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Abstract  
The current practice of neck rehabilitation is done through 
laser-pointing devices in a physical setup or Virtual Reality 
head-mounted devices, whereby the patient will control and 
navigate a laser beam to follow a specific pattern. These set-
ups are cumbersome to the patient. We propose a portable 
computer vision-based marker-less head tracking exergame 
for neck rehabilitation. Our system retargets head postures to 
control a game object and considers neck mobility while in-
corporating movement modulation during posture overcom-
pensation. This system would be tailored to the specific pa-
tient in the steps of automatic calibration and gameplay inter-
action. We used the head and body pose to calibrate the game 
scene dimensions, and the upper body joint angles to feed-
back the posture overcompensation in the form of gameplay 
variables augmentation. From our testing, it has shown that 
this is a viable exergame solution that could be adopted for 
neck exercise.  

1. Introduction    
 
Neck rehabilitation is one of the key areas in physiotherapy. 
Patients with whiplash associated disorder as well as non-
traumatic chronic neck pain have been shown to exhibit im-
provement in motor control and proprioception of the cervi-
cal spine during neutral relocation test (Adlakha, Chhabra, 
and Shukla 2020). The current practice utilizes a laser 
pointer mounted on the head of the patient to train motor 
control and assess the proprioception of the neck in the neu-
tral head position test. Through the laser pointer, the patient 
practices neck movement by control and tracing the laser 
beam to follow a standard pattern on a chart or diagram 
placed on the wall. 
 Although the laser-based approach seems to be a quick 
setup for a patient to control by the head with visual pointing 
as feedback for their rehabilitation exercise, there are several 
limitations: (1) the head-mounted laser pointer setup re-
quires space and equipment which may limit its applicability 
and adoption by therapists and patients as a home exercise, 
(2) almost impossible to make the exercise interesting lead-
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ing to lack of motivation from the patient resulting in lack-
lustre engagement of the patients, (3) the use of a physical 
chart for laser tracing does not cater for the mobility range 
of patients since the chart is fixed in dimension, and (4) the 
patient is not able to objectively measure their accuracy or 
degree of head movement with such laser-based setup.  
 Advancement in computer vision, artificial intelligent and 
sensor technologies have enabled motion tracking and 2D 
positional data analysis to be conducted using low-cost cam-
eras and without the use of wearable sensors. This allows 
augmented reality related feedback to be incorporated into 
rehabilitation procedures via gamification and achieve sig-
nificant improvement in patient engagement, adherence, and 
effectiveness of the regime. 

In this paper, we present an exergame solution that utilizes 
computer vision-based marker-less head tracking with gam-
ified augmented feedback for neck movement control exer-
cises. This method would be able to address cumbersome 
physical charts and the hindrance from any form of head-
mount device. In summary our contributions are: 
• A head tracking motion retargeting method as an inter-

active mechanism to control a game object. 
• This method could take into account the neck move-

ment mobility while incorporating movement modula-
tion during upper posture overcompensation via game-
based augmented visual feedback. 

• A gamified home-based neck rehabilitation platform 
that could be individualized and monitored by care-
giver while incorporating automation. 

• Objective measurement of neck movement and its ac-
curacy. 

2. State-of-the-art 
The review by (Debnath et al. 2022) reported a taxonomy of 
work that utilizes computer vision-based approaches for 
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physical rehabilitation and assessment from the computer 
vision perspective. Then the survey by (Zanatta et al. 2022)  
focused on reviewing usability of VR and robotics in the 
perspective of healthcare professionals and patients. Also, 
the review by (Liao et al. 2020) reported various computa-
tional methods for rehabilitation exercise. The evaluation of 
these exercises is categorized mainly into discrete move-
ment score, rule-based and template-based approaches in-
vestigating the use of machine learning algorithms. 

Numerous works had been proposed for rehabilitation to 
track the head/face via computer vision or graphics tech-
niques. In the work of (Mihajlovia et al. 2017), they used 
VR-based head-mount devices that tracked head pose dur-
ing rehab, while in (Xu et al. 2015) the authors evaluated the 
accuracy of the oculus rift virtual reality head-mounted dis-
play during cervical spine mobility measurement. Then in 
(Salinas-Bueno et al. 2021) the author presented a mobile 
application to perform neck exercise with 2D head tracking. 
Also, the work of (Abbaszadegan, Yaghoubu and MacKen-
zie 2019) investigated using of head tracking to control a 
virtual ball. Least but not least, other forms of motion sensor 
such as inertial measure unit (Gu et al. 2023) were reviewed, 
however these are wearables in which could impede and be 
hindrances to the user movement. 

The interactivity of the human movement with the game-
play involves the process of movement reproduction. It was 
explained in a recent survey (Wang et al. 2023) that motion 
reproduction for interaction typically comprises the 3 typi-
cal components: (1) movement input, (2) movement repre-
sentation, and (3) movement modulation. The movement in-
put in this case is the head tracking component, hence the 
movement representation is the transformation of user 

movement to visual appearance on the display device, which 
is typically controlling the movement of a virtual game ob-
ject or avatar. Finally, the movement modulation is an inter-
vention strategy that augment or modify the virtual move-
ment representation aim to enhance the process of motor 
learning. The movement modulation could be categorized 
into (1) spatial-level, which operates on parameters like po-
sition and angle, and (2) temporal-level that act on move-
ment cue such as walking speed (Lamontagne et al. 2007) 

3. System Overview 
Figure 1 shows an overview of our system. Our exergame 
would comprise the following components and steps: 

1. Game scene and difficulty selection, and calibration of 
game scene with head and body pose 

2. Head pose retargeting for game object navigation and 
interactive mechanics. 

3. Assessment of upper body and head pose for postural 
overcompensation 

4. Assessment of instances of collision of game object. 
5. Evaluation of patient performance based on (4) and (5) 

4. Methods 

Game Scene and Difficulty Selection 
Calibrating the dimensions of the game scene based on the 
extent to which their head is able to move in the yaw and 
pitch direction without overcompensation by upper body or 
head tilt. To customize for different patients, a calibrated 
game scene will provide a scenario that is personalized for 

Figure 1: System overview of our computer vision-based head tracking solution for neck rehabilitation 
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each patient based on their current condition. This contrasts 
with a physical maze or diagram with fixed dimensions that 
does not consider the neck range-of-motion (ROM) of the 
patient. This additional touch of personalization allows for 
a more engaging gameplay and provides a more accurate as-
sessment of the patient’s progress for the therapist. 
 This exergame will also have in its database a series of 
mazes for the patient/ therapist to choose from based on the 
type of neck injury or rehab required by the patient. For ex-
ample, a maze that requires more horizontal movement 
could be chosen if the therapist requires the patient to move 
his neck more in the yaw direction. As the patient progresses 
in his rehabilitation, the difficulty of the game could be mod-
ified by setting a shorter time limit to complete the maze or 
reducing the allowable error during game play. 

Retargeting Head Movement 

We will use the head pointing direction of the patient for 
navigating the game object in the game scene. The maxi-
mum head angles of the patient are calibrated to match the 
scale of the dimension of the game scene. During the navi-
gation with the game scene, the game object will be moved 
to the position in the game scene corresponding to pitch and 
yaw of the head. The posture of the patient will be modu-
lated to account for slight movement of the upper body. 

As some slight movement of other parts of the upper body 
is inevitable while performing the neck rehabilitation exer-
cise, we will account for the allowable ROM of the upper 
body before it constitutes overcompensation. To make it less 
sensitive to noise and false alarms, a hysteresis thresholding 
is applied. As shown in Figure 2, we retarget the head pose 
of the user to navigate in a maze by controlling the position 
of the ball game object (the ball in figure 2). The dimension 
of the maze is calibrated to the full ROM of the user neck. 

Alternatively, we can use forward kinematics to move the 
game object in the scene via the change in head angle of the 
current sampled frame with respect to the last sampled 
frame, to move the game object by the same magnitude. The 
speed at which the game object is moved can be adjusted by 
the sampling rate. As such, we modulate the head movement 
of the patient such that the patient's neck is moved in the 
required ROM at the required speed of the game level.  

 

Interactive Mechanics 
In this system, we proposed two different kinds of interac-
tive mechanics via (1) absolute ray forward casting and (2) 
retargeting of head pose to controlling WASD, with regards 
to gamification into controllable action for neck movement 
exercises. Correct execution of rehabilitative exercise is fed 
back to the patient in the form of level completion, accuracy 
of movement and augmented animations to motivate the pa-
tient to stay on to the routine. Calibration of the game scene 
will take place constantly with respect to their current con-
dition while the difficulty levels are developed into the 
gameplay. Their progression can be incorporated into game 
score and be part of assessment criteria of the therapist. Our 
proposed method also allows the patient rehab process to be 
online and instructor-led, where instructor could monitor pa-
tients at the same time in a multiplayer setup. 

Upper Body Pose Computation 

The key points corresponding to the left shoulder joint, right 
shoulder joint, left hip joint and right hip joint are extracted 

Figure 2: Retargeting of head pose to control a game ob-
ject for maze navigation (different game complexity) 

 

Figure 3: Key points for computing the assessment of 
upper postural overcompensation 
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for upper body pose computation (Figure 3). These ex-
tracted key points are used for the computation of (1) shoul-
der length, (2) hip midpoint and (3) spine measurement. The 
shoulder length is computed by taking the Euclidean dis-
tance between the left and right shoulder joints of the pa-
tient. The hip midpoint is taken as the midpoint of the Eu-
clidean distance between the left and right hip joint. The 
spine midpoint and the midpoint of the shoulder length. 

Head Pose Computation 
The key points of the face are detected and extracted using 
BlazeFace face detector (Valentin et al. 2019), whereas the 
computation of the head pose is performed using the 
solvePnP (Terzakis and Lourakis 2020) function from the 
openCV library. This function treats the head pose estima-
tion as a perspective-n-point (PnP) problem and uses (1) the 
coordinates of the face key points, (2) the predicted depth of 
each key point and (3) the camera intrinsic parameters to 
solve for it. Alternatively, an RGBD camera can also be 
used to acquire the 2D coordinates and depth of each key 
point. By solving the PnP problem, the camera's relative po-
sition and orientation to the head can be determined, giving 
us the head pose of the patient in every frame. 

Assessment of Posture Overcompensation 
There is a need to modulate the movement of the patient to 
reduce compensatory movement from other parts of the 
body. We check for overcompensation of (1) unwanted head 
movement and (2) overcompensation of upper body move-
ment during the calibration phase and gameplay. 
 We check the unwanted head movement by converting 
the estimated head pose estimation of the patient to Euler 
angle. As the patient is only permitted to move their head in 
the yaw and pitch axes, head movement in the roll axis will 
be considered as unnecessary. Thus, we will define a toler-
ance of 5º change per sampled frame for its roll-axis. 
 To check for overcompensation by upper body move-
ment, we will use a modified version from the categories of 
compensatory motion for upper extremity rehabilitation ex-
ercises proposed by (Coias, Lee, and Bernardino 2022), 
which include (1) trunk forward/backward, (2) trunk rota-
tion, (3) trunk tilt and (4) head roll. The patient will be 
prompted to redo his/her calibration or reduce the difficulty 
of the game if overcompensation of upper posture is de-
tected. The upper body joints coordinates are detected and 
extracted by using the BlazePose pose detection model (Val-
entin et al. 2020). 

5. Results and Conclusion 
We have proposed a method to gamify neck rehabilitation 
by motion retargeting. This method begins by motion cap-
ture of the patient’s head pose and retargets it to control the 

movement of a game object that navigates in a game scene. 
Some of the  The motion of the patient is also modulated to 
account for the patient’s neck ROM with respect to the game 
scene dimension and upper body posture overcompensation 
through gameplay feedback. Lastly, the proposal of game 
scene complexity and game completion criteria are brought 
up to systematically track patients’ progresses and enhanced 
engagement to the rehabilitative regime. Our preliminary 
testing has shown promising results which could be adopted 
in rehabilitation. Going forward, we aim to perform more 
rigorous user testing, precision validation and investigating 
different types of game scenarios and genres. 
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