
Chapter 3
A Review of and Taxonomy for Computer
Supported Neuro-Motor Rehabilitation
Systems

Lucas Stephenson and Anthony Whitehead

Abstract Stroke and other acquired brain injuries leave a staggering number of
people worldwide with impaired motor abilities. Repetitive motion exercises can,
thanks to brain plasticity, allow a degree of recovery, help adaptation and ultimately
improve quality of life for survivors. The motivation for survivors to complete these
exercises typically wanes over time as boredom sets in. To ease the effect of
boredom for patients, research efforts have tied the rehabilitation exercises to
computer games. Review of recent works found through Google scholar and
Carleton’s summon service which indexes most of Carleton’s aggregate collection,
using the key terms: stroke, acquired brain injury and video/computer games
revealed a number of research efforts aimed primarily at proving the viability of
these systems. There were two main results; (1) A classification scheme for com-
puter neurological motor rehabilitation systems (CNMRS) was created based on the
researched systems. (2) The systems reviewed all reported some degree of positive
results—small sample sizes, large range of neuro-impairments, varied motion
recording technology and different game designs make it problematic to formally
quantify results, beyond a general net positive trend. The taxonomy presented here
can be used to classify further works, to form the basis for meta-studies or larger
long term longitudinal study and by neurological rehabilitation practitioners to help
select and deploy systems to match client specific needs.
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3.1 Introduction

Stroke and other traumatic brain injuries leave many with residual motor impair-
ment. Stroke is the leading cause of adult disability in the United States [1], and
along with other types of acquired brain injuries, results in a variety of neurological
impairments, including impaired motor ability. A primary method for aiding
recovery are repetitive motion exercises. The goal of these exercises is to utilize the
brain’s plasticity to (re)build and strengthen neural pathways to affected motor
systems which allows a degree of recovery [2]. This type of rehabilitation differs
from typical physical rehabilitation, in that the focus is on rebuilding neurological
control, and not directly on muscle strength and flexibility.

The effectiveness of neurological motor rehabilitation is dependent on the vol-
ume of repetitions of prescribed exercises, in other words: a high volume of rep-
etitions is prescribed by clinicians [3]. Patient motivation, especially when away
from a clinician’s watch, often wanes over time [4]. The primary causes of
declining interest and motivation are the declining benefit to exercise ratio and
mental fatigue (boredom). The mental boredom of repeatedly performing “tedious”
movements can be mitigated by attaching the exercises to additional stimulation,
such as interactive games. This connection enables the client to potentially sustain
interest and maximise the possible movement-based therapy recovery.

By digitally capturing human movement, computer system processing is pos-
sible; passing this information through a computer can provide verification to help
ensure that movements comply with prescribed therapeutic exercises. Supporting
compliance provides confidence to stakeholders; therapists can verify that their
clients are performing required therapeutic movements and clients can be sure that
they are optimising their recovery whilst performing their exercises. A system that
helps verify that exercises are being executed correctly allows prescribed rehabil-
itation to be most effective [5]. Further, a system that allows the capture of motion
data allows a trained professional to review and enforce proper form without their
physical presence during the exercises. Indirect monitoring of clients allows greater
coverage of patients at lower cost and allows for remote (outpatient) rehabilitation
and facilitates long term tracking by therapists, which has been shown to be
instrumental in maximising recovery [6].

The purpose of a computer neurological motor rehabilitation system (CNMRS)
is to facilitate the provisioning of effective and long-term rehabilitation services to
patients. A typical CNMRS is composed of 4 main logical parts: capture, process,
interact and report, illustrated in Fig. 3.1.

A therapist is a primary stakeholder; deciding which CNMRS best fit with a
client’s current needs, monitoring progress and re-assessing requirements. In
practise, a system that makes use of a CNMRS will have at least one software
application configured; that users will interact with, the software would provide the
user feedback including the cognitive and motivational aspects of the therapy.
When choosing applications to be used in conjunction with the CNMRS, the goals
of the client must be considered. For example, if the application is to be used as
pure motivation/entertainment, then a commercially available game might be
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Fig. 3.1 Logical structure of
a CNMRS

applicable by mapping gestures and movement input from the CNMRS to in-game
controls. Alternatively, if specific learning objectives are desired, custom or spe-
cialized software could be provided, optimally a mix of these two ends of the
spectrum could be used to meet a specific client’s needs.

3.2 Taxonomy Overview

Identifying and classifying the characteristics of computer systems intended to
provide support for neurological motor-rehabilitation enables clarification of the
available systems and technologies, through categorization. This categorization
allows efficient evaluation of current systems based on case specific need. Further, it
allows a simple path to develop goals for new and evolving systems.

The cognitive aspect of these systems is either motivation based or
client-specific-goal based, which are considered aspects of application design. It is
assumed that a CNMRS provides the user with control of computer applications;
ranging from commercially available games to custom designed software for
cognitive rehabilitation and development. The software user interface, or game
design aspect of these systems is related, but distinct and separable from the sensor
systems that support these systems. This taxonomy is a classification system for
CNMR hardware and software systems used to acquire and process raw input and
provide directly usable data, for use as input into a computer system. It does not
include terms to describe games or other software used with these systems.

To develop a taxonomy for CNMRSs an existing related taxonomy [7] was used
as a starting point. The proposed taxonomy in [7] was deemed insufficient primarily
because it couples application design and control aspects, a coupling that is felt
artificially limits the applicability of the control apparatus. Further, the classification
scheme assumed systems were pre-configured; we wanted to include basic setup
and deployment information, in order to give stakeholders an idea of the costs
involved with providing a system to the end users.
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A review of the available literature was performed to identify key features of
these systems. After features were identified, terms that allow classifying a system’s
implementation details were added so that review of the potential barriers to
acquisition, setup and use of a particular CNMRS is possible.

The resultant taxonomy presented in Fig. 3.2, is presented as a hierarchy,
intended to categorize the taxonomy terms, and thus classified systems into diges-
tible chunks. The classification terms themselves are presented in a darker shade.

3.3 Taxonomy Development

There were 3 stages to the survey that informed the development of the taxonomy.
Stage 1 included reviewing the works cited in Serious Games for Rehabilitation [7]
and focusing on the research that was classified as having a “Motor” Application
Area in the presented taxonomy. From these works, we were able to identify a
variety of input mechanisms that used a number of sensor input types further
described in Sect. 3.3.1.1. We also found that these systems are usually designed
specifically for a particular body region/joint(s) [8–11]. While all systems surveyed
provided video (and assumed audio ability) output [8–11], Ma and Bechkoum [9]
made use of a haptic glove to provide an additional output modality, namely, haptic.
Also noted was the granularity of movements supported. For example, Burke et al.
[10] required explicit positions be held by the user, while others [8, 9, 11] proposed
systems with a dynamic movement range that could be adjusted in software. This
enabled us to craft a draft intermediary CNMRS taxonomy.

The 2nd stage of the review involved querying research databases, primarily
Google scholar to seek out recent (since 2011) projects that involved stroke or
acquired brain injury (ABI) computer aided motor rehabilitation. Those works
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found were filtered for relevance (many of the terms are common or have homo-
nyms) and the references in found works were inspected for additional projects.
Subsequently, works were classified using the intermediary taxonomy, and minimal
refinement and expansion of terms occurred. The individual terms of the taxonomy
are discussed in Sect. 3.3.1 along with the projects that effected their inclusion
within the final proposed taxonomy.

Stage 3 was a validation stage, a thought exercise, cognitively inspecting novel
input and output mechanisms such as Google Soli [12] and Microsoft HoloLens
[13], verifying that these could be represented within the proposed taxonomy. This
stage resulted in no changes to the taxonomy.

3.3.1 Taxonomy Details

To provide clarity, subgroups of related terms were implemented. There are two
main groups that delineate the therapeutic and system classifiers. The therapeutic
side includes all the portions of a system that would be relevant to treatment and the
therapy capabilities of the system. The system stem includes classifiers related to
the setup, cost and mobility and hardware of the system.

3.3.1.1 Therapeutic

The therapeutic aspect of the systems reviewed was further divided into 2 sub-
groups: (1) Interaction: to identify a system’s input and output modalities and how
and if the system can support progressive range, and (2) Motor System: provides
terms for the granularity (fine vs. gross) and type(s) of motor system that is intended
to be supported by a system.

Interaction

The interaction group holds classifiers that identify the ways in which the client
interacts with the rehabilitation system; how movement data is provided to the
system, any output mechanisms inherent in the system and whether the system
provides progressive range adjustment (e.g. range of motion can increase over time).

Input
The Input classifier indicates the type of input the system tracks. This can be motion
or tangible. A tangible system tracks the user through their interaction with explicit
objects, potentially providing an augmentation path for existing therapeutic tech-
niques, such as in [14] where a box and blocks therapeutic game was augmented with
sensors. A motion system uses sensors that track the client’s movements directly,
capturing motion, confirming the client’s compliance with the prescribed gestures
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and poses, either from external sensors, sensors attached to the body or explicit
actions. The majority of the reviewed works included: basic video camera setups that
do blob detection [10, 15, 16], systems that provide inverse kinematic skeletal
reconstruction simulations using external (unattached sensors) [17–19], systems that
use inertial measurement units (IMU) that are attached to the limbs [11], EMG
sensors that measure muscle flexion [20], and pressure sensor arrays that can be used
to measure weight distribution [8, 11]. Additionally there were a few examples of
systems that used more direct interaction, such as touch [21], or provided classical
options for input such as mouse and keyboard to record motion data [9].

Output
Output indicates the methods the client receives live feedback from the system.
Most of the reviewed systems output standard video, and sometimes audio. There
was an example of specialized video; a head mounted display, allowing for a
3D-immersive environment [9]. An additional form of output that was recorded
were haptic gloves that can provide some tactile based feedback to clients when
worn [9, 22].

Compliance
The Compliance term is used to indicate if the system helps the client complete the
required rehabilitative motions correctly, either through software analyzed feedback
or (inclusively) physical orthosis. Initial construction of the taxonomy did not
include compliance, primarily because it was seen as something purely provided by
analyzing sensor input and providing feedback through the software interface.
There was, however a number of works that included physical feedback by way of
orthosis [23], control of objects (tangible) [14] or haptic feedback [9] and the term
was added.

Progressive range
Progressive range indicates that the system provides the ability for incremental
changes to required motions, for example to extend (or contract), the required range
of motion. This can be therapeutically beneficial allowing the client to progress over
time with the use of the system [24]. The reviewed works were implicitly able to
support progressive range, and this data would be interpreted by the target game or
application, however, in most configurations there is a logical maximum range. For
example, a camera-based motion capture sensor would be restricted to the camera’s
viewable area.

There is a variety of options for how progressive range is implemented:

1. The CNMRS provides the progressive range classification, providing the
underlying system with the corresponding executed movement input only when
the range is sufficient to overcome the current target extent.

2. The CNMRS passes sufficient motion data for applications to interpret range
along with recognized motions, allowing in-game feedback.

The CNMRS could be developed to be flexible enough to provide both. Option 1
would be ideal for existing software (where the CNMRS emulates standard input
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mechanisms) while 2 is potentially more interactive, as it allows the target software
to provide a varying experience and direct feedback.

Motor System

The motor system subgroup holds terms to classify a system’s target body region,
and target motor range maximum and minimum, which can be used to determine
what range of the fine/gross motor spectrum a system can analyze.

Body Region
The term Body Region is used to specify what regions of the body can be tracked
and in what dimensional order (1D, 2D, 3D). This is important for therapists
selecting a CNMRS so that they can provide targeted rehabilitation. It was
described in every work surveyed; explicitly classifying supported body region(s)
allows clinicians to select relevant systems more efficiently. Appropriate values
would include; whole body/balance, major limb (arm/leg/head), minor joints
(hands/feet/fingers/toes).

Range
Range is used to specify where on the gross versus fine motor spectrum the system
lies. It specifies the minimum and maximum recordable movements in terms of
distance and speed. Underlying sensor systems generally have limitations—a touch
panel has specific dimensions, a video capture system can only record in a
well-defined area, and IMU systems have maximum speeds.

Activity
The Activity classifier allows a brief description of the typical rehabilitative motions
supported by the system; that is, the motions the researchers designed the system to
support. This classifier, in combination with the body region classifier, enables
more comprehensive coverage of the system’s designed rehabilitation. Researchers
looking to perform further work in supporting a specific motion type can use this
term to focus their efforts on similar projects.

3.3.1.2 System

The system group includes classifiers for how accessible and responsive the system is.
Table 3.2 shows the system subgroup classification results for the reviewed works.

Accessibility

The accessibility subtree was included to provide classification of the system within
potential time, monetary and mobility restrictions. It is used to identify where, when
and at what cost can a CNMRS be used?

3 A Review of and Taxonomy for Computer Supported … 45



Portability
The portability group explicitly states if a system is movable during use (base
system). The amount and type of setup were also viewed to be relevant to clinicians
(setup effort). All the systems reviewed were attached to stationary systems, and
thus were classified as having a fixed range system value for portability.
Subsequently, an additional term (sensor type) was added, to allow identification of
sensor mobility. The intention of this field is to allow researchers looking to extend
and create mobile rehabilitation frameworks to be able to identify and leverage
existing works.

Hardware Cost
Hardware cost directly affects the level of access a client will have to the system.
However, none of the systems reviewed specified this information, in addition, the
price of these systems is constantly in flux. Therefore, an estimation is provided
with a relative rating of Low, Medium or High based on estimates of hardware cost.

Availability
The Availability term is used to indicate the availability of the hardware involved,
the values Off the Shelf (OTS), Specialized and Multiple can be specified. OTS
indicates the sensors are generally available commercially, and easy to access,
service and replace. Specialized means it is not mainstream hardware, and is likely
more difficult to acquire, and repair/replace. Multiple is intended to represent sys-
tems that require more than one piece of sensor hardware, with at least one being
OTS and another Specialized.

Responsiveness
In order to be considered valid for use in a game, a sensor system, must be able to
provide an interactive experience for clients. However, real and perceived system
reaction time is a factor in a system’s appropriateness for use. For example, if the
system requires that a pose be held, or has a client-noticeable delay in recognizing a
movement, then the system is unlikely suitable for use with many real-time
applications. For this reason, the responsiveness term was added. Systems that
indicated perceptively real-time responsiveness were indicated as “real-time”,
systems that required a position be held for any length time for technical reasons
were indicated as “delayed”.

3.4 Classifying CNMRS Systems

The crafted taxonomy detailed in Sects. 3.2 and 3.3 was applied to 55 published
research papers. The System and Therapeutic areas, as seen in Fig. 3.2, were
classified independently, and are presented below in Tables 3.1 and 3.2.
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3.5 Conclusion

A review of a number of computer based rehabilitation systems revealed that these
were created as singletons; novel input mechanisms are used as input to custom
designed software. This pattern works well for research efforts and proof of concept
prototypes. However, it tightly couples the entire logical system stack (as outlined
in Fig. 3.1: Logical Structure of a CNMRS) and limits re-use of both components
and software. This artificially limits the availability of such systems, as the time and
monetary cost of developing them is higher than a system made primarily of reused
components, such as off the shelf hardware and community developed software
modules [25].

This taxonomy was created in response to a perceived need—there is significant
evidence [8–23] that CNMRSs are effective in boosting patient outcomes, however
these systems are not widely available to patients. The primary reason is that the
existing solutions are developed and tested for research, not necessarily driven by
therapists and thus the cost to deploy such systems widely is prohibitive.

The taxonomy described above, in Sects. 3.2 and 3.3 provides a categorization
scheme that can be applied as a tool to identify input apparatus in support of
neuro-motor rehabilitation clients. Specifically, systems that can monitor specific
motor actions for compliance, record progress, provide feedback and provide
digitized input signals. This taxonomy is purposefully external to application
design, focusing on the neuro-motor rehabilitation capabilities of the systems.
Future work would ideally integrate this taxonomy into a useable interactive
database tool that would allow systems to be discovered through taxonomy-based
query parameters. This would allow stakeholders to both locate the most appro-
priate system for a situation, and identify the need for CNMRS with specific
parameters.

The collected works used to craft the included taxonomy, feature few works that
are built around highly portable mobile systems such as phones or portable tablets.
The difficulty in locating work that covered these portable systems might indicate a
gap that could be explored further in future works. Further, an analysis of the
relative (taxonomy) feature sets could identify over- and underexplored feature sets.
To analyze the available research feature sets, an online user contributed,
peer-reviewed database of taxonomy classified CNMRS research projects is pro-
posed. This database could be used as a basis for performing multidimensional
feature-space analysis.

Some combinations of feature sets could be beneficial to clients. Rehabilitation
programs usually indicate to patients that they should make an effort to continue
their rehabilitative exercises long term [5, 26]. Providing more accessible feature
sets, including portable or mobile options to clients could increase the longevity and
compliance with movement therapy programs. With the array of sensors available
on consumer mobile phones a project evaluating the long term effectiveness of a
mobile phone based CNMRS is needed.
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To support the availability of CNMRSs, a tool to process and aggregate
movement data, from a variety of sensors is proposed. Such a system would allow
the free selection of supported sensors, by the clinician, allowing them to select the
most appropriate system for their client’s situation. The signals provided as output
from the tool would then be mapped to discrete or ranged computer input.
Researchers and developers would be able to improve upon the system by devel-
oping modules for the system.

References

1. American Stroke Association About Stroke. In: Am. Stroke Assoc. Build. Heal. lives, Free
stroke Cardiovasc. Dis. http://www.strokeassociation.org/STROKEORG/AboutStroke/About-
Stroke_UCM_308529_SubHomePage.jsp. Accessed 19 May 2015

2. Murphy TH, Corbett D (2009) Plasticity during stroke recovery: from synapse to behaviour.
Nat Rev Neurosci 10:861–872. doi:10.1038/nrn2735

3. Bonita R, Beaglehole R (1988) Recovery of motor function after stroke. Stroke 19:1497–
1500. doi:10.1002/dev.20508

4. Poltawski L, Boddy K, Forster A et al (2015) Motivators for uptake and maintenance of
exercise: perceptions of long-term stroke survivors and implications for design of exercise
programmes. Disabil Rehabil 37:795–801. doi:10.3109/09638288.2014.946154

5. Werner RA, Kessler S (1996) Effectiveness of an intensive outpatient rehabilitation program
for postacute stroke patients. Am J Phys Med Rehabil. doi:10.1097/00002060-199603000-
00006

6. Alankus G, Proffitt R, Kelleher C, Engsberg J (2011) Stroke therapy through motion-based
games. ACM Trans Access Comput 4:1–35. doi:10.1145/2039339.2039342

7. Rego P, Moreira PM, Reis LP (2010) Serious games for rehabilitation: a survey and a
classification towards a taxonomy. In: 2010 5th Iberian conference on information systems
and technologies (CISTI). ISBN: 978-1-4244-7227-7

8. Betker AL, Desai A, Nett C et al (2007) Game-based exercises for dynamic short-sitting
balance rehabilitation of people with chronic spinal cord and traumatic brain injuries. Phys
Ther 87:1389–1398. doi:10.2522/ptj.20060229

9. Ma M, Bechkoum K (2008) Serious games for movement therapy after stroke. IEEE Int Conf
Syst Man Cybern 1872–1877. doi:10.1109/ICSMC.2008.4811562

10. Burke JW, McNeill MDJ, Charles DK et al (2009) Optimising engagement for stroke
rehabilitation using serious games. Vis Comput 25:1085–1099. doi:10.1007/s00371-009-
0387-4

11. Ryan M, Smith S, Chung B, Cossell S (2012) Rehabilitation games: designing computer
games for balance rehabilitation in the elderly

12. Google ATAP (2015) Welcome to Project Soli. https://www.youtube.com/watch?v=
0QNiZfSsPc0. Accessed 11 June 2015

13. Microsoft (2015) Microsoft HoloLens| Official Site. https://www.microsoft.com/microsoft-
hololens/en-us. Accessed 11 June 2015

14. Zhao C, Hsiao C-P, Davis NM, Yi-Leun Do E (2013) Tangible games for stroke rehabilitation
with digital box and blocks test. CHI’13 extended abstracts on human factors in computing
systems—CHI EA’13, pp 523–528. doi:10.1145/2468356.2468448

15. Cameirão MS, Bermúdez i Badia S, Zimmerli L et al. (2007) The rehabilitation gaming
system: a virtual reality based system for the evaluation and rehabilitation of motor deficits.
In: 2007 virtual rehabilitation. IWVR, pp 29–33

54 L. Stephenson and A. Whitehead

http://www.strokeassociation.org/STROKEORG/AboutStroke/About-Stroke_UCM_308529_SubHomePage.jsp
http://www.strokeassociation.org/STROKEORG/AboutStroke/About-Stroke_UCM_308529_SubHomePage.jsp
http://dx.doi.org/10.1038/nrn2735
http://dx.doi.org/10.1002/dev.20508
http://dx.doi.org/10.3109/09638288.2014.946154
http://dx.doi.org/10.1097/00002060-199603000-00006
http://dx.doi.org/10.1097/00002060-199603000-00006
http://dx.doi.org/10.1145/2039339.2039342
http://dx.doi.org/10.2522/ptj.20060229
http://dx.doi.org/10.1109/ICSMC.2008.4811562
http://dx.doi.org/10.1007/s00371-009-0387-4
http://dx.doi.org/10.1007/s00371-009-0387-4
https://www.youtube.com/watch?v=0QNiZfSsPc0
https://www.youtube.com/watch?v=0QNiZfSsPc0
https://www.microsoft.com/microsoft-hololens/en-us
https://www.microsoft.com/microsoft-hololens/en-us
http://dx.doi.org/10.1145/2468356.2468448


16. Tan CW, Chin SW, Lim WX (2013) Game-based human computer interaction using gesture
recognition for rehabilitation. In: Proceedings of 2013 IEEE international conference on
control system, computing and engineering, ICCSCE 2013, pp 344–349. doi:10.1109/
ICCSCE.2013.6719987

17. Chang C-Y, Lange B, Zhang M, et al. (2012) Towards pervasive physical rehabilitation using
microsoft kinect. In: 6th international conference on pervasive computing technologies for
healthcare, San Diego, USA, pp 159–162

18. Fraiwan MA, Khasawneh N, Malkawi A et al (2013) Therapy central: on the development of
computer games for physiotherapy. In: 2013 9th international conference on innovation
information technologies IIT, pp 24–29. doi:10.1109/Innovations.2013.6544388

19. Rahman MA, Hossain D, Qamar AM, et al. (2014) A low-cost serious game therapy
environment with inverse kinematic feedback for children having physical disability. In:
Proceedings of international conference on multimedia retrieval—ICMR’14 529–531. doi:10.
1145/2578726.2582619

20. Fukamoto T (2010) NeuroRehab + the “Fun” factor. In: Proceedings of 5th
ACM SIGGRAPH symposium on video games—sandbox’10 1:69–78. doi:10.1145/
1836135.1836146

21. Okošanovi MT, Kljaji J, Kosti MD (2014) Platform for integration of internet games for the
training of upper extremities after stroke. In: 2014 12th symposium on neural network
applications in electrical engineering (NEUREL). IEEE, Belgrade, pp 167–172

22. Adamovich SV, Merians AS, Lewis JA (2005) A virtual reality—based exercise system for
hand rehabilitation. Presence 161–175

23. De O, Andrade K, Fernandes G, Martins J et al (2013) Rehabilitation robotics and serious
games: an initial architecture for simultaneous players. ISSNIP Biosignals Biorobotics
Conf BRC. doi:10.1109/BRC.2013.6487455

24. Perry JC, Zabaleta H, Belloso A et al (2013) ArmAssist: an integrated solution for
telerehabilitation of post-stroke arm impairment. Converging Clin Eng Res NR 1:255–258.
doi:10.1007/978-3-642-34546-3

25. Martin MV, Ishii K (2002) Design for variety: developing standardized and modularized
product platform architectures. Res Eng Des 13:213–235. doi:10.1007/s00163-002-0020-2

26. Calautti C, Baron J-C (2003) Functional neuroimaging studies of motor recovery after stroke
in adults: a review. Stroke 34:1553–1566. doi:10.1161/01.STR.0000071761.36075.A6

27. Betker AL, Szturm T, Moussavi ZK, Nett C (2006) Video game-based exercises for balance
rehabilitation: a single-subject design. Arch Phys Med Rehabil 87:1141–1149. doi:10.1016/j.
apmr.2006.04.010

28. Crosbie J, Lennon S, McGoldrick M et al (2012) Virtual reality in the rehabilitation of the arm
after hemiplegic stroke: a randomized controlled pilot study. Clin Rehabil 26:798–806.
doi:10.1177/0269215511434575

29. Da Silva Cameiro M, Bermúdez I Badia S, Duarte E et al (2011) Virtual reality based
rehabilitation speeds up functional recovery of the upper extremities after stroke: a
randomized controlled pilot study in the acute phase of stroke using the rehabilitation gaming
system. Restor Neurol Neurosci 29:287–98. doi:10.3233/RNN-2011-0599

30. Cameirão M, Bermúdez I (2009) The rehabilitation gaming system: a review. Stud Health
Technol

31. Harley L, Robertson S, Gandy M (2011) The design of an interactive stroke rehabilitation
gaming system. Interact Users 167–173

32. Rahman A, Ahmed M, Qamar A et al (2014) Modeling therapy rehabilitation sessions using
non-invasive serious games 1–4

33. Qamar A, Rahman MA, Basalamah S (2014) Adding inverse kinematics for providing live
feedback in a serious game-based rehabilitation system, pp 215–220. doi:10.1109/ISMS.
2014.43

34. Bhattacharya S, Joshi C, Lahiri U, Chauhan A (2013) A step towards developing a virtual
reality based rehabilitation system for individuals with post-stroke forearm movement

3 A Review of and Taxonomy for Computer Supported … 55

http://dx.doi.org/10.1109/ICCSCE.2013.6719987
http://dx.doi.org/10.1109/ICCSCE.2013.6719987
http://dx.doi.org/10.1109/Innovations.2013.6544388
http://dx.doi.org/10.1145/2578726.2582619
http://dx.doi.org/10.1145/2578726.2582619
http://dx.doi.org/10.1145/1836135.1836146
http://dx.doi.org/10.1145/1836135.1836146
http://dx.doi.org/10.1109/BRC.2013.6487455
http://dx.doi.org/10.1007/978-3-642-34546-3
http://dx.doi.org/10.1007/s00163-002-0020-2
http://dx.doi.org/10.1161/01.STR.0000071761.36075.A6
http://dx.doi.org/10.1016/j.apmr.2006.04.010
http://dx.doi.org/10.1016/j.apmr.2006.04.010
http://dx.doi.org/10.1177/0269215511434575
http://dx.doi.org/10.3233/RNN-2011-0599
http://dx.doi.org/10.1109/ISMS.2014.43
http://dx.doi.org/10.1109/ISMS.2014.43


disorders. In: CARE 2013—2013 IEEE international conference on robotics and automation,
robotics and embedded systems. doi:10.1109/CARE.2013.6733743

35. Brokaw EB, Brewer BR (2013) Development of the home arm movement stroke training
environment for rehabilitation (HAMSTER) and evaluation by clinicians. In: Lecture notes in
computer sciences (including subseries lecture notes in artificial intelligence and lecture notes
in bioinformatics), pp 22–31

36. Crocher V, Hur P, Seo NJ (2013) Low-cost virtual rehabilitation games: house of quality to
meet patient expectations. In: 2013 international conference on virtual rehabilitation, ICVR
2013, pp 94–100

37. Dukes PS, Hayes A, Hodges LF, Woodbury M (2013) Punching ducks for post-stroke
neurorehabilitation: system design and initial exploratory feasibility study. In: IEEE
symposium on 3D user interface 2013, 3DUI 2013—Proc 47–54. doi:10.1109/3DUI.2013.
6550196

38. Erazo O, Pino JA, Pino R, Fernández C (2014) Magic mirror for neurorehabilitation of people
with upper limb dysfunction using kinect. In: Proceedings of annual Hawaii international
conference on system sciences, pp 2607–2615. doi:10.1109/HICSS.2014.329

39. Gil-Gómez J-A, Lloréns R, Alcañiz M, Colomer C (2011) Effectiveness of a Wii balance
board-based system (eBaViR) for balance rehabilitation: a pilot randomized clinical trial in
patients with acquired brain injury. J Neuroeng Rehabil 8:30. doi:10.1186/1743-0003-8-30

40. Gonçalves ACBF, Consoni LJ, Amaral LMS (2013) Development and evaluation of a robotic
platform for rehabilitation of ankle movements 8291–8298

41. Kafri M, Myslinski MJ, Gade VK, Deutsch JE (2013) Energy expenditure and exercise
intensity of interactive video gaming in individuals poststroke. Neurorehabil Neural Repair
28:56–65. doi:10.1177/1545968313497100

42. Kim EK, Kang JH, Park JS, Jung BH (2012) Clinical feasibility of interactive commercial
nintendo gaming for chronic stroke rehabilitation. J Phys Ther Sci 24:901–903. doi:10.1589/
jpts.24.901

43. Kizony R, Weiss PL, Feldman Y et al (2013) Evaluation of a tele-health system for upper
extremity stroke rehabilitation. In: 2013 international conference on virtual rehabilitation
ICVR, pp 80–86. doi:10.1109/ICVR.2013.6662096

44. Labruyère R, Gerber CN, Birrer-Brütsch K et al (2013) Requirements for and impact of a
serious game for neuro-pediatric robot-assisted gait training. Res Dev Disabil 34:3906–3915.
doi:10.1016/j.ridd.2013.07.031

45. Maier M, Rubio Ballester B, Duarte E, et al (2014) Social integration of stroke patients
through the multiplayer rehabilitation gaming system. Lecture notes in computer science
(including Subser Lect Notes Artif Intell Lect Notes Bioinformatics) 8395 LNCS:100–114.
doi:10.1007/978-3-319-05972-3_12

46. Mainetti R, Sedda A, Ronchetti M et al (2013) Duckneglect: video-games based neglect
rehabilitation. Technol Heal Care 21:97–111. doi:10.3233/THC-120712

47. Parafita R, Pires G, Nunes U, Castelo-Branco M (2013) A spacecraft game controlled with a
brain-computer interface using SSVEP with phase tagging. In: SeGAH 2013—IEEE 2nd
international conference on serious games and application for health. doi:10.1109/SeGAH.
2013.6665309

48. Siqueira AAG, Michmizos KP, Krebs HI (2013) Development of a robotic system for bilateral
telerehabilitation. Ribeirão Preto, Brazil, pp 8427–8436

49. Saposnik G, Teasell R, Mamdani M et al (2010) Effectiveness of virtual reality using wii
gaming technology in stroke rehabilitation: a pilot randomized clinical trial and proof of
principle. Stroke 41:1477–1484. doi:10.1161/STROKEAHA.110.584979

50. Sucar LE, Orihuela-Espina F, Velazquez RL et al (2014) Gesture therapy: an upper limb
virtual reality-based motor rehabilitation platform. IEEE Trans Neural Syst Rehabil Eng
22:634–643. doi:10.1109/TNSRE.2013.2293673

51. Vandermaesen M, Weyer T De, Coninx K et al (2013) Liftacube: a prototype for pervasive
rehabilitation in a residential setting categories and subject descriptors. doi:10.1145/2504335.
2504354

56 L. Stephenson and A. Whitehead

http://dx.doi.org/10.1109/CARE.2013.6733743
http://dx.doi.org/10.1109/3DUI.2013.6550196
http://dx.doi.org/10.1109/3DUI.2013.6550196
http://dx.doi.org/10.1109/HICSS.2014.329
http://dx.doi.org/10.1186/1743-0003-8-30
http://dx.doi.org/10.1177/1545968313497100
http://dx.doi.org/10.1589/jpts.24.901
http://dx.doi.org/10.1589/jpts.24.901
http://dx.doi.org/10.1109/ICVR.2013.6662096
http://dx.doi.org/10.1016/j.ridd.2013.07.031
http://dx.doi.org/10.1007/978-3-319-05972-3_12
http://dx.doi.org/10.3233/THC-120712
http://dx.doi.org/10.1109/SeGAH.2013.6665309
http://dx.doi.org/10.1109/SeGAH.2013.6665309
http://dx.doi.org/10.1161/STROKEAHA.110.584979
http://dx.doi.org/10.1109/TNSRE.2013.2293673
http://dx.doi.org/10.1145/2504335.2504354
http://dx.doi.org/10.1145/2504335.2504354


52. Méndez AV (2013) The effects of Nintendo Wii®on the postural control of patients affected
by acquired brain injury: a pilot study 3:76–94

53. Vourvopoulos A, Faria AL, Cameirao MS, Bermudez I Badia S (2013) RehabNet: a
distributed architecture for motor and cognitive neuro-rehabilitation. In: 2013 IEEE 15th
international conference on e-health networking, application and services (Healthcom),
pp 454–459. doi:10.1109/HealthCom.2013.6720719

54. Yavuzer G, Senel A, Atay MB, Stam HJ (2008) “Playstation eyetoy games” improve upper
extremity-related motor functioning in subacute stroke: a randomized controlled clinical trial.
Eur J Phys Rehabil Med 44:237–244

55. Caglio M, Latini-Corazzini L, D’Agata F et al (2012) Virtual navigation for memory
rehabilitation in a traumatic brain injured patient. Neurocase 18:123–131. doi:10.1080/
13554794.2011.568499

56. Caglio M, Latini-Corazzini L, D’Agata F et al (2009) Video game play changes spatial and
verbal memory: rehabilitation of a single case with traumatic brain injury. Cogn Process.
doi:10.1007/s10339-009-0295-6

57. Rábago CA, Wilken JM (2011) Application of a mild traumatic brain injury rehabilitation
program in a virtual realty environment: a case study. J Neurol Phys Ther 35:185–93. doi:10.
1097/NPT.0b013e318235d7e6

58. Holden MK, Dettwiler A, Dyar T et al (2001) Retraining movement in patients with acquired
brain injury using a virtual environment. Stud Health Technol Inform 81:192–198

59. Mumford N, Duckworth J, Thomas PR et al (2012) Upper-limb virtual rehabilitation for
traumatic brain injury: a preliminary within-group evaluation of the elements system. Brain
Inj 26:166–176. doi:10.3109/02699052.2011.648706

60. Mumford N, Duckworth J, Thomas PR et al (2010) Upper limb virtual rehabilitation for
traumatic brain injury: initial evaluation of the elements system. Brain Inj 24:780–791. doi:10.
3109/02699051003652807

61. Ustinova KI, Leonard WA, Cassavaugh ND, Ingersoll CD (2011) Development of a 3D
immersive videogame to improve arm-postural coordination in patients with TBI. J Neuroeng
Rehabil 8:61. doi:10.1186/1743-0003-8-61

62. Ustinova KI, Ingersoll CD, Cassavaugh N (2011) Short-term practice with customized 3D
immersive videogame improves arm-postural coordination in patients with TBI. In: 2011
international conference virtual rehabilitation, ICVR 2011. doi:10.1109/ICVR.2011.5971864

63. Grealy MA, Johnson DA, Rushton SK (1999) Improving cognitive function after brain injury:
The use of exercise and virtual reality. Arch Phys Med Rehabil 80:661–667. doi:10.1016/
S0003-9993(99)90169-7

64. Housman SJ, Scott KM, Reinkensmeyer DJ (2009) A randomized controlled trial of
gravity-supported, computer-enhanced arm exercise for individuals with severe hemiparesis.
Neurorehabil Neural Repair 23:505–514. doi:10.1177/1545968308331148

65. Subramanian SK, Lourenco CB, Chilingaryan G et al (2012) Arm motor recovery using a
virtual reality intervention in chronic stroke: randomized control trial. Neurorehabil Neural
Repair. doi:10.1177/1545968312449695

66. Jinhwa J, Jaeho Y, Hyungkyu K (2012) Effects of virtual reality treadmill training on balance
and balance self-efficacy in stroke patients with a history of falling. J Phys Ther Sci 24:1133–
1136. doi:10.1589/jpts.24.1133

67. Yang YR, Tsai MP, Chuang TY et al (2008) Virtual reality-based training improves
community ambulation in individuals with stroke: a randomized controlled trial. Gait Posture
28:201–206. doi:10.1016/j.gaitpost.2007.11.007

68. Broeren J, Claesson L, Goude D et al (2008) Virtual rehabilitation in an activity centre for
community-dwelling persons with stroke: the possibilities of 3-dimensional computer games.
Cerebrovasc Dis 26:289–296. doi:10.1159/000149576

69. Kim JH, Jang SH, Kim CS et al (2009) Use of virtual reality to enhance balance and
ambulation in chronic stroke: a double-blind, randomized controlled study. Am J Phys Med
Rehabil 88:693–701. doi:10.1097/PHM.0b013e3181b33350

3 A Review of and Taxonomy for Computer Supported … 57

http://dx.doi.org/10.1109/HealthCom.2013.6720719
http://dx.doi.org/10.1080/13554794.2011.568499
http://dx.doi.org/10.1080/13554794.2011.568499
http://dx.doi.org/10.1007/s10339-009-0295-6
http://dx.doi.org/10.1097/NPT.0b013e318235d7e6
http://dx.doi.org/10.1097/NPT.0b013e318235d7e6
http://dx.doi.org/10.3109/02699052.2011.648706
http://dx.doi.org/10.3109/02699051003652807
http://dx.doi.org/10.3109/02699051003652807
http://dx.doi.org/10.1186/1743-0003-8-61
http://dx.doi.org/10.1109/ICVR.2011.5971864
http://dx.doi.org/10.1016/S0003-9993(99)90169-7
http://dx.doi.org/10.1016/S0003-9993(99)90169-7
http://dx.doi.org/10.1177/1545968308331148
http://dx.doi.org/10.1177/1545968312449695
http://dx.doi.org/10.1589/jpts.24.1133
http://dx.doi.org/10.1016/j.gaitpost.2007.11.007
http://dx.doi.org/10.1159/000149576
http://dx.doi.org/10.1097/PHM.0b013e3181b33350


70. Jo K, Jung J, Yu J (2012) Effects of virtual reality-based rehabilitation on upper extremity
function and visual perception in stroke patients: a randomized control trial. J Phys Ther Sci
24:1205–1208. doi:10.1589/jpts.24.1205

71. Kwon J-S, Park M-J, Yoon I-J, Park S-H (2012) Effects of virtual reality on upper extremity
function and activities of daily living performance in acute stroke: a double-blind randomized
clinical trial. Neurorehabilitation 31:379–385. doi:10.3233/NRE-2012-00807

72. Cikajlo I, Rudolf M, Goljar N et al (2012) Telerehabilitation using virtual reality task can
improve balance in patients with stroke. Disabil Rehabil 34:13–18. doi:10.3109/09638288.
2011.583308

73. Kiper P, Piron L, Turolla A et al (2011) The effectiveness of reinforced feedback in virtual
environment in the first 12 months after stroke (Skutecznoœæ terapii w œrodowisku
wirtualnym w pierwszych 12 miesi1cach po udarze mózgu). Neurol Neurochir Pol 45:436–
444. doi:10.1016/S0028-3843(14)60311-X

74. Piron L, Turolla A, Agostini M et al (2010) Motor learning principles for rehabilitation: a pilot
randomized controlled study in poststroke patients. Neurorehabil Neural Repair 24:501–508.
doi:10.1177/1545968310362672

75. Piron L, Tombolini P, Turolla A et al (2007) Reinforced feedback in virtual environment
facilitates the arm motor recovery in patients after a recent stroke. Virtual Rehabil IWVR
2007:121–123. doi:10.1109/ICVR.2007.4362151

76. Mirelman A, Bonato P, Deutsch JE (2009) Effects of training with a robot-virtual reality
system compared with a robot alone on the gait of individuals after stroke. Stroke 40:169–
174. doi:10.1161/STROKEAHA.108.516328

77. Mirelman A, Patritti BL, Bonato P, Deutsch JE (2010) Effects of virtual reality training on gait
biomechanics of individuals post-stroke. Gait Posture 31:433–437. doi:10.1016/j.gaitpost.
2010.01.016

78. You SH, Jang SH, Kim YH et al (2005) Virtual reality-induced cortical reorganization and
associated locomotor recovery in chronic stroke: an experimenter-blind randomized study.
Stroke 36:1166–1171. doi:10.1161/01.STR.0000162715.43417.91

79. Agmon M, Perry CK, Phelan E, et al (2011) A pilot study of wii fit exergames to improve
balance in older adults. J Geriatr Phys Ther 1. doi:10.1519/JPT.0b013e3182191d98

58 L. Stephenson and A. Whitehead

http://dx.doi.org/10.1589/jpts.24.1205
http://dx.doi.org/10.3233/NRE-2012-00807
http://dx.doi.org/10.3109/09638288.2011.583308
http://dx.doi.org/10.3109/09638288.2011.583308
http://dx.doi.org/10.1016/S0028-3843(14)60311-X
http://dx.doi.org/10.1177/1545968310362672
http://dx.doi.org/10.1109/ICVR.2007.4362151
http://dx.doi.org/10.1161/STROKEAHA.108.516328
http://dx.doi.org/10.1016/j.gaitpost.2010.01.016
http://dx.doi.org/10.1016/j.gaitpost.2010.01.016
http://dx.doi.org/10.1161/01.STR.0000162715.43417.91
http://dx.doi.org/10.1519/JPT.0b013e3182191d98

	3 A Review of and Taxonomy for Computer Supported Neuro-Motor Rehabilitation Systems
	Abstract
	3.1 Introduction
	3.2 Taxonomy Overview
	3.3 Taxonomy Development
	3.3.1 Taxonomy Details
	3.3.1.1 Therapeutic
	Interaction
	Motor System

	3.3.1.2 System
	Accessibility



	3.4 Classifying CNMRS Systems
	3.5 Conclusion
	References


