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ABSTRACT 
 
 The paper presents an overview of the ergonomic/design issues of a VR-enhanced orthopaedic 
appliance to be used in rehabilitation of patients with Spinal Cord Injury.  First, some design 
considerations are described and an outline of aims which the tool should pursue are given.  Finally, the 
design issues are described focusing both on the development of a test-bed rehabilitation device and on 
the description of a preliminary study detailing the use of the device with a long-term SCI patient. The 
basis for this approach is that physical therapy and motivation are crucial for maintaining flexibility and 
muscle strength and for reorganizing the nervous system after SCIs.  
 
 
1. Introduction 
 
 The design of rehabilitation equipment is primariy human-centred and relies on the understanding 
of the users needs as well as on the manner in which his/her disability is anticipated evolve in time [14]. 
So to develop a good rehabilitation device, a comprehension of all aspects of the rehabilitation process is 
required. 
 
 The main purpose of rehabilitation after a spinal cord injury (SCI) is to help the patient establish 
control over his/her own health and life [6]. Aspects of rehabilitation include: 
 
• regaining as much strength and function in the trunk and extremities as possible [27]; 
• management of bladder and bowel function [3, 17]; 
• independent personal and community mobility [11, 18, 30]; 
• psychosocial and sexual function [1, 9, 26]; 
• and independent living and vocational rehabilitation [7]; 
 
Motivation and self-confidence, are also major factors in successful rehabilitation [12, 16, 28]. They are 
required, first, to accept irreversible facts. It takes still more motivation and self-esteem to make the most 
of what have not been injured - talent, creative energies, intellectual resources.  
 
 A common problem in SCIs rehabilitation is the failure to address the pathophysiological response 
to trauma: specific problem areas such as memory or activities of  daily living cannot be pursued without 
adequate attention to the likely contribution from underlying neuropathophysiological factors [15]. The 
rehabilitation process, for example, may not produce improvements in the specific areas targeted, but 
benefit may arise in an improved general state of arousal-activation or motivation of individual recipients. 
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 In this sense, it is reasonable to suggest that a logical first step in any rehabilitation programme 
should be to facilitate this fundamental process [15, 29]. A more activated brain may be better able to 
benefit from more traditional rehabilitation interventions. Moreover, it could be useful to treat a common 
motor problem, muscle incoordination, at least partially induced by the substantial brain reorganization 
that occurs after injury to the central nervous system. 
 
 Actually, an accessible route to improve arousal-activation may be by way of physical exercise, 
which has unequivocal physical and mental benefits. In fact, inactivity accelerates the rates of decline of 
major physiological adaptive systems which eventually reach the point at which the individual’s ability to 
prevent or recover from acute stresses is impaired. The individual’s ability to cope with such stresses and 
preserve subsequent function depends upon the maintenance of adequate physiological reserves, 
particularly neurological control, mechanical performance, and energy metabolism.  Activity and exercise 
are increasingly recognised as a way of improving mental health, with reports of reductions in depression 
and anxiety, and increased perceptions of self control [15]. The most likely basis for these benefits is a 
change in central monoaminergic activity. For example, it is suggested that the antidepressant effect of 
physical exercise shifts monoaminergic function back to normal in clinically depressed subjects. 
 
 Physical rehabilitation therapy can also help to restore depressed immune system functionality [8]. 
It is well known that in SCI patients both natural and adaptive immune responses decrease strikingly 
within 3 months after injury. However, Cruse et al. [8]  reported that physical therapy was able to restore 
immune resposes to near normal levels in most patients of the tested sample. Natural immune system 
depression persisted in spinal cord injury patients not receiving physical rehabilitation therapy. 
 
 Finally, results from animal experimental studies suggest that chronic exercise may also result in 
permanent structural changes in the brain [15].   For instance, Black et al. [4], found that physical exercise 
in rats improves vascularisation in the cerebellar cortex, while a combination of motor learning with 
physical activity results in a greater communication network within the brain. Moreover, recent studies in 
animals with spinal cord injuries indicated that physical therapy can also have a key role in recovery after 
SCI. In fact, data showed that recovery of movement is linked to the types of training the animals receive; 
physical therapy and other rehabilitation strategies are crucial for maintaining flexibility and muscle 
strength and for reorganizing the nervous system. 
  
 Although there is much potential for the use of immersive virtual reality environments in clinical 
rehabilitation, some problems have limited their application in this field. Some users have experienced 
side-effects,during and after exposure to immersive virtual reality environments. The symptoms 
experienced by these users are similar to those which have been reported during and after exposures to 
simulators with wide field-of-view displays [20]. These side-effects have been collectively referred to as 
"simulator sickness" and are characterised by three classes of symptoms: ocular problems, such as 
eyestrain, blurred vision, and fatigue; disorientation and balance disturbances; and nausea [25]. While in 
some applications cybersickness is reported to be negligible [23], exposure duration of less than 10 
minutes in some immersive virtual reality environments has been reported to result in significant 
incidences of nausea, disorientation, and ocular problems [19]. 
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2. Virtual Reality in SCI  Rehabilitation 
 
 Given these premises, physical therapy is usually a major part of the treatment program in 
rehabilitation centers [5]. Usually a full physical therapy program for SCI patients  includes: 
 
• Progressive resistive exercises. These are exercises done with weights, pulleys, and special exercise 

machines.  
• Mat class. Working on a mat, the patient relearns and practices the skills needed for independent 

living: changing position in bed, getting dressed, and moving from one place to another. 
• Tilt table. A table that can be positioned at various angles to the horizontal helps the cardiovascular 

system readjust to upright position after a patient has been in bed for extended periods. 
• Wheelchair class. The patient learns to handle a wheelchair, especially on curbs, ramps, stairs, and in 

a car. 
 
However, long-term physical therapy is very demanding and requires a strong motivation in patients. A 
strong possibility for overcoming these problems could be obtained from Virtual Reality (VR). The basis 
for a "VR approach" is that a computer can synthesise a three-dimensional graphical environment from 
numerical data. Using visual and auditory output devices - usually head mounted displays - the human 
operator can experience the environment as if it were a part of the world. Further, because input devices 
sense the operator's reactions and motions, the operator can modify the synthetic environment, creating 
the illusion of interacting with, and thus being immersed within, the environment.   
 
 VR is highly flexible and programmable. It enables one to present a wide variety of controlled 
stimuli and to measure and monitor a wide variety of responses by the user [22, 24]. Both the synthetic 
environment itself and the manner in which this environment is modified by the user's responses can be 
tailored to the needs of each client and/or therapeutic application [13]. Moreover, VR is highly immersive 
and can cause the participant to feel "present" in the virtual rather than the real environment. In this sense 
VR provides a powerful means of increasing levels of environmental interaction in a highly controlled 
and structured manner. In fact, as noted by Johnson et al. [15], a VR enriched environment offers the 
potential for significant gains in physical and mental function at all levels. This is especially true if 
patients are introduced to a graded physical exercise programme within an enriched VR environment with 
the aim of increasing physical and mental parameters. 
 
 To reach this goal we have developed a test-bed orthopaedic appliance for walking and 
rehabilitation comprising: 
 
• a semi-rigid exoskeleton for support of the bust and the lower limbs; 
• a virtual reality system. 
 
The device was developed according to the guidelines detailed previously and is designed to be easy 
tailored to the needs of different users (Figure 1). The test-bed application was designed to reproduce the 
feeling of an excursion to the mountains. The expected end-user cost of the appliance, including the 
adaptation process required to match the specific physical characteristics of each SCI patient, is about 
$15,000-20,000. A more detailed description of the apparatus will now be given, together with the 
description of a preliminary case report detailing the use of the device with a long-term SCI patient. 
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Figure 1: The test-bed application 
 
 
3. System Design and Implementation 
 
 The gait-inducing exoskeleton, patented worldwide, was designed and developed by Ferrati Benito, 
President and CEO of Ferrati Electronic, an Italian company based near Milano. It consists of a 
compressed air operated semi-rigid sling for supporting the bust and the lower limbs of the patient, 
together with a framework designed as stable rest and support for the user. 
 
 The sling is equipped with small actuators (microcylinders) activated by compressed air that move 
the lower jointed part of the sling in accordance with the human gait. The microcylinders are operated by 
the patient by means of a two-button interface located on both sides of the framework grips: pressing the 
left button causes the left leg to move forward; pressing the button on the right causes the right leg to 
move forward. The framework has grips on both sides, wheels are there for moving on the floor, and 
inside are located both the PC used for the virtual experience and the compressed-air delivery system. 
 
 The VR-enhanced orthopaedical appliance uses a Thunder 400/C virtual reality system by Virtual 
Engineering of Milano-Italy. The Thunder 400/C is a Pentium II based immersive VR system (400mhz, 
32 mega RAM, Matrox Millenium II 8Mb Wram graphic engine) including an HMD subsystem. 
 
 A head mounted display (HMD) with  40° H and 30° V field of view  (50° diagonal) provides the 
visual display. The HMD, developed by Retinal Displays Inc of Los Altos (CA) for Virtuality (UK), 
displays 800 lines of 225 pixels (180,000 active dots) to each eye and uses LCD technology (a full color 
AMLCD panel). The provided head tracker is used to sense head rotation. 
 
 The HMD does not have a stereoscopic display. Previous researches regard stereoscopy as 
important because it provides the user with good cues of depth [2]. However, the refresh rate of graphics 
decrease by 50% when a different image is presented to each eye, as required by a stereoscopic display. 
Consequently, we decided against implementing a stereoscopic display. To compensate for the lack of 
binocular cues, we included perspective cues (light and shade, relative size, textural gradient, 
interposition and motion parallax) in the virtual environment [10]. 
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 The virtual environment used in the study was developed by Virtual Engineering, a company based 
in Milano, Italy, using VRT 5.5 from Superscape Ltd. (UK). The environment is designed to reproduce 
the feeling of an excursion to the mountains, by simulating a stroll through a mountain path. To increase 
the realism of the experience, actual images of Alpine scenery were used together with sounds and voices 
typical of a natural environment.  The virtual environment moves in sync with the patient's steps: each 
motion  ahead is activated by the buttons located on both side of the framework. 
 
4. A Preliminary Study 
 
 The first VR-enhanced orthopaedical appliance was developed for Nicola, a 26-year old patient 
with complete paraplegia. Two experimental sessions were conducted. Each session was composed by 
two fifteen-minute system trials separated by a ten-minute rest period. During each trial, Nicola 
completed the experience by walking through the virtual path till the peak of a snow-covered mountain   
Some sample images along that path are shown in Figure 2. During the second trial, a virtual runner was 
added and the patient had to compete with him for reaching first the peak of the mountain.  The two 
images of Figure 3 illustrate. 
 

  

  
 

Figure 2: Scenes along the virtual path 
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Figure 3: Patient competing with virtual runner 
 
 

 Before and after each session Nicola had to assess his emotional and physical  state using a 
questionnaire constructed according to the model of the semantic differential ratings [21]. The 
questionnaire was composed by 20 bipolar adjectives, each  item  having  six  levels  of  intensity     
(Table 1). 
 
 

 
 

Table 1: Scoring Sheet For Semantic Differential Ratings 
 



Vol.5, No. 1 (2001) THE INTERNATIONAL JOURNAL OF VIRTUAL REALITY 7 
 

 The first result of this study is the lack of side effects and simulation sickness in our patient after 
both session, suggesting the possibility of using VR for therapeutic purposes. Only during the first session 
Nicola reported an increased level of fatigue together with a slight pain in the left ankle. 
 
 From the analysis of the obtained ratings we found: a slightly improved level of in self-confidence 
(Before first session: 2; after second session: 3); higher level of optimism (Before first session: 4; after 
second session: 6) and will (Before first session: 4; after second session: 5); increased relaxation (Before 
first session: 1; after second session: 3) and activity (Before first session: 1; after second session: 2) 
scores. In general the highest scores were obtained after the end of the second session. 
 
 Nicola also declared subjective improvement in his sense of well-being, mood and quality of sleep. 
The improvement in the sense of well-being can be also verified by higher scores both in mood-related 
adjectives (likeable-unlikeable and happy-unhappy) and in state-related adjectives (fast-slow and 
dynamic-static). 
 
5. Conclusions 
 
 While in some applications, cybersickness is reported to be negligible [23], exposure duration of 
less than 10 minutes in some immersive virtual reality environments has been reported to result in 
significant incidences of nausea, disorientation and ocular problems [19]. The first  result of this study is 
the lack of side effects and simulation sickness in our patient after both session, confirming the possibility 
of using VR for therapeutic purposes.  
 
 Moreover, this type of VR system may offer some advantages over currently used rehabilitation 
devices: 
 
• the potential to increase the motivation of the patient. As we have seen before, the overall adjustment 

to a new life style is the overwhelming problem for the paraplegic. As one paralyzed veteran put it: 
"The impact on the patient is traumatic, to say the least. There is the realization that a once whole and 
healthy body is no longer fully functional and is plagued with a myriad of secondary disabilities. It 
requires motivation, first, to accept irreversible facts. It takes still more motivation to make the most 
of what has not been injured - talent, creative energies, intellectual resources. The possibility for SCI 
patients of experimenting again the walking experience, even if wearing an exoskeleton and only for 
a few minutes, could have positive effects on motivation and emotional status. 
 

• the capability of developing an enriched environment which offers the potential for significant gains 
in physical and mental function at many levels. As we have seen before, physical therapy is able to to 
improve arousal-activation, to treat muscle incoordination and to restore immune resposes. Moreover, 
the use an enriched virtual environment could help to improve the effects of new drug therapies (e.g. 
methylprednisolone or GM-1 gangliosideor) or neural prostheses. In fact, as noted by NINDS 
researcher, Physical therapy and other rehabilitation strategies are crucial for maintaining flexibility 
and muscle strength and for reorganizing the nervous system. These factors could be vital to 
recovering movement following regeneration as well as maximizing the use of undamaged nerve 
fibers. 
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 Of course these results are preliminary. From a clinical view point the issues that we have to 
address in the future are: further testing of the device using controlled clinical trials; a follow-up study to 
check the persistence of the obtained results and how to integrate the use of the orthopaedical appliance 
into the standard rehabilitation practice. 
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