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AbstrACt
Objectives This study explores the opinions of 
orthopaedic healthcare professionals regarding the 
opportunities and challenges of using wearable technology 
in rehabilitation. It continues to assess the perceived 
impact of an exemplar exercise biofeedback system that 
incorporates wearable sensing, involving the clinician 
in the user-centred design process, a valuable step in 
ensuring ease of implementation, sustained engagement 
and clinical relevance.
Design This is a qualitative study consisting of one-to-one 
semi-structured interviews, including a demonstration 
of a prototype wearable exercise biofeedback system. 
Interviews were audio-recorded and transcribed, with 
thematic analysis conducted of all transcripts.
setting The study was conducted in the orthopaedic 
department of an acute private hospital.
Participants Ten clinicians from a multidisciplinary team 
of healthcare professionals involved in the orthopaedic 
rehabilitation pathway participated in the study.
results Participants reported that there is currently 
a challenge in gathering timely and objective data for 
the monitoring of patients in orthopaedic rehabilitation. 
While there are challenges in ensuring reliability and 
engagement of biofeedback systems, clinicians perceive 
significant value in the use of wearable biofeedback 
systems such as the exemplar demonstrated for use 
following total knee replacement.
Conclusions Clinicians see an opportunity for wearable 
technology to continuously track data in real-time, and 
feel that feedback provided to users regarding exercise 
technique and adherence can further support the patient at 
home, although there are clear design and implementation 
challenges relating to ensuring technical accuracy 
and tailoring rehabilitation to the individual. There was 
perceived value in the prototype system demonstrated to 
participants which supports the ongoing development of 
such exercise biofeedback platforms.

IntrODuCtIOn 
It has been estimated that over 10% of the 
population will need a total knee replace-
ment (TKR) by 80 years of age.1 Home-based 
exercises following TKR form the mainstay 

of rehabilitation, with typical physiotherapy 
programmes consisting of exercises targeted 
to increase strength, range of movement 
and function as well as reduce postopera-
tive complications.2 However, adherence 
rates to home-based exercises are alarmingly 
low, with patients reporting various reasons 
for non-compliance with the prescribed 
programme.3 4 Patients often report a lack 
of confidence following discharge from 
hospital, insecurity surrounding their post-
operative expectations and poor recall of 
exercise technique.5 Poor performance of 
exercise technique such as insufficient range 
of motion, alignment or compensatory move-
ments may impact on the efficacy of the 
rehabilitation programme, and hence the 
outcome of the procedure.6 Poor adherence 
may even lead to further complications, read-
mission to hospital, additional healthcare 
costs and prolonged pain and disability for 
the patient.7 

The lack of support reported by patients 
may also result from the changing nature 

strengths and limitations of this study

 ► There is a need for innovative solutions to counter-
act poor adherence and increasing pressure on pa-
tient self-management, and a user-centred design 
approach with key stakeholders is recommended.

 ► Few studies have investigated clinicians’ percep-
tions of exercise biofeedback systems and offered 
the opportunity for healthcare professionals to con-
tribute to the user-centred design process.

 ► This study uses qualitative methods in the form 
of semi-structured interviews to allow for an in-
depth exploration of participant opinions, yet results 
are of a subjective nature and are not necessarily 
generalisable.

 ► Study participants were recruited from a number of 
different disciplines across nursing and therapies, 
although from a single healthcare institution.
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of joint replacement surgery globally, moving towards 
value-based care and a drive for reduction in the length 
of hospital stay, placing a greater emphasis than ever 
on the self-management skills of the patient. Health-
care providers need to make the most of the opportu-
nity that new and emerging technologies present,1 8 and 
connected health solutions may provide the opportunity 
to bridge this gap between the home and clinician.3 With 
the advancement of sensor technologies and mobile 
computing platforms, it is now possible to empower 
patients to self-manage more effectively, acquire data 
with far greater efficiency and use this to support the 
clinician in making more objective, data-driven decisions 
about clinical care.8 Inertial measurement units (IMUs) 
can be used to measure the three-dimensional position of 
a limb segment and have been shown to be a cost-effec-
tive, accurate method of assessing exercise technique in 
rehabilitation exercises,9–12 presenting the opportunity to 
build such a classification system into a connected health 
intervention.

When designing a connected health intervention, in 
order to promote user-engagement and maximise impact, 
an iterative design process involving consultation with 
key stakeholders is recommended throughout the design 
and development phase to optimise the effectiveness of 
the system.13 14 As well as the patient end-user, clinicians 
should be encouraged to participate in the design and 
evaluation of connected health solutions to ensure clin-
ical acceptability.15 However, there is currently a lack of 
collaboration between technology developers and health-
care professionals, which in turn is affecting acceptance 
and adoption of new technologies.15 16

The aim of this study was twofold. In the first instance, 
we sought to perform an exploration of the opportu-
nities and challenges of using wearable technology in 
rehabilitation after joint replacement surgery. Following 
this, clinicians were provided with a demonstration of 
an exemplar wearable exercise biofeedback system, and 
their perceptions of its potential use in the clinical setting 
were evaluated while incorporating the healthcare profes-
sional in the user-centred design process.

MethODs
Patient and public involvement
No patients or members of the general public were 
involved in this study.

Participants
A total of 10 participants (6 females, 4 males, age: 
36.5 years (SD 9.06)) from a variety of clinical disciplines 
(4 physiotherapists, 2 clinical nurse specialists, 2 ortho-
paedic assistants, 1 occupational therapist and 1 staff 
nurse) were recruited as a sample of convenience from a 
private hospital in Dublin, Ireland, and were involved in 
the care of patients in the orthopaedic joint replacement 
pathway within the hospital. Potential participants were 
identified and introduced to the study by an Orthopaedic 

Consultant (MN) and the Allied Therapies Manager 
(AD). Each participant signed a consent form prior to 
commencing the study.

experimental procedure
Participants were required to attend a single hour-long 
session as part of the study. All interview data were 
recorded using a Dictaphone and an interview topic 
guide (see online supplementary file 1) was constructed 
based on the main research questions and aims of the 
study, in order to ensure consistency between inter-
views.17 Prior to introducing the concept and exemplar 
biofeedback system, and to prevent bias, a semi-structured 
interview was conducted with each participant to gain an 
understanding of what methods clinicians are currently 
using to monitor and provide feedback to patients, the 
perceived opportunities and challenges of connected 
health interventions, and their current knowledge of 
wearable technology. A demonstration of the exemplar 
wearable exercise biofeedback system was then provided, 
followed by a further semi-structured interview to identify 
the perceived impact and clinical implications of such a 
system.

Prototype exercise biofeedback system
A prototype has been developed consisting of a single 
IMU (Shimmer, Dublin, Ireland) and an Android appli-
cation developed for a tablet computer to be used by the 
patient in their own home. The IMU is placed on the 
shank in a neoprene sleeve and is connected via Blue-
tooth to the Android application on the tablet. As the 
user exercises, the IMU streams sensor data to the tablet, 
and an on-screen avatar mirrors the movements and the 
repetitions are counted for each exercise. At the end of 
the set, the user is provided with feedback on their tech-
nique,11 18 and if erroneous, advice on how to improve 
technique is displayed. Patient-reported outcomes are 
captured on a regular basis and the user’s progress is also 
presented graphically to track adherence. An illustration 
of the user setup is included in figure 1 with screenshot 
in figure 2.

Data analysis
Audio from interview recordings was transcribed and 
anonymised. Thematic analysis of the interview tran-
script took place with a grounded-theory approach.17 
The interview guide was used to create an early coding 
template, which was then refined and finalised as further 
themes emerged during data analysis,19 conducted 
by RA (research physiotherapist) and PS (experi-
enced qualitative researcher). A constant comparison 
approach was taken with regular cross-checking to 
ensure reliability of emerging subthemes, with a strong 
correlation between researchers.20 Any outliers were 
discussed, and agreement reached, with data saturation 
agreed when no further themes were occurring in the 
interview data.17
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results
A summary of results are reported below, additional 
quotations to support these results can be found 
in online supplementary file 2.

Current methods of monitoring and feedback
Clinical practice at present tends to rely on a combina-
tion of objective and subjective markers. Participants 
spoke about the wide use of range of motion measure-
ment as a key objective marker following TKR. Addition-
ally, markers such as swelling, pain and functional scores 
are used to monitor changes in the patient’s condition.

Generally, I would manually take objective measures, 
traditional measures such as muscle strength, range of 
motion, and then some subjective ones as well, opin-
ion based on movement quality. (Physiotherapist)

However, participants commented on the lack of objec-
tivity of assessing muscle strength, gait, and exercise 
technique, with visual assessment and patient self-report 
forming the basis for ongoing monitoring.

Objective markers are few and far between and 
we’re still reliant on the old clinical measures like 
range of motion, muscle strength—which if you’re 

testing on an Oxford scale it’s a very subjective thing. 
(Physiotherapist)

Those participants working in the postacute phase of 
care stated that feedback was primarily offered verbally, 
and it is not possible to offer other feedback between 
clinic appointments.

I guess just verbal feedback is our only option… 
but when they go home we’re not giving them 
any feedback ‘till they come back to the clinic. 
(Physiotherapist)

Perceptions and knowledge of wearables
Participants were aware of wearable technology, with 
many stating they have used some sort of wearable device 
in their personal lives, yet discussion was almost exclu-
sively on the application in the fitness space.

The apps on the smartphone that you have to have 
a phone in your pocket for the app to work and it 
tracks how many steps you’ve done. I know about 
Fitbit. (Clinical nurse specialist)

Participants also discussed the motivational aspect asso-
ciated with using a wearable device. They felt that as well 
as motivating the user to meet their goals, the opportu-
nity to track their own data and analyse their results was 
of benefit.

You kind of got little rewards or prompts from it you 
know, ‘congratulations you’ve done 5 days in a row’ 
and I liked that. (Occupational therapist)

Drawbacks of such technology were also highlighted. 
One participant felt that it would not be beneficial for 
them to use wearables themselves, with others reporting 
the amount of choice being overwhelming, and ques-
tioning the validity of such measures.

How can it differentiate between height and weight, 
and I don’t know that is always taken into account 

Figure 1 User setup of biofeedback system with single 
inertial measurement unit placed on the shin and associated 
tablet application (written consent provided for use of image).

Figure 2 Screenshot of Android application during exercise 
mode.
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with some of these technologies. (Clinical nurse 
specialist)

Opportunities and challenges for connected health in 
orthopaedic rehabilitation
Participants were unanimous in agreement that there 
is an opportunity and wide scope for connected health 
interventions, including wearable and mobile technology, 
to play a role in orthopaedic rehabilitation.

I think there’s definitely a place for it, because 
it’s so much more in people’s lives than ever. Lots 
of people like apps now and they like to tag into 
something, and if it can give more specific indi-
vidual feedback then there’s definitely a role for 
it to be a part of their progression, especially re-
sulting in something that will rehab for months. 
(Physiotherapist)

A number of potential features were highlighted 
that clinicians would consider useful, such as progress 
tracking, feedback, remote monitoring, regular range of 
motion measurement and counting repetitions.

Even something like a Fitbit that showed a graph that 
you can go and check if they’ve actually done their 
exercise and if they’ve achieved their targets. (Staff 
nurse)

I love the idea of real-time feedback, the idea some-
thing can tell you you’re doing something wrong 
immediately and help you correct it. (Occupational 
therapist)

Participants were also quick to point out the challenges 
of delivering healthcare solutions in this way. All partic-
ipants interviewed stated that the usability of any tech-
nology would be a significant barrier to engagement that 
will need to be overcome.

I mean if the interface is difficult or if something, 
if errors keep occurring. I think the more simple a 
thing is and the more intuitive it is, the easier it will 
be from an uptake and ongoing compliance issue. 
(Occupational therapist)

Compliance with use of any connected health interven-
tion was widely reported to be a challenge.

I think there are an awful lot of opportunities there 
but a lot of it comes down to patient compliance. 
(Clinical nurse specialist)

There were additional challenges relating to the relia-
bility and validity of any such technology, with discussion 
of aspects such as internet capability, bugs and glitches.

The technology actually working, how many times 
you know, the lack of Wi-Fi, computer crashing… I 
suppose they would be the huge elements. (Clinical 
nurse specialist)

Data security challenges were also noted, with the 
potential for confidential healthcare data being accessed 
without permission.

One would have said data protection, that’s always 
going to be your main challenge. (Clinical nurse 
specialist)

Participants also spoke of the important balance in 
the patient-clinician relationship, and the need for tech-
nology to enhance the role of the professional, rather 
than attempt to replace the clinician. It was noted that 
such technologies need to work without shifting the focus 
away from the patient’s own self-management.

So I would think with technology the person who has 
to be driving the connection is the patient. (Clinical 
nurse specialist)

The final notable subtheme to arise when discussing 
challenges of connected health systems, is the user’s own 
ability and confidence with technology.

If you look at the elderly population that are primarily 
receiving joint replacements, are a lot of them au fait 
with? Some of them would be but presumably there 
are a large percentage who aren’t au fait with iPads, 
iPhone and similar technologies. (Physiotherapist)

However, other participants offered counter argu-
ments that this may not be the case compared with years 
gone by.

I suppose, a lot of people have the technology, that’s 
not as much a barrier. It’s so accessible now on smart-
phones and so many people have smartphones. 
I’m seeing 90 year olds using Skype and Facebook 
and I think that barrier is reducing. (Occupational 
therapist)

Perceived impact of exemplar system
Having completed a demonstration of the prototype exer-
cise biofeedback system as described above, all partici-
pants perceived this system as potentially having a positive 
impact in orthopaedic rehabilitation. Every participant 
noted the ability to capture and track data in a manner 
that has not previously been possible as a major benefit. 
Participants were excited by the prospect of tracking and 
leveraging metrics such as adherence, difficulty, pain and 
mood to guide their decisions.

Then at least you can track as well, to see if they’re ac-
tually using it at all. Because if they’re not using it then 
they’re likely not doing anything. (Physiotherapist)

One of my favourite things about it is that you can 
score the difficulty, if somebody is scoring 5, 5, 5 
then they’re finding it too difficult but if they’re scor-
ing 1, 1, 1 you can progress them on very quickly. 
(Physiotherapist)

They also felt using this system would improve the 
outcome of rehabilitation. They suggested that if the 
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patient was demonstrating greater adherence, this would 
be of benefit.

It’ll improve the quality of the patient’s rehab. So I 
think they will be more likely to follow more struc-
tured programmes when they have the visual feed-
back to do it. (Physiotherapist)

I think they would rehab quicker and be more con-
fident in their rehab, which is the best thing. (Staff 
nurse)

Through instilling added reassurance and motivation, 
clinicians felt that this system could improve the patient 
experience.

I think it will enhance patient confidence in their 
recovery… it’s reassuring to know you’re on track. 
(Clinical nurse specialist)

Participants suggested this system could contribute to a 
more efficient healthcare system, both for the patient and 
the service provider.

… you’re hopefully not going to need MUA’s (ma-
nipulation under anaesthetic) and that kind of thing 
because you’re doing it right from the beginning. 
(Staff nurse)

As a patient, I would imagine that if I was doing my 
exercises correctly, I would need less appointment 
time with a physiotherapist… If I wasn’t doing the 
exercises correctly, the physiotherapist might call 
me to go through how to do it, but if I’m doing my 
exercises correctly, if I’m reaching the goals I need to 
and the activity levels that I need to, why do I need to 
come in and see a physio? (Clinical nurse specialist)

Challenges
Participants also felt that this increased efficiency could 
emerge as a challenge however, as there is a risk of the 
patient placing a reliance on the technology over the 
human. Although there was an acknowledgement from 
some that this would not be the case.

As long as I follow it… I wouldn’t go and see the phys-
io again. (Orthopaedic assistant)

It’s not going to take the place of the therapist you 
know, but it just serves to really hammer home the 
message you’re trying to get across to the patient. 
(Physiotherapist)

A major challenge for such a system which was discussed 
by five clinicians, related to the accuracy of the data 
provided by the technology.

The worry that it won’t be giving you the right infor-
mation and then it’s going to skew your thought pro-
cess and that of others because you can only report 
on what you’re being given. (Physiotherapist)

Interviews highlighted the difficulty of tailoring an 
automated programme to the individual, with only a 
small number of standard exercises included in this 

system compared with the breadth of options prescribed 
in clinical practice.

My issue would be if we use this app after two weeks 
should we not be progressing their exercises so you’re 
no longer going to be performing those exercises. 
(Physiotherapist)

An interesting discussion evolved with a number of 
participants relating to what a system such as this would do 
for the responsibility of care, with some clinicians stating 
that they feel no amount of technology will promote 
self-management.

Some people would see that as a tool for assisting 
self-management, other people no matter how much 
education or technology you provide, will still see 
their recovery as incumbent on the healthcare profes-
sional looking after them. (Clinical nurse specialist)

One feature of the remote monitoring aspect of the 
prototype system is to send an alert to the clinician if 
there is a concerning change in the data, but some partic-
ipants stated that the responsibility of the clinician would 
have to be clearly defined in this instance, in order not to 
detract from the patient’s own self-management.

I guess it depends who is responsible for their care… 
I wouldn’t want alerts about patients who went home 
a week ago but are in 10/10 pain. I want to educate 
that patient and put that responsibility on them, the 
more we give patients the responsibility the better. By 
doing that alert it makes the patient more passive and 
we want to encourage the patient to take responsibil-
ity, educate them on taking steps like icing and tak-
ing pain medication, and then if it still doesn’t settle 
down, then the patient needs to call. I think if we put 
the responsibility onto us we’re leading down a dan-
gerous path. (Physiotherapist)

DIsCussIOn
Principal findings
This study has found that clinicians see technology as 
having the potential to improve and assist the rehabilita-
tion process, but there are numerous barriers to overcome 
when designing such solutions. Clinicians highlighted a 
need for a solution which deals with the issue of exercise 
adherence and lack of support for patients at home.4 5 
When presented with a demonstration of the prototype 
system, all participants felt that this type of technology 
has the potential to positively impact on the outcomes of 
orthopaedic rehabilitation; however, there are challenges 
in ensuring the accuracy of information provided, and 
the ability to tailor such systems to the individual. There 
was strong interest in the opportunity to track data and 
maximise the effectiveness of rehabilitation, yet it was 
felt that such systems can undergo further iterations to 
extend this impact.
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Current clinical practice provides little opportunity 
for monitoring or feedback outside of the clinic. It has 
been shown that patients with negative experiences of 
TKR have unmet needs regarding support and managing 
expectations,21 yet these results suggest there is a heavy 
reliance on the patient’s own self-motivation at home, 
with limited monitoring or feedback from clinicians. 
Participants also reported using a combination of objec-
tive and subjective outcome measures for monitoring, 
but these measures are only captured at limited time-
points and self-reported measures such as adherence are 
well reported to be unreliable.4 22 The results from this 
study would suggest there is benefit in capturing further 
objective outcome measures such as movement quality, 
or accurate monitoring of range of movement and adher-
ence remotely, both of which are feasible with the use of 
IMUs.3 23

There is growing evidence that clinicians see wearable 
devices supporting various aspects of assessment and 
intervention in rehabilitation,24 25 and the results of this 
study further add to this evidence. Furthermore, these 
findings show that clinicians share the concerns reported 
in the literature relating to usability, data protection and 
reliability, which are known to be problematic with wear-
able devices.26–28 Many researchers are investigating the 
technical feasibility of using wearable sensing systems 
to support rehabilitation,29–32 but in a recent systematic 
review, few have conducted user evaluations to guide the 
design of such systems in a user-centred manner.33

Prototype system evaluation
Most clinicians believed the demonstrated prototype would 
improve the quality of patient rehabilitation by fostering 
greater motivation and self-efficacy, underpinned by the 
concept of persuasive technology.34 35 Clinicians were also 
excited by the opportunity to capture timely and objective 
data in a manner not currently available in practice.8 It 
was felt that this data-driven aspect could enhance clinical 
decision making, a perceived benefit that could increase 
usefulness and facilitate technology acceptance.36 It is 
perceived that this system could increase adherence to 
exercise programmes by using evidence-based interven-
tions discussed in the literature to improve adherence in 
an automated manner.3 37–39 Interestingly, several partic-
ipants felt this system had the potential to improve the 
efficiency of the healthcare system, by harnessing the data 
collected to make better use of appointment scheduling, 
which has been highlighted as a design requirement by 
healthcare professionals previously.15 24 Existing literature 
has shown the ability of IMU-based systems to record and 
classify exercise technique,11 18 and this study has high-
lighted the clinical applications of such work.

Challenges
There were conflicting reports within these results as 
to whether such a system could lead to a reliance on 
technology rather than the clinician; however, previous 
research has suggested healthcare professionals see 

technology as having the ability to augment the clinician’s 
decision-making process, rather than seek to replace the 
human expert.24 There was also concern that this system 
might increase the responsibility clinicians have for their 
patients by sending alerts, although this may be used to 
illustrate shortcomings in current practice. A clinician 
may consider a user educated in self-management and not 
wish for alerts, yet if this user continues to report severe 
symptoms, either the success of education is questionable 
or further assessment is required. When developing such 
systems, there is also a need to allow for customisation 
of exercise programmes from the clinician, with partici-
pants highlighting the variance between individuals, the 
need for a larger exercise library and the desire to choose 
when progressions should be offered. The major chal-
lenge in the development of such a support system which 
harnesses machine learning technology is in ensuring the 
accuracy and reliability of the information provided, as 
clinicians were concerned that inaccuracy could nega-
tively impact user engagement. This study has shown the 
need for clear and transparent real-world validation, and 
end-user evaluation of any such system prior to imple-
mentation, an aspect that is lacking in the current liter-
ature.28 33

limitations
Due to the qualitative nature of this study, there are 
number of factors to consider when reviewing this 
research. All participants were provided with a demon-
stration of the prototype system on one occasion only. It 
is quite possible that with ongoing use, or given further 
time to reflect on the system, the participant's opinions 
may change. It is important to highlight that these results 
are derived solely from the participants’ own opinions via 
interviews, and in order to determine the objective clin-
ical impact of such a system, further research needs to 
take place in the form of a longitudinal study assessing 
a variety of outcomes with a mixed-methods approach. 
This sample was selected from a single institution in the 
private healthcare sector, and while this sample comes 
from a cross-section of the multidisciplinary team, it does 
not guarantee that the opinions provided reflect the 
wider population of rehabilitation professionals. Finally, 
the purpose of this study was to assess clinician percep-
tions of wearable systems, nonetheless the lack of patient 
involvement is a limitation in this study. Despite these 
limitations, this paper provides evidence to support the 
need, ongoing design and development, and use of such 
systems in clinical practice.

Future work
Having now understood that there is a positive perceived 
impact for this system, future work will seek to deploy the 
platform as part of a pilot study with patients following 
TKR surgery. This work will seek to answer some of the 
questions posed by participants in this study relating to 
usability and engagement, while including the patient 
as well as the clinician in the design process to develop 
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further iterations, prior to objective assessment of clinical 
impact and real-world validation.

COnClusIOns
Rehabilitation following joint replacement is complex 
and varied, yet there is a reliance on the patient’s own 
self-management and motivation to maximise the effect 
of the home exercise programme, with little opportunity 
for expert monitoring, assessment or feedback outside of 
the clinic setting. A prototype system for interactive exer-
cise biofeedback consisting of a single wearable sensor 
and an Android application was perceived to potentially 
have a positive impact on the rehabilitation of patients 
following knee replacement surgery. Clinicians were 
excited by the opportunity to continuously track data in 
real-time, and felt the exercise technique and adherence 
feedback would further support the patient in the home 
environment. However, there are challenges in the design 
and implementation of such systems to ensure accept-
ability. In order to achieve successful deployment, these 
technologies need to be evaluated by clinicians as well as 
patients as the end-users, alongside real-world validation 
of the technical aspects of any such platforms.
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