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            Abstract
          
        

        
          Background The usability of assistive devices indicates the users’ level of participation in various roles. Powered wheelchairs allow users with severe disabilities to operate wheelchairs using their remaining functions, because of which, the user interface of a powered wheelchair is as complex and varied as the degree of user disability. However, compared to manual wheelchairs, types of powered wheelchairs that can reflect the needs of individual users are limited.

          Methods User research was conducted on 15 people with high-level spinal cord injuries. The results of the user research were analyzed using the thematic analysis method. Based on the analysis results, user interface design guidelines were developed to ensure the usability of powered wheelchairs. In addition, these guidelines were verified by five assistive technology and wheelchair experts.

          Results Thematic analysis resulted in five themes: wheel movements, use controller, component adjustments, sitting posture adjustments, and physical characteristics. User interface design guidelines for powered wheelchair components such as wheels, controllers, power seat functions (PSFs), and armrests are derived according to the various usage characteristics of powered wheelchairs. 

          Conclusions It is expected that products developed based on the guidelines derived from this study will minimize the heterogeneity of development and consumer choice. The results of this study deal only with the initial stages of user interface design (use and user interface design specification). Therefore, further research is needed to address the later stages of user interface design (formative and summative evaluation).
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      1. Introduction
      If people could have one superpower, most would say that they would like to have the power of teleportation. This shows the importance of mobility. Studies of measuring usability of assistive technology (AT) show the importance of mobility in humans. Human mobility is inherently central to well-being and occupational performance, and evaluating and optimizing the usability of a wheelchair has direct implications on user participation (Arthanat et al., 2009). Although user interface and usability are important factors in the use of a wheelchair, Mónica et al. (2013) claim that many intelligent wheelchair prototypes are being developed in research projects worldwide but the adaptation of their user interface to the individual characteristics of their users is often neglected. 

      It has previously been observed that most studies on usability of powered wheelchairs conducted by clinical experts focused mainly on usability evaluation and measurement (Wessels et al., 2002; Scherer & Glueckauf, 2005; Demers et al., 2002; Jutai & Day, 2002). However, wheelchair designers and developers need a study that explores “how” users interact with wheelchairs in order to make improvements to wheelchair design. 

      This study uses qualitative analysis in order to gain insights into design implications. Arthanat et al. (2009) qualitatively investigated powered wheelchair usability reflecting on the usage environment. Evaluating the usability of wheelchairs using the Usability Scale for Assistive Technology (USAT) tool will yield results related to “what” and “who”, and will thereby inform matters such as usability issues (wheelchair use, reported problems, intervention possibility, and stakeholders). However, the present study differs from previous studies insofar as it explains how users interact with wheelchairs, assistive devices, caregivers, and the environment by focusing on the contexts of these interactions. Furthermore, the phrase “user interface of powered wheelchair” will be used in this study to describe the powered wheelchair components that affect its usability and interact with the user. Not only controllers such as joysticks, but components that affect usability are considered as user interfaces. 

      This study investigates how people with spinal cord injuries interact with their powered wheelchairs and what use requirements the users have from their powered wheelchairs in their real life environments. Based on the study results, the authors have established design guidelines for powered wheelchair user interface for people with spinal cord injuries.

    

    

  
    
      2. Methods
      User research was conducted on 15 subjects with high-level spinal cord injuries. Based on the results of the user research (taking into consideration user characteristics and use requirements by usage status of powered wheelchair user interface), user interface guidelines were created to guarantee the usability of each powered wheelchair user interface element. Five experts in AT and wheelchairs verified the guidelines. This research protocol has been reviewed and approved by the Institutional Review Board of University (Approval number: 1041849-201805-SB-046-01).

      
        2. 1. Subjects 
        The participants were divided into three groups based on their powered wheelchair controller type: basic controller users, modified controller users, and special controller users. Basic controller such as a joystick is a controller that is provided by a powered wheelchair manufacturer. A special controller such as a sip and puff controller, head controller, or chin controller is a controller that is provided by a power wheelchair manufacturer for users with limited hand movements. A modified controller refers to a controller that has been modified by a user, who does not have enough hand coordination to use the basic controller for his/her convenience. It is expected that this study will provide guidelines for how to design user interface for each user group by examining the similarities and differences among each groups’ user characteristics, user interface usage status, and use requirements. 

        The number of subjects was determined to be five people per group (a total of 15 subjects). According to “Measuring the User Experience” (Albert & Tullis, 2013), five participants will reveal about 80 percent of usability issues and the authors claim that each participant will reveal about 30 percent of usability problems. Thus, five different users per group are sufficient to identify the most important usability issues.

        The reaserchers asked the Korea Spinal Cord Injury Association to cooperate with subject recruitment, explaining the research directly to the subjects and then proceeding with the recruitment. 

      

      
        2. 2. User Research
        Interview items were categorized according to whether they were related to user characteristics, wheelchair characteristics, main social activities, or the environment. Each interview item was designed based on the Human Activity Assistive Technology (HAAT) model and the Matching Person and Technology (MPT) model. According to Arthanat et al. (2007), these models imply that the concept of AT usability should include a holistic understanding of the relationship between users, assistive technologies, activities, and the environment. 

        The method of shadowing was used to observe user activities. Haninton and Martin (2012) explain that shadowing is a form of observation and interviewing in which the observer follows the user like a shadow. Shadowing is a good way to observe outdoor activity while monitoring users’ lifestyles and has the advantage of enabling observation of usage contexts and behaviors related to mobile- and automobile-related products and services. 

        In this study, the authors observed three user activities: use of transportation using powered wheelchairs; having meals at restaurants; and participation in major social activities (such as occupational activities, hospital treatment, and shopping). In all three activity contexts, the authors observed how users interacted with wheelchairs and what their requirements were, and wrote down the information on the observation forms, while the research assistant recorded the activities.

        The results of user research are divided into three groups according to the types of powered wheelchair user interface. The results of user research are summarized as follows:

        
          	1) User characteristics: User charateristics and major social activities 


          	2) User requirements by powered wheelchair usage status: Use requirements when driving or taking transportation facilities, during movement, meal-taking, work activity, and social activity.


        

        These results are based on items that organize and report the results of user research as specified in IEC 62366-1. The development of medical devices must follow the usability engineering process standard IEC 62366-1 that specifies a process for analysis, regulation, design, verification, and validation of usability related to the safety of medical devices. Minimizing usage errors and maximizing usability is the ultimate goal of usability engineering (IEC 62366-1, 2014; IEC 62366-2, 2016). For the user interface design, the process of creating the use specification and user interface specification should be adhered to. In order to create such a specification, a user research activity must be undertaken. In South Korea and the United States, powered wheelchairs are regulated as medical devices, so it would be more useful for powered wheelchair manufacturers, designers, and developers to organize research results as per international standards. Therefore, in this study, the authors identify user characteristics and powered wheelchair use requirements by user interface usage status, that can become the core content of the use specifications and user interface specifications. 

      

      
        2. 3. Analysis and Verification
        Thematic analysis was used to analyze the use requirments. According to Baruun and Clarke (2006), thematic analysis is a method used for identifying, analyzing, and reporting patterns (themes) within data. The Atlas.ti program (The qualitative data analysis and research software) was used for thematic analysis. When generating the initial code during the thematic analysis, it is considered that the powered wheelchair is an assistive device that increases the mobility of the user, with the aim of reducing users’ dependency on others, and enhancing user activity and participation in society (Cho et al., 2013). Therefore, the authors mainly generated initial code for use requirements that are not easy to fulfill, inhibit independence, and lower activity and participation. 

        Based on the analysis result, design guidelines for user interface elements of powered wheelchairs were derived. One researcher derived the initial guidelines from results and four experts verified the thematic analysis results and the guidelines. Expert verification was conducted in the form of a co-creation workshop.

      

    

    

  
    
      3. Results
      In this paper, only the results of user research on the wheels, controllers, PSFs, and armrest are discussed since users interacted with these four user interfaces the most and thus have more use requirements related to them. 

      
        3. 1. User Characteristics
        Spinal cord injuries cannot be judged simply by their level of injury. Along with the level of spinal cord injury, that is whether it is a complete injury or not (American Spinal Injury Association Impairment Scale, AIS), remaining function of daily life activities (Korean Version of Modified Barthel Index, K-MBI) should be considered. Through this, the authors can identify cases where the upper limb function can be performed even if the damage level is high, or where the upper limb function is limited even when the damage level is low. 

        According to the user research results (see Table 1), there are more physical function limits in special controller user group than basic controller user group. Special controller user group has higher level of spinal cord injury, high percentage of complete damage, and lower K-MBI score than other groups.

        
          Table 1 
				
          

          
            User characteristics of each user group 
            (n=15)

          
          

        

        
          
            
              	Characteristics

              	Basic 
n (%)
              	Modified 
n (%)
              	Special
n (%)
            

          
          
            	Spinal cord injury level 
            	
            	
            	
          

          
            	　Cervical level 2,3
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　Cervical level 3,4
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　Cervical level 3-5
            	0 (0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Cervical level 4
            	1 (20.0)
            	0 (0)
            	0 (0) 
          

          
            	　Cervical level 4,5
            	1 (20.0)
            	1 (20.0)
            	3 (60.0) 
          

          
            	　Cervical level 4-6
            	0 (0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Cervical level 5
            	1 (20.0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Cervical level 5,6
            	1 (20.0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Cervical level 7,8
            	1 (20.0)
            	0 (0)
            	0 (0)
          

          
            	AIS (Complete injury or not) 
          

          
            	　ASIA A (Complete injury)
            	0 (0)
            	3 (60.0)
            	5 (100.0) 
          

          
            	　ASIA B
            	3 (60.0)
            	0 (0)
            	0 (0) 
          

          
            	　ASIA D
            	0 (0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Unknown
            	2 (40.0)
            	1 (20.0)
            	0 (0)
          

          
            	K-MBI scale (Remaining function scale) 
          

          
            	　0 points for eating
            	0 (0)
            	0 (0)
            	5 (100.0) 
          

          
            	　2 points for eating 
            	0 (0)
            	1 (20.0)
            	0 (0) 
          

          
            	　5 points for eating
            	4 (80.0)
            	2 (20.0)
            	0 (0) 
          

          
            	　8 points for eating
            	0 (0)
            	1 (20.0)
            	0 (0) 
          

          
            	　14 points
            	1 (20.0)
            	0 (0)
            	0 (0) 
          

          
            	　24 points
            	0 (0)
            	1 (20.0)
            	0 (0)
          

          
            	Complication 
          

          
            	　Pressure ulcer
            	1 (20.0)
            	2 (40.0)
            	2 (40.0) 
          

          
            	　Pressure ulcer, orthostatic hypotension
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　Pneumonia, pressure ulcer, cystitis
            	0 (0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Scoliosis
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　Osteoporosis
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　None
            	4 (80.0)
            	2 (40.0)
            	0 (0)
          

          
            	Types of Occupational Activities 
          

          
            	　Employee
            	1 (20.0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Instructor
            	2 (40.0)
            	0 (0)
            	1 (20.0) 
          

          
            	　Professor
            	1 (20.0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Media creator
            	0 (0)
            	1 (20.0)
            	0 (0) 
          

          
            	　Student
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　None
            	1 (20.0)
            	2 (40.0)
            	3 (60.0)
          

          
            	Time for Occupational Activities 
          

          
            	　12 hours a day
            	0 (0)
            	1 (20.0)
            	0 (0) 
          

          
            	　8 hours a day
            	3 (60.0)
            	2 (40.0)
            	0 (0) 
          

          
            	　6 hours a day
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　4 hours in class
            	1 (20.0)
            	0 (0)
            	0 (0) 
          

          
            	　4 times a month
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　None
            	1 (20.0)
            	2 (40.0)
            	3 (60.0)
          

          
            	Transportation for Social Activities 
          

          
            	　Call taxi
            	3 (60.0)
            	1 (20.0)
            	2 (40.0) 
          

          
            	　Call taxi, self-driving vehicle
            	1 (20.0)
            	0 (0)
            	0 (0) 
          

          
            	　Call taxi, self-vehicle with family
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

          
            	　Call taxi, subway
            	0 (0)
            	2 (40.0)
            	1 (20.0) 
          

          
            	　Subway
            	1 (20.0)
            	2 (40.0)
            	0 (0) 
          

          
            	　Self-vehicle with family
            	0 (0)
            	0 (0)
            	1 (20.0) 
          

        

        

        Special controller users are not able to independently do activities such as eating as they have difficulty in controlling the powered wheelchairs controller by hand and suffer from many complications. Due to this limitation of physical function, it can be seen that the special controller users had a shorter social activity time.

      

      
        3. 2. Use Requirements 
        Table 2 shows the statistical results of the thematic analysis for each theme by user group and highlights the use requirements.

        
          Table 2 
				
          

          
            Statistical results of themes by user groups
          
          

        

        
          
            
              	Themes
              	Basic
(Subjects=5;
Quotations=62)
              	Modified
(Subjects=5;
Quotations=51)
              	Special
(Subjects=5;
Quotations=62)
              	Total
            

          
          
            	Wheel movement
(Subthemes=6; Quotations=66)
            	15
            	26
            	25
            	66
          

          
            	Using controller
(Subthemes=8; Quotations=24)
            	6
            	2
            	16
            	24
          

          
            	Component adjustment
(Subthemes=4; Quotations=40)
            	13
            	14
            	13
            	40
          

          
            	Sitting posture
adjustment 
(Subthemes=3; Quotations=33)
            	20
            	7
            	6
            	33
          

          
            	Physical characteristics
(Subthemes=5; Quotations=37)
            	15
            	13
            	9
            	37
          

          
            	Total
            	69
            	62
            	69
            	200
          

        

        

        Each theme is further divided into subthemes. Each overarching theme and it respective subthemes are presented along with illustrative quotes in Table 3-5. The subthemes of wheelchair movement are influence of driving environment (16 quotations), difficulties in predicting wheel movement (15 quotations), movement problems due to driving performance (12 quotations), difficulties in looking back, wheel jamming problems (9 quotations), and difficulties in driving due to large turning radius of wheels (5 quotations).

        
          Table 3 
				
          

          
            Descriptions of themes related to user interface for mobility
          
          

        

        
          
            
              	Themes
              	Subthemes
              	Illustrative quotations
            

          
          
            	Wheelchair 
movements
            	Influences
of driving
environments
            	- As the hospital floor was made of marble, the wheelchair wheel spinned because of rainwater and did not go forward. [S1]
- Also moved on roadway or bicycle roads rather than sidewalk. (When the sidewalk’s condition was bad, there was no ramp, and the curb between the crossing and sidewalk was high). [S2]
- In addition, subject 14 was hard to breathe because of the wobble, and because of these points, subject 14 felt a lot of fatigue in using the subway. [S14]
          

          
            	Difficulties in
predicting wheel
movement
            	- When getting off the subway by reversing, subject 3 moved left and right because it was hard to check the direction. [S3]
- When getting off the call taxi, it was difficult to get down with a narrow slope. It repeated going forward and backward. [S7] (see the left side of Figure 1)
- When the rear wheels rotate backward, the wheels could not go straight, and the direction changed. [S12]
          

          
            	Using controllers
            	Ease of controller
operations
            	- Subject 8 desired to attach a non-slip sponge to the joystick because his hand slid when pulling the joystick. [S8]
- Sip and puff controller(see the right side Figure 1) is difficult to control in linear movement, and the wheelchair keeps on moving and stopping because it is controlled by breathing. (the amount of expiration) [S13]
- “Using sequence of controller is long.” [S14]
          

        

        

        
          
          

          Figure 1 
				
          

          
            Figure of themes related to user interface for mobility
          
          

          

        

        
          Table 4 
				
          

          
            Descriptions of themes related to user interface for posture support
          
          

        

        
          
            
              	Themes
              	Subthemes
              	Illustrative quotations
            

          
          
            	Component 
adjustments
            	Adjust
wheelchair
components to
desired positions
            	- When sitting behind the office desk, subject 6 removed the armrest attached to the wheelchair and put the joystick aside to get close to the desk. Subject 6 hit the joystick several times with his wrist to move it aside. [S6]
- Subject 6 ordered a taller custom-made desk but could not get close enough due to the armrest. The height of the armrest was adjustable, but subject 6 could not control it independently. [S6] (see the left side of Figure 2)
          

          
            	Initial setting
of wheelchair
components
            	- “Other series of wheelchairs from the same company had three options for width selection, but this model had only one.” [S5]
- “The wheelchair turned off automatically when staying in a stable position after the set time. I am able to adjust it, but did not do it due to the worry about malfunctioning. Also, the manual was written in English.” [S12]
          

          
            	Sitting posture 
adjustments
            	Advantages of
using PSFs
            	- Tilting function made it possible to go trail (slope way) and was good to use when resting(see the right side of Figure 2). [S4]
- Pressure ulcer could be mitigated and prevented by using PSFs. [S10]
- “The elevation function of the wheelchair is very useful in theaters. I also use it while moving in the park. When I moved with my son while the wheelchair is elevated, I feel like a 'father' and my heart beats.” [S14] 
          

        

        

        
          
          

          Figure 2 
				
          

          
            Figure of themes related to user interface for posture support
          
          

          

        

        
          Table 5 
				
          

          
            Descriptions of physical characteristics theme
          
          

        

        
          
            
              	Themes
              	Subthemes
              	Illustrative quotations
            

          
          
            	Physical 
characteristics
            	Low 
accessibilities 
due to large 
wheelchair size
            	- The accessibility of entrances was reduced because the wheelchair was wide. [S5]
- Subject 9 was denied entry because his wheelchair was too big for the restaurant. [S9]
- “There is a place where I cannot go in because the wheelchair is big.” [S15]
          

        

        

        The subthemes of the using controller are ease of controller operation (5 quotations), controller safety issues, inconsistent controllers (4 quotations), advantages of using special controllers, low responsiveness of the controllers (3 quotations), low learnabilities, easy use of buttons in the controllers (2 quotations), and difficulty in adjusting the controller for smooth movement (1 quotations).

        Out of the total 200 quotations, 66 (33%) were related to wheelchair movements and out of these 66, 16 (24%) commented on the influence of driving environments. These are the use requirements related to the difficulty of using a wheelchair depending on the weather, the condition of the road, or the state of transportation. The other 15 (23%) commented on difficulties in predicting wheel movement. These are problems related to the inability to predict the movement of the assistive wheel since it does not move in the same direction as the driving wheel and keeps on moving in the direction in which it was moving earlier. Because of this, the assistive wheel get stuck on the wall or floor, which makes it difficult to move.

        Twenty-four of these 200 quotations (12%) centered on using controllers. Out of these 24, 5(21%) commented on the ease of controller operations. These requirements are related to problems in ease of use due to the physical characteristics or the method of using the controllers. 

        The subthemes of component adjustment are adjust wheelchair components to desired position (25 quotations), initial setting of wheelchair components (10 quotations), comfort of the body contacting with the surfaces of the components (4 quotations), and the hassle of attaching and detaching accessories (1 quotation).

        The subthemes of sitting posture adjustment are advantages of using PSFs (19 quotations), difficulties in wheelchair use due to the absence of PSFs (12 quotations), and advantages of manually operated backrest (2 quotations).

        Out of the 200 quotations, 40 (20%) indicated sitting component adjustments. Twenty-five out of these 40 statements (62%) were about adjusting wheelchair components to the desired positions. These problems are about whether the components of the wheelchair can be adjusted to the desired position according to the situations, or whether the components can be easily adjusted to the desired position by the user himself. The other ten (25%) commented on the initial setting of wheelchair components like the initial settings for the size, location, method of use of wheelchair components, or whether the users can do the initial settings by themselves.

        Thirty-three of these 200 quotations (16%) were related to sitting posture adjustments. Out of these 33, 19 (57%) commented on the advantages of using PSFs and said PSFs enable wheelchair use in a variety of environments and situations. 

        The subthemes of physical characteristics are low accessibilities due to large wheelchair size (17 quotations), low accessibilities due to high wheelchair height (10 quotations), durability (5 quotations), wheelchair weight problems (3 quotations), and neat appearances (2 quotations).

        The remaining 37 quotations out of 200 (18%) were related to physical characteristics. Seventeen of these (46%) centered on low accessibilities due to large wheelchair size. 

      

    

    

  
    
      4. User Interface Design Guidelines
      According to Park (2009), a design guideline is “a guide that provides additional information on design issues and is a detailed description of how to achieve the design objective.” Looking at the universal design guidelines and design guidelines for the elderly (Hwang & Park, 2007; Zaphiris et al., 2007), the guidelines in this study are structured to suggest a direction for design development that will enhance the usability of artifacts to reflect the needs and requirements of the user. This is a guide to usability goals suggesting the design various types of creative alternatives should have (see Figure 3). 

      
        
        

        Figure 3 
				
        

        
          Conceptual illustration of design guideline
        
        

        

      

      The authors have designed the powered wheelchair user interface design guidelines based on the results of the user research (user characteristics and use requirements by usage status) to reflect design goals intended to guarantee the usability of each powered wheelchair user interface element. For example, in the context of necessary wheel design guidelines, guidelines for driving wheels and anti-tip stabilizers to reduce the turning radius and volume of wheelchairs were derived from sub-themes ‘difficulties in driving due to large turning radius of wheels’ and ‘low accessibilities due to large wheelchair size.’ In addition, guidelines on wheel options according to the main usage environment and the controller's characteristics were derived from sub-themes ‘influence of driving environment’, ‘movement problems due to driving performance’, and ‘wheel jamming problems.’ Finally, guidelines for shock absorbers were derived from sub-themes ‘influence of driving environment’ and ‘movement problems due to driving performance.’

      The guidelines are divided into three levels: necessary, recommended 1, and recomended 2. The necessary guidelines are for ensuring that the powered wheelchairs available in the market meet a certain level of usability. Alternatively, necessary guidelines may be guidelines that must be followed to address safety and accessibility issues. The recommended 1 guideline is the level of usability that the user needs but which the wheelchair does not have, when the implementation of corrections is realistic. Recommended 2 level represents an ideal implementation level. Recommended guidelines do not have to be followed to ensure safety and accessibility. 

      The authors analyzed powered wheelchair user interface by dividing it into three components: user interface for mobility, for posture support, and for utility. Among the powered wheelchair components, examples of guidelines for wheels, controllers (user interface for mobility), and armrests (user interface for posture support), whose designs vary according to the usage characteristics of the powered wheelchair, are mentioned in Tables 6-9. The additions made through the expert verification process are marked by an asterisk.

      
        Table 6 
				
        

        
          Wheel design guidelines
        
        

      

      
        
          
            	Division
            	Basic type
            	Standing type
          

        
        
          	Physical 
characteristics
          	- It is recommended to use a mid-wheel drive wheelchair to reduce the turning radius. 
- Tubed or tubeless tire should be available as options according to the controller’s characteristics and level of tire puncture anxiety.
- There must be the options of being able to select the size and surface shape of the front assistive wheels considering the characteristics of the main usage environment.
- The anti-tip stabilizer should be attached to the rear wheel of the wheelchair so that it does not fall over and does not extend the radius of rotation.
- It is necessary to add a shock absorber to the wheel to prevent the road surface from transmitting vibrations.
          	- Use a front-wheel drive wheelchair for the standing function.
- There should be the option of being able to select the size and surface shape of the rear assistive wheels according to the main characteristics of the usage environment.
- An additional anti-tip stabilizer must be placed on the footrest for the standing function so that there are two anti-tip stabilizers.
- It is necessary to add a shock absorber to the wheel to prevent the road surface from transmitting vibrations. 
        

        
          	Recommended 1
          	- Provide accessories to prevent slippage in the rain or snow, or make a wheel that can be equipped with accessories.
        

        
          	Recommended 2
          	- It is necessary to a find way to move the assistive wheels in the same direction as the driving wheels. 
- It is necessary to find a way to mark the turning radius of the wheel on the floor when turning the wheelchair.
        

      

      

      Wheels can be broadly divided into two types: basic and standing (see Figure 4). Depending on the user's functional status and social activities, users are divided into those who need standing function and those who do not need it. Most wheelchairs are of the basic type and it is a good idea to aim for a mid-wheel drive wheelchair. If the wheelchair has a standing function, it is a good idea to orient the front wheel drive wheelchair for the center of gravity. 

      
        
        

        Figure 4 
				
        

        
          Mid wheel drive and front wheel drive wheelchair of Permobil
        
        

        

      

      
        Table 7 
				
        

        
          Controller design guidelines
        
        

      

      
        
          
            	Division
            	Basic type
            	Standing type
          

        
        
          	Necessary
          	- Various joysticks should be provided so that the shape, size and material can be changed according to the user’s hand function condition. 
- The position of the joystick and control display should be changed according to the state of the user’s hand function (left or right).
- When adjusting the position of the joystick, it should be possible to position it either up or down*.
- Accessibility should be improved by enabling the swing-away function of the joystick and control display.
- The joystick and control display swing-away function should be convenient for the positioning and operation of the control display so that the user can easily operate it. 
- When the swing-away function is added, the position of the joystick should not change*.
          	- The type of controller should be selectable according to the user’s remaining function status and preference.
- In the case of a sip and puff controller or a chin controller, the controller must be placed in front of the user’s face, so it should be possible to move the controller sideways for other activities.
- The special controller must be removable.
- A detachable joystick that can be operated by a caregiver should be additionally attached. 
- The special controller should have a warning to prevent people who are unfamiliar with the controller and do not recognize it from touching it. 
- The controller setting manual should be changed to the user’s first language.
        

        
          	Recommended 1
          	- When choosing a joystick design, the user must be able to make a choice based not only on the level of usability but also aesthetic factors*. 
- It should be possible to use the controller to operate smart devices. 
          	- It should be possible to use the controller to operate smart devices.
        

        
          	Recommended 2
          	- The position of the joystick and control display should be changed according to the PSF status. (The joystick moves away when using the recline function.)
          	- Some additions to the head controller and the sip and puff controller should be made to allow for linear operation.
- The sip and puff controller needs a way to compensate for the limited capacity of a user’s breath because people with spinal breaths can move the wheelchair for only as long as their breath lasts. 
        

      

      

      
        Table 8 
				
        

        
          PSFs and PSFs controller design guidelines
        
        

      

      
        
          
            	Division
            	PSFs and PSFs controller 
          

        
        
          	Necessary
          	- Among the five functions (tilting, reclining, elevating, foot elevating, and standing), user needs to be able to select the necessary functions according to the activity for which the powered wheelchair is being used. 
- The controller of the PSFs shall consist of a control panel and a display. The control panel should be provided with a button, joystick, toggle button, Ctrl + 5 button, and a special controller, depending on the user’s functional status. 
- An LED and LCD display should be provided to indicate the PSF area. 
- Misuse should be reduced by giving intuitive feedback on the status and degree of use of the PSFs.
- When using the PSFs, there should be an option to display a warning or limit the PSF itself in case it changes to a dangerous position (e.g., an alarm for dangerous posture). 
        

        
          	Recommended
          	- For users who can operate in manually, it is necessary to find a way to operate the seat position manually. It is necessary to find the operation method and its position so that the user who does not have full hand function can use it. (see Figure 5)
- Since the body moves forward after using the recline function, it is necessary to find a solution to the problem that the caregiver has to move the body. 
- It is necessary to find ways to reduce the problem of increasing height and size every time the PSFs function is added.
        

      

      

      
        
        

        Figure 5 
				
        

        
          Quickie IRISⓇ manual tilt wheelchair
        
        

        

      

      
        Table 9 
				
        

        
          Armrest design guidelines
        
        

      

      
        
          
            	Division
            	Active type
            	Fixed type
          

        
        
          	Necessary
          	- The armrest should be adjustable at all times.
- The control of the armrest should be adjustable for the benefit of the user who does not have a fully functional hand.
- The armrests should fold to the backward position.
- The armrests should be of the minimum size to accommodate the arms.
- The user must be able to select the material, angle, length, and width of the armrest*.
- The user must be able to select the side and back support of the armrest if necessary*.
- An armrest should not irritate to the body when the material and edge finish of the armrest touch the body.
- The armrest should be easy to replace when broken*.
          	- The armrests should fold to the backward position. 
- The armrests should be manufactured to the maximum size to accommodate the arms.
- The user must be able to select the material, angle, length, and width of the armrest*. 
- The user must be able to select the side and back support of the armrest if necessary*.
- An armrest should not irritate to the body when the material and edge finish of the armrest touch the body.
- It should be possible to attach a customized armrest to the fixed armrest or allow the two to work together. 
- It should be possible to attach or fix the arm fixing belt to the armrest.
- The armrest should be easy to replace when broken*.
        

        
          	Recommended
          	- It should be possible to attach or interlock accessories such as handles or bags in front of the armrest.
          	- The armrest should be adjustable in height and angle to allow the user to adopt the desired arm position according to the usage situation. (A user who cannot use his or her hands can adjust it or make it easy for a caregiver to adjust.)
- It should be possible to attach or interlock accessories such as handles or bags in front of the armrest.
        

      

      

      Controllers can be divided into joysticks controlled by hand and special controllers controlled using the remaining body functions. These are further divided into two types under the condition that the joystick combines diversity to suit the user's physical function. 

      PSFs are the most necessary function for people with impaired sense and movement, such as those with spinal cord injuries. However, due to their high price, they are inaccessible to many people with disabilities. PSFs should be selected according to the characteristics of the user and the wheelchair usage environment. 

      The armrest can be divided into two types according to whether the arm is fixed to the armrest or not that is further classified according to the state of the user's hand function. (see Figure 6)

      
        
        

        Figure 6 
				
        

        
          Active and fixed type of armrests
        
        

        

      

    

    

  
    
      5. Conclusions
      Based on the results of the user research, the user interface design guidelines for each user interface element related to mobility, posture support, and utility were derived. These are the authors’ interpretation of the user research results. Among the user interface elements, the elements that are to be highlighted with respect to use requirements are wheels (including assistive wheels, anti-tip stabilizers), controllers, PSFs, and armrests. The requirements of the entire powered wheelchair for people with high-level spinal cord injuries are: the powered wheelchair should be designed to be user-friendly and increase intuition; as more functions are added to the wheelchair, its size gets bigger that makes the user's disability conspicuous. Usability should be increased by reducing this kind of discomfort; users should be able to move or adjust their posture as per their needs and the response to the operation should be clear, fast, and consistent. It is expected that the wheelchair or the product selected by the consumer based on these guidelines will minimize the heterogeneity of development and selection, and that the clinical experts will also be able to use them as a guide to wheelchair prescriptions. However, the results of this study are limited in that they only cover the early stages of a user interface design. Therefore, it is necessary to conduct further study to cover the later stages of the user interface design process. In addition, the user interface design guidelines were derived solely from the user research results. Additional user interface design guideline studies should be undertaken that reflect the needs of medically required designs rather than usage and requirements, as well as the needs of stakeholders, such as clinical experts, service personnel, and developers.
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