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ABSTRACT
Tele-(remote) rehabilitation is attracting increased attention from society, including the research commu-
nity and commercial marketplace with an estimated global market value of $160 billion. Meanwhile,
mobile device-based healthcare (“mHealth”) has appeared as a revolutionary approach to tele-
rehabilitation practice. This paper presents a systematic review of the literature on smartphone-based
systems designed for remote facilitation of physical rehabilitation. A total of 74 documents from Web of
Science search results were reviewed. Systems were classified based on target medical conditions, and
a taxonomy of technology was created along with identification of monitored activities. Beyond monitor-
ing, some systems also provide patient-caregiver communication and progress management functions.
The review identifies major research interests in stroke, cardiac disease, balance impairment and joint/limb
rehabilitation; however, there is a lack of attention to other diseases. There are also few systems that have
computerized existing clinical tests. On the basis of the review, design recommendations are formulated
to encourage implementation of advanced functionalities, usability considerations, and system validation
based on clinical evidence. Results of this study may help researchers and companies to design functions
and interactions of smartphone-based rehabilitation systems or to select technology.
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Introduction

Rehabilitation is the process, performed after an injury, illness
or surgery, by which a subject recovers his/her strength,
relearns skills or find new ways of doing activities. There are
several types of rehabilitation, such as physical, occupational,
or speech-language therapies (Shadgan, Roig, Hajghanbari, &
Reid, 2010). The present review is focused on smartphone-
based systems for physical rehabilitation.

Expensive clinical visits and long duration treatment ses-
sions have been recognized as inherent limitations of tradi-
tional physical rehabilitation programs (Dobkin, 2017).
Research also indicates that more frequent but shorter intervals
of exercise and motor skill training in daily environments may
be more effective than the duration of individual clinical ses-
sions (Dobkin, 2017). Tele-rehabilitation, meaning remote
delivery of rehabilitation services (Lai, Woo, Hui, & Chan,
2004), offers an alternative solution to the traditional programs.
Remotely monitored programs, supervised by health-care pro-
fessionals, can help patients to develop exercise behavior in
real-world environments that remain accessible beyond the
duration of in-clinic rehabilitation process (Rawstorn, Gant,
Meads, Warren, &Maddison, 2016). Consequently, the interest
in the development of telerehabilitation systems is increasing.

According to theMarket Research Report in 2017 (QYResearch
Group, 2017), the size of the global telerehabilitation market
was estimated at $160 billion, with a growth rate of 27%
per year. At the same time, Goldman Sachs identified the
total value of the US telerehabilitation market to be
$32.4 billion, with 45% for patient monitoring systems, 37%
for telehealth, and 18% for behavioral modification (Goldman
Sachs Report, 2016).

The t popularity of smartphones also provides opportu-
nities for tele-rehabilitation. Smartphone ownership rate
across the world is generally high, especially with advanced
economies such as South Korea (95%), Israel (88%),
Netherlands (87%), Sweden (86%), Australia (81%), U.S.
(81%), and Spain (80%) (Pew Research Center, 2019). The
rate varies in emerging economies such as South Africa (60%),
Mexico (52%), and Indian (24%). Mobile Health (“mHealth”),
has appeared as a revolution for improving individual health
and well-being by continuously monitoring a subject’s status
(such as blood pressure, gait, fall risk, etc.) and behavior and
delivering “just-in-time” interventions through the user‘s nat-
ural mobile environment (Kumar, Nilsen, Pavel, & Srivastava,
2013). Embedded sensors in smartphones (e.g., inertial mea-
surement units (IMUs), GPS, barometer or camera) along
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with wearable technology can provide enormous information
on a person’s health status and behavior patterns (Kumar
et al., 2013). However, review articles in the tele-
rehabilitation area typically cover a wider range of systems
and have overlooked the unique characteristics of smart-
phone-based applications (Peretti, Amenta, Tayebati, Nittari,
& Mahdi, 2017).

In this study, we aimed to identify the status of research on
smartphone-based systems for physical rehabilitation applica-
tions. Thus, we conducted a literature review in the Web of
Science (WoS) database and analyzed technology use and
maturity of these systems. The results of the review include
identification of future research challenges and recommended
directions of research. We also formulated some design guide-
lines for the development of smartphone-based systems that
address health-care demands.

Method

The WoS database is a major publication search engine. It
facilitates reference of journal publications and citations over
a wide range of subjects and often serves as a basis for tenure,
promotion and other professional decisions (Hodge &
Lacasse, 2011; Seipel, 2003). For this literature search, we
used the following search query in WoS for publications on
smartphone applications for physical rehabilitation:

TS ¼ rehabilitation 00ORphysical therapy00 ORphysiotherapyð Þð
AND smartphoneÞ

The initial search was performed in Summer 2017. We
reviewed all “hits” for relevance based on titles and abstracts.
Only documents in English were reviewed and counted.
Subsequently, we read full texts to further assess article rele-
vance. Only those documents meeting the following inclusion
criteria were selected for review and analysis: (1) the docu-
ment describes the development or evaluation of
a smartphone-based system for physical rehabilitation; and
(2) the smartphone serves as a data acquisition unit, signal
processing unit or user interface of the system. We did not
apply restrictions based on the timing of publication of
research. We excluded studies that: (1) were not related to
physical conditions, such as depression, dyslexia, affective
disorders, etc.; (2) focused on technical aspects of activity
recognition, without application rehabilitation intervention
or condition assessment, (3) only presented research protocols
without system information, and (4) reviews, notes or letters.
Conference proceedings and student theses were included in
the review in order to cover the maximum number of exe-
cuted projects.

The majority of reviewed studies were categorized accord-
ing to targeted medical conditions, including (among other

categories) stroke, cardiac disease, and joint/limb rehabilita-
tion. Some studies did not specify particular medical condi-
tions and the technology appeared applicable for treatment of
a wide range of diseases. Consequently, these studies were
categorized as “general physical rehabilitation”. The smart-
phone-based rehabilitation systems identified through our
search showed different levels of technological “maturity”,
including early design concepts to integrated device testing
in clinical trials. In order to understand the system maturity
levels presented in the literature, We reviewed the Technology
Readiness Levels Scale defined by the Department of Defense
(DOD; Graettinger, Garcia, Siviy, Schenk, & Syckle, 2002), the
stages of research framework (SORF) defined by the National
Institute on Disability, Independent Living, and Rehabilitation
Research (National Institute on Disability, Independent
Living, and Rehabilitation Research, 2017) as well as the
telemedicine evaluation framework, proposed by Jansen-
Kosterink, Vollenbroek-Hutten, and Hermens (2016).
However, these scale descriptions are hardly applicable or
are only indirectly relevant to the systems that we reviewed.
Therefore, we identified five levels of technological maturity
(similar to military “technology readiness levels”) as a basis
for classifying systems, with level 1 being the lowest level of
maturity (as shown in Table 1). The maturity levels were
defined by following the conventions of the above two
references.

A few other studies revealed through the search attempted
to computerize traditional clinical tests using smartphone
systems. Different from systems that target medical condi-
tions, these technologies are designed to be used in clinics
by physical therapists as a replacement for traditional assess-
ment methods. Although such systems are not intended for
tele-rehabilitation, they do represent an additional type of
smartphone-based application for physical therapy.
Consequently, computerized clinical tests were analyzed and
discussed separately.

Results

Article selection

The initial search returned 209 hits from WoS of which 74
documents were included for further review and analysis.

Table 1. Definition of maturity levels.

Level Definition

1 Application concept and design formulation
2 Proof of concept with key technological functions
3 Demonstration of integrated system with full functionality
4 Effectiveness testing with general population or in controlled

environment
5 Effectiveness testing or clinical trial with targeted user in intended use

environment

Figure 1. Documents selection process.
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Figure 1 shows our selection process. The reviewed docu-
ments included 40 journal publications (~54%), 33 conference
proceedings (~45%), and 1 student thesis (~1 %).

The distribution of studies across the period 2010–2017 is
presented in Figure 2. The plot reveals exponential growth in
the number of studies in this area and reflects increasing
interest in the research community. The earliest study we
found was published in 2010 and the year 2016 appears to
have been the most productive to date. The lower number of
studies in 2017 is due to the timing of our search at the
middle of the year.

Review results

A summary of the characteristics of the studies targeting medical
conditions is presented in Table 2. Technologies employed in
these rehabilitation systems included both smartphone-based sen-
sors and body-mounted devices (e.g., wearable sensors). The
responses or outcomes monitored by each system are also identi-
fied in the table. Based on the summary data, a maturity level was
assigned to each system, according to the degree of development
and validation work presented in the related studies.

In order to better understand the development status of
smartphone-based rehabilitation systems, the first year of
a publication occurring in each category (i.e., type of medical
condition) was recorded in Table 3. The means and standard
deviations of the maturity level of the technologies addressing
each condition or test category were also calculated.

The studies focusing on computerization of clinical tests
are summarized in Table 4. Technologies used in these sys-
tems were identified and classified as smartphone-based and
body-mounted sensors. Studies typically presented complete
system designs and assessed intra-rater and/or inter-rater
reliability in use, measurement error, and output correlation
with traditional test results. Most studies concluded “good to
excellent reliability” (based on inter- and intra-class correla-
tions (ICCs)) or “high accuracy” (based on standard error of
measurement or discrepancies from gold-standard tests), and
recommended clinical application of the smartphone-based
test alternatives.

Discussion

Publication status

In general, the search results revealed a significant increase in
studies of smartphone-based rehabilitation systems over the
past decade. Other telemedicine literature has made the obser-
vation that a higher percentage of systems have been pre-
sented through conference proceedings (Şenel & Demir,
2015; Yang et al., 2015). According to our review, this was
true for the years before 2016. However, the number of
journal publications in this area significantly increased in
2016. It is likely that researchers have chosen to introduce
system design and preliminary testing through conference
proceedings prior to more complete submissions for journal
publication. An example is the system iJoint, which was pre-
sented in two proceedings (Ongvisatepaiboon, Chan, &
Vanijja, 2015a; Ongvisatepaiboon, Vanijja, & Chan, 2015b)
before a journal publication (Ongvisatepaiboon, Vanijja,
Chignell, Mekhora, & Chan, 2016).

Smartphone-based rehabilitation systems for medical
conditions

Most of the smartphone-based systems covered in this review
(~84%) were focused on rehabilitation for specific medical
conditions. Chronic diseases attract more attention because
the effectiveness of long-term rehabilitation is limited by
a lack of patient adherence to protocols and high costs for
frequent clinical visits (health.gov, n.d.). Furthermore, the
prevalence of multiple chronic conditions is high, specifically
42% in the U.S. These diseases affect a broad population and
result in higher healthcare service costs (Buttorff, Ruder, &
Bauman, 2017). For example, North Americans with five or
more chronic conditions spend 14 times more on health
services than people without chronic conditions.
Improvement of patient lifestyle and monitoring general phy-
sical activity, such as step counts, are common approaches to
support at-home recovery from chronic diseases. IMUs are
the most frequently used sensors, either alone or in combina-
tion with other types of sensors, such as EMG and heart rate
monitors. IMUs are typically used to measure posture or
motion, which appear to be the most frequently monitored
activities. In the following paragraphs, we further discuss the
technology used in tele-rehabilitation applications and activ-
ities and/or responses monitored by the smartphone-based
applications for different medical conditions. Most of these
medical conditions result in temporary or permanent physical
disabilities.

Stroke
Stroke appears to be the most common health condition for
application of smartphone-based rehabilitation, probably due
to the large affected population (Choi, Ku, Lim, Kim, & Paik,
2016; Guo et al., 2015). Research (Patel et al., 2006) suggested
prevalence of disability and handicap up to 3 years after
stroke. Most stroke patients suffer from mobility loss and
require long-term intervention to re-establish psychomotor
abilities (Lee et al., 2014). Systems in this category mostlyFigure 2. Number of studies by year of publication.
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monitor posture or motion of patients during rehabilitation
and motor training. For example, Lee et al. (2014) used body-
mounted IMU sensors to measure upper-extremity range of
motion during sensorimotor recovery exercises. Other studies
also explored gait behavior monitoring (Edgar, Swyka, Fulk, &
Sazonov, 2010; How, Chee, Wan, & Mihailidis, 2013), fall
detection (Allen et al., 2013) and cardiac responses
(Farjadian, Sivak, & Mavroidis, 2013). In terms of technology,
while a few systems (Guo et al., 2015; How et al., 2013; Shin &
Song, 2016) have made use of IMU sensors embedded in
smartphones, more systems (Brueckner, Theimer, & Blume,
2014; Ciou et al., 2017; Edgar et al., 2010; Farjadian et al.,
2013; Lee et al., 2014; Wang et al., 2016) have integrated

external sensors for data acquisition and make use of the
smartphone as a data processing unit. It is interesting to
note that some systems have integrated sensors into garments
(e.g., insoles, shirts, gloves) to facilitate continuous monitor-
ing of daily activity (Edgar et al., 2010; Farjadian et al., 2013;
Wang et al., 2016). However, smart garment systems reveal
lower levels of technological maturity, as compared to systems
based on regular IMU sensors. Most smart garment studies
were at the stage of system development, rather than testing
the effectiveness of systems on controlling patient disease
state. A few smartphone-based games (Choi et al., 2016;
Ciou et al., 2017; Guo et al., 2015; Shin & Song, 2016) have
been developed to increase patient motivation for training
and ultimately increase the time committed to rehabilitation.
Preliminary testing of these game applications has shown high
acceptance and adherence rates as well as positive patient
feedback (Choi et al., 2016; Ciou et al., 2017; Guo et al.,
2015; Shin & Song, 2016).

Balance/stability impairment
Balance/stability impairment is a form of disability that can be
caused by various diseases (e.g., Gill-Body, Beninato, & Krebs,
2000; Tyson, Hanley, Chillala, Selley, & Tallis, 2006) or inju-
ries (Konradsen, 2002; Riemann & Guskiewicz, 2000).
A number of smartphone-based rehabilitation applications
have been developed to help patients regain stability and
balance control during movement. IMU sensors are the only
type of sensors that have been applied (to date) by systems in
this category. Aside from Lee and Fung (2015) that used an
external IMU sensor, all other systems in this category have
used smartphones as data acquisition tools by requiring users

Table 4. Smartphone based computerized clinical tests.

Technology

Study
Smartphone-

based
Body-

mounted Clinical Test
# of

Participants Validation Results

Pourahmadi et al. (2017) ACC Goniometry (wrist ROM) 70 Good to excellent intra-rater and inter-rater reliability
(ICCs >0.85) and concurrent validity (r = 0.85 and 0.91
for flexion and extension ROM)

Cruz and Morais (2016) IMU Upper limb neuro-dynamic test
(Elbow extension ROM)

41 Relatively high standard error of measurement with
onset of pain, but better results with maximum
tolerant point

Pourahmadi et al. (2017) ACC Goniometry (lumbar ROM) 30 Good to excellent intra-rater and inter-rater reliability
(ICCs > 0.73) for iPhone app

Banos et al. (2015) IMU
EMG

Trunk Endurance test 10 High inter-rater reliability (ICCs > 0.75)

Milanese et al. (2014) ACC Goniometry (Knee ROM) 6 High concordance correlation (CCC >0.98)
Mitchell et al. (2014) IMU Goniometry (shoulder external

rotation ROM)
94 High intra-rater reliability (ICCs > 0.79) and

concurrent validity (ICC = 0.93)
Ferriero et al. (2013) IMU Goniometry (knee ROM) 37 High inter-rater and intra-rater reliability (ICCs >

0.958), but image processing on smartphone remains
technical challenge

Finkbiner et al. (2017) Camera Goniometry (knee angle during heel
strike)

32 No significant difference between smartphone app
and 3D motion capture system, but the agreements
were low to moderate (ICCs = 0.447 ~ 0.454)

N. A. Capela et al. (2014) Camera 6-minute walk 15 Small difference (<0.07 s) between smartphone and
gold standard foot strike timing

N. A. Capela et al. (2015) Camera 2- and 6-minute walk 5 Small difference (0.014 s) between smartphone and
gold standard foot strike timing

Chan et al. (2016) IMU Functional Mobility assessment:
Perform five-time sit-to- stand
(FTSTS) and time up-and-go (TUG)
tests

32 Excellent measurement consistency with the lab-
based reference (ICCs > 0.946)

Perez and Labrador (2016) IMU Functional Gait Assessment (FGA)
test

0 Only responsiveness and precision of algorithm was
evaluated

ICC, Inter- or Intra-class coefficients; CCC, Concordance correlation coefficient.

Table 3. Review summary by category.

Category
Total # of
studies

Earliest
Publication

Maturity
Level

(Mean ±
SD)

% of High
Maturity

(Level 4 or 5)

Stroke 11 2010 3.4 ± 0.9 27%
Joint/Limb Rehab 10 2012 3.5 ± 1.0 40%
Balance/Stability

Impairment
9 2013 3.3 ± 0.9 56%

Cardiac Disease 9 2011 3.9 ± 1.5 56%
Parkinson 5 2014 4.2 ± 1.1 60%
Respiratory 3 2016 3.7 ± 1.2 33%
Arthritis 1 2016 3 0%
Cerebral Palsy 1 2013 2 0%
Chronic Pain 1 2016 4 100%
Diabetes 1 2017 5 100%
Exoskeleton Training 1 2015 4 100%
Traumatic Brain

Injury
1 2015 2 0%

General Physical
Rehabilitation

10 2012 3.3 ± 0.8 33%
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to attach the phone to their body or a balance board. Most
systems in this category monitor body tilt angles in order to
understand patient trunk stability. A couple of newer systems
monitor joint movement angles as a basis for promoting
proprioception (Mourcou, Fleury, Diot, & Vuillerme, 2016;
Mourcou, Fleury, Franco, Diot, & Vuillerme, 2015) or joint
stability training (Chiu, Tsai, Lin, Hou, & Sung, 2017). In
order to assist balance training, several systems have also
applied real-time feedback via different sensory modalities.
For example, Afzal, Oh, Choi, and Yoon (2016) delivered
visual and haptic cues with different magnitudes of intensity
and directions of presentation, based on patient trunk tilt
angle. It was found that the multimodal biofeedback provided
significant assistance in postural control.

Cardiac disease
Similar to the findings of Peretti et al. (2017), our search and
review revealed smartphone-based cardiac rehabilitation sys-
tems to focus on rehabilitation as a tool for improving patient
quality of life and reducing cardiac risk factors, mainly
through lifestyle changes. Smartphones are often paired with
heart rate monitors such as heart rate belts (Worringham,
Rojek, & Stewart, 2011), smartwatches (Busnatu & Sinescu,
2015; Dobrican & Zampunieris, 2016) or integrated biohar-
nesses (Maddison et al., 2014; Rawstorn et al., 2016). There
has also been exploration of other means of heart rate mon-
itoring. Chung et al. (2016) attempted to estimate heart rate
using video images of the fingertips taken by a smartphone
camera. This technology was expected to eliminate the need
for external devices and guide exercise intensity in real-time
for patients. However, the estimation accuracy of this
approach was limited by motion artifacts and is not at
a clinically acceptable level. In addition to heart rate, some
applications for cardiac disease-related rehabilitation also
monitor respiration activity (Maddison et al., 2014;
Rawstorn et al., 2016), blood pressure (Busnatu & Sinescu,
2015) and O2 saturation level (Busnatu & Sinescu, 2015). To
promote patient lifestyle changes, more mature systems
record general physical activities, such as step counts
(Rawstorn et al., 2016) or walking distance (Maddison et al.,
2014; Worringham et al., 2011), and support physician-
patient communication for lifestyle guidance. For example,
with the application developed by Yudi et al. (2016), physi-
cians can check patient exercise data and provide feedback
accordingly. Patients can also receive dietary suggestions and
health tips from the application.

Joint/limb rehabilitation
Joint/limb rehabilitation is associated with disabilities caused
by injury, operation, or chronic disease, such as osteoarthritis
(Jones, Skrepnik, Toselli, & Leroy, 2016) and “frozen
shoulder” (Ongvisatepaiboon et al., 2015a, 2015b, 2016).
Most smartphone-based joint/limb rehabilitation systems use
IMUs (Liu et al., 2016; Ongvisatepaiboon et al., 2015a, 2015b,
2016) or simply accelerometers (Matera, Boonyasirikool,
Saggini, Pozzi, & Pegoli, 2016; Ongvisatepaiboon et al.,
2015a, 2015b) to monitor body part movements during exer-
cises Monitored movements include wrist deviation angles
(Matera et al., 2016), shoulder rotation (Ongvisatepaiboon

et al., 2015a, 2015b, 2016) and knee extension (Liu et al.,
2016), etc. Researchers have also investigated other types of
technologies for such applications. Bril et al. (2016) measured
gait behavior with IMUs and pressure sensors embedded in
shoe soles and provided step counts for lower limb rehabilita-
tion. Bercht, Boisvert, Lowe, Stearns, and Ganz (2012) used
EMG signals to classify hand gestures and provide feedback
on exercise quality for hand rehabilitation. More mature
applications also integrate advanced functions such as pro-
gress recording (Matera et al., 2016) and automated motiva-
tional messages or reminders (Jones et al., 2016).

Parkinson disease
Parkinson’s disease causes walking disability such as gait and
balance deficits, and more specifically freezing of gait (FOG).
Consequently, all smartphone applications targeting
Parkinson disease rehabilitation are focused on gait perfor-
mance measurement and FOG detection, usually by placing
IMU sensors at the feet of a patient (Casamassima et al., 2014;
Ferrari et al., 2016; Ginis et al., 2016; Mazilu et al., 2015) or
attaching a smartphone to the trunk of a patient (Pepa,
Capecci, Verdini, Ceravolo, & Spalazzi, 2015). Casamassima
et al. (2014), Ferrari et al. (2016) and Ginis et al. (2016)
presented different research phases of a system named
CuPiD. The CuPiD system provides corrective verbal feed-
back in order to encourage patients to maintain gait para-
meters within a clinically determined “therapeutic window”.
Patients using the CuPiD system demonstrated significant
improvements in balance as compared to a control group
(Ginis et al., 2016). These features of the system were also
appreciated by patients (Ferrari et al., 2016).

Respiratory disease
Research has investigated various strategies for respiratory
rehabilitation, including encouraging general physical activity
(Vorrink, Kort, Troosters, Zanen, & Lammers, 2016), mon-
itoring respiratory exercise (Pereira, Almeida, & Caixinha,
2016), and gaming (Stafford, Lin, & Xu, 2016). Oximeter
(Pereira et al., 2016) and breath belts (Stafford et al., 2016)
have been used for real-time breath monitoring, while IMU
sensors (Pereira et al., 2016), accelerometers (Vorrink et al.,
2016), and GPS devices (Pereira et al., 2016) have been used to
monitor general physical activities as part of the same appli-
cations. For example, Vorrink et al. (2016) developed an
application with rehabilitation goal setting capability, exercise
instruction, and remote physician intervention functions. The
application represents the most mature technological devel-
opment in this category of application. Unfortunately, patient
testing (to date) has not revealed positive effects of the smart-
phone-based intervention.

Other clinical conditions and general physical
rehabilitation
Few smartphone-based rehabilitation systems documented in the
literature have targeted medical conditions other than those
described above. We found one study focused on each of arthritis
(Nishiguchi et al., 2016), cerebral palsy (Pu et al., 2014), chronic
pain (Singh et al., 2016), diabetes (Valentiner et al., 2017) and
traumatic brain injury (LeMoyne, Mastroianni, Hessel, &
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Nishikawa, 2015) rehabilitation. However, the technologies used
for monitoring patient activity remain consistent with the above
review of technologies for stroke, balance stability impairment,
cardiac rehabilitation, joint/limb rehabilitation, Parkinson’s dis-
ease, and respiratory rehabilitation. For example, IMU sensors
and accelerators are commonly used for posture and motion
monitoring (Nishiguchi et al., 2016; Singh et al., 2016) and
smart insoles were used to measure gait behavior (Pu et al.,
2014). A new approach for other medical conditions is the use
of Kinect-based systems to monitor body posture (Singh et al.,
2016). There have also been a number of systems developed to
monitor general physical activity and they can be applied in the
treatment of various diseases. The monitored activities include
gait performance (Lin, Wang, Zhuang, Tomita, & Xu, 2016; Redd
& Bamberg, 2012; Wagner & Ganz, 2012), posture and motion
(Bittel, Bittel, Williams, & Elazzazi, 2017; Bittel, Elazzazi, & Bittel,
2015;Megalingam, Pocklassery, Jayakrishnan,Mourya, & Thulasi,
2014; Wang, 2016; Wang, Chen, & Markopoulos, 2014), step
counts (Glynn et al., 2013; Rowlands et al., 2013) and falls
(Megalingam et al., 2014). Rather than tailoring functions to
specific disease treatment needs, these systems seek to continu-
ously monitor patient activity as a basis for understanding beha-
vior and providing a basis for changes to improve overall health.
Related to this, many general physical rehabilitation systems have
integrated wearable smart garments, such as smart insoles (Lin
et al., 2016; Redd & Bamberg, 2012; Wagner & Ganz, 2012),
footpads (Rowlands et al., 2013) and smart jackets (Wang, 2016;
Wang et al., 2014). However, all the wearable systems we reviewed
were at the level of systems integration vs. more mature develop-
ment stages.

Smartphone-based computerization of clinical tests

Mobile applications have been developed as computerized
versions of various clinical tests. From our review, goniome-
try, or range of motion (ROM) measurement, has attracted
the most research interest due to its importance in clinical
assessment, the need for quicker and easier procedures
(Pourahmadi et al., 2017) and more portable instruments
(Cruz & Morais, 2016). Smartphone-based ROM tests have
been developed for many joints, including the knee,
shoulder, wrist, and lumbar joints. Although multiple studies
have demonstrated good reliability, additional validation
tests with pathological populations and larger sample sizes
have been identified as a common direction for future work
(Cruz & Morais, 2016; Milanese et al., 2014; Mitchell,
Gutierrez, Sutton, Morton, & Morgenthaler, 2014;
Pourahmadi et al., 2017). Other systems have focused on
computerizing trunk endurance tests (Banos et al., 2015),
exercise capacity tests (e.g., 2- and 6-minute walking tests;
(Capela, Lemaire, & Baddour, 2014, 2015), functional mobi-
lity assessment (Chan, Keung, Lui, & Cheung, 2016) and gait
assessment tests (Perez & Labrador, 2016). These systems
primarily analyze motion or posture by using IMU sensors
or image processing with a smartphone camera. Banos et al.
(2015) also used wearable EMG sensors to estimate muscle
fatigue during tests. Repeated validation testing with differ-
ent smartphone platforms (Capela et al., 2014) and larger

clinical testbeds (Banos et al., 2015) have been identified as
directions of future research for these computerized tests.

Design recommendations

A few design recommendations were formulated based on
inspirations from more mature smartphone-based rehabilita-
tion systems presented in the literature. We also consulted
classic and contemporary human-computer interaction litera-
ture (e.g., Dix, 2009; Molich & Nielsen, 1990) to seek applic-
able design guidance.

Advanced functionality

The present review covered smartphone-based rehabilitation
systems at different stages of development. Beyond patient
activity monitoring, the most mature systems offer advanced
functions, such as patient progress management and care-
giver-patient communication. For instance, Rawstorn et al.
(2016) REMOTE-CR platform allows therapists to send exer-
cise prescriptions to a patient, provide coaching, and view
patient data throughout exercises. As an example of progress
management, MyWalk developed by How et al. (2013) pro-
vides users with a summary of progress for each training
session and across the duration of therapy. Other systems,
such as Vorrink et al. (2016), allow users to set and manage
physical activity goals. These additional functions should be
considered in the development of future mHealth systems as
a means for improving rehabilitation exercise effectiveness,
patient confidence, and therapy adherence.

Multimodal feedback

Different sensory modalities should be considered when pro-
viding real-time feedback to patients through smartphone-
based applications. Using visual feedback, Shin and Song
(2016) presented patient trunk movement on a TV, as part of
trunk control training, in order to improve task performance.
Many systems have also explored auditory and haptic feedback.
For example, Liu et al. (2016) used text-to-speech and voice
recognition techniques to interact with users through
a smartphone application via voice alerts. The current system
can caution users to slow down if ROM activities are per-
formed too fast. Shin and Song (2016) used sonification (trans-
lation of visual cues to auditory output) tailored to chronic pain
patients’ psychological and physical capabilities in order to
enhance confidence during exercise performance. Related to
haptic feedback, Mourcou et al. (2015) used vibrations to
alert patients when their trunk movement extended outside
a predetermined “dead zone” during balance training. Visual,
auditory and haptic modalities have been shown to pose dif-
ferent attention demands in terms of information processing
(Rauterberg, 1998), reaction time (Koslover, Gleeson, De Bever,
& Provancher, 2012) and use in motor skill training (Clamann
& Kaber, 2012). Rehabilitation researchers should carefully
choose the feedback modality that is most suitable for the
purpose of any system under development, based on the cur-
rent literature and/or pilot testing.
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User-centered considerations

Unfortunately, the present review also revealed a lack of user-
centered considerations in the design of smartphone-based
rehabilitation systems. As an example, the application of
Vorrink et al. (2016) was designed to encourage patient phy-
sical activity at home. However, it was shown to be unsuccess-
ful after user testing. Although the reasons remained unclear,
the authors believed the lack of a usable interface design
caused reduced patient motivation and adherence to physical
activity goals. Among the 74 studies that we reviewed, only 20
identified usability considerations with most making use of
simple usability surveys of potential users after product
design. Furthermore, only two studies proactively applied
systematic user-centered approaches in application design.
Mazilu et al. (2015) performed participatory design by meet-
ing with clinicians, engineers, and patients, asking prospective
users for opinions on system design options, and using user
feedback for design refinements. Wang (2016) applied an
iterative design approach for designing a posture monitoring
garment. She started with low-fidelity prototypes and gradu-
ally improved the garment design by upgrading sensors, add-
ing multimodal real-time feedback, and improving fabric
patterns through five design iterations.

Usability has been recognized as an important factor for
user engagement in systems design (O’Brien & Toms, 2010).
One major objective for mHealth systems is to improve
patient adherence to rehabilitation programs and promote
therapy exercise at home (Matera et al., 2016). This goal
cannot be realized without long-term patient engagement
with smartphone-based rehabilitation systems. In addition to
participatory and iterative design, task analysis (Hackos &
Redish, 1998), usability heuristic evaluation (Molich &
Nielsen, 1990), and usability testing (Dix, 2009) are other
well-established techniques that should be applied by rehabi-
litation researchers in future mHealth systems design.

Furthermore, accessibility should be another user-centered
consideration in designing smartphone-based rehabilitation sys-
tems. Many users of such systems may suffer from short-term or
long-term disabilities. Improving accessibility in system design
will allow patients to complete the treatment with less assistance
from family members or health-care providers in applying sen-
sors or following prescribed exercises. With improved accessi-
bility, patients will be able to participate and stay in treatment
programs with more independence and engagement.

System validation

With respect to system validation, the percentage of smart-
phone-based rehabilitation systems that have undergone user
testing (i.e., realizing technological maturity levels of 4 or 5) is
relatively low. As other studies (Ketchell, 2017; Uscher-Pines
et al., 2016; Wu et al., 2017) have demonstrated, there is
a clear lack of evidence to support benefits of such systems
in terms of treatment results. Most prior efforts in this field
have been directed towards establishing sensor accuracy and
system functionality rather than determining whether the
intervention improves patient health (Wang, 2016). It is
important for researchers to encourage collaboration between

technical and clinical teams as a basis for developing and
validating future systems with clinical evidence.

Future research directions and challenges

Our review revealed a lack of attention to certain health
conditions, including arthritis, chronic pain, and diabetes, in
the development of tele-rehabilitation applications. Future
research should study mHealth systems for a larger variety
of chronic diseases as a potential tool for preventing risk
factors and reducing disease complications (de la Torre-
Díez, López-Coronado, Vaca, Aguado, & de Castro, 2015;
Marzano, Ochoa-Siguencia, & Pellegrino, 2017). Such systems
can also facilitate data recording and exchange for caregivers
and patients and serve as powerful complements to diagnosis
processes. Related to this, new sensors, such as barometers,
thermometers, fingerprint sensors, and light sensors, have
been incorporated in smartphones in recent years and may
support tele-rehabilitation for a broader range of health issues.
As an example, barometers can be used effectively for fall
detection (Habib et al., 2014), but they have yet to be applied
in any smartphone-based rehabilitation system. Researchers
should actively explore newly available sensor technologies to
broaden patient behavior monitoring capabilities and to sup-
port therapy for many health conditions.

Smartphone-based rehabilitation systems bring unique
challenges to designers. Many systems are intended to be
used by patients at home without the guidance of health-
care professionals. This requires an application to present
reliable information and to deliver appropriate alerts and
advisories, when necessary, in order to ensure medical safety
(Kumar et al., 2013). Besides medical safety, engineering
safety considerations, such as sensor reliability, are important
to prevent unanticipated harm or discomfort to users due to
technologies integrated in smartphones (Kumar et al., 2013).

mHealth systems also pose challenges in terms of patient
privacy. Many privacy-revealing behaviors such as lifestyle
change and movement patterns can now be recorded by
smartphone sensors. Furthermore, patient health information
is stored on their smartphone or a cloud server, which intro-
duces data security concerns. Designers need to take mea-
sures, such as encrypted data transfer and strict access
authentication, to guarantee patient safety and privacy before
launching a product.

Other challenges include data quality. Signals from ECG or
EMG sensors may be inaccurate if the sensors are placed
incorrectly or if they become loose or shift location during
movement (Kumar et al., 2013). The use of sensors also
increases power consumption (Pantelopoulos & Bourbakis,
2010) and the data quality may be degraded if a device
needs to conserve battery life (Kumar et al., 2013).
Rehabilitation researchers should design alerts of sensor and
data integrity faults into future mhealth applications to ensure
patients are aware of situations in which application outcomes
may not be accurate.

Last but not least, research has revealed barriers in the
adoption of telemedicine technologies (Kruse et al., n.d.).
Although the value of smartphone-based rehabilitation has
been recognized by the research community and the market,
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it is necessary to convey information on application capabil-
ities and potential benefits to the public and identify oppor-
tunities to deliver such systems to a broad population.

Table 5 presents a summary of all the smartphone-based tele-
rehabilitation application design recommendations identified on
the basis of our literature review. The recommendations are
primarily aimed at mHealth application researchers for promot-
ing usable, valid and beneficial future system designs and devices.

Conclusion

Smartphone-based tele-rehabilitation systems have emerged in
the last decade and have grown exponentially. Our review was
intended to identify the state-of-art of research and development
of such systems. Based on search results from the WoS, we
classified relevant studies by in terms of target medical condi-
tions. Major condition categories included stroke, balance/sta-
bility impairment, cardiac disease and joint/limb rehabilitation.
We created a taxonomy of key technologies as well as monitored
responses or outcomes of systems. We also determined techno-
logical maturity levels based on the documented stages of system
development. A few systems were developed as computerized
clinical assessment tools for physical therapy and were analyzed
separately. The second objective of this study was to formulate
design recommendations and identify challenges in the devel-
opment of smartphone-based rehabilitation systems. The results
of this study may be useful for researchers and companies
developing future mhealth and tele-rehabilitation systems.
Developers may gain insights from more mature systems and
the latest research as a basis for designing system functions and
selecting appropriate technologies.

One limitation of this study was the exclusion of documents
that are not related to physical rehabilitation (e.g., depression).
A broader review of smartphone-based health-care systems
might reveal additional information on application design
approaches and solutions with relevance to patient safety or
privacy issues. Second, we did not include studies that only
focused on activity recognition technology. Such additional
review might shed light on new system design options with

the latest sensor technologies. Finally, we only reviewed acces-
sible articles based on WoS results. The use of multiple scien-
tific literature search engines (e.g., Ei Compendex) might result
in more research articles and additional findings.
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