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ABSTRACT

Physiotherapists are increasingly using video conferencing
tools for their teleconsultations. Yet, the assessment of
subtle differences in body movements remains a challenge.
To support lower limb assessment in video consultations,
we present SoPhy, a wearable technology consisting of a
pair of socks with embedded sensors for patients to wear;
and a web interface that displays information about range of
weight distribution, foot movement, and foot orientation for
physiotherapists in real-time. We conducted a laboratory
study of 40 video consultations, in which postgraduate
physiotherapy students assessed lower limb function. We
compare assessment with and without SoPhy. Findings
show that SoPhy increased the confidence in assessing
squats exercise and fewer repetitions were required to
assess patients when using SoPhy. We discuss the
significance of SoPhy to address the challenges of assessing
bodily information over video, and present considerations
for its integration with clinical practices and tools.
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INTRODUCTION

Physiotherapists are increasingly using video conferencing
tools to  conduct consultations  over-a-distance
[13,14,30,40]. Yet, despite the benefits of transcending long
distances, video consultations limit access to bodily cues
and reduce clinician’s confidence in accurately assessing
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the patient. Consequently, the treatment offered by
physiotherapists over video is less specific than that given
in face-to-face consultations [3].

Lower limb movements are particularly, difficult to assess
over video because video conferencing tools are typically
configured to support talking heads conversations. Video
conferencing tools have little consideration for the
observation of full body movements [22]. Physiotherapists
find it difficult to assess lower limb movements such as
weight distribution, fatigue, and details on exercises that
involve multiple joint movements (e.g., squats) [3]. While
computer vision techniques are explored significantly in
physiotherapy [18,28], these approaches have limitations in
capturing the subtleties of movements, especially related to
lower body [18,39]. We, therefore, explore the potential of
a wearable device to enhance video consultations.

We present a novel wearable technology, SoPhy that can
capture lower body movements during video consultations
of physiotherapy (Figure 1). SoPhy consists of (1) a pair of
socks for the patient to wear, which contains three pressure
sensors and one Inertial Measurement Unit to capture lower
body movements, and (2) a web interface that visualizes
information about weight distribution, range of movement
and foot orientation to physiotherapist in real-time.

We conducted a laboratory evaluation to investigate how
SoPhy helps physiotherapists in their assessment of lower
limb movement. The evaluation was based on 40 simulated
assessments through video consultations across two rooms
in a laboratory setting. The assessments were conducted by
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Figure 1: The wearable components of SoPhy: Each sock
consists of three pressure sensors and one IMU.
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10 postgraduate physiotherapy students. Each participant
performed four assessments— two each with and without
SoPhy. The findings suggest that SoPhy increased the
confidence of participants in assessing squats. Fewer
repetitions were required for assessment when using SoPhy.
For patients with low pain, SoPhy helped in comparing the
subtle differences in feet movements, while for extreme
pain conditions, SoPhy served as a training tool.

This paper makes the following contributions: First, we
developed SoPhy, a novel system to extend video
consultations with precise information about body
movement. Second, we contribute a study of our system,
which highlights the utility of visual feedback to help assess
lower body movements. Finally, we identify a set of
challenges and design considerations to integrate this
feedback with clinical practices and tools.

RELATED WORK

Video Consultations

Over the last decade, video consultation has emerged as a
recognized practice to offer diagnostic and therapeutic
advice to patients who otherwise, have limited access to
health service [13,14,30,40]. Clinicians and patients utilize
video conferencing tools, like Skype, for the purpose of
communication. Video consultations are used in a variety of
clinical domains, such as surgery [35], physiotherapy [3],
autism education [4], and knee rehabilitation [30].

As yet, video consultation systems predominantly utilize
audio and video to support communication with different
setups like multiple screens [35] and interactive walls [25].
Recent study [3], however, challenged the applicability of
audio-video media for physiotherapy consultations. This
study demonstrated that physiotherapists either miss the
crucial bodily cues altogether or do not get sufficient details
about body movements because of the limited visual acuity
offered by video technology. The absence of the essential
information reduced clinician’s confidence in suggesting
new exercises to patients, and they were limited to tweaking
previously recommended exercises in video consultations.

Previous works have emphasized the need to communicate
essential bodily cues to the clinicians, the absence of which
influences the treatment outcome and clinician-patient
relationship [9,36]. The lack of clinician’s confidence may
reduce patient’s trust on the clinician and adherence to the
treatment [36]. Furthermore, Lee et al. [21] expressed the
fear of dehumanizing clinician-patient relationship with
limited ability of clinicians in making decisions over video.
While there is evidence that video technology does not
support all the essential information that clinicians require
[3,11,26], lesser attention is paid to explore technologies
that could support clinicians in their assessment. Below we
discuss the existing technologies that could potentially
support physiotherapy related video consultations.
However, these technologies have certain limitations, which
motivated us to design a novel wearable technology, SoPhy.
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Technology for Rehabilitation

There is a growing interest in body tracking technologies to
support rehabilitation [28]. This is typically undertaken
with automated pose detection and estimation techniques
using computer vision approaches. Technologies like
Microsoft Xbox Kinect [18] and Vicon motion tracking
cameras [37] are used to guide patients to complete their
rehabilitative routines without the supervision of
physiotherapists. Along the similar vein, Hoang et al. [17]
explored the opportunities with virtual reality environment
to guide students on body postures for remote sessions.
However, these technologies have limitations in capturing
the fine-grained movements, such as range of joint
movements and body orientation [18,39]. Details about
these fine-grained movements are particularly relevant to
accurately assess the biomechanics of lower limb.

Capturing lower limb movements in video consultations is
challenging. It requires different camera orientations to
accurately render depth and perspective. Also, focusing the
camera on specific body parts may limit other crucial
information related to patient’s full body posture, and facial
expressions that clinicians look for to understand patient’s
recovery [3]. To accurately capture lower limb movements,
there have been studies [5,6,20] that utilize sensors to track
and visualize knee angles during exercises. These systems
present the captured information on a computer screen [6,
20] or directly on a wearable device using lighted fabric [5].
For example, BASE [12] is an ankle work sensor that is
designed to improve lower limb strength and balance of
elderly people. The system provides both visual and audio
feedback to users for home rehabilitation.

Other related work concerns sensing socks, shoes and
boards to support low-limb rehabilitation. For instance, as
people with foot ulcers get little sensations in their feet,
pressure sensing socks [10,27] and shoes [31] are
developed to prevent them from hurting themselves. Some
attempts are also made to help people in improving their
postural stability (e.g., Sensoria Fitness Socks [32]), and to
offer better understanding of one’s own body [38].
Nintendo Wii [24] is another popular device to capture
weight distribution for standing positions. However, these
systems are either not commercially available or do not
provide open API to adopt the software as needed.
Additionally, these systems are not specifically designed to
support video consultations. Therefore, the visual output is
presented locally on a mobile or computer screen and not
available to access remotely.

Considering the prior success of sensor-based socks in
clinical settings [27], we explored the use of socks to
support lower limb assessment in video consultations for
physiotherapy. Also, as socks conform to the body and
move along with the patient, we can accurately capture the
dynamicity of a physiotherapy session where the patient
performs a variety of static and dynamic exercises [3,6].
Next we discuss the developed wearable system, SoPhy.
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SOPHY

SoPhy (pronounced as Sophie) stands for ‘Socks for
Physiotherapy’. SoPhy is a wearable technology that is
designed to support lower limb assessment in physiotherapy
related video consultation. SoPhy has two parts: first is a
pair of socks containing three pressure sensors and one
Inertial Measurement Unit (IMU) to capture lower limb
movements (Figure 1); second is a web interface that
presents information related to weight distribution, foot
orientation, and range of movements to physiotherapists in
real-time (Figure 2).

Patients wear the SoPhy socks before starting the video
consultation with physiotherapist. During the video
consultation, the physiotherapist asks the patient to perform
lower body exercises (e.g., squats, and tip toes). As the
patient performs the prescribed exercises, the socks capture
data about foot movement. This data is then sent to the web
interface, where the physiotherapist can see this information
in real-time. We designed a mobile app to support the
communication between the socks and web interface, via a
Bluetooth shield [34] attached on the socks. As such, the
SoPhy socks capture data about the weight distribution, foot
orientation, and range of movement in the following way:

Weight Distribution: Weight distribution describes how
much weight a person is bearing at different points on the
sole of the foot e.g., on toes, balls, and heel. A healthy
person distributes their weight equally on each foot.
However, the pattern changes if the foot is injured. For
example, if the big toe of a foot is injured, the person may
bear more weight on the outside of the foot.

SoPhy captures the pattern of weight distribution across the
balls and heel of the foot using pressure sensors sewed on
the socks. Corresponding to each sensor, the weight
distribution is represented by the colors and numbers shown
on a sketch of the underside of the feet (refer the lower half
of Figure 2). The color spectrum denotes the measure of
weight on each point, while the number shows the pressure
values on a scale of 0-30.

Foot Orientation: Foot orientation refers to the alignment
of foot in four directions.

o Dorsiflexion occurs when the person bears weight on the
heel of the foot.

o Plantarflexion occurs when the weight is on the balls and
toes of the foot.

e Medial orientation when the weight is on the inside of the
foot and the person lifts the outside of foot up in the air.

e Lateral orientation is when the person bears weight on
the outside of the foot and lifts the inside of the foot up in
the air.

Foot orientation is captured by an IMU mounted on the
socks at the bridge of the foot. For the web-interface, we
used ten sketches to display the foot orientation: three each
for dorsiflexion and plantarflexion, and two each for medial
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Figure 2: The SoPhy web-interface displays information
about the weight distribution, foot orientation and range of
foot movement.

and lateral orientation. These sketches change in real-time
based on the captured data (refer upper half of Figure 2).

Range of Movement: Range of movement refers to the
magnitude of foot orientation across four directions
described above. The range is defined on a scale of 1 to 10
and is calculated from the IMU data. On the web-interface,
this value is represented as a ‘Flex degree’ under each foot.

DESIGN PROCESS

The final design of SoPhy was the result of multiple
explorations and e-sewing trials over a 6-month period. The
different phases of scoping the problem and iterating socks
and web interface are described here in a linear order for
clarity, but in practice they were intertwined.

Scoping the Problem and Ideation

The problem was initiated through collaboration between
the University of Melbourne and the nearby Royal
Children's Hospital. The physiotherapist at the hospital
(author Mark Bradford) has been conducting video
consultations for over three years. From our previous study
[3], we identified the following lower body cues that were
crucial to assess leg exercises over-a-distance: weight
distribution, range of movement, depth, fatigue, smoothness
of movement, and posture.

Together, we brainstormed ideas about how to best capture
these cues. We explored various sensor technologies (e.g.,
flex sensors, accelerometers, ultrasonic band) and where to
position these sensors on the body. These ideas were
rendered as design sketches and discussed with the
physiotherapist to assess their merit. Two bodily cues were
discarded after brainstorming: posture was excluded as it
can be observed over the video; and fatigue was excluded
as a person can feel tired for multiple reasons not related to
medical conditions. The physiotherapist affirmed that
weight distribution, foot orientation, and range of
movement would offer valuable insights that are not easily



Wearable Technology

Figure 3: Early iterations of SoPhy: (a) Toe socks (b) normal
socks with 4 flex sensors (¢) normal socks with 1 flex sensor.

available over video. We also discussed the body positions
for sensors, and learnt that the weight of a healthy person is
predominantly distributed over the balls, heel and big toe of
the foot. Hence, we chose these three locations for sensors
to gauge the best understanding of weight distribution.

Ongoing discussions with the physiotherapist as well as
with engineers and designers in our research center were
critical in developing ideas for the design of SoPhy. In a
second meeting with the physiotherapist, we discussed the
calibration of sensors for different foot sizes, and the
potential visualisation of the captured data. We asked the
physiotherapist to try out the socks and comment on
wearability. In the last meeting, we role-played a video
consultation with a sock prototype and paper prototypes of
data visualisations to evaluate their clarity and usefulness.

Iterations of the SoPhy Socks

We started our design process from identifying the right
sensors to capture the required data. We selected Flexiforce
Pressure Sensor [15] for capturing weight bearing on the
foot. Initially we aimed to capture pressure values on each
toe to give us rich data about weight distribution (Figure
3a). However, given the small surface area of toes, sewing
pressure sensors on toes and avoiding short-circuiting of
connections around LilyPad were challenging. Hence, we
reduced the number of sensors to three: one on each ball
and one on the heel. Reduction of pressure sensors then
affected our choice of socks and we then used the regular
socks (see Figure 1 for the final design).

Capturing range of movements however, required multiple
iterations, as there are different sensors available for this
task. In the beginning, we explored the use of flex sensors
[16] because of the ease to process the captured data. We
tested flex sensors by sewing four of them on socks around
the ankle (Figure 3b). However, owing to the limited
movement around ankle, the flex sensor was not sensitive
enough to capture the movements. Finally we opted for the
Adafruit 9-DOF Absolute Orientation IMU Fusion
Breakout [1]. IMU provides data points across Xyz
coordinates, which we processed to derive values of foot
orientations and range of movement.

We tried two microcontrollers: LilyPad [23] and Arduino
ProMini [2] to capture the data from the sensor. We opted
for Arduino ProMini, as it is smaller in size, therefore, easy
to accommodate on the socks; and it has more analog pins
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Figure 4: Previous interface with flex sensors visualisation.

to wire in sensors. However, it raised issues of short-
circuiting as all the pins were very close to each other. To
avoid short-circuiting issues, we used thin conductive wires
to make connections (Figure 3b, 3c). However, exposing
wires on socks made it look less wearable. Hence, in the
final design we covered all connections to Arduino
underneath several layers of clothes (see Figure 1).

Iterations of the SoPhy Web-interface

For the web interface, we explored different ways to present
the sensor data. We initially considered using photos of the
underside and the side of the foot to provide a realistic
visualisation. However, we chose sketches instead to
simplify the visualisation and to make them neutral for age
and gender. Being smaller in size, using sketches also
improved the latency of updating the web-interface in real-
time based on the sensor data. We also switched from using
foot sketches of the front view (Figure 4) to side view
(Figure 2). Because side view provides a different
perspective of the patient’s feet to clinicians as opposed to
the front view, which is already available in a typical video
call. The other change for the web-interface was the use of
a color spectrum to maintain visual consistency. The final
design of the web interface is shown in Figure 2.

EVALUATING SOPHY

We conducted a laboratory study to investigate how SoPhy
helps physiotherapists in conducting lower limb assessment
during video consultations. Taking inspiration from prior
works [21,35], we simulated video consultation settings to
evaluate SoPhy, but aimed to mimic the structure of video
consultations as closely as possible. To this end, we
organized the consultation across two rooms in the lab. We
used Skype to arrange video conferencing, as it is one of the
standard tools at the collaborating hospital. The study was
approved by the university ethics committee.

Participants

We recruited participants to play two types of role: 1) the
physiotherapist and 2) the patient. Participants were
recruited from the university’s mailing list.
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Figure 5: Study setup- In left, a participant using SoPhy interface during a video session. On right side: the actor is performing
squats wearing SoPhy socks.

For the physiotherapist role, we recruited 10 students (3
male, age range: 23-28 years) from the second and final
year of the postgraduate physiotherapy degree at our
university. For this role, participants were expected to have
completed formal training on standard patient assessment
and treatment relating to different issues in their study. As
part of the degree program, participants had prior
experience in role-playing different patient profiles to learn
assessment and treatment. They had completed 37 weeks of
clinical practice at hospitals where they assisted
physiotherapists in treating patients. We utilized their skills
to evaluate the utility of SoPhy as asking them to play the
role of physiotherapists in the evaluation. No participant
had prior experience with video consultation or wearable
technology. The participants received a $20 gift voucher.

For the patient role, we hired a final year physiotherapy
student (female, 28 years old) to play the role of patient for
the entire study to get consistency (in line with the earlier
study [17]). We refer to the patient as actor to avoid any
confusion with our participants. We appointed her as our
candidate because of her prior experience in assisting
physiotherapy sessions as well as her consistency in
performing the exercises for different patient profiles. We
conducted training sessions with the actor to train her for
different patient profiles. The actor was paid $25 per
session for her participation in the study.

Study Design

The study had four conditions involving video consultations
“with SoPhy” as the test condition, and standard video
consultations “without SoPhy” as the baseline condition.
The actor and the participants were located in two different
rooms. In both conditions, communication was conducted
through a Skype video call. In the with SoPhy condition, in
addition to the Skype screen, participants were presented
with the visualisation interface of SoPhy. Figure 5 provides
the details of the study setup.

Independent Variables
The independent variables were the consultation technology
(with SoPhy and without SoPhy) and pain levels (extreme

pain and low pain). Based on these independent variables,
we designed a 2x2 within subject study with four
conditions: with SoPhy-extreme pain, with SoPhy-low pain,
without SoPhy-extreme pain and without SoPhy-low pain.

Dependent Variables

For each consultation, we asked the participants to evaluate
six exercises. For each exercise, participants filled out a
Patient Assessment Form with the following factors: weight
distribution, foot alignment, range of movement, and
confidence. We also counted exercise repetitions from the
video recordings. These factors are the dependent variables
of the study.

Tasks Performed by the Participants

Each participant was asked to conduct four consultations:
two each with and without SoPhy. We randomized the order
of these sessions to avoid any learning effect. Also, we
created different patient profiles to makes these sessions
realistic, which we discuss later. In all four sessions,
participants requested the patient to perform six exercises
and filled out the Patient Assessment Form (discussed in
next section). After four sessions, we interviewed the
participants to understand their overall experience with
SoPhy. Participants took around 2 hours to finish the study.

Tasks Performed by the Actor

The actor was instructed to perform the following six
exercises based on the patient profile: dorsiflexion, plantar
flexion, double leg squats, double leg heel raises, single leg
heel raises, and walking. Dorsiflexion and plantar flexion
were performed while seated, and rest exercises were
performed in standing. Figure 6 shows a snapshot of these
exercises. We selected these exercises after consulting with
a physiotherapist (last author) to ensure that the exercises
represent the clinical practice, and that they were are not
physically demanding for the actor to perform repeatedly.

Patient Profiles

Because each participant conducted four consultations, we
created four separate patient profiles such that they find
every patient as unique, without any learning effect.
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Figure 6: Description of exercises: (a) Dorsiflexion and
Plantarflexion, (b) Squats (c) Single leg heel raises.

The patient profiles were created around two pain levels:
extreme pain and low pain, which were created in
consultation with the last author. We limited the profiles to
extreme and low pain to study the utility of SoPhy in
assessing contrasting movements, while keeping the study
design simple. These extreme opposites also made it easier
for the actor to consistently perform the respective roles.

Table 1 illustrates the names for each profile where Sam
and Veena had similar injury in left foot, while Susan and
Vicky had similar injury in right foot. The order in which
each participant sees the patient profiles was randomized.

Participants were provided with the background details of
each patient that described the cause of injury and how it
has changed over the period of time; whereas the details of
the pain and other socio-emotional factors that define
movements were only provided to the patient. Table 2
shows details of the two patient profiles for extreme pain.
For these profiles, we presented the following information
to the actor: asymmetric walking with less weight on heel
of the left foot, fearful of walking and touching, constant
pain, swelling in ankle and outside of left foot, extreme pain
today with pain level 5 (on a scale of 0 to 6).

For all patient profiles, video sessions were described as
follow-up of face-to-face consultations. Also, all patients
were described as already following on the six exercises
from the last consultation along with the number of
repetitions - five for extreme pain and ten for low pain.
Therefore, participants did not have to explain these
exercises to the patient in these sessions.

Data Collection

Since the aim of this project is to support the work of
physiotherapists in video consultations, we mainly collected
data from our participants. We also discussed with the actor
about her experience with SoPhy. Following on the existing
works on physiotherapy [33,37], we employed a mixed

Pain Profiles with SoPhy without SoPhy
Extreme pain Sam Veena
Low pain Susan Vicky

Table 1: We created four patient profiles: two each for
with and without SoPhy based on two pain levels.
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Sam is a 16-year-old girl who works as a helping hand
in a restaurant. Last year, she twisted her left foot
during a busy day at the restaurant. After the incident,
Sam feels pain around ankle. The pain is not constant,
but on days when she has it, it gets unbearable. She has
consulted many clinicians as yet, but the pain does not
seem to go away.

Veena is a 15-year-old high school girl who was very
active in sports until 2 years back when she twisted her
left foot ankle. She has been on pain medication for 4
months and has consulted psychiatrist and surgeon. She
has recently started physiotherapy to get rid of her pain.
She is diagnosed with chronic pain in left foot ankle.

Table 2: Details of the two patient profiles for extreme pain.

method approach where we collected from four sources.
Firstly, we video-recorded the sessions and we observed
participants to understand their interactions with SoPhy.
Being present with the participants allowed us to reflect
upon the latest event in a think-aloud manner. Participants
also filled the Patient Assessment form during each session,
which we discuss below. Finally, we conducted a semi-
structured interview with participants to understand their
overall experience with SoPhy. All interviews were audio-
recorded and field notes were written for later analysis.

Patient Assessment Form

We designed a Patient Assessment Form for data collection,
modeled after the assessment form of the collaborating
hospital and changed it as per the study goals by consulting
the last author. Each participant filled one form in each
session (four in total).

The form provided background information of the patient
(as shown in Table 2), and required the participant to fill in
the patient’s pain intensity on both feet (on a scale of 0 to
6). The participant had to inquire the patient about their
pain in order to fill this information, which provided a
starting point for them to initiate the consultation process.

For each exercise, participants were asked to fill in the
following information for each foot: weight distribution,
foot alignment, range of movement, and confidence in
assessment. For each factor, the participant marked a
selection on a scale of 0 to 6. We provided labels for value
0, 3 and 6 for coded data. For weight distribution,
participants assessed the pattern of weight distribution over
each foot (labels: heel, middle, and balls). Similarly,
participants assessed the foot orientation (labels: medially,
balanced and laterally) and range of movement (labels:
none, partial and complete) over each foot. Confidence
assessment was a self-rated value with labels: lowest,
medium, and highest.

The final section was dedicated to write notes about the
body posture of the patient and a rating of confidence value
with the overall assessment.
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Data Analysis

We performed thematic analysis [7] on the field notes and
interview transcripts. We coded the data on paper and
created memos to capture ideas and trends emerging from
the data about the interactions with SoPhy. We manually
analyzed the video recordings to calculate the number of
repetitions of each exercise.

We performed nonparametric factorial ANOVA analysis
using the Aligned Rank Transform tool in R [42] on the
factors comsultation technology and pain level, and the
interaction effect of consultation technology*pain level on
the dependent variables: weight distribution, foot alignment,
range of movement, confidence assessment, and exercise
repetition. The analysis helps us to determine if the usage
of SoPhy would affect the decision making process of
physiotherapists. Using affinity diagrams, we structured key
findings into five themes that we discuss next.

FINDINGS
Below we discuss the findings across five themes. We have
used participant IDs (P1, P2 ...) to denote their quotations.

Increased Confidence in Assessment

The findings show that participants were more confident in
their assessment when using video consultation with SoPhy
and without SoPhy. For squats, there was a main effect of
consultation  technology = on  confidence  ratings
(F(1,36)=10.97, p<.01). SoPhy increased the confidence of
participants in assessing squats (M=5.75, SD=1.06), as
compared to the video consultations without SoPhy
(M=4.17, SD =1.13).

The qualitative data showed that SoPhy was critical to
confirm initial observations made through the video data.
All participants developed a strategy to observe the required
information from both video stream and SoPhy interface.
They formulated an initial assessment by first observing a
couple of repetitions from the video stream and then
utilized the SoPhy interface to verify their hypothesis: “The
sock system was more like a confirmation for me. I used the
strategy of first seeing the video and then form an
assessment. After a couple of repetitions with video, I used
the interface to confirm my assessment.” (P8).

SoPhy reduced the need for verbal confirmation with
patients and the ambiguity created by such dialogues. While
participants sought verbal confirmation for their assessment
in the consultation without SoPhy, e.g., “It seems like you
are not putting more weight on the outside of your left foot”
(P2), there were no such verbal confirmations with SoPhy.

Participants described that they felt more confident in their
assessment with SoPhy. This removed the need for verbal
confirmation and potential ambiguity it may bring, as
discussed by participant 2: “I did get more confident in my
assessment with the socks data. Without it, I may not be
able to pick up things just from video. Like I thought, ‘Oh
that foot looks tilted outside’, but then whether it has any
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relation with their weight distribution or not, I can’t tell
just from the video. Confirming with the patient is not very
helpful as they might not know what’s going on with them.”

Fewer Exercise Repetitions Required to Assess Patients
The participants reported that with SoPhy they needed
fewer repetitions of exercises to assess patients compared
with the standard video consultation. The analysis of the
video recordings showed that SoPhy required 30-40% fewer
exercise repetitions than the without SoPhy condition as
shown in Table 3.

Exercises With SoPhy | Without SoPhy
Dorsiflexion M=8.10, M=11.25,
F(1,36) = 6.99, p<.05 SD=3.21 SD=4.54
Plantarflexion M=7.45, M=10.60,
F(1,36) = 6.14, p<.05 SD=3.88 SD=4.24
Squats M=6.05, M=8.05,
F(1,36) = 8.36, p<.01 SD=2.48 SD=3.18

Table 3: SoPhy required fewer repetitions for assessment.

One reason for the reduced number of repetitions was the
increase in confidence in patient assessment with SoPhy. In
the interviews, participants felt more confident in their
assessment after only a few repetitions when using SoPhy.
“With sock system, I realized I got good information quite
early, which was really good. I did not push her way too
much then, which is what I will do with real patients.
Therefore, I was more confident then.” (P3)

A second reason was that SoPhy alleviated the need to ask
patients to perform exercises with different camera angles.
Rather than asking patients to reposition the camera to see
specific body movements, SoPhy offered rich information
equivalent to multiple camera view points: “Over video, 1
can’t see what’s going on behind the foot, especially for
exercises like plantarflexion. I can see the person only from
one direction. The system provides me this detailed
information irrespective of how the person is standing or
sitting. Of course you can ask the person to turn around,
but unless you are right there you would not understand
what is going on. I did not ask the patient to turn
backwards or sideways when I had the sock data. The
system was already doing it for me.” (P3)

Reducing the number of repetitions is important especially,
for patients in extreme pain, as it helps clinicians to avoid
movements that could inflict further pain to the patient. “If
a person is in extreme pain, I wouldn’t ask them to do more
exercise. 1 wouldn’t want them to keep going otherwise,
they will lose trust in the therapy.” (P3)

Weight Distribution Offers Hitherto Unavailable Insights
Weight distribution was the most useful information
provided by SoPhy, i.e., because it provided hitherto
unavailable information for participants. Range of motion
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and orientation presented by SoPhy offered a more detailed
understanding of these issues and increased confidence in
assessment, but these measures were largely inferred from
the video alone. Unlike range and orientation data, there is
no direct way to observe weight distribution. Participants
reported that in face-to-face assessments, they rely on
indirect clues to understand weight distribution, e.g., “from
the noise they are making while walking” (P5). However,
such clues vary based on different factors (e.g., shoe sole,
and weight bearing) and are difficult to observe over video.

Hence, the weight information provided by SoPhy offered a
novel, direct way to assess patients. The visualisation not
only helped them to understand which foot is bearing more
weight, but also how weight is distributed across each foot.
“It’s always challenging to understand weight bearing
because the pressure points are not visible. The socks data
certainly helped in that way. It’s easy in cases when the
person is putting more weight on one foot than other. But it
is difficult to understand how the pressure is distributed
across the foot, is it on the heels, or on the balls.” (P8)

The information of weight distribution also offered insights
into the lateral and medial orientation of foot, which are
difficult to observe. One participant described the difficulty
that she faced in checking the foot orientation in sessions
with standard video consultation: “When I asked the patient
to turn sideways to see the lateral and medial alignment of
the foot, the front leg obstructs the other leg. It’s harder to
see both legs at the same time from here.” (P7)

Another participant described how SoPhy helped him to
understand these orientations: “The values of weight
distribution were sufficient for me to know that the person
is moving laterally or medially. The numbers tell me that
the person has pressure on the outside, inside or at the
back. So then visually I can get that if the pressure is on the
outside, meaning she is going laterally.” (P10)

The statistical analysis further underlined the difficulty of
assessing weight distribution and the difference that SoPhy
makes here. The analysis showed that there is a significant
difference in assessing the lateral and medial alignment of
the affected foot between with SoPhy and without SoPhy
conditions: dorsiflexion (F(1,36)=4.30, p<.05), double leg
heel raises (F(1,36)=7.63, p<.0I) and single leg heel raises
(F(1,36)=25.50, p<.001).

The interaction effect between consultation technology and
pain level was significant for the medial and lateral
alignment factor for dorsiflexion (F(1,36)=4.30, p<.05) and
squats (F(1,36)=12.70, p<.01). We then performed two
Wilcoxon signed-rank tests using Bonferroni adjusted alpha
level of 0.025 per test (.05/2), to analyze the effect of SoPhy
within each pain level for dorsiflexion and squats. For
squats, there was a main effect of SoPhy on assessing the
alignment in extreme pain condition, (Z=3.92, p<.025).
There was no other significant pairwise comparison found.
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It is important to note that the results do not indicate the
assessment being more accurate, as there is no benchmark
to make this comparison. However, the difference in the
assessment highlights that SoPhy did not merely confirm
assessments made via video, but that it also helped in
assessing weight distribution for different foot orientations.

Pain Levels Influenced Assessment with SoPhy

The level of pain experienced by patients is an important
factor for physiotherapists because it affects their choice of
exercises and repetitions to recommend to patient. We
found that the pain level had significant effects on
alignment assessment throughout all exercises: dorsiflexion
(F(1,36)=27.70, p<.001), plantarflexion (F(1,36)=29.90,
p<.001), squats (F(1,36)=9.75, p<.0l), double leg heel
raises (F(1,36)=30.06, p<.001) and single leg heel raises
(F(1,36)=20.06, p<.001).

Participants stated that they used SoPhy differently
depending on the pain condition. In extreme pain,
participants focused more on training and motivating the
patient to perform movements, where SoPhy could be used
as a feedback for patients: “In extreme pain, the system
might be more useful for patients to see what’s happening.
So they could see that they are scoring 3 on that affected
area whereas it’s 18 on the other foot for the same location.
In pain, quite a lot of sensations get mixed up and they are
not able to distinguish the difference. Now through
numbers, you can talk through what they are doing as
opposed to what they should be doing.” (P5)

For low pain conditions, participants described that the aim
of physiotherapists is to optimize patient’s movements with
focus on subtleties, such that they could get back to their
normal movements. Here, SoPhy will help in making
comparisons on the patient’s recovery. One participant
highlighted the challenge of bringing the patient back to the
normal movements and how the system would help: “In
pain, people change the biomechanics of their body to
allow them to do different activities. They might have
developed some secondary changes down the road. Like to
walk, they kind of hit the ground and then pull the foot in
some sort of fashion. It’s harder to eyeball all these tricks,
and you can’t even confirm it with the patient. That’s where
the numbers [from SoPhy] will help me to see whether there
is any improvement in the patterns or not.” (P10)

Challenges in Mapping Information with Observations

The findings also highlighted several challenges in
interpreting the information provided by SoPhy with
observations from the video. Several participants reported
that it took them a while to learn how the system works and
how to relate the information presented by SoPhy to the
information gleaned from the video. “It was a little bit
distracting in the beginning when you don’t know what to
see when. I spent too much time looking at the numbers
without much looking at what the patient was doing.” (P10)
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The main challenge was to map the information offered by
SoPhy with the movements visible over video stream. The
visualisations offered by SoPhy were presented on a
different screen to the video and simply looking at the
visualisation did not provide sufficient information. “When
she was walking, I wanted to see her gait but I also wanted
to check the numbers. But when I see the numbers on the
other screen, it is difficult for me to understand what data
corresponds to which movement.” (P7)

Mapping left and right foot between video and SoPhy was
also found confusing: “Mapping the left and the right side
is the biggest challenge like in video the right foot of the
patient is my left foot. And then on the other screen [SoPhy
interface], I need to do this mapping again.” (P4)

Additionally, the presentation of the range of movement
was found confusing. SoPhy presented a flexion degree (a
number between 0-10) whereas participants measure the
range as an angle (e.g., 70 degrees) from the starting point
to the end point of a given movement. “Right now the
system gives me some numbers for range. I do not know
what these numbers are, whether it’s positive or negative
like dorsi data is a positive angle for me, while the plantar
angle is negative.” (P10)

Finally, for some participants the sock was interfering with
their observations from the video. While the sock helped in
capturing new information, it also concealed information
about the foot structure that participants could observe in
the standard video consultation. “The biggest issue with a
sock is that it covers the foot and it is hard to see the foot
moving. With socks, you see the foot as a plank but there
are so many joints moving for one movement. Not being
able to see the foot may not be an issue for all conditions, it
is more important for injuries in toe as you might want to
see how the toe is placed, or is it moving at all or not.” (P6)

DISCUSSION

SoPhy enhanced the effectiveness of physiotherapy video-
consultations through hitherto unavailable information
related to lower limb movements. Firstly, participants felt
more confident in their assessment when using SoPhy
compared to standard video consultations. Increasing
confidence in assessments is crucial because it impacts
consecutive diagnosis and treatment of the patient [9,36].
Furthermore, lack of confidence can also negatively affect
the patient’s trust in their diagnosis and their adherence to
the treatment [36]. Secondly, fewer repetitions were
required when assessing with SoP#hy than in standard video
consultations. This is particularly, useful for patients having
extreme pain, as fewer repetitions will reduce the
discomfort experienced by the patient during assessment.

One of the key characteristics provided by SoPhy was the
information about weight distribution. Physiotherapists
cannot directly observe weight distribution in video
consultations. Hence, seeing weight distribution not only
between the feet but also across each foot provided crucial
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novel information. Information about foot orientation and
range of movement was also considered useful, but mainly
to confirm observations made through the video. Weight
distribution, on the other hand, constitutes novel
information offered by a wearable technology that is not
available in standard video consultations, nor in any related
work on technologies for physiotherapists [17,28,37].

While these results are promising, we also identified
different challenges in integrating SoPhy with clinical
practices and tools. Below we offer three design
considerations to address these challenges.

Spatial Alignment between Visualisation and Video

We found that although participants appreciated the support
by SoPhy to get more confidence on their assessment, they
found it challenging to comprehend the information along
with the ongoing consultation. They found it challenging to
map the information of web-interface with the patient’s
movements, as the interface does not provide any reference
point. As a result, understanding dynamic movements like
walking was found challenging, as it requires checking
information at both screens simultaneously. Participants
also described the problem of split attention where looking
at the web-interface made them feel being ignorant or rude
to the patient. However, as clinicians are effectively using
screens during face-to-face consultations [8], managing two
screens during video consultations might not be a major
issue with repeated exposure to SoPhy.

More research is required to present the data such that the
physiotherapists can easily incorporate the visualisation as
part of their assessment. One possible approach could be to
overlay the information on top of the video such that the
required information is presented alongside the respective
body part. However, it may grab continuous attention from
clinicians even at times when they want to focus only on
the video stream — which may not be the case when the
visualisation is presented on a separate screen as clinicians
can ignore it whenever required.

Additionally, instead of presenting all the data at every time
to clinicians, we can also present selective information to
clinicians based on their needs. For instance, the system
could only present the unexpected patterns such as sudden
change (peaks or lows) in the weight distribution or range
of movement. In this regard, audio and tactile feedback
could offer significant potential as these media have been
used in the past to effectively present the data [33,41]. Also,
as clinicians refer to different bodily cues across different
phases of the consultation [3], the web-interface can also be
customized accordingly.

Align Visualisation with Clinical Practice

We found issues with the representation of the range of
movement, as the provided information did not match with
the clinical practice. Physiotherapists measure the range as
angular movements of the joints using a device called,
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Goniometer, whereas SoPhy presented this information as a
value between 0-10. On the other hand, the representation
of weight distribution was substantially appreciated.
Participants appreciated the use of different colors, numbers
and the foot sketch showing the feet from underneath. Since
the information related to weight distribution was new for
participants, the presented information did not contradict
with their prior clinical knowledge. This highlights that
either the information presented by the technology should
confirm with the underlying knowledge of the clinicians or
it should set new defaults. The new representation may
however, involve a learning curve in order for clinicians to
embrace the information as part of their clinical practice.

An important aspect of a sensing technology is calibration
[19]. SoPhy web-interface also needs to be calibrated for
different patients as the weight distribution and range of
movement will vary for different people. For instance, if the
weight scale of 0-30 is calibrated for a person weighing 60
kilograms, it will not show the dark red color for a person
weighing 40 kilograms. On the other hand, calibration can
be provided to clinicians as a functionality to integrate into
therapy. They can adjust the scale of range of movement,
for example, as a goal that the patient should achieve in two
weeks time.

Reveal Body Structure with Wearable technology

Our study also revealed some of challenges in designing the
right socks for physiotherapy assessment. For example,
being a wearable technology, SoPhy socks restricted
participants’ ability to visually assess the patient’s foot. The
loose fitting of SoPhy socks also concealed the foot
contours and foot arch that participants wanted to observe
from the video stream. This issue became more prevalent
for extreme pain profiles with toe injury, where visual
examination of the barefoot was critical for the assessment.

SoPhy socks need to be designed depending upon the
clinical conditions. For instance, for patients with toe
injuries, 5-toed socks or toeless socks might be a good
design as physiotherapists can see weight bearing for each
toe. Another important factor to be considered would be the
type of material used for SoPhy socks. A body fitting socks
made up of a stretch fabric like spandex could be utilized to
make the foot contours visible. However, such body-fitting
material may cause discomfort for certain patients e.g.,
those having swollen foot.

The third factor is the color of the socks. Using bright-
colored socks could make the movements distinguishable
even when used in different environments. And finally, the
last key factor is the size of socks as one size SoPhy will
not work for all. Accuracy of sensor readings will depend
upon the fitting of the socks on feet. Hence, different size
socks need to be designed for different sized foot.
Designing SoPhy socks for different clinical conditions is
increasingly becoming feasible given the advancements in
smart textiles like FlexTiles [29].
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LIMITATIONS AND FUTURE WORK

We report two main limitations of this work. Firstly, our
study participants had no prior experience with video
consultations. Thus, their responses might have some
novelty effect, and the findings may differ in real world
video consultations with experienced physiotherapists.
Secondly, the role of patient was enacted by a healthy
individual (actor). Although we significantly trained the
actor to perform consistently across all study sessions, there
might have been some unavoidable human errors in the
movement data. Nevertheless, given the aims of this study,
this participant cohort was the closest representative of our
target population. The study findings have significant
implications for the future video consultations systems.

The very idea behind organizing a video consultation is to
support patients in situations when making a physical trip to
the hospital is not feasible [11,40]. Extreme pain is one
such condition where a long travel to visit the
physiotherapists might worsen the patient’s pain. In such
condition, SoPhy could be used as a training tool where the
clinician can guide the patient on how to start making lower
limb movements. Equally, in low pain conditions when the
patient has made a significant recovery, SoPhy could help
them in optimizing their movements by providing the
necessary feedback.

Furthermore, as the SoPhy socks afford mobility, it could
provide more flexibility to clinicians and patients to try out
different types of exercises during video consultations.
Clinicians can further personalize the therapy program
based on the home conditions of the patient, which further
adds to the benefits of video consultations. SoPhy can
support video consultations for a variety of clinical domains
like sports rehabilitation, Orthopedics and Geriatric
conditions. Considering the benefits of SoPhy particularly,
in understating weight distribution, it could also have
potential during face-to-face consultations where it could be
used both as a training and feedback tool. Our future work
thus, involves studying the use of SoPhy in natural video
consultations for physiotherapy.

CONCLUSION

In this paper, we presented a wearable technology SoPhy, to
enhance the ability of physiotherapists in conducting lower
limb assessment in video consultations of physiotherapy.
SoPhy provides information related to subtle differences in
weight distribution, range of foot movement and foot
orientation. Through a laboratory evaluation, we found that
SoPhy increased participants’ confidence in assessing the
patient, particularly for squats exercise. SoPhy offered
invaluable insights related to weight distribution that is
neither available in standard video consultation nor in
traditional face-to-face settings. Through SoPhy, we hope to
encourage design thinking towards designing novel video
consultations systems for physiotherapy.
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