
R. Shumaker (Ed.): Virtual and Mixed Reality, Part II, HCII 2011, LNCS 6774, pp. 243–252, 2011. 
© Springer-Verlag Berlin Heidelberg 2011 

Leveraging Unencumbered Full Body Control of 
Animated Virtual Characters for Game-Based 

Rehabilitation  

Belinda Lange, Evan A. Suma, Brad Newman, Thai Phan,  
Chien-Yen Chang, Albert Rizzo, and Mark Bolas 

Institute for Creative Technologies, University of Southern California 
12015 Waterfront Drive, Playa Vista, CA 90294 

United States of America 
lange@ict.usc.edu  

Abstract. The use of commercial video games as rehabilitation tools, such as the 
Nintendo® Wii Fit™, has recently gained much interest in the physical therapy 
arena. However, physical rehabilitation requires accurate and appropriate tracking 
and feedback of performance, often not provided by existing commercial console 
devices or games. This paper describes the development of an application that 
leverages recent advances in commercial video game technology to provide full-
body control of animated virtual characters with low cost markerless tracking. The 
aim of this research is to develop and evaluate an interactive game-based 
rehabilitation tool for balance training of adults with neurological injury. This 
paper outlines the development and evaluation of a game-based rehabilitation tool 
using the PrimeSense depth sensing technology, designed to elicit specific 
therapeutic motions when controlling a virtual avatar in pursuit of in-game goals. 
A sample of nine adults participated in the initial user testing, providing feedback 
on the hardware and software prototype.  
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1   Introduction 

Stroke incidence, new or recurrent, is approximately 800,000 every year, and as the 
population ages, this number is expected to rise [1]. The neurological impairments 
that can result from a stroke, especially impairments in postural control, can affect a 
person’s balance and mobility in everyday activities. Improving postural control is 
one of the main challenges for stroke rehabilitation.  To achieve this, individuals are 
taught to bear weight through their affected lower extremity, resulting in increased 
balance and gait velocity, decreased fall risk, and greater participation in activities of 
daily living. Conventional physical therapy techniques typically use visual 
biofeedback and force plate systems to encourage weight shift onto the impaired side 
or limb in order to improve weight shift in sitting, standing and during gait [2,3,4]. 
However, these techniques provide limited objective measurement of performance 
and typically lack engaging content to motivate individuals during training. 
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The use of commercial video games as rehabilitation tools, such as the Nintendo® 
Wii Fit™, has recently gained much interest in the physical therapy arena. While 
anecdotal evidence suggests that games have the potential to be powerful motivators 
for engaging in physical activity, limited published research exists on the feasibility 
and effectiveness of leveraging the motion sensing capabilities of commercially 
available gaming systems for rehabilitation [5,6,7,8,9]. Initial case studies have 
demonstrated that the use of video games has some promise for balance rehabilitation 
following stroke and spinal cord injury [7,8,9,10]. However, currently available 
commercial games may not be suitable for the controlled, focused exercise required 
for therapy. Usability studies have found that some commercially available games 
provide negative auditory and visual feedback during therapy tasks [6,11]. These 
observations demonstrate the importance designing games specifically for 
rehabilitation, a design approach that has been investigated by several recent 
researchers [11,12,13]. However, the limitations of the commercial video game 
motion sensing technology have been a challenge to achieving this goal.  Motion 
tracking controllers such as the Nintendo® Wiimote are not sensitive enough to 
accurately measure performance in all components of balance.  Additionally, users 
can figure out how to "cheat" inaccurate trackers by performing minimal movement 
(e.g. wrist twisting a Wiimote instead of a full arm swing). Physical rehabilitation 
requires accurate and appropriate tracking and feedback of performance.  As such, we 
are developing applications that leverage recent advances in commercial video game 
technology to provide full-body control of animated virtual characters. A key 
component of our approach is the use of newly available low-cost depth sensing 
technology from PrimeSense, the company that developed the sensor hardware in the 
popular Microsoft® Kinect. This technology, along with software from OpenNI, 
provides markerless full-body tracking on a conventional PC using a single plug-and-
play USB sensor. Not only does this approach provide a fully articulated skeleton that 
describes the user’s body pose, but it does so without encumbering the user with 
tracking devices or markers.  This appears to provide more natural and intuitive 
interaction, without having to alter natural motor movements to accommodate the 
tracking hardware. The depth sensing camera allows the user to puppet a virtual 
character on screen that directly represents their movements and poses in the real 
world. This system approach enables a game-based rehabilitation tool that is tailored 
to individual therapy goals. This application is being developed and refined through 
the process of user-centered design, incorporating feedback from key stakeholders 
(clinicians, patient groups and care takers) and undergoing iterative feedback and 
refinement phases. 

2   Method 

The aim of this research is to develop and assess an interactive game-based rehabilitation 
tool for balance training of adults with neurological injury. We developed a game-based 
rehabilitation task designed to elicit specific therapeutic motions when controlling a 
virtual avatar in pursuit of the in-game goal.   
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2.1   Hardware  

Full-body interaction with the game was provided by the PrimeSense Reference 
Design, a USB plug-and-play device that uses an IR projector along with standard 
RGB and infrared CMOS image sensors (Figure 1). To construct a depth map, the 
sensor uses a proprietary algorithm to resolve the pattern produced by projecting 
coded infrared light onto the scene geometry. This system has a field-of-view of 58 
degrees horizontal and 45 degrees vertical, and generated depth maps with a 
resolution of 640x480 at 30 frames per second.  

 

 

Fig. 1. PrimeSense Reference Design USB plug-and-play device 

2.2   Software Architecture 

The software components of the sensing package are the OpenNI and NITE 
frameworks, which provide user identification, scene segmentation, and skeleton 
tracking. To create the game, we used the Unity3 game engine along with an OpenNI 
wrapper developed by PrimeSense to integrate these frameworks with the game 
engine. The engine provides a C# API and flexible editor which allows for rapid 
development of games. This rapid development cycle enables faster iteration of game 
mechanics and ultimately results in more specificity for tailoring games to address 
patient’s individual disabilities. 

2.3   Game Overview 

The game world involves a precious jewel mine where the player assumes the role of 
a miner who rides a railroad cart down a mine shaft and gathers jewels from the shaft 
walls. The shaft is uniformly cylindrical with eight jewels arranged in a ring with the 
player’s avatar centered in the middle of the screen (Figure 2). In order for the player 
to successfully gather all the jewels they must reach out from the center of the screen 
and touch each jewel individually with their hand. 
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Fig. 2. The game is set in a jewel mine. The player’s character is situated in the center of the 
mine shaft with eight gems placed around them in a ring.   

2.4   Calibration 

The game begins with a calibration step which maps the range of motion of the 
player’s upper limbs. After striking a default calibration pose for a few seconds 
(Figure 3) the player’s skeleton is captured and tracked without any attachment of 
devices or markers.  

 

 

Fig. 3. User calibration step: The player must strike a default pose and the player’s upper torso, 
arms, hands and head are represented on the screen   

 

The supporting OpenNI software recognizes when a human figure enters the frame 
and sends joint position data from the PrimeSense camera to the game. This position 
data is then transformed into joint orientations with simple trigonometry algorithms. 
The player’s upper torso, arms, hands and head are represented on-screen by an 
abstract avatar made up of white cylinders for the arms, chest and hands and a sphere 
for the head (Figure 3). The length of the cylinders for the chest and arms are scaled 
to match each player’s specific anatomy.  
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To map the individual player’s range of motion, the player moves their arms as far 
as possible in 3D space forward and outward in an arc over eight radiating lines. This 
step should be guided by a clinician to encourage movements that are appropriate for 
the player and specific therapy goals. As the player holds their hand at the intersecting 
point of each line a jewel is placed at the point of intersection (Figure 4). Upon 
completing the placement of each jewel, the positions are saved and loaded into the 
game itself.  

 

 

Fig. 4. Calibration step: to map the individual player’s range of motion, the player moves their 
arms as far as possible outward in an arc over eight radiating lines 

2.5   Gameplay 

In the game, all eight jewels are present and visible in a series of rings that extend as 
the player moves through the mine shaft. Individual jewels glow to indicate when 
they can be gathered. The order in which the jewels glow is controlled by three 
different pre-defined patterns that the clinician can select before a session begins: 
Sequential pattern, Simon pattern or Sam pattern. During the Sequential pattern, 
jewels light up one by one. The player’s goal is to collect the gems as they light up. 
During the Simon pattern, the jewels light up in the classic “Simon” game pattern and 
the player must remember the sequence in which the jewels light up and touch them 
in that order. The Sam pattern was designed to be a modified “Simon” pattern where 
the recall task is removed and the jewels remain lit until the player collects them. The 
Sequential and Sam patterns each have two difficulty settings. 

2.6   Avatar Representation 

Before starting the game the clinician is given the option of displaying the player’s 
avatar as either a full torso with arms and head or simply displaying the hands 
(Figures 5a and 5b). This avatar representation allows the clinician to control how 
much feedback the player receives about their body position during the game. The full 
upper torso is tracked within both representation settings, however the hands only 
representation provides visual representation of the hand points of the skeleton.  
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Fig. 5. Avatar representation: The game can be played with a upper torso skeleton avatar (a) or 
with only the player’s hands represented on the screen as two squares (b) 

2.7   Data Recording 

The player’s range of motion calibration settings are saved as a player profile and can 
be loaded in subsequent sessions. Additionally, the duration of time it takes patients to 
complete each jewel ring task and the total time it takes to complete the game are 
recorded and reported (Figure 6). 

 

 

Fig. 6. Data recorded from game includes player profile and time to complete the in-game tasks 

2.8   User Testing 

To evaluate the usability of the rehabilitation game, participants receiving balance 
training following stroke were recruited from two Rehabilitation Clinics in the Los 
Angeles area. Participants were asked to perform two game-based tasks, which were 
randomized for each participant. The two game-based tasks differed in presentation of 
participant’s character on the screen: upper torso skeleton and hands only view. The 
Sequential pattern was used for both tasks. The researchers observed participants 
playing the game, providing assistance when needed. Following the interaction, the 
participant was asked to complete a structured interview about their experience. 
Clinicians attending the user testing session with a participant were also asked to 
provide feedback. Game performance, researcher observations and player feedback 
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were analyzed to investigate how these game design criteria influence the performance 
of tasks that are relevant for rehabilitation. 

3   Results 

To date, a sample of nine participants (four females and five males), aged 52-78 years 
have been recruited in the study. Participants, receiving therapy following stroke (six 
months to seven years post stroke), were able to sit or stand independently or with 
light assistance. Three participants had previous experience playing video games. Of 
those three participants, only one owned and used a Nintendo® Wii™ and Nintendo® 
Wii Fit™ in their home.  

Four participants played the game in their wheelchair, while five participants 
played the game in standing. In standing, three participants required stand-by 
assistance and two participants required light-moderate assistance.  

3.1   Calibration 

All of the participants had difficulty performing the calibration pose. Two of the nine 
participants could not complete the calibration step, and therefore were unable to play 
the game and could not complete the rest of the testing session. Limitations in range 
of motion of the impaired upper limb prevented these participants from being able to 
perform and maintain the required position. The final seven participants required 
assistance from a clinician to provide active assisted or passive shoulder flexion, 
abduction and external rotation of the impaired upper limb in order to perform and 
maintain the calibration pose.  

3.2   Game Play Observations 

Participants, both in a wheelchair and in standing, were able to complete the game-
based tasks with assistance where required. During game play, participants tended to 
need more instruction initially at the start of the game. However, following the 
completion of one to three sets of the jewels, participants appeared to gain sufficient 
understanding of the task to perform without instructions. Five of the participants had 
particular difficulty with perception of the depth of the jewels within the 3D space.  

3.3   User Feedback 

The structured interview questions provided qualitative data about user perceptions of 
the technology, motivation to use the technology and specific feedback on potential 
changes to improve the existing system. Participants provided the research team with 
suggestions for improving the instructions for the game and game play elements (such 
as scoring and sound effects).  

Overall, participants reported the game to be challenging and fun. Specific 
comments related to level of challenge and enjoyment were:  

“I think it was more exciting than working muscles just in the gym” 
“You really made me work hard!” 
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“I enjoyed it but it made me work really hard to get all those gems” 
“I felt like I was really slow at first but once I got the hang of it I had fun” 
“It was good. I want to play it again.” 
“When I was collecting the gems I wasn’t thinking about how hard I was 

working” 

Each of the seven participants chose the skeleton avatar in preference over the 
hands-only avatar. Participants stated that seeing the full upper body avatar gave them 
more information about how they were moving and helped them to collect the jewels.  

When asked to describe how the game compares to current therapy activities, four 
participants responded that the game was similar to activities they are currently asked 
to perform in therapy sessions.  Five out of the seven participants that were able to 
play the game stated that they would like to play the game again and could see 
themselves playing the game as part of their regular therapy once it is completed.  

3.4   Clinician Feedback 

A sample of four clinicians consented to provide feedback on the system.  Overall, the 
clinicians stated they were excited about the use of this type of technology within the 
clinical setting. One clinician stated he had been investigating commercially available 
games for use with his patients but had found many of the game-based tasks to be too 
difficult. He stated that the concept of calibrating the system to an individual user and 
having control over the game-based task was an important feature in the current 
prototype. Furthermore, the option to change the avatar view from skeleton to hand 
only views, providing less feedback, therefore increasing the level of challenge for the 
patient appealed to the clinicians.   

4   Discussion 

The release of the PrimeSense 3D depth sensing technology provides a low-cost 
option to capture users’ full body movement in 3D space for interaction within game 
activities without the need for the user to hold an interface device. Whilst this 
provides developers, researchers and clinicians with access to low-cost tracking 
technologies that can be more easily implemented within tailor made software 
programs, accessibility of the system is still limited to people who can actively or 
passively perform the calibration pose. At this point in time, people with disabilities 
that limit them from being able to perform the calibration pose, cannot interact with 
the system.  

Calibration is an important piece of tailoring game-based applications for 
individuals with varying levels of ability. The current OpenNI software technology 
will track the user only once a calibration pose has been performed. The calibration 
pose requires the user to stand or sit facing the camera, place the arms out to the side 
with the shoulder in external rotation and at 90 degrees abduction and the elbow at 90 
degrees of flexion (Figure 2a). The importance of user-centered design is highlighted 
when issues such as calibration are exposed earlier in the development process to 
allow for changes that will make the system more accessible to the key stakeholders 
that will be using the system.  
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Despite difficulties with calibration, initial user feedback supported the use of 
game-based rehabilitation and provided a range of suggestions for system 
improvement. The suggestions and comments are currently being themed and will be 
discussed, evaluated and prioritized by the research and development team.  

Feedback from clinicians was supportive of the development of a flexible system 
that provides the option to tailor the game-based task to the user. Clinicians liked the 
option to change the avatar view from skeleton to hand only views. Changing the 
appearance of the avatar, whilst still tracking the skeleton, allows the clinician to 
remove visual feedback provided to the patient. Removing this external feedback, 
encourages the patient to rely on internal sensory-perceptual information to control 
their movement [14]. Providing less visual feedback about the player’s movement 
increases the level of difficulty and this was supported in the participant’s unanimous 
choice of the skeleton avatar as the easiest to understand and use. However, the use of 
the hands only avatar representation is important progression in therapy guided by 
motor learning principles [14].  

The research team have been developing a Flexible Action and Articulated Skeleton 
Toolkit (FAAST) with a goal to make a general purpose software environment that 
enables many applications to quickly be modified to use depth sensing technolgoies 
(http://projects.ict.usc.edu/mxr/faast/).  

Some of our early work and updated videos can be viewed at  
 

http://www.youtube.com/user/AlbertSkipRizzo#p/u/5/geyIvG4uKxY 

5   Conclusions 

This preliminary research supports the development of a novel and flexible game-
based rehabilitation system for balance training. The initial user testing provided 
insight into key features that need modification or improvement to develop an 
accessible and user friendly rehabilitation tool with an emphasis on custom calibration 
and kinematic modeling.  
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