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Abstract
Background
Upper-limb prostheses are regularly abandoned, in part due to the mismatch between user needs and prostheses performance. Sensory feedback is among several technological advances that have been proposed to reduce device abandonment rates. While it has already been introduced in some high-end commercial prostheses, limited data is available about user expectations in relation to sensory feedback. The aim of this study is thus to use a mixed methods approach to provide a detailed insight of users’ perceptions and expectations of sensory feedback technology, to ensure the addition of sensory feedback is as acceptable, engaging and ultimately as useful as possible for users and, in turn, reduce the reliance on compensatory movements that lead to overuse syndrome.

Methods
The study involved an online survey (N = 37) and video call interviews (N = 15) where adults with upper-limb differences were asked about their experience with limb difference and prosthesis use (if applicable) and their expectations about sensory feedback to prostheses. The survey data were analysed quantitatively and descriptively to establish the range of sensory feedback needs and their variations across the different demographics. Reflexive thematic analysis was performed on the interview data, and data triangulation was used to understand key behavioural issues to generate actionable guiding principles for the development of sensory feedback systems.

Results
The survey provided a list of practical examples and suggestions that did not vary with the different causes of limb difference or prosthesis use. The interviews showed that although sensory feedback is a desired feature, it must prove to have more benefits than drawbacks. The key benefit mentioned by participants was increasing trust, which requires a highly reliable system that provides input from several areas of the hand rather than just the fingertips. The feedback system should also complement existing implicit feedback sources without causing confusion or discomfort. Further, the effect sensory feedback has on the users’ psychological wellbeing was highlighted as an important consideration that varies between individuals and should therefore be discussed. The results obtained were used to develop guiding principles for the design and implementation of sensory feedback systems.

Conclusions
This study provides a mixed-methods research on the sensory feedback needs of adults with upper-limb differences, enabling a deeper understanding of their expectations and worries. Guiding principles were developed based on the results of a survey and interviews to inform the development and assessment of sensory feedback for upper-limb prostheses.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12984-022-01054-y.
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Introduction
Upper-limb prostheses are used to aid with activities of daily living (ADL) and improve symmetry for individuals with upper-limb differences. However, they are regularly abandoned due to the mismatch between user needs and device performance [1–3]. Users tend to find prostheses uncomfortable and difficult to use, issues that have persisted since they were reported in the 1996 Atkins survey [4]. In fact, despite significant technological advancement, there has been no significant reduction in the rate of prostheses abandonment in the last decade [5]. Individuals with limb differences who do not use prostheses rely on alternative ways to carry out ADL that do not require both hands. However, those methods tend to utilise compensatory movements [6] that, over time, can result in pain or overuse syndrome [7, 8] that can lead to reduced physical function and quality of life [6, 9].
Sensory feedback user needs
The term Sensory feedback is used to describe sensations delivered to prostheses users to relay information about the prosthesis’ state (e.g., current grip force). Sensory feedback has been shown to be advantageous in terms of improving control, increasing embodiment and reducing phantom limb pain1 [12]. Despite the expanding literature on sensory feedback and its introduction to some high-end commercial prostheses, limited data is available about user expectations [13].
Surveys related to upper-limb prostheses typically include questions investigating the interest in sensory feedback, with variable results [4, 14–16]. Lewis et al. designed a survey that specifically investigated sensory feedback. The results showed that 94% of respondents rely on some sort of implicit feedback (such as vision) and 88% ranked sensory feedback as important. Grip force was found to be the most important feedback, followed by movement and position. In terms of sensory feedback modalities, temperature ranked highest, followed by vibration and electric stimulation [17].
While such surveys are useful, and enable the opinion of larger numbers of participants to be captured, they do not provide the richness of data available through qualitative methods such as interviews. Graczyk et al. interviewed two participants about their experience after a home trial of implanted sensory feedback. Despite the interview including general information related to how sensory feedback could enable return to normalcy, a large focus was placed on the specific feedback system (e.g., system operation and sensation stability) [18], with limited generalisability of results. Thus, there is need for a dedicated qualitative study to investigate user needs and expectations of sensory feedback systems before they test one. This ensures that the user is not limited by the constraints of an already-developed system, and that the in-depth understanding user needs remain at the heart of the process throughout the stages of intervention planning, development, optimisation, and evaluation.
Research aim
The aim of the study was to understand the experience of individuals with upper-limb differences, their perception of the need for sensory feedback in prostheses and their expectations of such systems. This understanding will build on the available literature and will be used to guide the design of sensory feedback systems and the outcome measures used to assess those systems.
Methods
Study design
A pragmatist epistemological framework was followed in which the focus of the research was to produce findings that can be effectively applied in a real world context, acknowledging the existence of both objective and subjective elements to experiences [19, 20]. A mixed-methods approach was used involving an online survey and interviews. The online survey was used to enable the views of a larger sample to be captured and compared across included demographics. Richer data was obtained from a subset of the survey participants through video call interviews, enabling the deeper understanding of individual experiences.
The survey was shared on social media and was sent to relevant charities (listed in the Acknowledgements) for dissemination. Participants who completed the survey were given the option to register interest in further participation in the study via an interview. Both the survey and interviews took place in parallel, and the survey responses were monitored to guide the interviews; however, the survey responses were anonymous and, therefore, no follow up questions were asked to the participants based on their survey responses.
This study was approved by the University of Bath’s Psychology Research Ethics Committee (20-237), and is part of a larger study using the Person-Based Approach (PBA) to guide the design of sensory feedback systems for upper-limb prostheses. The PBA emphasizes using iterative qualitative research and evidence synthesis to develop a deep understanding of key behaviours of potential users, to understand how they engage with any targeted behaviours within interventions [21]. It provides a systematic method to apply this gained understanding, by developing guiding principles and key intervention features to optimise intervention benefits. Those guiding principles are then continually updated throughout the planning, design, development and evaluation stages. The PBA values autonomy and empathetic understanding, which are particularly important for personal devices, such as prostheses [22].
Participants
Participants were a convenience sample of adults with upper-limb differences. The sample provided a range of different causes and levels of limb difference as well as different patterns of prostheses use (or non-use). The survey recorded 37 responses (see Fig. 1 for a summary of participant demographics), of which 22 registered an interest in further participation, and were invited for an interview (of which 16 accepted). Only data from 15 interviews were used due to a recording error in one. The full demographic profile of the participants in the survey and interviews can be found in Appendices A and B.[image: ]
Fig. 1Summary of participant demographics. A Level of limb difference split based on cause. B Types of prostheses use split based on cause of limb difference. C Definition of the different levels of limb difference. Note that participants were shown this figure and asked to select the level that most represents their limb difference using the numbers 1 to 8. The different levels were then categorised into A, B and C


Procedure
Survey
The survey was hosted online on Online Surveys (Jisc) and was open from the 11th of January 2021 untill the 31st of July 2021. The survey was predominantly qualitative, by relying on open text responses, and included questions on the experience of the participants with limb difference and prosthesis use (if applicable) and their opinion on sensory feedback. Sensory feedback was described as follows:
We are working on developing a sensory feedback system for upper-limb prostheses. The system will rely on placing electrodes on the residual limb. Those electrodes will provide you with a sensation that you can use as an indication of how the prosthesis is engaging with the object held (for example, how hard you are holding an object).


A flowchart of the survey questions is provided in Appendix D. The full survey and a spreadsheet of the open text responses are available in Additional files 3 and 4, respectively.
The first draft of the survey was produced by LJ who has an engineering background. The structure and questions were then modified based on input from BA (Psychology), BWM (Biomedical Engineering) and JR (Engineering with industrial experience working on upper-limb prostheses) to ensure that the questions were relevant, easy to understand and non-leading. The survey was also piloted with two adults with upper-limb difference2 who were asked to complete it online during a video call while explaining their interpretation of what each of the questions means (concurrent think aloud test) [23]. An overview of the changes made can be found in Additional file 3.
Interviews
The interviews were held online using Microsoft Teams (with LJ as the interviewer) and recording started after welcoming the participants and confirming their consent. The recordings lasted between 18 and 56 min with an average of 33 min. A semi-structured interviewing style was followed, with the list of questions shown in Additional file 2 being used as a guide. The full transcripts of the interviews are considered confidential (particularly given the small population size) and will, in line with ethical processes, not be shared beyond the quotation extracts provided.
Data analysis
Survey data analysis
The statistical analysis of the quantitative results was carried out using SPSS 27 (IBM, Armonk, NY). Open text responses were summarised into tables to represent the range of responses obtained for each question (see Additional file 1). The Kruskal-Wallis H test was used to compare the means between different groups, and the Wilcoxon signed-rank test was used to compare changes in scores. Spearman’s Correlation test was used to test the strength of the relationship between variables with a coefficient of ± 0.1 required to show a “small” correlation. A p-value of 0.05 was used as the significance level [24]. Given the exploratory nature of the study, significance levels were not corrected for multiple comparisons.
Interview data analysis
Reflexive thematic analysis was used to generate the themes from the interview transcripts, following Braun and Clarke [25–27]. The analysis started with data familiarization during which LJ produced verbatim transcripts of the interviews using Express Scribe Pro (V 9.22, NCH Software) and noted down preliminary thoughts. Codes were generated and collapsed into manageable numbers using NVivo 12 (QSR International, 2020), and then grouped into themes relevant to the research questions. Upon reviewing the themes, the coding step was revisited (manually) before defining and naming the final themes (and sub-themes). The codes and themes were discussed with BA at the different stages and the final themes were reviewed by all authors.
Data triangulation
The data from the survey and interviews were analysed separately then combined to highlight the key behavioural issues and achieve the research aim to develop the guiding principles for sensory feedback systems [28]. The thematic analysis findings were used as a starting point and were cross-referenced with the survey findings, where significant overlap was found in the core issues and needs. However, the themes generated from the interviews covered a wider range of important issues; particularly showing the role that sensory feedback can have on user’s emotional wellbeing.
Stakeholder consultation
The final guiding principles were the product of an iterative development process during which a mix of academic, clinical and lived experience stakeholders were consulted3. The consultation was performed via individual video calls during which the results and preliminary guiding principles were shared and discussed. The final version is based on the comments received from all stakeholders.
Results
This section will present the interview findings and integrate survey results as suitable to avoid repetition. Participants often mentioned that completing the survey beforehand enabled them to have some time to think about sensory feedback and how it would fit in their lives. This resulted in better examples, clearer explanations of how they envision sensory feedback to be useful and interesting discussions overall. Please note that the names used are pseudonyms.“The big question is, would I find it useful? The answer is I didn’t think so until I really started thinking about it because I have never had it.” (Jerome)

The interview findings were summarised into four themes (Fig. 2) reflecting the key issues related to sensory feedback. All participants shared a similar approach to considering sensory feedback which involved a cost-benefit analysis (Overarching theme: Is is worth it?). They were mostly worried about sensory feedback being uncomfortable or intrusive. However, they found the prospect of being able to trust the prosthesis to be a key benefit of sensory feedback that would only be possible if the system itself was highly reliable (Will I be able to trust the prosthesis?). Further, participants listed examples of activities that they would expect sensory feedback to be useful with (Will I be able to do more?). Many participants also highlighted how sensory feedback, and prostheses in general, can affect how they feel both about themselves and during interactions with others, which was another aspect they considered as part of the cost-benefit analysis (How will it affect how I feel?).
The following subsections will elaborate on the highlighted themes and subthemes and include excerpts from the interviews, with [...] used to mark omissions and ** to indicated words that the participants emphasised. Relevant survey findings that support the different themes are presented throughout, and the full survey results can be found in Additional file 4.[image: ]
Fig. 2Map of the themes generated from the interviews with adults with limb differences on their experience and what they expect of a sensory feedback system. The themes are presented as the main questions participants considered when thinking about sensory feedback, and prostheses in general. Sub-themes are presented to further explain the themes


Theme 1: Will I be able to trust the prosthesis?
Trust, in the context of the user not being able to trust that the prosthesis is doing what they expected it to, was mentioned repeatedly. This lack of trust made prosthesis use limited and unenjoyable. Survey responses provided specific examples, where users reported worrying about safety when holding babies and shaking hands. The most common reported error (37.5% of survey participants) was related to holding objects securely without dropping or crushing them. Feedback was thought to increase trust by enabling the user to know what the prosthesis is doing.“just trusting the device.[...] if a fully-abled person was using one of those gripper things to lift certain objects, it would be a bit nervous or you would be a bit nervous, but if you could eliminate that nervousness and it was just natural, it would be... It would just be more kind of fluid and fun and just kind of enjoyable to sort of do everyday tasks.” (Tony)


A) The prosthesis should do what I want it to do
The uncertainty associated with prosthesis use, and myoelectric control in particular, made participants feel like they have no control. This lack of control and trust lead to reliance on vision, which the participants wanted to reduce. Any new feedback modalities must be considered trust worthy, for example in terms of both consistency and latency. Participants frequently expressed valuing reliability over an increased number of functions.“one of the other reasons I don’t wear [the prosthesis] all the time [...] say it’s like 90 or 95% reliable but then it just like fails 5% of the time.[...] I always like have to second guess like, oh, am I going to be able to use this in the way I expect?[...] how reliable are sensors, do they cut out? If I’m using this to be able to see like, oh, like I’m confident that I’m not going to drop something. Um, then it, I think it just has to have very high reliability for me to have confidence in it.” (Kevin)


B) I don’t want to worry about breaking the prosthesis
In addition to functionality, prostheses fragility can lead to trust issues associated with the fear of damage, which is exacerbated by their high cost. The addition of sensory feedback lead some participants to worry about increased device complexity, such as new pressure sensors, which could lead to more failures.“well that is another thing that can go wrong, or it is another thing that won’t work or it is another thing that will wear out.” (Guy)

On the other hand, sensory feedback can help diminish the concerns associated with device damage by enabling rapid assessment of the applied forces.“That is another reason why I want to get feedback for it.[...] if I felt some sort of feedback like oh you’re hitting your fingers I would be like oh I better stop that because I’m not trying to break it.” (Ted)


C) I want to know what to expect
Several participants demonstrated interest and curiosity in experiencing sensory feedback, and new prostheses in general. This was often due to the perceived futuristic nature of prostheses and the participants’ view of them as “gadgets”. However, some found uncertain expectations to be worrying.“What to expect putting it on? I think I would have been quite nervous [laughs] like what’s gonna happen when you hold something...” (Grace)

Describing the functionality of a prosthesis builds expectations that should be managed carefully. Participants who had high expectations of what the prosthesis can offer, especially given its cost, were disappointed. This highlights the importance of clear, effective and coherent communication with the rehabilitation team to understand what the user wants and expects.“when I got my other prosthetic arm it was like just a absolute, like kick in the face, because I was like, this is useless. Like, this is not what I wanted it for..and they weren’t really listening to me in the centre, either.” (Laura)

Expectation management is particularly relevant when describing sensory feedback. The user should be made aware of the limitations; both in terms of quality of sensation and the locations of the sensors. Unattainable expectations were evident from the interviews, with several participants expecting to feel different textures from all over the prosthesis, despite the sensations being described in the survey as “similar to the feeling of your phone vibrating when you get a notification”. It was suggested that the term “sensory feedback” might contribute to those high expectations and should be replaced with “tactile feedback” when vibrotactile and electrotactile feedback methods are employed.“I think it would be amazing to see how it feels with the sensations. [...] whether it be touching a table like you get that feeling with that or maybe petting an animal you know that kind of thing.” (Kelsey)

Similarly, being upfront about the importance of training is important. While most participants acknowledged that time would be needed to learn how to use the system, they frequently expressed interest in specific training to aid with, and accelerate, the process. This was often guided by their experience with prosthesis use becoming easier with time, as evidenced in the survey where participants reported a significant reduction in the mental effort required to use the prosthesis after practice (Mean change = − 1.38, Z = − 2.418, p = 0.016, see Fig. 3). However, no correlation (Spearman’s Correlation Coefficient = − 0.042, P = 0.860) was found between the duration of use and the reduction in perceived mental effort. It is possible that participants who used their prosthesis for a long time have a reduced perception of how difficult it was to use when they first got it due to recall bias (Spearman’s Correlation Coefficient = − 0.324, p = 0.164), which is influenced by the recall period and can result in underestimated association [29].“I think it might take a while for someone to get used to [the feedback]. I guess you would need some sort of activities to. Well, I like a learning path for them to work through.” (Tony)

[image: ]
Fig. 3Comparison of the mean change in the thinking score between participants who use their prostheses daily and those who use it once a week, showing the 95% confidence intervals. The scoring system was a scale between 0 and 5 with 0 indicating “I can use the prosthesis and maintain a conversation without interruption” and 5 indicating "I cannot do anything else while trying to use the prosthesis”


Theme 2: Will I be able to do more?
As well as increasing trust, all participants expressed wanting something “functional” that increases the number of tasks they can carry out or makes the tasks easier. The tasks were mostly bi-manual activities (wherein the prosthesis is used to hold an object being manipulated with the other hand) or general holding of items. Prostheses were used when they increase functionality. It is expected that a similar trend will be observed with sensory feedback where, for it to be used effectively, users should be able to see how it improves what they can currently do.“sometimes when people go to design, they think that...they forget that the person will have worked around and find their own way of doing certain things and I think it’s very important.” (Tony)


A) I already do things my way
Participants explained how they relied on planning ahead to do things their way, depending on their level of limb difference and day-to-day needs. Participants with congenital limb difference highlighted that, being born that way, they did not have to adapt to different ways of carrying out ADL.“When I was learning to crawl. I didn’t know there is another way to crawl, I just figured out how to crawl and same thing with like everything else. When you learn the mechanism to make your body work... I never had a new challenge to learning it, I just learned it.” (Ross)

The reliance on alternative ways of carrying out ADL lead some participants to reject prostheses because they did not need it, and others to abandon it because it got in the way, resulting in lost functionality, rather than gained.“for me, it was almost wearing a third, a third appendage or a third limb that kind of bumped into things.” (Georgie)

Understanding that users have developed their own ways to carry out tasks is directly relevant to sensory feedback. The survey showed that, despite not having any explicit feedback, 74% of those who tried a prosthesis (and 86% of current users) actively rely on looking at the prosthesis, feeling the vibration through the socket or listening to the sound of the motors (Fig. 4). Therefore, sensory feedback should be designed to complement those sources, rather than replace them.[image: ]
Fig. 4Sources of implicit feedback showing the split based on the type of prosthesis used


B) I would like to be able to hold items with the prosthesis without dropping or crushing them
The most frequent task associated with prosthesis use was picking up and holding objects when the other hand is busy or when the object needs to be held away from the body. This can be difficult to do with fragile objects due to poor grip force control without feedback. Pressure feedback was thought to make this easier if it was reliable, repeatable and placed at suitable locations on the hand. Those locations should not be limited to the fingertips (as not all grips result in the fingertips touching the object).“there are things that I hold that touch my palm more than my fingers, especially depending on what shape it is because you’re not always going to hold something with your fingers” (Jessica)


Theme 3: How will it affect how I feel?
Whilst functionality dominated the discussion, the psychological effect of wearing a prosthesis was highlighted as a key consideration. The effect the prostheses have on psychological well-being was more evident during the interviews than the survey where participants rated emotional benefit as the lowest priority compared to improving control, increasing embodiment and reducing phantom limb pain (see Fig. 5). It should be noted that the interpretation used to describe embodiment in the survey (Makes the prosthesis feel more like a part of the body rather than a tool) is one of several used in the literature. The reader can refer to [30] and [31] for more details.“before you start engaging in activity, you know.. its being comfortable with yourself and being comfortable with the way people perceive you” (Walter)

[image: ]
Fig. 5Comparison of the mean importance score of each of the sensory feedback benefits between participants with acquired and congenital limb difference, showing the 95% confidence intervals. The scoring system was a scale between 1 and 4 with 1 indicating “Not important” and 4 indicating "Very important”. The p value markers compare the importance scores between participants with acquired and congenital limb difference. The description of some benefits was simplified as follows: Emotional benefit was described as: “It is emotionally pleasing to feel touch through the prosthesis”. Embodiment was described as: “Makes the prosthesis feel more like a part of the body rather than a tool”. Improving control was described as: “Makes it easier to control the prosthesis”


A) The prosthesis affects interactions with others
Participants talked about generally positive interactions with others, and friends and family in particular. However, several pointed out that kids’ honesty can sometimes be hurtful, and that the prostheses enabled a more positive interactions with kids due to their “coolness factor”. Prostheses had a similar effect on interactions with adults as well, facilitating the conversations on limb difference and shifting the focus onto the device itself. A few mentioned that they found it easier to be accepted and included when wearing a prosthesis. This was mentioned in the context of both passive and myoelectric prostheses.“I think that’s a great thing about these devices that it, it sort of makes it a more interesting way to have a conversation about it, I guess” (Tony)

However, some mentioned that those conversations can get repetitive and they would sometimes prefer not to draw attention to themselves. The opinion on this matter varied between participants with some being motivated to spread awareness about limb difference and others wanting to be seen for who they are, aside from being limb different. Despite those differences, most participants mentioned occasions where they hid their limb difference or prosthesis to blend in. This highlights the importance of feedback being discrete so as not to increase the curiosity of people and lead to further questioning.“I’ve gotten to a point now where I do love my arm, I love people seeing it but I also sometimes just want to blend in. I don’t need people to be like ... wow that is a cool arm.. I’m like hmm cool I’ve got stuff to do” (Ted)

“I just think that my existence as a disabled person does need to be a learning experience for people [...] a lot of people don’t even like, ask me my name or how I am, they literally just started like, that’s a cool hand, like tell me about it or whatever and there’s just, there’s so much more to me than my hand and I just think it’s disrespectful.” (Jessica)

Some participants who do not currently wear a prosthesis wondered how others would react to the change, and some mentioned that their family might want to try the sensory feedback technology themselves, if they are able to (if it was a wearable cuff, for example).“only my parents and my siblings are the people that.. that have known me when I wore a prosthetic before, so it would be it would be very... hmm... It would be a little different. ” (Georgie)

“Hmm [laughs] I think that if they would be able to they would probably want to try it on themselves and feel how it feels with the different sensation feels and the gripping feels of it.” (Kelsey)

Another aspect of interactions with others is touch (handshakes in particular). Feedback was thought to be useful to enable the user to shake people’s hands with confidence while maintaining eye contact and not worrying about holding too tight. Even when the prosthesis is not used to shake the other person’s hand, it is useful to have it to easily transfer objects between hands with confidence and minimal visual attention.“I suppose if you like shaking hands with somebody, then if [the prosthesis provides feedback] you’d know you’d actually make contact because when you shake hands with somebody, you don’t look at their hand and make sure your hand goes into their hand. Yeah. You’re more looking at their face. So that would be very useful.” (Guy)


B) The prosthesis affects how I feel about myself
A prosthesis was thought to improve self-reliance and confidence carrying out different tasks in public. However, when the performance did not match expectations it was seen as disabling.“It didn’t feel like it assisted me in terms of like doing an activity, it always felt more disabling because of the restricted function it had.” (Grace)

Further, participants highlighted the importance of aesthetics. This was rarely linked to natural-looking prostheses but rather to visually pleasing, “sleek” looking devices. Cosmetic prostheses were sometimes viewed negatively as they are “not fooling anyone”.“I hate the hook so much, because they’re not, they’re not aesthetic at all, but they’re also not particularly functional. So they just look horrible. Yeah, it kind of, I never felt nice. Well, I guess it’s like clothes isn’t it? When you put them on, you’ve got to feel kind of nice. And with that you just feel like something from a medical book, I guess? I don’t know. not nice.” (Grace)

Prosthesis use was also linked to acceptance, more actively so with participants with acquired limb difference as they described acceptance to be key to moving on with life after limb loss. Viewing the prosthesis as a tool, rather than a replacement, and understanding its limitations was a critical part of acceptance. During the interview, Margaret seemed to be opposed to the idea of sensory feedback due to fear of how it will affect her acceptance of her limb loss.“it would be useful in some senses [...] but I don’t know that I really want it to be honest [...] I suppose it’s to do with my acceptance that I am an amputee. you know, my hands, they’re not going to grow back [...] it’s about getting on with life without them.”

When asked to elaborate on her response, she mentioned that sensory feedback might affect the alternation between different prostheses. She used multiple prostheses for different types of activities and thought that if one of them resulted in an increased sense of embodiment, she might find using the other prostheses less enjoyable.“there is no one prosthetic that can replace my hands.[...] So I’m always going to be changing between different tools and I think if I had feeling sensation in one of them, that could make the adjustment to not having them even harder.”

It is important, therefore, to ensure that feedback is described as a way to make the prosthesis more useful, rather than as a way to regain a sense of touch. It is also advisable to discuss other prostheses and tools used to assist with ADL and how sensory feedback might affect their use.“I think it’s that mental thing where you have to understand it’s a tool.[...] it’s never going to replace your feeling of your fingertips” (Paul)


C) I will choose to wear a prosthesis because I want to not because I need to
Individuals with congenital limb differences who used prostheses as children showed some rebellious behaviour against prostheses. This was often linked to being told they need it, which resulted in them finding alternative ways to carry out tasks to prove that they don’t. This attitude changed in adult life when they began to view prostheses as tools for specific tasks, rather than devices to rely on.“my parents essentially said, well, you can’t do these certain things without it, so you have to wear it. So I kind of taught myself how to do things with pinning my shoelaces between my elbow, tying my shoes and all of that. And then by the time I was a teenager, they kind of told me I didn’t have to wear it anymore.” (Georgie)

“everyone has acknowledged that I don’t *need* it. It’s just something I’m trying out and seeing if I really like it or not right now. So yeah, a lot of acceptance, which is good.” (Jessica)


Theme 4: Is it worth it?
The overarching theme of the conversations was “Is it worth it?”. While sensory feedback has several advantages, its drawbacks need to be considered and clearly communicated. Also, in the same way that prostheses are only used when useful or needed, feedback might be switched off when it is not aiding, or even hindering a task. This thought process aligns with what has been reported previously in relation to general prosthesis use [2, 32–34].
A) Comfort is of utmost importance
Supporting the emphasis on the importance of comfort in the literature [35], the survey showed that comfort, along with not needing a prosthesis, were the most common reasons for not using a prosthesis (see Fig. 6). Comfort was also mentioned repeatedly in the interviews as a key requirement for sensory feedback. All participants described being worried about excessive and uncomfortable feedback - described as high intensity and leading to potentially painful sensations in sensitive areas, or feedback that is present for prolonged periods. Those worries were evident in the survey responses as reasons to switch the feedback off as well as justifications for specific design features (see Opinion on sensory feedback design in Additional file 1).[image: ]
Fig. 6Reasons for prosthesis abandonment or non-use


Many participants tried to come up with ways of ensuring the feedback is comfortable, e.g., reducing intensity with time. However, they often acknowledged that this is difficult and may require more advanced technological innovations. Regardless of how feedback is designed, participants expressed their interest in being able to adjust the feedback to match their comfort levels.“if you’re doing the same kind of task for a while you don’t want to be told constantly- you are doing this! you’re doing this! Oh yes, I am aware! so maybe start strong and then it either weakens or just completely turns off after a while.” (Tony)

Another aspect of comfort is the effect of sensory feedback on phantom limb pain. When given a list of potential sensory feedback benefits that includes: “Makes it easier to control the prostheses”, “Reduces phantom limb pain”, “makes the prosthesis feel more like a part of the body rather than a tool”, “It is emotionally pleasing to feel touch through the prosthesis”, survey respondents with acquired limb difference selected reducing phantom limb pain as the highest sensory feedback priority (see Fig. 5). However, one participant mentioned that trying sensory feedback “exacerbates [his] phantom pains beyond any measure”. A similar comment was made in the study by Engdahl et al. where P16 reported that an experiment on sensory feedback increased their phantom limb pain [36]. It is unclear to the authors why sensory feedback may have increased phantom limb pain, particularly with the evidence available to the contrary [37–41].
B) It needs to be easy to use
Ease of use also influenced prosthesis usage, and in the context of feedback, intuitiveness and repeatability were the main concerns. Participants were asked their opinion on the use of a mobile application to adjust sensory feedback settings. Some participants suggested this would be a desired feature but highlighted the importance of ease to access, with Jessica suggesting that a widget4 option would speed up the process of adjusting settings. The reader can refer to Additional file 1: Table S5 for a summary of concerns and desired app features obtained through the survey.“Like if it had an option for widgets so you didn’t even have to like log in on your phone.” (Jessica)


C) Sensory Feedback is linked to easier prosthesis use
Participants expected that sensory feedback would make the prosthesis easier to use by creating a more natural flow of tasks, and reducing the planning and focus required. With time, repeatable feedback was expected to aid with learning, with some participants expecting not to need feedback after a few years, once they’ve mastered how to control the prosthesis.“Maybe you’ve got something so sophisticated that as you do it it tells you and then you start to learn how much pressure you put on.” (Jerome)


D) Overuse syndrome is a motivator to wear a prosthesis
Overuse syndrome was something nearly all participants mentioned or were aware of. In fact, it was one of the reasons many individuals with congenital limb differences started considering getting a prosthesis at an older age.“I feel like if I could somehow balance that load, even just a little bit it might give me a longer life with my right hand and so I am *really* nervous [...] that’s my primary motivation- trying to figure out a way to preserve what I have and get some more functional usage.” (Ross)


Discussion
The survey and interview results demonstrated how the experience of participants influenced their needs and expectations of sensory feedback systems. Participants acknowledged the importance of reducing compensatory movements, and appreciated ways of making the prosthesis more useful to encourage increased used. They found the lack of trust in what the prosthesis is doing to be limiting, and expected reliable sensory feedback to increase this trust. However, they were wary of what adding features may do to reliability, size, and comfort. Comfort was mentioned in particular as a concern with sensory feedback, and fear of it becoming intrusive was mentioned by most participants. The effect of feedback on how the participants felt about themselves and during interactions with others was also mentioned both in terms of being a desired outcome and a potential worry.
Implication for sensory feedback design and implementation
The findings of this study can be applied to different aspects of the design and implementation of sensory feedback systems for upper-limb prostheses by encouraging the designers and clinicians to ask the questions highlighted in Fig. 7. The PBA was followed by integrating the results and existing literature to produce the guiding principles in Table 1. The in-depth mixed methods data allowed the identification of key user behavioural characteristics that would impact participant engagement with the intervention (sensory feedback), namely the ability to (i) trust it, (ii) see its benefit and (iii) feel empowered and (iv) comfortable using it. These characteristics were then used to define the design objectives needed to overcome the challenges linked to the behavioural characteristics. Finally, specific key design features were hypothesised to achieve the defined objectives [21]. Both the design objectives and key design features (i.e. guiding principles) can be used and modified throughout the implementation and optimisation stages of the design of sensory feedback systems and provide a valuable baseline to evaluate the intervention against to ensure that the user needs are at the heart of the process. For example, given the importance of trust on user acceptance (first design objective), designers may want to consider whether the feedback elicited is stable and repeatable during different grips, and when the arm is moved or oriented in various positions. This is particularly important in the context of myoelectric prostheses as their control can be unpredictable in some arm positions due to the change in the electrode-skin interface [42]. A feedback system that is similarly unpredictable will fail to increase trust and therefore may be rejected or not used regularly. The rest of the design objectives and features can be used in a similar manner to guide the design, assessment and implementation of sensory feedback systems.[image: ]
Fig. 7Questions that should be asked when designing, assessing or communicating to users about sensory feedback

Table 1Guiding principles for the implementation of sensory feedback in upper-limb prostheses


	Design objectives
	Key design features

	The sensory feedback system should enable the user to trust it.
	[image: $$\bullet$$] The features of the sensory feedback system should be communicated clearly in terms of sensation quality, sensitivity and area covered.

	 	[image: $$\bullet$$] Feedback sensation should not be influenced by external factors (e.g. arm position).

	 	[image: $$\bullet$$] The sensory feedback system should be durable.

	 	[image: $$\bullet$$] The sensor locations should cover all of the areas used to hold objects (i.e not just the fingertips).

	 	[image: $$\bullet$$] The calibration and settings adjustment options should be designed to ensure reliability (e.g. have simple and advanced options to ensure the saved setup is not deleted by mistake).

	Sensory feedback should be comfortable for long-term use.
	[image: $$\bullet$$] The system should allow the user to adjust the feedback intensity and extent (i.e. how much feedback they want).

	 	[image: $$\bullet$$] The feedback should not be intrusive when objects are held for a long time.

	 	[image: $$\bullet$$] The weight of the system should be negligible.

	 	[image: $$\bullet$$] The user should be able to switch the feedback off easily (e.g. button on the prosthesis rather than through an app).

	Sensory feedback should not have a negative impact on normal prosthesis use.
	[image: $$\bullet$$] Sensory feedback should not distract from other activities (e.g. introduced gradually to allow the user to get accustomed to it).

	 	[image: $$\bullet$$] Sensory feedback should complement other implicit feedback sources.

	 	[image: $$\bullet$$] Sensory feedback should integrate with existing notifications available through the arm (to not be confusing).

	Sensory feedback should not draw extra attention.
	[image: $$\bullet$$] Sensory feedback should not be audible.

	 	[image: $$\bullet$$] The design of the sensory feedback system should either be integrated into the prosthesis or hidden without adding bulkiness (as that would cause difficulties with long-sleeve clothing).

	The feedback should not interfere with the user’s acceptance of limb difference.
	[image: $$\bullet$$] The way sensory feedback is described should be appropriate to its capabilities (e.g. tactile feedback for vibrotactile feedback).

	 	[image: $$\bullet$$] The language used should be appropriate with the fact that the prosthesis is a tool and is not attempting to replace a body part (e.g. instead of asking how “natural” the sensation felt, could ask how “comfortable” it was).




Strengths and limitations
The main strength of this study is its specific focus on sensory feedback and the use of data triangulation where both quantitative and qualitative results were combined to establish a deep understanding of the expectations of adults with upper-limb differences of such systems. The study benefited from a team with a range of experiences covering engineering, health psychology and upper-limb prosthesis (manufacturing/ clinical) experience to ensure that the recommendations accurately reflect the results whilst also being of practical use.
The study focused on vibrotactile feedback to enable the participants to conceptualise how the system would operate. The participant demographic included a high percentage of participants with congenital limb difference (Survey: 62%, interviews: 80%). However, the survey showed negligible differences in the practical experiences of participants with congenital and acquired limb difference, except for phantom limb pain (matching what was observed by Widehammer et al. [43]). The differences between acquired and congenital limb different participants were only apparent when discussing the psychological effect of adding sensory feedback, as explained in the results. Nonetheless, the developed guiding principles are expected to apply to all types of feedback and upper-limb difference causes as they focused on the core considerations rather than specific design requirements. Finally, although the study aimed to recruit participants from different demographics, the sample may not be fully representative of the population of upper-limb different adults. As with most similar studies, the participants demonstrated strong can-do attitudes [22] which may reflect a selection bias where adults that agree to participate in research are often more accepting of their abilities and are willing to engage. With the awareness of the subjectivity interview data but given the principles of information power [44], the sample size and study results were considered satisfactory.
Conclusion
This mixed-method study highlighted the expectations and needs of adults with upper-limb differences. The survey (N = 37) and interview (N = 15) results are in agreement that the main perceived benefit of feedback is related to increasing the trust in the prosthesis and, thus, enabling the user to feel more confident using it to carry out ADL. The survey provided a wide range of specific practical examples to consider when designing feedback systems, while the interviews enabled a deeper understanding of the user expectations and shed light on how sensory feedback can affect how users feel about themselves and interactions with others. They also showed the different elements of the cost-benefit analysis when considering sensory feedback. The findings were translated into practical guiding principles that can be used to increase the effectiveness and impact of the developed sensory feedback systems.
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Appendix
A: Participant demographics
See Table 2.
Table 2Survey and interviews participant demographics


	 	 	Survey
	N = 37
	Interviews
	N = 15

	 	 	(n)
	(%)
	(n)
	(%)

	Gender
	Female
	18
	49
	6
	40

	 	Male
	18
	49
	9
	60

	 	Prefer not to answer
	1
	3
	0
	0

	Cause
	Congenital
	23
	62
	12
	80

	 	Acquired
	14
	38
	3
	20

	Level
	A
	2
	5
	2
	13

	 	B
	26
	70
	10
	67

	 	C
	9
	24
	3
	20

	Prosthesis use
	I use my prosthesis daily
	15
	41
	3
	20

	 	I use my prosthesis at least once a week
	6
	16
	4
	27

	 	I use my prosthesis less than once a week
	0
	0
	0
	0

	 	I used a prosthesis in the past but not anymore
	6
	16
	4
	27

	 	I never used a prosthesis
	10
	27
	4
	27

	Duration of use
	less than 1 year
	3
	14
	1
	14

	 	1 to 5 years
	5
	24
	2
	29

	 	6 to 10 years
	3
	14
	1
	14

	 	more than 10 years
	10
	48
	2
	29


Refer to Fig. 1 for the definition of the different upper-limb difference levels



B: Interview participants
See Table 3.
Table 3Profiles of interview participants


	Pseudo name
	Level
	Cause
	Gender
	Prostheses use
	Years of use
	Type of prostheses

	Ted
	B
	C
	Male
	I use my prosthesis at least once a week
	6 to 10
	BP, M

	Paul
	C
	A
	Male
	I use my prosthesis at least once a week
	>10
	M

	Ross
	B
	C
	Male
	I never used a prosthesis
	 	 
	Kelsey
	B
	C
	Female
	I used a prosthesis in the past
	 	M

	Georgie
	B
	C
	Male
	I used a prosthesis in the past
	 	BP

	Jerome
	B
	C
	Male
	I use my prosthesis daily
	>10
	 
	Walter
	C
	A
	Male
	I never used a prosthesis
	 	 
	Tony
	A
	C
	Male
	I never used a prosthesis
	 	 
	Guy
	B
	C
	Male
	I used a prosthesis in the past
	 	M

	Cheryl
	A
	C
	Female
	I never used a prosthesis
	 	 
	Grace
	B
	C
	Female
	I used a prosthesis in the past
	 	 
	Margaret
	B
	A
	Female
	I use my prosthesis daily
	<1
	BP, M

	Laura
	C
	C
	Female
	I use my prosthesis at least once a week
	 	C

	Kevin
	B
	C
	Male
	I use my prosthesis at least once a week
	1 to 5
	M

	Jessica
	B
	C
	Female
	I use my prosthesis daily
	1 to 5
	M


Refer to Fig. 1 for the definition of the different upper-limb difference levels. Causes: C: Congenital A: Acquired. Type of prostheses: BP: Body Powered, C: Cosmetic, M: Myoelectric



C: Stakeholders’ profiles
See Table 4.
Table 4Survey and interviews participant demographics


	Prof Laurence Kenny
	Rehabilitation research engineer, with over 20 years of experience in the field.

	Kameron Maxwell
	Dual qualified Prosthetist/Orthotist with experiencing working in a variety of clinical settings in the UK with both NHS and private healthcare services. He also has an MSc in Prosthetics & Orthotics.

	Jim Ashworth-Beaumont
	With prior training and experience as a mechatronic and control systems engineer, Jim has been a senior Orthotist/Prosthetist for over 20 years and been a senior clinician with a special interest in traumatic injury and neurorehabilitation at the NHS for 16 years. His postgraduate qualifications are in Health Studies and Neurorehabilitation. He has also experienced upper-limb amputation and was able to share his lived experience too.




D: Survey questions flow chart
Figure 8 shows the main sections of the survey. The section on sensory feedback starts by guiding the participants to think about vibrotactile feedback.[image: ]
Fig. 8Flow chart showing the survey sections
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Footnotes
1Phantom limb pain describes neuropathic painful sensations experienced by individuals with acquired amputation. Those sensations are felt as though they are originating from the lost limb and can range from cramping to stabbing sensations. Individuals with congenital limb differences do not experience phantom limb pain, with the exception of some rare cases [10, 11].

 

2The first pilot test resulted in substantial change to the survey so only the results from the second pilot study were included in the final results.

 

3The profiles of the stakeholders consulted can be found in Appendix C.

 

4widgets are a way for the user to use a mobile application through the home page without having to open the application itself with the aim of easier access to commonly used features.
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