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Abstract

:

Recovering from a traumatic incident (e.g, a stroke) implies rigorous and demanding therapies to ensure recovery of the lost capabilities. Due to the lack of short-term visible results, stroke patients tend to lose interest in their recovery process and frequently do not follow their therapists’ suggestions to continue performing their training at home, between physiotherapy sessions. This article explores the extent to which common computer games or specifically crafted games can serve as a rehabilitation practice, but also how conventional therapeutic devices might be transformed to be incorporated into games. Furthermore, we propose a platform that follows the opportunity of creating serious games that are designed for stroke patients with reduced upper limb mobility while following the same principles of common therapeutic procedures. This platform was carefully built with the purpose of allowing patients to comply tele-rehabilitation and promoting the execution of the recommended training at home. Following these ideas, we integrated two carefully designed games that have been tested and validated in our previous works, and we added a top-layer characterized by an online back-end application for therapists that allows them to observe their patients’ progress over time and draw different conclusions.
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1. Introduction


The world is now moving at a faster pace than ever before, which means that our current society demands swifter decisions and results from everyone’s work or studies. As individuals try to coexist with this fast-paced lifestyle, they tend to neglect their welfare by exposing themselves to higher levels of stress and anxiety, which is known to possibly increase their stroke risk [1]. Besides, there are other different factors that may increase the chances of occurring a traumatic event, such as being overweight or obese; physical inactivity; or even medical risk factors related to high blood pressure, high cholesterol, diabetes, or family history [1,2].



According to the Stroke Association, one in every six people will suffer from a stroke on a global scale, resulting in different types of impairments. Most stroke survivors experience physical disabilities, but other significant consequences can arise in speech, vision, sensory, or cognitive abilities. The success of the stroke recovery process depends on the effective diagnosis, treatment, but most importantly on proper rehabilitation [3]. Even though patients upon leaving the hospital should be in a considered stable condition, they still have a long way to go to ensure recovery of the lost capabilities.



Stroke patients often visit local rehabilitation centers on a daily or weekly basis, where they spend several hours trying to improve functionality and overcome the attained condition. Eighty percent of them exhibit motor deficit, and only approximately   50 %   of the stroke survivors are likely to regain some functional use of their paretic upper limb [4,5]. Moreover, they have to perform a vast panoply of physical exercises concerning different therapeutic purposes. The most common post-stroke rehabilitation protocols begin with a series of exercises that focus on strengthening the muscles of the arms and shoulders and progressively go towards fine control of hands and fingers.



These exercises are considered to be task-specific, as patients have to perform delimited motions with the purpose of evolving in terms of motor functionality [6]. Given that their execution, besides being painful, can be certainly monotonous, patients soon lose interest in their recovery process. When combined with short-term visible results, there is only a small number of people that try to follow the therapist’s instructions in performing those exercises at home beyond physiotherapy sessions. Nonetheless, this has a major impact on the individual’s recovery, as more repetitions are known to lead to faster and greater results [3,7].



As technology continues to broaden its horizons while becoming increasingly more accessible for everyone, one can seek a perfect balance between it and the rehabilitation domain. Different types of new tools have been explored throughout the years with the main purpose of aiding stroke rehabilitation, such as robotic devices for motor recovery, brain–computer interfaces (BCI), noninvasive brain stimulators, neuroprostheses, wearable devices for movement analysis, virtual reality (VR), and tablet–pc applications for neurorehabilitation [8]. However, the current popularity of video games among all ages has shown that they can also serve for other purposes rather than pure entertainment, such as therapeutic recovery.



The perfect blend between pedagogical and entertainment aspects can be achieved by using the advances of computer graphics hardware to properly design serious games (SGs). This trendy concept employs gamification principles, frequently used for the construction of the regular video games, to encourage the users to (re)learn something. Although there are many different applications of this significant topic of interest, one can identify several advantages of embracing them during the common rehabilitation therapies.



The work described in this article focuses on VR-based SG addressed to stroke patients with reduced upper limb mobility as a valuable aid for the current motor rehabilitation therapies. With their assistance, users are expected to perform the recommended exercises by their therapists through a playful and enjoyable therapeutic practice. These can be used either at the rehabilitation centers, or at patients’ home, stimulating their engagement in the therapeutic process through sets of entertaining games specially customized for the intended purpose.



This article discusses the problem and its inherent opportunities, and presents some pilot results in using VR-based games for post-stroke rehabilitation of the upper limbs. The remainder of the paper is organized as follows. Section 2 presents a background on patient condition and typical therapeutic approaches, the existing adherence issues, and the benefits of SG and game-based therapies. Section 3 presents two different alternatives on how gamification may aid the conventional motor rehabilitation therapies. Section 4 focus on the development of a platform that integrates our previous works on an online back-office for therapists, whereas Section 5 discusses how they can be useful for different recovery stages. Section 6 concludes the article by drawing conclusions from the above and indicate the follow-up work.



Related Work


The idea of providing new ways to perform tele-rehabilitation for stroke patients has been studied and developed by researchers previously to this study. As an example, a web application called “Java Therapy” [9] developed to have stroke survivors performing a customized and specifically tailored program of therapeutic activities. During this therapeutic practice, quantitative feedback of their recovery was given and saved for later analysis. As they evolved throughout sessions, a remote supervising health professional would provide encouragement, but also monitor and alter the exercise program. However, this system was not capable of dynamically adapting himself to the patients’ behavior.



Later, Burke et al. [10] identified two game design principles that should always be considered: meaningful play and challenge. At the start, the game should have a low level of challenge and gradually increase as players become familiar with the game or improve their abilities. A meaningful play emerges from a game in the relationship between a player’s actions and the system’s outcome.



Ma and Bechkoum have designed a framework for SG movement therapy [11] that included of a number of SG carefully designed and developed to encourage patients to perform physical exercises in adaptive virtual environments (VE). The games were able to adapt accordingly to the users’ actions, while having them perform different therapeutic exercises that focused on speed, range of motion, dexterity, and enhancing endurance. These systems also allowed the user performance to be monitored and analyzed over time [12], but could not prevent frustration given the lack of player’s capabilities to perform the demanded tasks.



A more recent systematic review on tele-rehabilitation for stroke care was written by Johansson and Wild [13], where the authors reveal promising results to this domain. In fact, the increasing number of implementations and evaluations have increased in the recent years. This suggests that either the supporting technology is achieving a convincing maturity level, or the opportunity and relevance has been recognized by both therapists and game researchers [14]. There is however an attempt to search for new ways of adapting to a broader range of patients, including those not familiar with traditional computer games. For instance, the SG named “CONTRAST” focuses on arm-hand training for stroke survivors using every day physical objects and adapting game’s difficulty according to patient’s performance [15].



Other works focus on the integration of low-cost systems using state-of-the-art sensors designed for human computer interaction (HCI) or games. As an example, we refer to the work of Sror et al. [16], which makes use of three modules: a passive manipulator that supports horizontal motion against gravity, Kinect and Leap Motion cameras for motion tracking, and a VR game that simulates fish feeding.



On the other hand, training for daily activities can be seen as another trend. “MOVEROffice” is a SG that makes use of VR and natural interaction for upper limbs rehabilitation [17]. The objective is to have patients acquiring skills in performing given tasks in the virtual environment, for later transfer into their daily activities.





2. Background


2.1. Recovering from Stroke and Typical Clinical Condition


The human brain is a fascinating organ that is in charge of everything that our body does. It keeps supervision of the involuntary activities (e.g., breathing), while providing support for the conscious activities. During a stroke, the blood supply to a certain area of the brain is cut off and brain cells begin to die because of oxygen deprivation. Given the wide variety of the existing body functions, stroke consequences come in many different forms depending on the size and location of the affected brain area. As aforementioned, stroke survivors frequently suffer from physical disabilities, but they can also have experience impairments in cognitive skills, speech, vision, etc.



Upper limb extremities are coordinated by a larger area of the brain, and therefore they are more susceptible to the effects of a stroke [18]. Frequently, stroke survivors struggle to maintain the affected limb stabilized in any position, as a result of weakness or an abnormal state of their muscle tone, described as hypotonia. In these cases, patients are unable to start any type of movement and commonly have their muscles characterized to be in a “floppy” state. This reduced resistance to passive movement is commonly replaced over time by hypertonia, where muscles become surprisingly rigid and exhibit two types of motion resistance: Spasticity, which is related to an increased resistance to passive movement that is velocity-dependent, and rigidity, which is velocity independent, meaning that even if the physiotherapist tries to move the patients arm very quickly, it will not change. Nevertheless, aside from these changes in the muscle tone, it is also frequent to have contractures or simultaneous contraction of agonist and antagonist muscles around a joint [18]. These types of abnormal muscular activity can lead to pain and functional disorders, abnormal postures, and stereotyped moves.



Post-stroke patients commonly experience loss or altered sensations as a result of impairments on their somatic sensory side. As a result, they can become unaware of auditory, visual, or tactile stimuli on the contralateral side of the affected area of the brain [7,18,19]. Just in terms of visual defects that are commonly reported by them, they may include abnormalities in visual field, eye movements, and vision processing problems [20].



Partial visual field loss is common to 20–30% of post-stroke patients and means that part of the optical knowledge produced by the retina is not properly received by some layers of the visual cortex [21]. As a frequent result, they are unable to see a section of their visual field and exhibit hemianopia. This phenomenon is identified by the loss of the left and right visual field of both eyes, as shown in Figure 1. Furthermore, other processing issues arise from these blind spots, such as a reduction of both object and people recognition capabilities or even lack of attention triggering [22]. In this sense, patients are unable to detect changes in patterns of visualized motion or even in actions performed in front of them. Some of these visual problems tend to disappear over time, but others require proper therapeutic procedures.




2.2. Common Therapeutic Practices


The post-stroke rehabilitation protocols are extremely important to aid patients to improve their quality of life [23]. In fact, upper limb recovery becomes crucial to ensure independence in the performance of the activities of the daily living (ADL), such as drinking from a cup, bathing, or dressing [24]. Although the functional outcome of these therapies is heterogeneous in its nature, its success depends on various factors, such as appropriate timing and the choice of the most suitable rehabilitation program for each individual [25]. Therefore, physiotherapists and occupational therapists will evaluate patients’ arm strength, movement range, and sensory capabilities to produce adequate recovery plans based on their needs. These recovery plans comprehend different therapeutic exercises that include practicing custom movements and everyday tasks, where repetition is critical to recover partial or full motor capabilities.



During rehabilitation programs, there are several different therapeutic approaches that physiotherapists may attempt with their patients, while trying to understand if they meet the required needs. Some of them were analyzed and collected from the works French et al. [26], Oujamaa et al. [27], and Sucar et al. [28], presented below.




	
Bilateral arm training refers to the use of the non-paretic upper limb to support movements of the affected one, while performing identical activities simultaneously.



	
Mirror therapy is described as the process of placing a mirror in a certain condition that reflects the healthy limb as if it was the paretic one. Therefore, it creates the visual illusion of executing normal movements with the paretic limb.



	
Occupational therapy focus on aiding patients to recover the ability to perform ADLs, such as dressing or cooking.



	
Constraint-induced movement therapy (CIMT) promotes motor (re)learning of the affected upper limb by performing several repetitions of task-specific training while having the healthy one immobilized.



	
Repetitive task training requires having individuals performing a large amount of repetitions for a clear functional objective within a single training session.



	
Strength training consists on planning a set of resistance exercises over time to progressively improve muscle strength.



	
Splinting or Orthosis techniques are based on the used of external devices as a way to improve functional movement while reducing spasticity or pain. In fact, they might be used to prevent frequent secondary complications, such as contractures.



	
For changes in sensation, patients might need to retrain their senses by feeling different materials, objects, or even textures to (re)learn what they feel like.








Considering the aforementioned visual impairments that stroke patients may have, visual scanning training is a commonly used technique that encourages and guides patients to look in a systematic way to both their left and right sides of their visual field. By constantly looking on their blind side, visual processing problems that are related with difficulties of the brain processing the information received by the eyes should disappear over time [29].




2.3. Adherence Issues


As stated before, stroke survivors are typically very limited in the range of movements that they are able to perform autonomously, in particular, with the limbs corresponding to the contralateral side of the affected brain area. Post-stroke motor rehabilitation should start as soon as possible, where patients begin with series of exercises that focus on arms and shoulders and progressively go towards fingers and fine control. This early enrollment on motor (re)learning is known to be critical for attaining the best possible recovery outcomes, as it corresponds to the period that the brain has bigger plasticity [23]. Furthermore, principles such as task-specific exercises or performing a enormous amount of repetitions are a transverse and fundamental to all the common practices discussed above.



Despite all the benefits of the common therapeutic practices presented on the above, these tasks are also repetitive across different sessions and boring, as they do not provide any kind of entertainment while sometimes being painful. Although therapists recommend people to continue the execution of exercises at home with the affected upper limb, in most cases these are solely done in the presence of these health professionals. The main reason for this kind of behavior is the fact that there is a lack of short-term or immediate visible results and people gravitate mainly around the long-term possibility of recovery. Therefore, most stroke patients try to overcome their handicap by overusing the healthy limbs to perform the desired ADLs, trying to ignore the affected ones. As they may get progressively efficient in using a single hand and arm based approach for most tasks, the result is that the paretic limb becomes forgotten and later useless. In the opposite side, this might represent some type of a fake reward considering the apparent lack of dependency. However, focusing and forgetting about the affected upper limb is the opposite direction that rehabilitation tries to impose on stroke survivors.



In short, the lack of immediate reward frequently leads to this lack of commitment and interest in continuing the rehabilitation plan at home, which has a direct impact on patients recovery. Therefore, the present work described in this article focuses essentially on new ways to motivate and encourage patients to keep on with the recommended exercises, trying to contribute to reduce dropout and improve recovery success ratios.




2.4. Advantages of Virtual Reality and Game-Based Therapies


Considering the adherence issues described above, game-based therapies rely on carefully designed SGs to make the necessary activities of a rehabilitation program easier and more enjoyable than the traditional approaches. In fact, this trendy type of video games has proven successful in the aid of many different areas of application, such as education [30,31], health care [32,33], and even cultural or military training [34,35].



When adding immersive technologies to the equation, VR-based rehabilitation has shown to have the following documented advantages; increased repetitions over the proposed exercises and augmented patient engagement; the capacity to track the patient’s recovery process over time; possibility of requiring low clinical supervision, which indeed eases home use and tele-rehabilitation; and enhanced motor (re)learning by different types of stimuli (visual, auditory or haptics) [10,28,36]. Nevertheless, playing SGs has also shown to be crucial in stimulating the development of basic learning skills, such as paying attention, promoting visual-motor coordination, improving logical spatial reasoning and orientation, among others [37,38].




2.5. The Sensory Side of Post-Stroke Rehabilitation


Among the advantages that immersive technologies might provide for therapies, proper sensory information for enhanced motor (re)learning is critical throughout the recovery process [39,40]. When the primary motor cortices are injured by stroke, the human brain is forced to remap its neural activity through mechanisms of neural reorganization and adaption. Researchers believe that there are certain areas of the brain that undergo substantial post-stroke neuroplasticity, such as both ipsilesional and contralesional primary motor cortices and dorsal premotor cortex [41]. Recent studies using neuroimaging techniques show that this remapping process of the brain’s sensorimotor interactions leads non-primary motor areas to contribute significantly to the execution of movements using the paretic limb after occurring a stroke. Therefore, patients can regain/relearn motor capabilities over time with proper training by integrating sensory information at the same time [42,43,44].



Made-up information produced by immersive systems takes this one step further, as it allows us to generate the necessary visual, auditory, and other elements that can be used as stimuli in the “retraining” process [39]. By wearing an HMD and a pair of headphones, we can lead users to perceive that they are performing the desired tasks without actually completing them alone. This creates a controlled environment, where visual game elements and even representations of the player’s body may be supervised and adapted to increase self-perception, which helps in the retraining of the visuomotor coordination process. It is however clearly necessary to use instrumented or passive objects that will participate in the haptic stimuli for complete sensory integration. Depending on the characteristics of each patient and extents of the affected zones by stroke, therapists can accordingly choose the parameters of these elements.





3. Therapies, Games, and Gamification of Therapies: Challenges and Opportunities


Game-based therapies have grown into a significant area of interest since video games themselves have reached audiences never before imagined. When carefully designed accordingly to the intended purpose, these video games create a sense of engagement, pleasure, and presence that boost every user’s motivation that experiences them. Thus, researchers have been focused on how to properly develop new SGs for rehabilitation purposes, without noticing one clear opportunity that therapies might suffer from its benefits. This section explores the extent of how carefully crafted SGs with different therapeutic applications may serve as a valuable aid to stroke rehabilitation. They may be seen as a linking bridge between the current rigorous therapies and a continuous positive attitude throughout every single stage of patients’ recovery.



3.1. How Can a Game Be Used for Rehabilitation?


In the last decades, some gaming companies have been researching on how to introduce novel ways for players to interact with their consoles and games. This has increased attention on new devices that should replace or simply complement the traditional joysticks and gamepads that traditionally serve as inputs of the users’ actions inside the game environment. Nintendo WiiMote, Microsoft Kinect, and Sony Playstation Move are examples of devices that fomented new interaction styles as an attempt to make the user achieve higher levels of immersion when playing games, or even to support new kinds of games that explore the players’ body motions as game controls.



Over time, physiotherapists have tried to introduce these devices and its inherent games in the conventional therapies to explore the execution of the required exercises. However, as these systems tend to directly map the users’ actions into the required game controls, individuals with motor impairments are often asked to perform movements beyond their capabilities. If being unable to produce such movements, they are more likely to fail on the proposed tasks with the consequent negative impact on the users’ self esteem. Moreover, when combined with the common depressive states among stroke survivors [2] and the feeling of failure, they are most likely to be conveyed to the path of frustration and quick disapproval of those games. Therefore, this direct usage of commercial games for therapeutic purposes can be considered as the first challenge encountered.



The use of commercial games is still a possibility that is worthwhile and demands to be explored, despite the fact that all of these rely on the conventional interaction systems. Although one cannot expect to find the necessary support for the therapeutic gestures that a patient should execute in most of them, there is always the possibility of discovering a game that can suit certain conditions. Therefore, this game can be appropriate for a given part of the patient’s treatment, but it will hardly fulfill the whole range of gestures that should be performed. In our opinion, this approach should not be completely discarded, as good commercial games already contain the most precious ingredient and one clear opportunity, which is the entertainment essence.



Let us think of any video game that is played by just pressing four arrows available on a keyboard or gamepad (up, down, left, and right), or equivalently using a joystick. As it uses simple commands we may raise the question: Would it be possible to turn this game into a therapy? Figure 2 shows three sample exercises that can be performed without the supervision of a therapist, which aim to strengthen patient’s muscles of arms and shoulders. It is possible to observe that the performed movements on the left side of the figure are similar to the actions that are required to play the previous game: pressing the left arrow would be equivalent to move the upper extremities to the left, and so on. Therefore, now the question becomes what kind of device can be used as a controller that fulfills the requirements of game and therapy altogether. We may say that almost any motion sensing device can be transformed into a dual-axis controller, from the most complex and expensive such as Polhemus Liberty to Razer Hydra Motion Controllers. Although the former would be more precise, it would require complex calibration and software development. On the other side, the latter, being it already a game controller, may eventually have support on the game itself for mapping the movements into game inputs, requiring only the typical game configuration. If it is not the case, and for the example of personal computer-based games, it is quite simple to develop a simple interfacing application that maps the required movements into keyboard or joystick events. Therefore, adapting the way a patient/player can interact with a carefully chosen game can indeed be seen as one clear opportunity to recycle them to fit therapies’ requirements. Nonetheless, we would be taking advantage of the fact that these games were built to be entertaining and pleasing, and focus only on the process of mapping the users’ movements into the virtual environments. Yet, it is important to mention that these games should be properly chosen based on the desired actions that are supposed to be performed. For instance, if patients are requested to perform movements in the horizontal plane, from left to right and vice versa; however, if a game is chosen that represent this motion in something moving back and forward, it would clearly mislead our visuomotor coordination, as the visual representation of the motion differs from the actual one.



On the other side, given the vast nature of the existing therapeutic exercises that must be performed at the different recovery stages, one might not find the perfect match between the existing games and the required activities. Additionally, the chosen game must follow one key aspect inherent to every motor rehabilitation therapy, which is repetitive motions. As a higher number of repetitions are proven to be an imperative factor for obtaining better recovery results [18], the game should lead patients to perform cyclical and periodic movements as therapeutically expected. Therefore, discovering a game that guides patients to perform a high amount of repetitions while keeping them engaged can be seen as a major challenge. However, exploring the complete development of SGs for the aid of the existing rehabilitation therapies might be the path to follow.



Specifically crafted games may provide more focused exercises for patient recovery than the commercial ones. However, a survey study created by Hung et al. in [46] shows that therapists report that their patients often describe them as “easy to get bored” or “games are not fun”. For that reason, it is mandatory that during the design of these games, special attention is paid to value the entertainment essence while being focused on the desired gestures to be performed by patients.



Here, gamification principles can be used to mitigate these side effects, as it can be described as a technique of bringing game-related elements to non-game contexts. In other words, it can transform repetitive and monotonous tasks into playful experiences, aiding users to become more motivated and engaged with non-game scenarios [47]. To this end, we consider that the following principles must be taken in consideration during the design and creation process.




	
The therapeutic gestures should be perfectly comprised inside the virtual environment.



	
Ability to adapt game’s mechanics based on players’ motor capabilities by some type of initial calibration.



	
Monitor and record players’ performance for later evaluation.



	
Adaptive and progressive change of game’s level of challenge.



	
Maintain diversity of contents to accommodate different personal preferences.



	
Provide meaningful cognitive and sensory stimuli during gameplay to allow players to acknowledge both correct and incorrect actions, game’s events, etc.



	
Provide positive rewards and reinforcements that inspire players to keep engaged.








Besides these recommended guidelines, Table 1 presents some of the common game elements that should also take part in this process.




3.2. How Can a Rehabilitation Procedure Be Turned into a Game?


Different types of devices are used to aid the therapeutic processes with different purposes, such as for supporting the affected limbs, constrain the movement of some articulations, guide the movement execution, etc. Their use is typically supervised and in several cases: the role of the therapist is to make sure that the patient keeps up with the exercise by trying to give him/her some motivation. Frustration, pain, and boredom are some of the factors that must be counteracted via constant incitement from the therapist. As these factors influence human emotions, and mood influences behavior, pain sensitivity, challenge acceptance, and performance, the direct consequence is that a happy and positive patient will focus more and for longer periods in therapies, resulting in faster and more profound recovery results.



Contrary to the above, one strategy that may indeed revolutionize the conventional motor rehabilitation therapies relies on taking advantage of the devices already used by physiotherapists and simply making them “smarter” and their usage more attractive. For instance, during physiotherapy sessions, patients use different auxiliary devices to aid the execution of the required tasks, such as supination/pronation with gripper, rope and pulley, shoulder wheel, or pedal exercise bike, as shown in Figure 3. Pedal exercise bikes are commonly used for both the upper and lower limb training given their easy way to reinforce recovery or increasing muscle strength. When used solely for the the upper body, it may be referred as a simple version of the Upper Body Ergometer (UBE). Another device is the shoulder wheel that is used to recover movement amplitude of shoulder joints. For these two types of equipment, one can use simple Bluetooth Cyclometers to provide information about the number or turns per time unit, for example. More complex devices based on optical encoders may acquire information about partial spins when the patient cannot perform complete ones. Furthermore, rope pulleys and supination/pronation grippers can also be similarly instrumented to measure speed and amplitude of movements while performing exercises with them.



These devices already support the constrained execution of the therapeutic movements, but one can see that what is left out of the equation are the motivational elements to execute them. Thus, the gamification of these therapies while incorporating these instrumented devices as interaction inputs may represent the missing part. This ability to turn rehabilitation procedures into games clearly becomes one powerful opportunity that ought to be explored.



For instance, the instrumented version of the pedal exercise bike can be used to play a game where the user cruises a virtual city or world. Where one can simply imagine that by placing a regular screen in front of patients and having them wear headphones would enable them to play the crafted SG, while being prone to our crafted stimuli and positive reinforcements. Or even in VR by creating a virtual environment that follows the same principles explained before, where the actions performed by the player in the real world with real objects are transported and translated accordingly into virtual ones. To this end, we would be driving patients’ attention to the game itself, instead of having them focused only on the boring repetitions that they are performing.



The proposed design process is illustrated in Figure 4; note that it is divided essentially in two different cores, one for providing the capability of collecting data to the rehabilitation devices and the actual design of a SG. Additionally, the effort still focus on the development of the game, but the method for creating therapeutic movements would be directly obtained from these practices and serve only as a backbone for the final application.



As above stated, the adaptation of existing games via these therapeutic devices transformed into game controllers is a serious possibility. Some examples for games that make use of the used devices in physiotherapy sessions are presented below:




	
Pedal exercise bikes—games that simulate activities like canoeing or swimming. For instance, a treasure hunt game, where players navigate in a virtual sea by using their arms or legs motion to propel a boat. The objective is to meet different checkpoints that are spread across a map, which will provide hints for the hidden treasure.



	
Shoulder wheel—this physiotherapy device can be used to perform different therapeutic exercises for strengthening the shoulder muscles. When used with both hands, the executed gestures can be used for a multiplayer racing car simulator. On the other side, when using it with only one hand for the fully extension of the arm, it can be translated for a firefighter pump game. In this sense, patients would have to supply the water hose for a firefighter companion to prevent a fire.



	
Shoulder Pulley T Type—simulating the flapping of a flying bird that is exploring the skies can be an interesting approach for this equipment. Moreover, for initial stages of recovery, where the range of possible movements is reduced, the expected task could be maintaining an hand glider stable while also exploring skies. To this end, the player would have to compensate possible wind flows.



	
Supination/Pronation Gripper—similar to the Space Invaders game shown in Figure 5, the patient could use the pronation and supination gesture to control the space ship while avoiding alien missiles. Another example, could be skiing games, such as the Tux Race shown in Figure 5.








As already stated, frequently, physiotherapists have to play the role of a cheering caregiver to provide emotional support, instead of being actually rectifying the subjects’ activities. In this situation, all the attention of the physiotherapist is driven to one and only patient. However, this positive reinforcement can be provided by these games, which would give the opportunity to this health professionals to focus only on the task of supervising the patients. Therefore, one possible additional advantage of this approach is that physiotherapists may guide and follow multiple stroke patients performing their rehabilitation simultaneously.





4. Developing a Platform for Tele-Rehabilitation


Considering the above, in this section, we present a framework targeting upper limb therapeutic exercises, supporting its use both at patients’ homes and at therapists’ offices. It also presents an overview on some qualitative parameters we considered as important/interesting for health professionals to analyze the performance and its evolution along the multiple sessions for each individual. A specifically crafted back-office provides the necessary support for storing session data, and for the therapist to either change game parameters or assess patients evolution expressed on the referred parameters. Last, the outline for the created framework and which setup can be used along with our previously developed serious games is also presented.



4.1. Parameters Collected during the Playful Sessions


Individuals’ performances are commonly quantified based on the achieved score at the end of their playing session. For every player’s action during the game, there is a consequence that will either increase or decrease their final score. Aside this universal metric, there are others that may be thought for therapeutic extents given the vast nature of the patients motor and cognitive capabilities. These parameters will most likely encode valuable information for later analysis by health professionals to assess the current patient’s recovery phase, as described below.




	
Score: higher scores can be linked to higher correct responses to the demanding tasks.



	
Final Level: higher game levels are certainly related to greater challenges, which require agile visuo-motor coordination and faster outcomes.



	
Played Time: time plays an important role for any kind of physical exercise. Under therapeutic meanings, one can acknowledge that having longer sessions implies more repetitions of the recommended training.



	
Distance Covered: measuring the distances covered by the affected limbs will in turn explain how much patients used their muscles, with the objective of strengthening them.



	
Number of changes in Motion Direction: greater number of motion inversions may suggest inaccuracies in movements or that they were performed without objectives.



	
Initial Amplitude of Movements: as a result of a calibration process, this metric can be considered to be an extremely important metric to understand patients’ evolution over time.








Nevertheless, if one or more of the above parameters are combined together, the conclusions inferred are as follows.




	
Low scores and long played times will surely mean that patients were unable to complete the required tasks, which can lead to quick frustration and disapproval of the game.



	
Long distance covered by the affected limb and short number of changes in motion direction means that individuals were most likely performing movements of wider range of amplitude, and thus being in a more advanced stage of recovery. In contrast, if short distances are covered with a high number of changes in motion direction, it means that either they are unable to perform wide gestures or they are inaccurate.








Therefore, while the patient is entertained by playing the game, the above parameters are strongly advised to be collected and stored for later evaluation. Other important information to acquire during the overall system’s usage is how many sessions patients played in SG and if they were interrupted. Interrupted sessions allow therapists to understand if the individual felt uncomfortable while playing a specific game, or even if they became “lazy” and did not complete the suggested training.




4.2. Patients’ Tracking Tool: A Back-Office for Therapists


Given the parameters described in the above, we have developed an online back-office that allows therapists to visualize their patients’ progress over time, which means that they can keep track of how often or how good their patients are playing the recommended SGs. In addition, it becomes important to provide a subjective evaluation of the patients’ evolution over time, as it displays the parameters that are collected during each playing session.



Figure 6 displays the landing page of this online application, where therapists can perform login and go to their “Therapist Area”. This area allows them to view all of their patients that have been using the system and the existing SGs, or even to add a new patient.



After choosing the desired patient and the SG that they want to visualize, they enter into “Patient’s Area”, where they can observe the collected parameters through different graphics over different time periods (i.e, 7 days, 30 days, and 1 year), as shown in Figure 7. Furthermore, the back-office also permits therapists to modify each game’s parameters (i.e, initial level of difficulty or initial velocity), as well as to change personal information concerning a specific patient. Note that each deployed game across the playing stations fetch the latest changes from the database, which means that if the therapists increases the initial level of difficulty, it will be the starting point for the next session.




4.3. Platform Outline


To accomplish a distributed architecture, the developed system is composed of three different fundamental parts: the gaming application, a central database, and the online back-end application for therapists, as shown in Figure 8. One or more play-stations may be created by deploying the gaming application to different laptops or desktops. For instance, one therapist may have more than one of his/her patients training at the same time. Considering that the target audience is mainly composed by older people, the application makes use of a friendly user interface that allows them to set up the playing experience: define which buttons to use, gestures to perform, starting level of difficulty, or whether use the Head-Mounted Display (HMD) or not. While they are playing, the created game dynamically adapts to the users’ inputs, and their performances are monitored. Once they finish their session, the collected data concerning usage and evolution of patients are uploaded to the remote database. Subsequently, it becomes automatically available for therapists to consult it whenever desired. If the play-station does not have an internet connection, all the data is saved on a temporary local file and later dispatched to our database.




4.4. Play-Station: Set-Up Required and Currently Available Games


Each play-station can be used with the help of a regular desktop or laptop, an Oculus Rift, one pair of Razer Hydra Motion Controllers, and some headphones/speakers as shown in Figure 9. The motion controllers are responsible for tracking the user’s hand, providing information concerning its position and orientation. It could be performed by several different methods (computer vision techniques, magnetic sensors, or optic flow sensors), but these controllers are easy to move around and comfortable to hold during playtime. The most important aspect is that since different patients have different musculoskeletal conditions/impairments, our created system must be able to understand what is the range of motion that user is capable of performing. To this end, a calibration process under the supervision of therapists was defined, allowing to map the possible movements into the desired ones. Moreover, the available games presented below can be played by a wider range of patients, without leading to quick disapproval or frustration by not being able to complete the demanded tasks given their handicaps. The Oculus Rift DK2 is responsible for displaying the virtual environment to the user, while creating the feeling of presence. Note that the HMD is not suitable for every patient condition and its usage should be advised by the therapist. The use of headphones is recommended with the main purpose of enhancing the feeling of immersion.



4.4.1. Game 1: Catch & Dodge


The objective of Catch & Dodge game presented in [48] is to catch the higher number of green balls possible during a specific time interval while dodging the red ones. Considering the motor capabilities of the player, these spheres may follow different predefined paths, where the simpler case relies on trajectories for the horizontal plane. However, as patients evolve throughout the sessions and are able to perform a wider range of movements with the corresponding required speed, the difficulty level also increases. In the most simple case, spheres’ trajectories come along an horizontal plane that accompanies the inability of most patients that are not able to raise their paretic limb.



Figure 10 shows that the user is represented in the virtual environment as an avatar that may be considered as better representation or healthy version of oneself, as well as the global game scenario with a green sphere approaching him/her.




4.4.2. Game 2: Tetris4All


In [49], we proposed an adapted version of the widely known video game Tetris. Its main purpose is to score the maximum amount of points by forming complete horizontal lines on the bottom of a playing area with the falling shapes (tetrominoes). Given the differences across all the stages of stroke patients recovery, this game was carefully designed to have two different playing modes, and therefore named Tetris4All:




	
Regular mode: players guide the falling tetrominoes by moving their paretic limb and rotating them if necessary. The rotation process can be achieved by either pressing a button or by rotating their wrist like they were rotating a door knob. As the score increases, the difficulty level also increases, which causes the tetrominoes to fall faster.



	
Timed mode: a certain amount of time is given the player to decide the most advantageous position for the tetromino while moving/rotating it on top of the playing area, and when it runs out, the piece falls immediately. The amount of time is calculated for each patient, which means that it enables inexperienced users to have more time to decide where it should fall.








In addition, both these playing modes dynamically adapt to patients motor capabilities, while being designed to enable the execution of movement in the horizontal plane to strengthen their muscles of the arms and shoulders. Moreover, while they are playing their cognitive activity is being stimulated, as Tetris represents a challenge to understanding the interaction between perception, action, cognition, and decision-making [50]. Figure 11 shows a brief overview of the regular mode and one variation that can be applied to the developed SG: bringing the playing area closer to the user’s point of view, requires more eye movements to follow tetrominoes, and thus better promoting visual stimulation.





4.5. Implementation Results


The proposed modified games were carefully designed to follow the same principles as the standard therapeutic practices for the upper limb rehabilitation. As a result of our work, they were presented to therapists that analyzed and gave their approval for the intended purpose. After this initial evaluation, a pilot study around the Tetris game was conducted in order to understand its usability in real cases. This study involved nine male and six female participants, with ages of between 30 and 90 years old with the majority (9) of participants in the 50 to 69 range. Further details on the obtained results can be found on our previous work [51].





5. Discussion


Developing SGs addressed to stroke rehabilitation means that they must follow the same principles of the established motor rehabilitation therapies, while providing a pleasing experience to the user. Depending on how researchers develop them, they may also serve to simultaneously stimulate both subjects’ visual and cognitive activities. As such, one can imagine that if the spheres’ trajectories in the Catch & Dodge game begins on one side and ends at the other, it means that players will cruise around their whole visual field. For the game Tetris4All, changing the distance between the playing area and user’s point of view will either increase or decrease the difficulty of accompanying tetrominoes while falling. On the other hand, if increasing the velocity of the used objects in the games, players will have less time to make a decision and therefore faster reaction times. Considering that stroke survivors evolve in terms of the amplitude of gestures, perception, visual field and reaction times, the developed SGs must have the ability to internally adapt themselves to players not only during the playing sessions, but also over time.



However, the advantages of using VR and game-based therapies go beyond this, they also allow therapists to encourage patients to perform the typical boring exercises that are recommended at home. Feeding the online back-office application with usage data that was collected during gameplay allows therapists to perform a subjective evaluation on how often and how good their patients are performing the rehabilitation plan between physiotherapy sessions. Moreover, therapists are able to change the initial difficulty level and velocity of each game considering their observations of patients’ evolution over time. If players are not having better results throughout several sessions, it means that these parameters are over their motor capabilities, and therefore must be reduced. As stated above, the continued activity at home is known to increase the success of their recovery and thus, producing faster and more visible results.




6. Conclusions


This article exposed both challenges and opportunities that occur when trying to gamify the common rehabilitation therapies. We presented different guidelines and common game elements that should be taken into consideration during the design process of a SG for the therapeutic purpose. However, given the difficulties behind creating such a game that complies and intrinsically reproduces the therapeutic gestures, we explored the possibility of using the existing physiotherapy devices to serve as a new way to interact with these games. Therefore, researchers would only focus on how to create motivational games that keep users engaged and committed to their recovery process. Nevertheless, the side of creating new SGs can be explored specifically to guide patients into performing their training at home, which promotes the tele-rehabilitation domain. Therefore, the development of a complete platform for stroke rehabilitation that contains two different validated SGs adapted to various stages of recovery was also presented. Given that this platform was built following a modular design, other developed games with different therapeutic objectives can be easily integrated within it. Moreover, a back-end application for therapists that allows them to track their patients’ progress over time was integrated into this platform. As future work, we intend to further explore the adaptation and/or creation of different games that would benefit from the use of these physiotherapy devices for interaction.
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Figure 1. General overview of two different cases of hemianopia when compared to a regular visual field: (a) Normal visual field; (b) Right homonymous hemianopia; (c) Bitemporal hemianopia. 






Figure 1. General overview of two different cases of hemianopia when compared to a regular visual field: (a) Normal visual field; (b) Right homonymous hemianopia; (c) Bitemporal hemianopia.



[image: Information 11 00088 g001]







[image: Information 11 00088 g002 550] 





Figure 2. Three sample exercises that might be performed by patients while sitting. Taken from Your Guide to Exercise after a Stroke available in [45]: (a) Simple exercise while sitting; (b) Exercise for strength and control with both arms on a table. 
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Figure 3. Examples of equipment used in physiotherapy sessions: (a) Pedal exercise bike; (b) Shoulder wheel; (c) Shoulder Pulley T Type sold by Bharat Bio Products. (d) Supination/Pronation Gripper sold by Chirag Electronics Private Limited. 
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Figure 4. Visual description of the Gamified Rehabilitation Practice approach. 
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Figure 5. Screenshots of (a) Tux Racer game created by Sunspire Studios and (b) Space Invaders designed by Tomohiro Nishikado. 
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Figure 6. RehabGames website before and after login: (a) Landing page; (b) Therapist’s Area. 
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Figure 7. RehabGames view for laptop and mobile devices: (a) Patient’s Area; (b) Mobile view. 
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Figure 8. Framework architecture with its three fundamental parts. 
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Figure 9. Two different subjects utilizing the developed platform in distinct places: (a) General set-up required for a play-station; (b) Patient playing one of the developed games in a local rehabilitation center. 
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Figure 10. Gameplay of the developed SG Catch & Dodge: (a) Initial embodiment process; (b) Green sphere approaching the player. 
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Figure 11. Gameplay of the developed SG Tetris4All: (a) User playing the regular mode; (b) User playing one possible variation. 
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Table 1. Common game elements used and their description.
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	Game Element
	Description





	Goals/Tasks
	Something that players must achieve or work towards.



	Rules
	Express how the game is supposed to be played.



	User Levels
	Encodes patient’s proficiency.



	Feedback
	For every action performed there should be an immediate game’s response of success or failure.



	Point System
	Amount of points that should be added to the overall score for each successful action.



	Score
	Total points obtained so far.



	Leaderboards
	General representation of the highest scores obtained. Allows players to compare their performances to others.



	Time Pressure
	Reducing the amount of time available to complete a task.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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