design of this system enable physiotherapists, clinicians, and families to 
provide therapy services at the patient’s place of living. The impact of this type of robot-assisted telerehabilitation 
system is far reaching and addresses the following issues: the growing shortage of therapists and therapy 
services, inefficient access to therapy, poor engagement by patients, inconsistency among clinicians and need for 
objective assessment and tracking of rehabilitative progress. While further work remains to be done, the results of 
this project can have direct and sustained impact on society and the wellbeing of people. 
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