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Featured Application: Telerehabilitation using a wearable motion sensor device for patients and
health systems.

Abstract: Postoperative home-based rehabilitation programs are essential for facilitating functional
recovery after total knee replacement (TKA). This study aimed to verify the feasibility of applying a
wearable motion sensor device (MSD) to assist patients in performing home-based exercises after
TKA. The interrater reliability of the measurement for knee mobility and the time spent completing
the 5-times sit-to-stand test (5TSST) by two experienced physicians and using the MSD in 12 healthy
participants was first assessed. A prospective control trial was then conducted, in which 12 patients
following TKA were allocated to two groups: the home-based exercise group and the MSD-assisted
rehabilitation group. Changes in knee range of motion, pain, functional score, performance, and
exercise completion rates were compared between the groups over two months of follow-up. MSD-
measured knee mobility and 5TSST exhibited excellent reliability compared with the physician
measurements. Furthermore, patients in the MSD-assisted rehabilitation group reported higher
training compliance than participants in the home-based exercise group, which led to better outcomes
in the knee extension angle and maximal and average angular velocity in 5TSST. MSD-assisted
home-based rehabilitation following TKA is a feasible treatment model for telerehabilitation because
it enhances patients’ compliance to training, which improves functional recovery.

Keywords: knee replacement; home-based exercise; telerehabilitation; motion sensors

1. Introduction

Osteoarthritis (OA) of the knee refers to the wear of knee joint cartilage, causing
pain and a limited range of motion (ROM) among patients. Knee OA is one of the main
reasons for disability among older adults [1], and nearly one-tenth of the population aged
over 60 experience pain and discomfort caused by knee OA [2]. Total knee arthroplasty
(TKA) is currently the most effective treatment for improving long-term knee function
and quality of life among patients with end-stage knee OA [3]. The rates of TKA have
doubled in the United States in recent years, with advances in the technique and prosthesis
design indicating an increasing demand for healthcare financing and postoperative clinical
management [4].

Physiotherapy, such as hospital-based rehabilitation [5], outpatient-guided physical
therapy [6], or cross-team multidisciplinary rehabilitation [7], is effective for alleviating
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postoperative discomfort and accelerating functional recovery in patients after TKA [8,9].
Protocols to improve post-surgical recovery have led to a decrease in the length of hospital
stay among patients after arthroplasty [10]. The time for inpatient rehabilitation after TKA
is thus decreased, highlighting the need for guidance on home-based rehabilitation for
patients. However, the provision of post-hospital rehabilitative care is highly variable,
and the barriers to accessing therapists and the financial burden of rehabilitation services
should be considered, given the demand for high-quality rehabilitation services following
TKA [11]. In-home exercise programs are easily accessible self-training programs that can
be performed by patients, and they have similar effectiveness to inpatient rehabilitation
programs following TKA [12]. However, the success of functional recovery depends on the
patients’ training compliance and in-home exercise correctness. Research has demonstrated
that physical activity does not increase in patients following joint replacement [13], and
only a quarter of patients with OA comply with their exercise program [14]. Develop-
ing more reliable methods to maximize the effectiveness of home-based physiotherapy
remains challenging.

Techniques for detecting body motions could be employed to monitor and rehabilitate
disabled patients, offering independent training that has advantages over traditional reha-
bilitation services [15]. Inertial measurement units (IMUs), including accelerometers and
gyroscopes, have been extensively used in technology-assisted rehabilitation with sufficient
accuracy [16-18]. The IMU-based motion tracking systems, which can be used to recon-
struct the position or the orientation of the body they are attached to, have the advantage of
cost-effectiveness and wearability, allowing for long-lasting tracking of the user motion in
situated environments [19]. In our previous study, we developed a wearable motion sensor
device (MSD) utilizing the wearable IMU-based sensors to trace the shoulder’s angular
motion to assist with in-home shoulder exercises for patients with adhesive capsulitis [20].
In addition, the design of the MSD was integrated with interactive mobile apps through
wireless telecommunication technology to increase patient—provider interaction, thereby
supporting the feasibility of image- and sensor-based telerehabilitation in the treatment of
adhesive capsulitis. Our results demonstrated preliminary success in increasing patients’
adherence to daily rehabilitation programs, which facilitated shoulder functional recovery.
However, further investigation is required to assess whether the use of a wearable MSD
in telerehabilitation can increase patients’ engagement in the in-home exercise program,
thereby improving knee function after TKA.

Focusing on the potential benefits of MSD in the post-TKA telerehabilitation scenario,
this study replicated the previous experience of using the MSD for treating adhesive
capsulitis to verify the feasibility of an MSD-based treatment model in assisting patients
with home-based exercises after TKA. The application of the MSD in this study, which
contained two wearable IMU-based sensors to trace the knee angular motion and was
integrated with interactive mobile apps designed for patients and physiotherapists to follow
and monitor in-home exercise progress, was anticipated to improve patient compliance with
post-TKA rehabilitation exercises. We hypothesized that the use of a wearable MSD can
help patients perform an in-home exercise program correctly and increase their motivation
for daily exercise training, thereby improving functional outcomes after TKA.

The remainder of this paper is organized as follows. Section 2 presents the materials
and methods, including the design of the MSD and the study protocols for (1) the reliability
of knee mobility measurements using the MSD and (2) the feasibility of using the MSD
for the post-TKA in-home rehabilitation. Section 3 provides our preliminary results and
the participants” user experience of the MSD design. Section 4 discusses the effect and
clinical value of the MSD and the limitations of this study. Lastly, conclusions are presented
in Section 5.
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2. Materials and Methods
2.1. Motion Sensor Device (MSD)

A body-worn MSD (BoostFix wearable self-training kit, COMPAL, Taipei, Taiwan)
(see Supplementary Materials Files) was employed in this study. The device comprised
(1) wearable IMU-based sensors to record the ROM of the knee, (2) the mobile application
Patient App for use by the patient, and (3) the mobile application Doctor App for use
by therapists.

2.1.1. Wearable IMU-Based Sensors

The IMU-based sensors comprised six-axis microelectromechanical systems, composed
of accelerometers and gyroscopes, and the sensors collected information on the angular
motion of the knee of interest. These 2-sensor systems were used in the MSD to accurately
record the knee’s angular motion. To perform the recording, 2 sensors were strapped on
the anterior midline of the distal third of the femur (i.e., 10 cm proximal to the upper
border of the patella) and the proximal third of the tibia (i.e., 10 cm distal to the tibia
tuberosity) (Figure 1a). An algorithm was used to convert raw data from the accelerometer
and gyroscope into a quaternion. The sensors were calibrated in the position of the knee
flexion at 90° when the measurement began (Figure 1b). The initial calibration process
involved placing the sensor on a horizontal fixture to measure the offset for each axis
and to eliminate nonzero deviations. The sensors on the thigh served as a reference
point, enabling raw data from the sensor on the proximal tibia to be used to construct a
quaternion using the algorithm; thus, the relative angle changes on the knee joint could be
converted into a structure based on the motion of the knee. The high accuracy of repeated
angular measurements taken using the 2-sensor system on simulated knee motion was also
validated ex vivo (see Supplementary Materials Files).

(b)

Figure 1. The position of motion sensors worn on the lower limb: (a) sensor position; (b) calibra-

tion position.

InvenSense’s built-in library was utilized to setup the algorithm [21]. The fusing
algorithm combined gyroscope and accelerometer measurements into a single measurement
of orientation as a quaternion by drifting in the yaw component of orientation only. The
application could reset the drift in yaw by setting the yaw to a specified angle at any
time. The algorithm also contained functions for converting this quaternion into a rotation
matrix and Euler angles. In addition, the algorithm provided a measurement of linear
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acceleration (equal to the accelerometer measurement with the 1 g of gravity removed) and
Earth acceleration (a measurement of linear acceleration in the Earth coordinate frame).
The example of pseudo-code was provided in Supplementary Materials Files.

2.1.2. A Mobile Phone App for Patients

An app was designed for use on mobile phones. The app contained a feature for
measuring the angle of knee flexion and extension. Furthermore, the mobile app offered a
feature that recorded the time required to complete a 5-times sit-to-stand test (5TSST), which
is an objective performance-based measurement for patients following TKA [22,23]. The
maximal angular velocity and average angular velocity when rising from a chair are measured
in 5TSST, which represents the strength and endurance of the quadriceps muscle [23]. The
strength and endurance of the quadriceps muscles can also be calculated based on the relative
angular change with time using the accelerometers on the 2 sensors. Furthermore, the mobile
app could generate historical records of knee angular measurements, the performance in
5TSST, and exercise completion rates (ECRs) as well as provide detailed instructions for daily
knee exercises (Figure 2). The Patient App provides instructions for ten sets of home-based
knee exercises for training, which are based on the in-home exercise program designed by
Buhagiar M.A. et al. (Figure 3 and Supplementary Materials Files) [12].

Measurement

Home-based knee exercises | | @'

8.65 SEC Complete times: 0

Target times: B8

201912-25

Figure 2. Mobile app for patients: (a) historical records of knee flexion and extension; (b) historical
records of 5TSST; (c) daily home-based exercise tasks.

Through the mobile app, daily exercise tasks assigned by the supervising physiothera-
pist or physicians were provided to patients. The app demonstrated a three-dimensional
(3D) avatar to mirror the user’s knee motion while performing the assigned exercise
(Figure 3). Each user had an account on the Patient App to access their records, including
daily progress and ECR (Figure 2a,b).
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Figure 3. Sets of home-based knee exercises displayed on the mobile app and demonstrated by

participants: (a) straight leg raise in bed; (b) knee flexion in bed; (c) sitting knee stretch; (d) sitting
knee flexion; (e) sit-to-stand; (f) semi-squat on wall; (g) standing knee flexion; (h) standing hip
extension; (i) standing hip abduction; (j) forward step-ups.

2.1.3. A Mobile Pad App for Physiotherapists and Physicians

The Doctor App was designed for physiotherapists and physicians to use on a mobile
pad. The app provided each patient’s information, including the latest knee angular
measurements and ECR for the previous week (Figure 4a). Based on the individual status
of the target knee, physicians could assign personalized daily home-based exercise (HE)
with adjustable targeted angles, numbers of repetitions, and holding times for each patient
(Figure 4b).

2.2. Study Protocol

This study comprised two investigations: (1) the reliability of knee ROM measure-
ments and the time spent completing the 5TSST using the MSD and (2) the feasibility and
user experience of using the MSD for the post-TKA in-home rehabilitation. The Ethics
Committee of Taipei Medical University approved the entire protocol and instrumentation
(TMU-JIRB N201802034). All participants consented to participate in the study and the
publication of the data.
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Figure 4. Mobile app for physiotherapists and physicians: (a) the daily and weekly ECR of each
patient is displayed with patient information; (b) doctors assign daily exercises with specified targeted
angles, holding times, and numbers of repetitions.

2.2.1. First Investigation: Evaluating the Reliability of Knee ROM Measurements and the
Measurements of Time Spent for Completing 5TSST Using the MSD

A total of 12 healthy participants, aged 20-70 years and without reported discomforts
or limited ROM of the knee within the preceding year, were prospectively enrolled to
determine knee angular motion and time spent for completing 5TSST.

Angle Measurements

Each volunteer wore the MSD on the right leg and was seated in the middle of the
chair with the back straight, without resting on the backrest, feet flat on the ground, and
arms crossed over the chest (Figure 1b). Participants were instructed to discretionarily flex
the knee in the three targeted range of knee flexion angles, which were <60°, approximately
90°, and >90°. The knee angular motion attempts were first assessed using the MSD. Two
examiners (a physical therapist and an experienced orthopedic surgeon) were blinded to
the MSD angle measurements and then measured knee ROM using a universal goniometer.

Time for Completing 5TSST

Each volunteer was seated in the middle of a calf-height chair, as illustrated in
Figure 1b, and was instructed to rise to fully stand and then return to a fully seated position
as fast as possible 5 times. The time required to complete 5 sets was recorded using the
MSD and by the researchers.

2.2.2. Second Investigation: Determining the Feasibility and User Experience of Using the
MSD for the Post-TKA In-Home Rehabilitation

A total of 12 patients aged over 60 years who had received TKA using posterior-
stabilizing instruments for advanced knee OA were enrolled. Patients were excluded if
they (1) received TKA for a pathology other than OA; (2) had a history of knee replacement
on the opposite knee; (3) had severe complications after TKA, including symptomatic deep
vein thrombosis, fracture, and infection; (4) lived alone without family support for in-home
knee exercise training; (5) had a history of limb disorders that might have interfered with
the knee angular motion, including severe limb fracture, limb deformity, or neurovascular
disorders; and (7) were unwilling to receive an intervention or participate in the trial.

After the surgical wound had healed in the second week following TKA, patients were
allocated into 2 intervention groups: 6 patients were assigned to the HE group and 6 were
assigned to the motion sensor-assisted rehabilitation (MAR) group; patients were assigned
the MAR group based on their willingness to use and familiarity with mobile apps. The
patients in both groups received 2 months of in-home rehabilitation.
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Before beginning the exercise program, patients in the HE group received comprehen-
sive instructions on knee rehabilitation after TKA from an experienced orthopedic surgeon.
The standard protocol of HEs is available in Multimedia Supplementary Materials Files.
These patients were instructed to follow the standard HE protocol but individualized mod-
ifications were permitted based on health professionals” judgment. An orthopedic surgeon
reviewed the progress of each patient every 2 weeks, provided advice, and modified the
exercise program based on patient compliance and the standard protocol.

Before they began the in-home exercise program, all patients in the MAR group
received detailed instructions on operating the MSD, and the Patient App was installed
on their mobile phones. The orthopedic surgeon used the Patient App to assign daily
HEs to each patient based on the standard protocol (see Supplementary Materials Files).
Furthermore, through the mobile app, the orthopedic surgeon individually assigned each
set of exercises with a corresponding target angle to patients in the MAR group based on
the angle that patients could successfully achieve (Figure 4b). Achievement of the assigned
exercise was recorded as successful completion of the exercise, which was used to calculate
the daily ECR on the mobile app (Figure 4a).

Outcome Measurement

Face-to-face interviews were performed to collect basic demographic data, including
age, sex, body mass index, and site of the operated limb for each patient who had received
TKA. The maximal angle of knee flexion and extension of the operated knee, the time
required to complete 5TSST, and the maximal and average angular velocity when rising
from a chair in 5TSST were assessed and recorded using the MSD at baseline (i.e., 2 weeks
following TKA) and in each month for 2 months of the in-home rehabilitation program.
All patients completed questionnaires that allowed relevant metrics at baseline and at 1-
and 2-month follow-up to be evaluated by an independent physical therapist who was
not involved in treating any of the patients and was blinded to treatment allocation. The
questionnaires were based on the visual analog scale (VAS) of pain severity and the Western
Ontario and McMaster University Osteoarthritis Index (WOMAC). The ECR was recorded
monthly from participants’ reports and the MSDs in the MAR group.

Instruments

Measurement of knee function

The self-reported WOMAC consists of three subscales (pain, stiffness, and physical
function) comprising 24 items. The WOMAC has promising psychometric properties [24].
A higher WOMAC indicates worse knee function.

Measurement of pain

The VAS is an instrument for measuring pain intensity [25]. Patients were asked, “On
a scale of 0 to 10, how severe was the worst pain on your operated knee that you have
experienced within the last week?”

Measurement of ECR

The ECR was calculated from the MSD data by dividing the number of exercises
completed daily by the number of assigned daily exercise tasks. The monthly ECR was
the average of the daily ECRs over the entire month. The monthly patient reported ECRs
were obtained by asking each patient, “On a scale of 0% to 100%, what was your average
exercise completion rate in the previous month?”

User Experience

After 2 months of the in-home rehabilitation program, all patients in the MAR group
were contacted via telephone for a 20-min interview on their experience of the MSD design.
Closed- and open-ended questions were used to evaluate their actual use of the device and
obtain feedback and detailed suggestions.
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The following 4 items were assessed as closed questions on a 0-10 scale (Cronbach’s

alpha = 0.93):

1.  Helpfulness of the MSD in assisting with rehabilitation: “On a scale of 0 to 10 (0
indicating the least helpful and 10 indicating the most helpful), how would you rate
the helpfulness of the wearable motion sensor device in assisting your home-based
exercises after knee replacement?”

2. Ease of operability for the MSD: “On a scale of 0 to 10 (0 indicating the most difficult
and 10 means the easiest), how would you rate the ease of operability for the motion
sensor device in your daily exercise?”

3. Satisfaction with the app design: “On a scale of 0 to 10 (0 indicating the least satisfied
and 10 means the most satisfied), how satisfied are you with the app’s design and
visual appeal?”

4. Interests for future use: “On a scale of 0 to 10 (0 indicating the least interested and
10 means the most interested), how interested would you be in using the device after
it is fully developed in assisting your future rehabilitation if needed?”

After finishing all interviews, the research team summarized the findings and for-
warded them to participants for confirmation and further feedback, if any.

2.3. Statistical Analysis

The intraclass correlation coefficient (ICC) was used to calculate the interrater reli-
ability of the outcomes of knee ROM and the 5TSST time measured using the MSD and
by the 2 experienced examiners. The ICC was obtained by performing a 2-way analysis
of variance in a random-effects model. ICCs of >0.8 and >0.9 indicate good and excellent
reliability, respectively [26].

The Mann-Whitney U test was used to compare the HE and MAR groups due to the
small sample size. The Wilcoxon signed-rank test was used for within-group comparisons
of dependent variables at follow-up. Descriptive statistics for participant characteristics
and generalized estimating equations were used to compare the improvements in several
outcomes between the 2 groups (knee active ROM, VAS, WOMAC, time for 5TSST, and
the maximal and average angular velocity in 5TSST). All outcomes were analyzed using
generalized estimating equations with the restricted maximum likelihood estimation. Fur-
thermore, all generalized estimating equations controlled for the effects of time during
follow-up. IBM SPSS 23.0 (IBM corp. Armonk, NY, USA) was used for all data analyses,
and p < 0.05 was considered statistically significant.

3. Results

Table 1 presents the results for knee angular measurements in different ranges of angle
and the time required to perform 5TSST among healthy participants, which were measured
using the MSD and by the two examiners and were used to assess the reliability of MSD
measurements. The interrater reliability for the angular measurement of knee flexion in
three range of angles, as assessed using the MSD and by the two examiners, was considered
good to excellent (ICC range: 0.862-0.934). The interrater reliability for the time required to
perform 5TSST between the MSD and the two examiners was also excellent (ICC: 0.996).

Table 2 presents the patient demographics, which did not differ significantly at baseline
between the two groups. After two months of rehabilitation training, patients in both the
MAR and HE groups exhibited significant improvements from baseline in all parameters,
except pain on the VAS (Table 3). However, patients in the MSD group demonstrated signif-
icantly better recovery of the knee maximal extension angle (p = 0.04) and performance in
the 5TSST time and maximal and average angular velocity (p = 0.04, 0.05, 0.03, respectively)
at the 2-month follow-up (Table 3).
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Table 1. Interobserver reliability between angle measurements and measurements of the time for

performing 5-times sit-to-stand test obtained by different examiners.

Knee Flexion within the Targeted Range of Angle

Time Spent for

12. Volunteers Angle < 60° Angle ~ 90° Angle > 90° Overall Completing 5TSST
(n=12) (n=12) (n=12) (n = 36) (n=12)
Examiner 1 34.7° £9.7° 89.6° £+ 5.3° 122.8° £ 10.4° 82.4° £+ 37.8° 11.2+17
Examiner 2 37.2° £8.3° 92.3° +£7.1° 124.2° £ 10.4° 84.6° £ 37.4° 112 +15
Motion sensor 35.0° £94° 92.9° £ 8.6° 123.5° £ 11.6° 83.8° £ 38.4° 113 £ 1.6
ICC among examiners 0.924 0.862 0.934 0.996 0.996

Notes: ICC: intraclass correlation coefficient; 5TSST: 5-times sit-to-stand test.

Table 2. Comparison of patient demographics between groups.

MAR Group (n = 6) HE Group (1 = 6) p-Value
Age 703 £2.8 702 £5.7 0.95
Body mass index 269 £2.6 28.6 £4.3 0.52
Sex
male 3 (50.0%) 2 (33.3%)
female 3 (50.0%) 4 (66.7%) !
Education

Elementary 5 (83.3%) 3 (50.0%)
Senior high 1 (16.7%) 2 (33.3%) 0.22

Bachelor degree and higher 0 (0.0%) 1 (16.7%)

Operated side

left 2 (33.3%) 4 (66.7%)

right 4 (66.7%) 2 (33.3%) 057
Baseline condition (before intervention)
Maximal knee extension (°) 28.2 £ 8.6 24 +£13.7 0.40
Maximal knee flexion (°) 98.2 +9.6 93.5 + 8.8 0.62
VAS 3.7+12 52+1.7 0.11
WOMAC 36.5+15.5 417 +£157 0.58
5TSST

Total time spending (s) 222492 271 +£11.7 0.42
Maximal angular velocity (°/s) 100.5 £ 35.4 94.5 + 35.6 0.78
Average angular velocity (°/s) 455+ 14.4 315+ 124 0.10

Notes: VAS: Visual Analog Scale; WOMAC: Western Ontario and McMaster University Osteoarthritis Index;

5TSST: five times sit-to-stand test.

Patients in the MAR group displayed significantly better recovery of the knee maximal
extension angle over time and showed higher maximal and average angular velocity in
5TSST (p = 0.049, 0.002, 0.006, respectively) than patients in the HE group (Table 4). Table 5
illustrates that patients in the MAR group had a significantly higher overall ECR as reported
by the patients during the two months of rehabilitation compared with patients in the HE
group (p = 0.041).
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Table 3. Improvements in parameters compared with baseline and between groups.

p-Value p-Value
Baseline 1 Month 2-Month
Follow-Up Vel‘Sl.:lS Between Follow-Up Vers?s Betweerl:
Baseline Groups ? Baseline Groups
MAR group (1 = 6)
Maximal knee 282+ 8.6 13.0 £5.8 0.03 0.17 93452 0.03 0.04
extension (°)
Maximal knee 982+9.6  110.8 & 14.6 0.03 0.42 112.7 + 11.8 0.03 0.23
flexion (°)
VAS 37+£12 33+£05 0.48 10.00 23+£12 0.23 0.80
WOMAC 36.5+15.5 17.8 £ 11.2 0.03 0.26 9.0£52 0.03 0.09
5TSST
Total time (s) 222492 141+£71 0.03 0.06 10.7 £ 6.2 0.03 0.04
Maximal angular 505 | 354 16834 714 0.03 0.08 180.3 + 82.1 0.03 0.05
velocity (°/s)
Average angular 455+ 144 758 4+29.0 0.03 0.04 89.7 + 40.7 0.03 0.03
velocity (°/s)
HE group (n = 6)
Maximal knee 24 +137 182+ 6.9 0.23 0.17 167 £5.2 0.12 0.04
extension (°)
Maximal knee 935+ 8.8 101.7 + 6.1 0.04 0.42 104.8 +3.7 0.05 0.23
flexion (°)
VAS 52+17 33+£05 0.06 10.00 22+£1.0 0.03 0.80
WOMAC 41.7 £ 15.7 257+ 124 0.03 0.26 16.8 £9.2 0.03 0.09
5TSST
Total time (s) 271 +11.7 209 +10.1 0.03 0.06 182 +£83 0.03 0.04
Maximal angular 9454356  106.5 + 41.1 0.05 0.08 108.0 + 37.6 0.03 0.05
velocity (°/s)
Average angular 315+ 124 387 +£117 0.03 0.04 412+ 113 0.03 0.03
velocity (°/s)
Notes: VAS: Visual Analog Scale; WOMAC: Western Ontario and McMaster University Osteoarthritis Index;
5TSST: five times sit-to-stand test; * Comparison between the motion sensor-assisted rehabilitation and home-
based exercise groups at 1-month follow-up; ® Comparison between the motion sensor-assisted rehabilitation and
home-based exercise groups at 2-month follow-up.
Table 4. Generalized estimating equation analysis for improvements between groups.
B(SE)
Dependent Variables (Reference: Baseline) (Reference: HE Group)
1-Month 2-Month Group at Group at
Follow-Up p-Value Follow-Up p-Value 1-Month p-Value 2-Months p-Value
Maximal knee extension (°) —6.6 (3.4) 0.0497 —8.1(4.0) 0.043 —8.54.5) 0.057 —10.7 (5.4) 0.049
Maximal knee flexion (°) 8.2 (1.9) 0.000 11.3 (3.1) 0.497 45 (5.3) 0.397 32 (4.7) 0.499
VAS ~1.8(0.6) 0.002 —3.0(0.5) 0.000 1.5(0.7) 0.450 1.7 (1.0) 0.083
WOMAC —16.0 (1.6) 0.000 —24.8 (2.9) 0.000 —2.7 (4.0) 0.510 —2.7(5.3) 0.617
5TSST

Total time (s) —6.2(15) 0.000 ~89(1.9) 0.000 ~19(2.3) 0413 2.6 (2.4) 0.279
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Table 4. Cont.

B(SE)
Dependent Variables (Reference: Baseline) (Reference: HE Group)
1-Month 2-Month Group at Group at
Follow-Up p-Value Follow-Up p-Value 1-Month p-Value 2-Months p-Value
Maximal angular
velodity (75) 12.0 (4.0) 0.003 13.5 (3.9) 0.000 55.8 (17.5) 0.001 66.3 (21.1) 0.002
Average angular
velocity (/5) 7.2 (1.6) 0.000 9.7 (2.0) 0.000 23.2(8.3) 0.005 34.5 (12.5) 0.006
Notes: VAS: Visual Analog Scale; WOMAC: Western Ontario and McMaster University Osteoarthritis Index;
5TSST: five times sit-to-stand test.
Table 5. Exercise completion rate reported by the participants and MSD.
MAR Group HE Group
Exercise Completion Rate Recorded by Motion Reported by Reported by p-Value ?
Sensor Device Participants Participants
1 month follow-up (%) 777 £ 84 80.0 = 8.6 417 £ 87 0.041
2 month follow-up (%) 834+ 89 85.0+7.6 483+7.0 0.026
Overall (%) 80.6 = 8.2 825+77 450+ 72 0.041
Notes: ® Comparison of the participant-reported exercise completion rates between the motion sensor-assisted
rehabilitation and home-based exercise groups.

The mean scores of the participants in the MAR group for the user experience related
items of device helpfulness, ease of operability, satisfaction with app design, and interest in
future use were 8.5 £ 1.0 (range: 7-10), 5.0 & 1.4 (range: 3-7), 7.7 £ 0.8 (range: 7-9), and
5.8 & 1.9 (range: 3-8), respectively. Participants’ feedback for the overall MSD design is
summarized in Table 6.

Table 6. Participant feedback for the overall MSD design.
Positive Feedback Suggestions
1. This device helped me correctly and easily do daily 1. The calibration process for the sensors before exercise can
exercises at home with a clear goal. be simplified.
2. Because the doctor could trace my daily progress and 2. Better to extend the battery standby time of the
interacted with me, I worked diligently to complete the wearable sensors.
assigned exercise tasks every day. I had no excuse 3. The app should use or allow a bigger font size.
for slacking. 4. The app could have pre-recorded exercise videos to help
3. My daily exercise performance records can be easily found users understand more easily.
on the app, helping me foster a sense of accomplishment 5. The elderly patients in particular took time to learn and
and making me feel that I really have recovered well. get used to this device at the beginning. It is
4. Icould continue following the program and interacting recommended to simplify the learning process.
with my doctor after surgery, making me feel that there 6.  Rewards could be offered to the users for accomplishing
was no distance from the doctor. the daily exercise tasks and making them more fun.

Notes: Both feedback and suggestions are extracted from verbatim quotes.

4. Discussion

This study revealed that wearable IMU-based sensors can be used to trace the knee
angular motion with acceptable reliability. The wearable motion sensors were integrated
with interactive mobile apps and telecommunication technology to assist postoperative
rehabilitation after TKA, which helped patients easily and correctly follow a daily HE
program under the remote supervision of a physician. Compliance with the daily exer-
cise regime was enhanced, thereby improving the recovery of knee extension angle and
quadriceps muscle power, which led to a higher maximal and average angular velocity
in 5TSST.
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Home-based rehabilitation programs are a popular choice for patients following TKA.
Buhagiar et al. developed a post-TKA home program comprising general aerobic compo-
nents as well as general functional and muscle-specific exercises; they demonstrated that
the supervised home program was cost-effective and as efficient as inpatient rehabilitation
in facilitating mobility in patients after TKA [12]. However, the success of their home-based
program was based on clinician supervision. In practice, major obstacles for patients in
following home-based physiotherapy are the absence of feedback by a physical therapist
and the failure to remember or perform correct exercises [27,28]. The use of innovative
methodologies, including wearable motion tracking devices has increased for assisting reha-
bilitation and monitoring activity at home in patients after joint replacement [29]. However,
few clinical studies have supported the efficacy of these methods [30]. Kwasnicki RM et al.
and Chiang CY et al. have demonstrated the feasibility of motion tracking sensors to
monitor the recovery progress of ROM and kinematic profiles among patients following
TKA [31,32]. However, unlike these studies using the MSD for functional assessment,
our study integrated the MSD with a mobile phone-based system, which can provide an
informative patient interface with comprehensible exercise instructions and support health-
care self-management by monitoring rehabilitation exercise performance. Furthermore, to
strengthen the connection between physicians and patients, wireless telecommunication
was used to synchronize data with the Doctor App to send information on each patient’s
progress, which enabled physicians to supervise rehabilitation remotely and provide in-
stant feedback to patients. The MAR method increased patient adherence to the in-home
exercise program, which was then reflected in the higher exercise completion rate and
larger functional recovery after two months of training compared with patients in the
HE group.

The ability to monitor knee angular motion and kinematic profile is another potential
advantage of applying the MSD for in-home rehabilitation following TKA. The functional
recovery of patients after TKA is conventionally measured using self-reported or physician-
reported questionnaires. However, performance-based tests that can objectively assess the
patient’s actual ability to perform a task are seldom adopted in clinical practice following
TKA. The kinematic and kinetic analyses of the sit-to-stand movement, which has been sug-
gested to be an adequate performance-based measure in patients who received TKA [23,33],
may have limited use because of the inaccessibility of the measuring equipment. However,
the MSD used in this study can monitor the knee angular motion during in-home rehabil-
itation and indirectly trace the muscular, functional recovery based on the performance
of angular velocity changes in 5TSST among patients after TKA. Wearable IMUs can be
used to monitor the kinematic change of performance-based 5TSST remotely. In our study,
patients in the MAR group displayed higher adherence to the in-home exercise program
owing to the mobile phone-based informative interface and interaction with the physicians.
Therefore, recovery of maximal and average angular velocity in 5TSST was better in the
MAR group than in the HE group, even though the patient-reported WOMAC did not
differ significantly between groups after two months of training. The IMU-based functional
assessment helped physicians comprehensively and objectively follow the improvement in
patients after TKA in addition to providing information on patient self-reported function.

The application of a wearable motion sensor device to improve patient compliance
with in-home rehabilitation is promising, but some obstacles may need to be overcome. In
addition to the stability of the sensor’s application, a user-friendly app interface plays a
vital role. The success of traditional clinical rehabilitation relies on robust patient—provider
interaction [34]. Therefore, the new method of telerehabilitation using the MSD in post-
TKA rehabilitation programs should focus more on the connection between physicians and
patients. In this study, the participants reported high scores for the user experience-related
items of device helpfulness (mean 8.5 over10) and satisfaction with app design (mean 7.7
over 10), indicating high user satisfaction for the assistance of MSD in rehabilitation and
the design of user interface. We believed that the Doctor and Patient app used in the MSD
offered an informative and interactive interface, which is the key factor contributing to
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the excellent outcomes of the MSD-assisted rehabilitation and high user satisfaction in this
feasibility study. However, the score for ease of operability reported by the participants was
relatively low (mean 5.0 over 10), which may indicate the potential difficulty of using the
MSD and, therefore, reflect on the ordinary score for the user’s interest in future use (mean
5.8 over 10). In addition, the user experience feedback indicated that the complexity of the
MSD design with a relatively steep learning curve could be further improved. For elderly
users, simplifying the operability for the MSD will be a development target in the future.

Overall, the positive results obtained justify further work on the application of the
MSD in telerehabilitation following joint replacement. The telemedicine industry in the
orthopedic field is poised for growth in response to the 2019 coronavirus (COVID-19)
pandemic [35]. An example of a successful telemedicine model is the application of virtual
exercise rehabilitation in-home therapy, which can provide similar effects as traditional
home or clinic physiotherapy and can significantly decrease 3-month healthcare costs after
TKA [36]. In contrast to virtual physiotherapy, the MSD-assisted rehabilitation model
presented in this study supports image-based and sensor-based telerehabilitation using an
activity recognition model, an interactive 3D avatar in mobile phone applications, and a
wireless telecommunicated network which enables more comprehensive physiotherapy for
patients following TKA.

The main limitation of this study is the small sample size, which prevents this study
from robust conclusions on the effectiveness of MSD-assisted home-based rehabilitation
for patients following total knee replacement. However, the value of this study was to
offer novel but preliminary results on the feasibility of the use of MSD in implications
for post-TKA rehabilitation. We, therefore, recorded and presented the user experience
from the participants in the MAR group, anticipating that this experience may facilitate the
future development of MSD in telerehabilitation, especially in the post-TKA telerehabilita-
tion scenario. Second, owing to the large national differences in post-TKA rehabilitation
protocol, the protocol used in this trial, including the exercise contents, the different study
time points, and the short follow-up period, may create potential bias resulting in diffi-
culty in making conclusive statements. Third, we only recorded the postoperative pain
score during follow-ups without documenting the analgesic use, which may mask the
influence of pain on patient adherence to the training program. Fourth, the allocation of
patients was not randomized because of their varying levels of familiarity with mobile
apps and MSDs. Older adult patients may not favor new rehabilitation technology [37].
The gap in the acceptance of new technology among elderly patients may have caused a
potential selection bias. The patients who accepted MSD-assisted rehabilitation and who
were allocated to the MAR group were relatively highly educated, although no significant
difference was noted. Furthermore, these patients may have had stronger motivation for
rehabilitation training. Future studies should consider a training program for MSD usage
before enrollment to prevent any potential selection bias. Finally, the four item question-
naire used in measurement of the user experience is not a standardized instrument, so
that the questionnaire may carry the limitation of unidentified psychometric properties.
Nevertheless, our data showed that the internal consistency of the four item questionnaire
was excellent (Cronbach’s alpha = 0.93). Therefore, we believe that the measurement is
reasonably validated for assessing user experience.

5. Conclusions

This study proved that wearable IMU-based sensors can be used to trace the knee
angular motion with acceptable reliability. In addition, the application of a wearable motion
sensor device in combination with interactive mobile apps is promising in the post-TKA
telerehabilitation scenario. Although with the major limitation on the small number of
participants, this preliminary study demonstrated that MSD-assisted home-based rehabili-
tation following TKA is a potentially useful treatment model of telerehabilitation because it
enhances patient adherence to an in-home exercise program, which improves functional
recovery. This model helps overcome critical obstacles in home-based physiotherapy for
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patients who have received TKA, which demonstrates the feasibility of MSD in telerehabili-
tation and has crucial implications for patients and health systems. Future investigations
on the usability, cost-effectiveness and treatment efficacy of the MSD in telerehabilitation in
large patient cohorts are warranted to demonstrate the viability of the MSD in real-world
environments. However, the widespread use of the MSD in telerehabilitation for various
musculoskeletal disorders is expected once the technology is fine-tuned.
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