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Abstract

For chronic patients, rehabilitation can reduce disability-related pain and improve functional capacity
and quality of life. Every day, chronic patients should perform rehabilitation exercises, at home under
the therapist’s guidance. There are many problems related to the home rehabilitation scenario; most are
connected to the patient experience. Sometimes, patients need to plug in components or have to face
tricky procedures before the system run.

The idea behind the work is to build a home rehabilitation system using a smartphone or tablet PCs
ready to be used. Smartphone-based computer vision tools have shown potential for practical application
in the field of telerehabilitation. To provide greater accessibility, there is a need to reduce the use of
sensors and ensure the accuracy of monitoring without compromising the user experience.

In this paper, we propose the validation of a novel smartphone-based pose detection tool during the
performance of a rehabilitation exercise in which the elbow extension angle needs to be calculated as a
metric. The tool allows real-time analysis of the exercise, although further efforts are needed to improve
its accuracy.
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1. INTRODUCTION

Life expectancy has increased significantly in European countries in recent decades [1], but
many years of life in old age are lived with chronic diseases and disabilities [2].

For chronic patients, rehabilitation can reduce disability-related pain and improve functional
capacity and quality of life [3]. The success of medical interventions depends on patient adher-
ence to prescribed rehabilitation advice and regimens [4]. Despite knowledge of the benefits
of rehabilitation, adherence to home treatment is a significant problem, with estimates of
nonadherence as high as 50%. The reasons are multifactorial and include psychological and
situational factors that vary from individual to individual.

In this scenario, alternative rehabilitation models, such as telerehabilitation, have been created
that use digital solutions to improve adherence and patient engagement.

Telerehabilitation is the provision of remote rehabilitation services using ICT technologies [5].
It is an area of telehealth that is continuously developing to increase accessibility and continuity
of care. Telerehabilitation enables physicians to optimize the time, intensity, and duration of
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therapy, has shown significant results through the development of new technologies, and can
now be delivered using a variety of different tools and technological modalities [6].

In this paper, we focus on technologies used in physical rehabilitation, as it requires great
care in evaluating movements and measuring improvements, especially in the absence of the
practitioner [5]. In physical telerehabilitation, the assessing of performance by measuring the
movements is essential to monitor the patient’s progress [7]. To ensure accurate calculations,
some telerehabilitation systems have proposed the use of video consoles such as Microsoft
Kinect or XBox [8, 9]. Alternatively, the use of Nintendo’s Wii Balance Board [10, 11] or the
use of sensors and wearable devices [12] has been proposed. The previous approaches require
additional costs due to technological equipment and may require constraints related to the
hardware used [13]. In contrast, the ability to use a personal device could improve motivation,
adherence, and user experience, especially in the elderly.

With recent advances in Artificial Intelligence, computer vision systems can track body move-
ments in three-dimensional space using a single RGB camera, normally built into cell phones.
The most commonly used computer vision tools for pose detection and body tracking are
OpenPose [14], Mask R-CNN [15], Google’s MediaPipe or BlazePose [16, 17], Alpha-Pose [18],
all available as open source. The previous tools have been used to develop smarthpone or web
applications that can guide patients in performing exercises autonomously [19, 20]. These
applications demonstrate that it is possible to verify the correct execution of a movement once
completed and that, under stable environmental conditions, they can go so far as to provide
guidance on specific joint angles. However, there is a lack of evaluation of the validity of the
data provided for many of these systems [21, 22]. In fact, OpenPose is the only tool for which
the ability to detect key points of the human skeleton during the performance of rehabilitation
exercises has been validated, although the accuracy of detection is highly dependent on ambient
lighting, the relative visibility of body joints, and the relative motion of the patient relative
to the camera [22]. Unfortunately, OpenPose is not available for cell phones and thus poses a
technological barrier and risk to adherence, especially in the case of elderly people.

In contrast, Mediapipe’s Blazepose system can be used on Android and iOS and thus has the
potential for the development of telerehabilitation solutions that can be used on mobile and
can be easily integrated with gamification techniques to increase user motivation due to the
availability of a dedicated plugin for Unity applications.

The purpose of this paper is to explore the accuracy of Blazepose in tracking and measuring
body movements during the performance of telerehabilitation exercises performed in a home
environment via a Unity app installed on a personal cell phone.

In this paper we describe the app and present the results obtained when measuring elbow
angles during the arm extension in a classic post-stroke exercise. It is the subject of forthcoming
papers to both evaluate the user experience and measure the accuracy of Blazepose during the
execution of more complex exercises.

2. METHODOLOGY

We have developed a telerehabilitation system that the patient can manage from a Unity
application installed on the personal device. At the same time, a web application is available



for the physician to function as a control room. Finally, patient and treatment session data are
stored in the cloud.

The control room will allow the physician to schedule patient treatment sessions and monitor
user performance and activity. The physician can modify treatment sessions at any time by
adding or removing exercises or changing the frequency of training. In this way, the physician
can tailor the session to the user’s specific abilities and needs.

The user application is structured with a login page and a menu. The menu allows the user
to choose from the training sessions proposed by the physician. Each session consists of a
calibration phase, one or more exercises to be performed, and a visual analog scale to measure
pain and fatigue at the end of the session.

Figure 1 summarizes the combination of the previous steps. Basically, the treatment session
can be considered as consisting of two cycles. The macrocycle handles the calibration phase,
the final fatigue assessment, and the exercise sequence. Some exercises may be suggested by
the physician as a warm-up or cool-down phase. The microcycle manages specific exercises
by counting the number of times the exercise must be performed (series) or the number of
times each movement must be repeated (repetitions). In addition, during the microcycle, an
algorithm compares the user’s movements and poses with the movements and poses expected
during the exercise. At the same time, it measures the distances between body joints and joint
angles according to the exercise requirements. All this data is used to feed a virtual coach that
translates the algorithm’s evaluations into audio feedback, motivating the user, encouraging
him or her to improve previous performance, and suggesting corrections when unexpected
movements are encountered.

2.1. BODY TRACKING AND ANALYSIS

As already anticipated, the proposed telerehabilitation system is based on the computer vision
tool BlazePose. Blazepose is a pose detection model created by Google that, given an image or
video frame, finds and returns the x, y, and z coordinates of 33 key points of the skeleton.
BlazePose consists of two different machine-learning models: a detector and an estimator.
The detector removes the human region from the input image or frame, while the estimator
inserts a 256x256 resolution image of the recognized person and returns the key points [17].
This architecture enables real-time inference and, together with its lightweight nature, makes
BlazePose favorable for smartphone applications.

Importantly, OpenPose is usually better than BlazePose at providing appropriate inference of
key points from motion videos [23]. However, OpenPose is slower than Blazepose and cannot
analyze real-time video. Therefore, BlazePose remains, according to us, the best choice for
smartphone-based telerehabilitation applications where real-time feedback is needed to promote
correct exercise execution.

As anticipated in the previous section, each exercise, as well as the calibration step, is analyzed
by an algorithm. This algorithm is a computation of body joints extrapolated by BlazePose. In
fact, an exercise can be thought of as a sequence of steps or poses. Each pose is characterized
by a specific set of useful information for the clinician, such as joint angles, relative positions
of arms and hands, distances, etc. While performing the exercise, the patient’s movement is
captured by the smartphone camera and transmitted and processed by BlazePose at a rate of 30
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Figure 1: Macro and micro rehabilitation cycles

frames per second. For each video frame, BlazePose returns body joints as 3D arrays and that
can be organized to estimate the user’s pose, calculate joint angles or measure relative distances.
The algorithm compares the temporal evolution of this information with exercise-specific and
previously defined indications with an expert. In this way, the algorithm is able not only to
assess whether the exercise is being performed correctly but also to identify which specific
body part needs to be corrected. As already mentioned, this algorithm’s evaluations return to
the user as an audio indication from a virtual coach.

2.2. CALIBRATION

The app can be autonomously used by the user and the execution of the treatment session does
not require the presence of the physician, even remotely. For this reason, a calibration step is
performed once the treatment session starts to ensure the app’s best functionality.

The calibration step first asks the user to leave the cell phone in a stable position and to stand
in front of the camera. Then the system compares the visible body joints with the body joints
that the first exercise of the session needs to track. If all the body joints are visible the system
asks the user to put himself in the initial position provided by the exercise. Some exercises
could need to measure some specific distances or angles to be used as a benchmark during



the execution (as an example the distance between hands when the arms are stretched out
sideways).

The not visible body joints or the errors in the user pose are returned by the system as an audio
message from a virtual coach that suggests moving away or approaching the camera to improve
the visibility of body joints or guides the user to assume the correct position.

The calibration is automatically required when one of the following conditions occurs:

« the visibility of some body joints to track is lower than a threshold;

« the next exercise in the treatment session begins and a new starting position must be
checked;

« the system recognizes a substantial change in the user’s position that could impair motion
tracking.

2.3. USER EXPERIENCE

It is known that patients who do not adhere to the prescribed exercise program can prolong
the duration of treatment, negatively impact the therapeutic relationship and make treatment
less effective. It can also impact health care providers with increased waiting time and poor
efficiency [24, 25]. Factors that may influence adherence to home exercise rehabilitation have
been discussed in numerous articles [4, 26].

Some of these are related to the patient’s motivation, such as perceived barriers (e.g., forgetting
to exercise, not having time, not getting back into the daily routine, work schedules), the
individual’s belief in his or her ability to perform a task (self-efficacy), levels of pain during
physical exercises, and psychological well-being (depression as a barrier has strong supporting
evidence). Other characteristics are related to communication and education, such as information
received, support from friends and family, therapist feedback and supervision during the session,
and monitoring of progress information. Finally, some characteristics are specific to home
rehabilitation treatment, such as goal setting, enjoyment during treatment, and avoidance of
difficulties in using technological aids or fitness equipment.

Given the many factors that could influence patient adherence to treatment, the proposed
telerehabilitation system aims to improve the entire patient experience thanks to 3 main features:

« the system can be run on smartphones without any additional equipment (although the
possibility of connecting some wearable sensors in the future to improve monitoring is
not ruled out), and the treatment session can be performed without any intervention
from the physician or other figures.

+ The Unity plugin of BlazePose is light and allows the app to run offline.

« The system also features a virtual coach that provides real-time audio feedback based on
the algorithm’s ratings. The role of the virtual coach is to improve user engagement and
ensure the correct execution of the exercise without annoying the user with wrong or
redundant feedback.

Given the importance of the virtual coach in both improving and affecting the user experience,
it is important to better explain how it works. Feedback from the virtual coach can remind you
of the next movement, increase or decrease the speed of execution, allow time in stationary



positions, correct patient position, encourage more or less arm extension, and suggest modifica-
tions to improve visibility. The feedback of the virtual coach is mainly based on the algorithm’s
rating and can be one of these types:

« encouraging feedback, for example when a repetition is completed or a series is concluded;

« fixing feedback, when the algorithm encounters a sequence of movements not expected
(for example when the computed angle is reducing while it is expected an extension or
the arm raised is the right instead of the left);

« motivating feedback, when, according to exercise-specific instructions, the algorithm
computes some metrics (joint angles, leg gaps, ...) that could be improved (for example
"try to increase the extension of your angle", ...);

« guiding feedback, with instructions on the next movement when the algorithm encounters
an unexpected stable position for more than 1 second (assuming the user does not know
how to move);

« historical feedback, returned when the algorithm measures an improvement or worsening
in the performance of an exercise with respect to the performance of previous treatment
sessions.

2.4. VALIDATION

In this paper, we do not validate the user experience of the proposed telerehabilitation system,
which will be the subject of a forthcoming paper. Indeed, since the system is based on the
use of BlazePose, whose accuracy in a home environment while performing telerehabilitation
exercises is not yet validated, our aim is to preliminary measure the accuracy of the computer
vision tool and, subsequently, of the user experience.

To validate the use of a smartphone-based pose detection tool such as BlazePose for rehabilitation
treatment, we focused on a post-stroke exercise: elbow joint extension. The exercise starts with
the wrist near the shoulder. The patient then performs elbow extension by moving the wrist
away from the shoulder in the same plane as the trunk of the body. Once maximum extension
is reached, he or she holds the position for 2 seconds, then returns to the starting position. The
exercise is repeated 3 times before ending a set.

The validation process involves 2 phases. The first phase wants to compare the elbow angle
under two different conditions: when the patient is frontal and when he or she is rotated 45°
relative to the camera. The second phase wants to verify, in what was found to be the best
measurement condition among the two previous ones, the ability of the system to measure the
angle correctly.

Participating in the study were 10 healthy volunteers who were asked, for the first phase, to
perform the exercise independently and, with each repetition, to increase the elbow angle until
they reached 180° in the last repetition. For the second phase, volunteers were asked to stand
facing the camera (as we will see the best condition for measurement) and to extend the arm up
to 180° in each repetition (data not shown). The average value of the maximum angle measured
by the algorithm in each repetition and for each user was then calculated.

It is important to note that although the benchmark exercise is simple, it is sufficient for proper
validation of the algorithm because the assessment of correctness of movements is based on
geometric analysis of body joints that can be easily extended to more complex exercises
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Figure 2: Frontal vs 45° accuracy when computing elbow angle

3. RESULT

The validation of BlazePose is composed of 2 phases. For the first phase, figure 2 shows the
average, second by second, of elbow angles computed in each frame both when the volunteers
were frontal and when they were rotated 45° relative to the camera. As shown in the figure,
at a twist of 45° the calculation is incorrect, indicating a maximum angle of 147° when the
volunteers reached about 180°.

It is mainly due to the partial overlapping of body joints when the user is rotated 45° relative
to the camera. For each exercise is then necessary to identify the best condition to measure
metrics and to ensure, during the calibration step, that this condition is satisfied. Then, the
algorithm, by elaborating deep estimations of body joints, will be able to recognize rotations
and changes in the user’s conditions, providing a new calibration. On the other hand, there
exists a threshold between the two extremal conditions here presented (frontal view vs 45°
view) beyond which the loss of accuracy is significant. In the future, it will be critical that
the algorithm can recognize this threshold and maybe elaborate data to reduce the effects of
rotation, in this way reducing the number of re-calibration steps and thus improving the user
experience.

For the second validating phase, volunteers repeated the exercise reaching 180° in each repetition.
Nevertheless, the algorithm computed an average maximum elbow angle of 172.1° (standard
deviation 1.8°). It is important to say that a difference of about 8°—10° in the correct computation
could be unacceptable in some specific rehabilitation treatments. On the other hand, according
to [27], evaluation therapists tend to underestimate the range of motion by 9.41° on average for
any joint movement of the upper limb. Therefore, with the results obtained in this approach, it
can be concluded that the proposed telerehabilitation system is an adequate tool for evaluating



patient performance in rehabilitation programs, at least for those exercises that involve upper
limb movements. Further, as mentioned in the introduction, OpenPose is, at the moment, the
only tool whose accuracy has been validated for rehabilitation exercises. In particular, in [28]
it has been shown that, when OpenPose is used to estimate a real elbow angle of 180°, the
computed angle is less than 175°, with a performance very close to our results (compare figure
7 in [28]).

4. CONCLUSION

Recent developments in computer vision and machine learning techniques have improved the
accuracy of human posture estimation, showing the potential practical application in the field
of telerehabilitation.

In order to ensure greater accessibility, there is a need to reduce the use of sensors and equipment
when performing home rehabilitation, and smartphone-based posture detection tools are a
promising solution. However, it is crucial to pay attention to the accuracy of patient monitoring
without compromising the user experience.

In this paper, we propose a novel validation of a smartphone-based pose detection tool
(BlazePose) during the performance of a rehabilitation exercise in which some metrics (el-
bow angle) need to be calculated.

In general, the system is very fast in processing calculations and is able to guide the user in
real time. Further, the accuracy in computing the elbow angle is very close to both other tools
like OpenPose and general therapist performance. To summarise, even if it is important to
further validate the system both on more complex exercises and about the user experience, this
preliminary study shows that the proposed system is a promising and acceptable smartphone-
based tool for upper limb rehabilitation with the potential to improve user experience without
affecting the accuracy of measurements.
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