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Abstract: Rehabilitation following knee injury or surgery is critical for recovery of function
and independence. However, patient non-adherence remains a significant barrier to success.
Remote rehabilitation using mobile health (mHealth) technologies have potential for improving
adherence to and execution of home exercise. We developed a remote rehabilitation management
system combining two wireless inertial measurement units (IMUs) with an interactive mobile
application and a web-based clinician portal (interACTION). However, in order to translate
interACTION into the clinical setting, it was first necessary to verify the efficacy of measuring
knee motion during rehabilitation exercises for physical therapy and determine if visual feedback
significantly improves the participant’s ability to perform the exercises correctly. Therefore, the aim of
this study was to verify the accuracy of the IMU-based knee angle measurement system during three
common physical therapy exercises, quantify the effect of visual feedback on exercise performance,
and understand the qualitative experience of the user interface through survey data. A convenience
sample of ten healthy control participants were recruited for an IRB-approved protocol. Using the
interACTION application in a controlled laboratory environment, participants performed ten
repetitions of three knee rehabilitation exercises: heel slides, short arc quadriceps contractions,
and sit-to-stand. The heel slide exercise was completed without feedback from the mobile application,
then all exercises were performed with visual feedback. Exercises were recorded simultaneously
by the IMU motion tracking sensors and a video-based motion tracking system. Validation showed
moderate to good agreement between the two systems for all exercises and accuracy was within three
degrees. Based on custom usability survey results, interACTION was well received. Overall, this
study demonstrated the potential of interACTION to measure range of motion during rehabilitation
exercises for physical therapy and visual feedback significantly improved the participant’s ability to
perform the exercises correctly.
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1. Introduction

Rehabilitation following knee injury or surgery is critical for recovery of function and
independence—not just to regain strength, flexibility, and joint range of motion (RoM), but also
to decrease pain, stiffness, and swelling [1]. Successful post-operative rehabilitation can minimize
complications such as wound infection, deep vein thrombosis, and pulmonary embolism [2]. However,
patient non-adherence remains a significant barrier to successful rehabilitation. Physical therapy
non-adherence rates can reach up to 76% [3,4]. Rehabilitation non-adherence contributes to significant
healthcare burdens such as: personal health costs, unnecessary health provider visits, prescription
drug use, increased risk of complications, and decreased quality of life [1].

Barriers to adherence are multifactorial and a result of inadequate education or poor
communication, patients frequently underappreciate the importance of rehabilitation. This is
problematic as patients are expected to perform exercises independently for the majority of their
recovery period [5]. Patients from low-income households may face bigger barriers to rehabilitation
due to limited access to rehabilitation facilities, inability to handle copays, and low health literacy [6–8].
Accessibility is also a struggle for patients with large family or work responsibilities, who live alone,
and/or who experience disabling amounts of pain [9,10]. Finally, psychological barriers, such as poor
self-efficacy, fear avoidance behaviors, and distress can also prevent adherence [5].

Remote rehabilitation utilizing mobile health (mHealth) technologies has emerged as a potential
method for improving adherence and promoting effective execution of home exercise [11,12].
A promising complement to conventional in-person therapy, mHealth technologies enable remote
delivery of therapy interventions, and can monitor performance and adherence in real-time when
combined with biofeedback [13]. Using mHealth technologies, health care providers can reduce
barriers to accessibility and communication while also managing objective records of adherence
and performance.

Hussain et al. presented a clinical trial protocol for a mobile application and web-based tool to
support the delivery of total knee replacement care [14]. Their system utilizes a wrist-worn activity
tracker to monitor overall activity, as opposed to the IMU-based system presented in this manuscript,
which tracks knee joint motion specifically. There have also been a few studies that have evaluated
the use of the Nintendo Wii® Fit® console as an adjunct to conventional physical therapy [15–17].
More directly related to the approach utilized in this manuscript, Piqueras et al. evaluated the
effectiveness of a virtual telerehabilitation system in patients after total knee replacement [18].
They determined that a two-week interactive telerehabilitation program was at least as effective
as conventional therapy. Their system utilized nine degree-of-freedom wireless kinematic sensors.
Similarly, Correia et al. presented a home-based rehabilitation platform that included digital
biofeedback [19]. They completed an eight-week feasibility study demonstrating that their digital
rehabilitation solution achieved better outcomes than conventional in-person rehabilitation. However,
Piqueras et al. and Correia et al. did not provide data about the reliability sensors and the effectiveness
of the biofeedback.

Building upon this work, we have developed a novel remote rehabilitation management system
(interACTION) combining two affordable, portable wireless inertial measurement units (IMUs) with an
interactive mobile application and a web-based clinician portal. Real-time visual feedback provided by
the IMUs permits self-monitoring and adjustment during exercise for patients, while the clinician portal
(not evaluated in the present study) enables the clinician to monitor adherence and recovery remotely.

In order to translate interACTION into the clinical setting, it is first necessary to verify the efficacy
of measuring knee RoM during rehabilitation exercises for physical therapy and to determine if visual
feedback significantly improves the participant’s ability to perform the exercises correctly. Therefore,
the first aim of this study was to verify the accuracy of the IMU-based knee angle measurement system
by comparing motion tracking of the IMU-based system with a video-based motion tracking system
during three common physical therapy exercises. The second aim of this study was to quantify the
effect of visual feedback on exercise performance. Beyond assessing the efficacy of the technology,
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another important component to clinical translation is to determine if the intended users are willing
and able to wear and use the technology required for the intervention. Therefore, the third aim of
this study was to evaluate the wearability, usability, and overall look and feel of the technology using
a custom survey that was administered at the conclusion of the testing session. Participants also
completed a validated measure of user satisfaction for ease of use, amount of time needed, and clarity
of instruction.

2. Materials and Methods

2.1. IMU Motion Tracking Sensor Description and Calibration Procedure

The portable IMU-based motion tracking system consists of two IMUs (3-Space Bluetooth
Sensor, Yost Labs, Portsmouth, OH, USA), each composed of a tri-axial accelerometer, gyroscope,
and magnetometer sensors (Figure 1A). Although the IMUs were factory calibrated and provided
with default values for the accelerometer and magnetometer, they were re-calibrated in house to
account for local magnetic disturbances and to determine the gyroscope parameters. Each IMU sensor
was individually calibrated prior to data collection using the Yost Lab’s 3-Space Sensor Software
Suite’s 24-step gradient descent calibration procedure to account for the scale, bias, and cross-axis
effects [20]. The 24-step gradient descent calibration procedure required that the sensor is oriented in
24 unique orientations; therefore, a custom (non-ferrous) calibration jig was constructed to ensure each
orientation was accurately implemented.
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Figure 1. (A) Yost Lab’s two 3-Space Bluetooth sensors is a 3D printed case designed to align the sensors
during alignment, (B) Padded elastic straps secured on the thigh and shank, Cary, (C) Screenshot of the
mobile application screen that provides the participant with visual feedback.

Upon successful calibration, the IMUs provide an orientation estimation using the manufacturer
provided Kalman filter. The Kalman filter utilizes normalized sensor data and reference vectors to
optimally combine the data into a final orientation reading in quaternion format. The individual
IMUs have a manufacturer stated orientation accuracy of ±1 degree for dynamic conditions across all
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orientations, an orientation resolution of <0.08 degree, and an orientation repeatability of 0.085 degree.
Further technical details about the 3-Space sensors and their sensor fusion algorithms are discussed
here [21,22] and can be found on the manufacturer’s website.

2.2. Video-Based Motion Tracking System Description and Calibration Procedure

A six-camera video-based motion tracking system (OptiTrack, NaturalPoint, Corvallis, OR, USA)
running the Motive: Tracker software was utilized as the “gold standard” [23,24]. Prior to data
collection, a triangulation procedure was utilized to associate the position of known calibration
markers (CWM-125, NaturalPoint) from each of the six synchronized cameras. The ground plane and
origin of the video-based motion tracking system was established using a 200 mm calibration square
(CS-200, NaturalPoint). The average overall wand error calculated during the calibration procedure
was <0.1 mm. After successful calibration, the Motive:Tracker software was utilized to stream the
xyz position of 4 mm reflective markers that were adhered directly to the corners of the IMU cases.
The marker position data was utilized to define a local coordinate system for each sensor and the
orientation to be calculated and reported in quaternion format.

2.3. Measurement of Knee Joint Angles

Knee movement was recorded simultaneously by the IMUs and OptiTrack. To detect the joint
angle of the knee, the two IMUs were fastened to the participant’s leg using elastic straps (Mueller
Sports Medicine, Prairie du Sac, WI, USA) and custom 3D printed sensor cases. The IMUs were
fastened equidistant from the middle of the patella, the first was secured to the thigh and the second
was secured to the shank (Figure 1B). Since the IMUs were mounted to the irregular contours of the
human body, it was also necessary to account for the offset between the sensors location and the
anatomical coordinate system. There are several published methods of determining the anatomic
coordinate system [25], however for this project a static manual anatomical alignment approach was
utilized, which was adapted from previously published approaches [26–28]. This approach was
selected to ensure all users regardless of functional status (e.g., early post-operative rehabilitation
following a total knee replacement) were capable of successfully completing the anatomical alignment
procedure independently. The static manual alignment procedure was adapted from methods
described previously [27,28] and was implemented as follows. The IMUs were first placed in a sensor
alignment tool (Figure 1A), which was manually aligned to the subject’s anatomy. This orientation
was recorded as the reference orientation. The subject then removed the IMUs from the alignment
tool and placed them in the sensor cases secured to their thigh and shank. The difference between the
orientation on the thigh and shank relative to the reference orientation was calculated and utilized to
transform the data into an anatomical coordinate system.

The anatomically aligned movement of the thigh and shank were recorded in quaternions, and the
knee joint motion was calculated as quaternion difference of the shank relative to the thigh. The data
was reported using Euler angles, which were calculated using Euler angle decomposition assuming
flexion-extension, varus-valgus, and internal-external order of rotation to avoid gimbal lock.

2.4. interACTION Application

When interACTION is used clinically, the patient’s treating physical therapist provides a
personalized exercise program (from a library of more than 30 routinely prescribed exercises) and offers
interactive guidance to the patient through a clinician portal. The patient can access the prescribed
exercise regimen remotely in the mobile application. Prior to performing their exercises, the mobile
application guides the patient through a series of recovery metrics (RoM, straight leg raise, and pain
score) to quantitatively assess their recovery progress. For each exercise that has been prescribed,
a written description and video demonstration is provided to educate the patient on the proper
execution of the exercise. After the patient is confident in the purpose and proper execution of the
intended exercise, they begin the exercise and use the interface to complete the number of repetitions
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and sets prescribed by the physical therapist. The motion data collected by the mobile application is
analyzed and displayed in a customizable, joint-specific manner to provide real-time feedback to the
patient, and quantitatively monitor the patient’s adherence. The real-time qualitative and quantitative
visual feedback is displayed using a two-dimensional animation and a numerical counter depicting the
knee joint angle (Figure 1C). A color-coded mechanism informs the patients if they are outside (red),
approaching (yellow), or reached (green) the individualized RoM target. Using predefined thresholds,
which are consistent with the color-coded feedback, the system automatically counts the number
of repetitions completed and categorizes them according to the quality of the repetition (attempted
repetitions versus successful repetitions). The recovery and adherence data collected in the mobile
application is wireless synchronized to the clinician portal for remote management using a cloud-based
database (Microsoft Azure).

2.5. Data Collection

A convenience sample of ten healthy control participants (males: n = 7, females: n = 3, age:
23.8 ± 3.6 years old, weight: 158.7 ± 28.2 pounds, height: 68.4 ± 3.1 inches) were recruited for an
Institutional Review Board approved protocol (IRB PRO14110431). Participants had to be able to
walk on a treadmill for at least ten minutes and lack a history of significant knee pain, injury, surgery,
or dysfunction.

Under supervision of the research coordinator, the participants secured the sensors to their legs
using elastic straps and performed an automated anatomical alignment procedure. Participants were
directed to perform ten repetitions of three knee rehabilitation exercises at a self-selected, comfortable
pace: heel slides (0◦ to 60◦ flexion), short arc quadriceps (SAQ) contractions (0◦ to 30◦) and sit-to-stand
(0◦ to 90◦ flexion). The heel slide exercise was first completed without feedback from the mobile
application, and then all exercises were performed using visual feedback from the mobile application.
To ensure that the participant understood the target RoM for the heel slide without visual feedback,
the research coordinator demonstrated the angle using a goniometer.

After concluding the exercises, the participants completed a custom usability survey about
their experience with interACTION. The custom survey included fourteen questions covering the
following topics: user interface (four questions), usability (three questions), wearability (five questions),
and aesthetics (two questions). Participants were asked to rate each question using a five-point Likert
scale that ranged from 0 (lowest or worst) to 4 (highest or best). Participants also completed the
After-Scenario Questionnaire (ASQ), a validated measure of user satisfaction for ease of use, amount
of time needed, and clarity of instruction on a seven-point Likert scale that ranged from 1 (strongly
disagree) to 7 (strongly agree) [29].

2.6. Data Analysis

The kinematic data recorded by the IMUs and OptiTrack was processed using MATLAB
(The MathWorks, Inc., Natick, MA). The datasets between the IMU and Optitrack measurements
were aligned in time by making the first peak flexion angle the first data point in the analysis. RoM was
calculated as the difference between the maximum and minimum flexion-extension angle for each
repetition. During the analysis it was determined that a procedural error was made during the data
collection for one participant; therefore, that participant’s kinematic data was excluded from the final
statistical analyses. Statistical analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary,
NC, USA).

2.6.1. Variability and Accuracy

The mean ± standard deviation (SD) RoM was calculated and reported to assess the intra-subject
variability. The data was displayed graphically using Bland-Altman Plots, to evaluate the differences
between the IMU and OptiTrack to determine the relationship between measurement error and the
true value. To assess the accuracy of the IMUs, root mean squared error (RMSE) was calculated relative
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to OptiTrack. Intraclass correlation coefficients (ICC2,1) were also calculated in order to assess the
consistency (or reproducibility) between the IMUs and OptiTrack. The following scale was used for
interpretation of the ICC values: 0–0.49 = poor agreement, 0.5–0.74 moderate agreement, 0.75–0.89
good agreement, 0.9–1.0 excellent agreement [30].

2.6.2. Visual Feedback

To assess the effect of visual feedback on exercise performance, the heel slides with visual feedback
and the heel slides without feedback were compared with the prescribed target RoM value of 60 degrees
using a one-sample t-test (* p < 0.05). The data was also displayed graphically using a scatterplot of
the difference between the target RoM value of 60 degrees and the actual RoM for the heel slides with
visual feedback, and the heel slides without feedback.

2.6.3. Survey Data

The median and mode of the custom usability survey and ASQ data were calculated, and to
ensure transparency the response frequency was also reported.

3. Results

3.1. Variability and Accuracy

The differences between the IMU and OptiTrack data is displayed in Figure 2. For the heel
slide the mean difference was −1.7 degrees, and the limits of agreement were −5.1 degrees and
1.7 degrees (Figure 2A). For the SAQ, the mean difference was −1.4 degrees, and the limits of
agreement were −3.4 degrees and 0.5 degrees (Figure 2B). The sit-to-stand exercise had the largest RoM,
and correspondingly the largest mean difference (3.2 degrees) and limits of agreement (−3.0 degrees
and 9.5 degrees) (Figure 2C).

The mean ± SD RoM for the IMUs and the OptiTrack was inclusive of the prescribed RoM for
all exercises performed: heel slides (58.2 ± 3.5 degrees), SAQ (27.5 ± 5.3 degrees), and sit-to-stand
(92.5 ± 6.7 degrees) (Table 1). The intra-subject variability was 2.5 degrees or less for all exercises,
and the sit-to-stand exercise had the highest variability of the exercises performed.

Table 1. Data from IMUs and OptiTrack system demonstrating the accuracy and variability.

Heel Slides Short Arc Quad Sit-to-Stand

RoM IMUs (Mean ± SD) 58.2◦ ± 3.5◦ 27.5◦ ± 5.3◦ 92.5◦ ± 6.7◦

RoM OptiTrack (Mean ± SD) 59.9◦ ± 3.9◦ 28.9◦ ± 5.3◦ 89.3◦ ± 6.5◦

Intra-Subject Variability IMUs 2.4◦ 2.0◦ 2.5◦

RMSE (IMUs vs. OptiTrack) 2.4◦ 2.0◦ 2.9◦

ICC (IMUs vs. OptiTrack) 0.58 0.86 0.80

The RMSE values of the IMUs, when compared with those of OptiTrack, were less than three
degrees; the sit-to-stand had the largest RMSE (2.9 degrees), followed by the heel slides (2.4 degrees),
and the SAQ (2.0 degrees). The ICCs for all exercises indicated a moderate (heel slides = 0.58) to good
agreement (SAQ = 0.86 and sit-to-stand = 0.80) between the IMUs and OptiTrack.
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3.2. Visual Feedback

The difference between the target RoM of 60 degrees and the actual RoM recorded by the IMUs
ranged between approximately −20 degrees and 20 degrees with no visual feedback (Figure 3A), but
with visual feedback this range decreased to −5 degrees to 10 degrees (Figure 3B).
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When no visual feedback was provided to the participant performing the heel slides, the mean
RoM was approximately 10 degrees larger than the prescribed RoM target of 60 degrees (70.0◦, 95% CI:
59.0◦ to 80.9◦, p = 0.07). When the participant was given visual feedback using the interACTION
system, the 95% CI for the mean RoM was dramatically reduced and centered on the RoM target (mean
RoM 60.1◦, 95% CI 57.1◦ to 63.1◦, p = 0.93).

3.3. Survey Data

The response frequency for the usability survey is shown in Figure 4. The median and mode
values of all of the usability survey responses were ≥3 and 11 out of the 14 questions had the maximum
median value of 4 and the maximum mode value of 4.Sensors 2019, 19, x FOR PEER REVIEW 9 of 14 
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The three questions that had median or mode values lower than 4 were wearability: comfort
(median = 3, mode = 3), aesthetics: sensors (median = 3, mode = 4), and usability: calibration
(median = 3.5, mode = 4). The response frequency for the ASQ is shown in Figure 5. The median and
mode values for the ASQ were equal to 7 for all survey questions.

Sensors 2019, 19, x FOR PEER REVIEW 9 of 14 

   

 
Figure 4. Frequency bar graphs of the custom usability survey results. 

The three questions that had median or mode values lower than 4 were wearability: comfort 
(median = 3, mode = 3), aesthetics: sensors (median = 3, mode = 4), and usability: calibration (median 
= 3.5, mode = 4). The response frequency for the ASQ is shown in Figure 5. The median and mode 
values for the ASQ were equal to 7 for all survey questions.  

 

Figure 5. Frequency bar graph of the ASQ survey results. 

4. Discussion 

The IMU-based knee angle measurement system provided an accurate and repeatable measure 
of human knee joint motion during physical therapy exercises. Validation with OptiTrack showed 
that the IMU measurements had an RMSE of less than three degrees of the “gold standard”, with 
moderate to good correlation between the two for all measured exercises. The Bland-Altman mean 
difference ranges from −1.7 to 3.2 degrees and the limits of agreement were the largest for the SAQ 
exercise (−3.0 degrees and 9.5 degrees). These results are consistent with previous reports that have 
used optical tracking systems, electromagnetic tracking systems, or potentiometers as benchmarks 
[27,31–37]. 

Figure 5. Frequency bar graph of the ASQ survey results.

4. Discussion

The IMU-based knee angle measurement system provided an accurate and repeatable measure of
human knee joint motion during physical therapy exercises. Validation with OptiTrack showed that
the IMU measurements had an RMSE of less than three degrees of the “gold standard”, with moderate
to good correlation between the two for all measured exercises. The Bland-Altman mean difference
ranges from −1.7 to 3.2 degrees and the limits of agreement were the largest for the SAQ exercise
(−3.0 degrees and 9.5 degrees). These results are consistent with previous reports that have used optical
tracking systems, electromagnetic tracking systems, or potentiometers as benchmarks [27,31–37].

More specifically, Leardini et al. performed a study that evaluated the use of IMUs for knee
flexion, extension, lunge, and squat exercises, and reported a mean difference of 3.9 to 5 degrees [17].
Picerno et al. evaluated flexion-extension and walking tasks, and reported an error ranging from
0.2 degrees to 2.9 degrees [25]. Tognetti et al. also looked at flexion and walking, and found a mean
error of 2.0 degrees [38]. Tulipani evaluated a total of six functional tasks and reported an error of less
than 5 degrees [35]. Similarly, Al-Amri evaluated walking, squatting, and jumping, and also reported
an error of less than 5 degrees, and Jaysrichai et al. reported an error of less than 6 degrees [39,40].
The most directly comparable study to our present study was reported by Liu et al., wherein they
evaluated the sit-to-stand exercise using a wearable sensor system [41]. Liu et al. concluded that
inertial sensors are able to monitor the sit-to-stand exercise with a high degree of accuracy and have
potential for rehabilitation training.

In the present study, the differences between the IMU and OptiTrack measurements were also
displayed graphically in the Bland-Altman plots. Observation of these plots for each exercise did
not demonstrate a relationship between measurement error and the true value. However, between
exercises it was observed that as the RoM of the exercise increased, the measurement error between
the IMUs and the OptiTrack increased. This relationship was also apparent in the RMSE parameters.
One possible explanation for the increased error with increasing RoM is that the static anatomical
alignment method implemented in this study did not fully align the IMUs to the anatomy. Future work
should explore if implementation of a dynamic alignment method [25] would reduce the measurement
error and explore the reliability of the alignment methods in the target patient population.

The most unique aspect of this study was its design to quantify the effect of visual feedback on
exercise performance. Visual feedback significantly improved the participant’s ability to achieve the
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prescribed motion target, indicating that IMUs can monitor both the completion and quality of the
exercises. This is consistent with previous reports that have shown the benefits of coupling feedback
with the use of IMUs; however, the majority of the previous literature focused on measurement of
gait and balance, rather than specific rehabilitation exercises [42–48]. In balance and gait stability
Bechly et al. compared the effects of visual and vibrotactile feedback on exercise performance [42].
The study focused on adherence and typical lack of exercise feedback as a deterrent for patients.
The authors’ hypothesis is that feedback can improve performance, which leads to greater confidence in
exercises and more consistency in performing exercises. Similarly, Ginis et al. validated a rehabilitation
tool with feedback, in that it uses IMUs available to users in their smartphones in combination with
an app for measuring movement [44]. The device is intended to test balance in Parkinson’s patients.
Ginis et al. validated the device (CuPiD) accuracy and usability in several clinical exams typically
prescribed to Parkinson’s patients. Similar to the present study, the RCT focused on validation for
use in the home and provided realtime feedback for each exercise. The accuracy of performance
with feedback was one of the primary outcome measures. Vadnerkar et al. focused on rehabilitation
exercises targeting gait improvement [47]. The IMUs used are contained in a module attached to the
patient’s foot, and data is collected via Bluetooth connection and stored on a smartphone. Similarly,
the device incorporates biofeedback into exercise execution. The study saw favorable outcome with
effective measurement of accuracy in the prescribed exercise (heel-to-toe) [47].

Based on the custom usability survey results, interACTION was well received by the study
participants. Survey results also helped identify areas for improvement (e.g., comfort, sensor aesthetics,
and the calibration procedure) prior to testing the system in a patient population. A limitation of the
custom survey is that it is difficult to compare to the literature. Therefore, a validated measure of
satisfaction (ASQ) was also collected, which demonstrated that the participants were highly satisfied
with the interACTION system.

Although this study was able to sufficiently answer the proposed research questions, there
were limitations that should be considered when interpreting the findings. The sample size was
small and one participant’s data had to be excluded due to technical difficulties experienced during
set-up. However, this sample size is consistent with similar studies [33,35]. The population tested,
consisting entirely of young, healthy volunteers, was appropriate for this study’s aims but may prevent
the findings from being directly translated to older populations with acute or chronic conditions.
Although there are several conditions (i.e., anterior cruciate ligament reconstruction), which are
commonly performed in an age group consistent with the population tested in this manuscript, it is
recommended that the usability of the system is reevaluated for each patient population of interest.
When interpreting the impact of the visual feedback, it is also important to note that the heel slides
without feedback were always completed before the heel slides with feedback. Although this is a
limitation of the study, it is consistent with the patients’ experience when performing their exercises
at home without the oversight of a physical therapist. Although the physical therapist may provide
verbal or visual feedback in the clinical setting, when the patient performs their exercises at home, they
typically do not have access to any feedback mechanism. If we had reversed or randomized the order
of testing, it would have artificially reduced the difference between the target and actual RoM for the
simulated home exercise.

In order to translate interACTION into the clinical setting, this study demonstrated the platform’s
ability to measure RoM during rehabilitation exercises for physical therapy and that visual feedback
significantly improved the participant’s ability to perform the exercises correctly. The participants
of this study were also highly satisfied with the wearability, usability, and overall look and feel
of the technology as well as the ease of use, amount of time needed, and clarity of instruction.
Future studies will utilize interACTION to examine its impact on post-surgical physical therapy
outcomes such as cost-savings, effects on adherence, and quality of life. We also plan to expand the
use of IMU motion tracking to other joints such as the hip, shoulder, and spine. With the ultimate goal
of reducing unnecessary healthcare costs and improving patient outcomes, this system will allow us to
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offer a convenient remote therapy option for patients who may experience barriers with traditional
physical therapy.

Author Contributions: Conceptualization, K.M.B., M.P.M., R.A.H., A.D.L. and J.J.I.; Data curation, C.O., M.A.
and A.M.; Formal analysis, K.M.B., M.P.M., M.A., L.B., R.A.H., C.S. and J.J.I.; Funding acquisition, K.M.B., M.P.M.
and J.J.I.; Investigation, K.M.B., C.O., M.A., A.M., R.A.H. and J.J.I.; Methodology, K.M.B., M.P.M., R.A.H., A.D.L.
and J.J.I.; Project administration, C.O.; Supervision, J.J.I.; Writing—original draft, K.M.B.; Writing—review &
editing, K.M.B., C.O., M.P.M., M.A. L.B., A.M., R.A.H., C.S., A.D.L. and J.J.I.

Funding: This research was funded by the University of Pittsburgh Coulter Translational Research Partners II
Program (PI: Sanjeev Shroff), the Pittsburgh Innovation Challenge (Under the CTSI parent grant #UL1TR000005,
PI: Steven Reis), and the University of Pittsburgh PCOR Career Development Program (K12 HS 022989-01, PI:
Wishwa Kapoor). The study sponsors had no role in the study design, collection, analysis or interpretation of data;
in the writing of the manuscript; or in the decision to submit the manuscript for publication.

Acknowledgments: I would also like to acknowledge Jessa Darwin and Ethan Lennox for the editorial support
that they provided during the preparation of this manuscript.

Conflicts of Interest: Kevin Bell, Michael McClincy, Robert Hartman, Andrew Lynch, and James Irrgang have
financial interest with interACTION (University of Pittsburgh Reference #04275) being evaluated in this research
study. This means that it is possible that the results of this study could lead to personal profit for the individual
investigator(s) and/or the University of Pittsburgh.

References

1. Marks, R. Knee osteoarthritis and exercise adherence: A review. Curr. Aging Sci. 2012, 5, 72–83. [CrossRef]
[PubMed]

2. Ontario, H.Q. Physiotherapy rehabilitation after total knee or hip replacement: An evidence-based analysis.
Ont. Health Technol. Assess. Ser. 2005, 5, 1–91.

3. Sluijs, E.M.; Kok, G.J.; van der Zee, J. Correlates of exercise compliance in physical therapy. Phys. Ther. 1993,
73, 771–782. [CrossRef] [PubMed]

4. Groen, J.W.; Stevens, M.; Kersten, R.F.; Reininga, I.H.; van den Akker-Scheek, I. After total knee arthroplasty,
many people are not active enough to maintain their health and fitness: An observational study. J. Physiother.
2012, 58, 113–116. [CrossRef]

5. Jack, K.; McLean, S.M.; Moffett, J.K.; Gardiner, E. Barriers to treatment adherence in physiotherapy outpatient
clinics: A systematic review. Man. Ther. 2010, 15, 220–228. [CrossRef] [PubMed]

6. Issa, K.; Naziri, Q.; Johnson, A.J.; Memon, T.; Dattilo, J.; Harwin, S.F.; Mont, M.A. Evaluation of patient
satisfaction with physical therapy following primary tha. Orthopedics 2013, 36, e538–e542. [CrossRef]
[PubMed]

7. Pivec, R.; Issa, K.; Given, K.; Harwin, S.F.; Greene, K.A.; Hitt, K.D.; Shi, S.; Mont, M.A. A prospective,
longitudinal study of patient satisfaction following total knee arthroplasty using the short-form 36 (sf-36)
survey stratified by various demographic and comorbid factors. J. Arthroplast. 2015, 30, 374–378. [CrossRef]
[PubMed]

8. Westby, M.D.; Backman, C.L. Patient and health professional views on rehabilitation practices and outcomes
following total hip and knee arthroplasty for osteoarthritis:A focus group study. BMC Health Serv. Res.
2010, 10. [CrossRef] [PubMed]

9. Noble, P.C.; Gordon, M.J.; Weiss, J.M.; Reddix, R.N.; Conditt, M.A.; Mathis, K.B. Does total knee replacement
restore normal knee function? Clin.Orthop. Relat. Res. 2005, 431, 157–165. [CrossRef]

10. Piva, S.R.; Moore, C.G.; Schneider, M.; Gil, A.B.; Almeida, G.J.; Irrgang, J.J. A randomized trial
to compare exercise treatment methods for patients after total knee replacement: Protocol paper.
BMC Musculoskelet. Disord. 2015, 16. [CrossRef] [PubMed]

11. Hoaas, H.; Andreassen, H.K.; Lien, L.A.; Hjalmarsen, A.; Zanaboni, P. Adherence and factors affecting
satisfaction in long-term telerehabilitation for patients with chronic obstructive pulmonary disease: A mixed
methods study. BMC Med. Inform. Decis. Mak. 2016, 16. [CrossRef] [PubMed]

12. Wood, C.L.; Clements, S.A.; McFann, K.; Slover, R.; Thomas, J.F.; Wadwa, R.P. Use of telemedicine to improve
adherence to american diabetes association standards in pediatric type 1 diabetes. Diabetes Technol. Ther.
2016, 18, 7–14. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/1874609811205010072
http://www.ncbi.nlm.nih.gov/pubmed/21762086
http://dx.doi.org/10.1093/ptj/73.11.771
http://www.ncbi.nlm.nih.gov/pubmed/8234458
http://dx.doi.org/10.1016/S1836-9553(12)70091-7
http://dx.doi.org/10.1016/j.math.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20163979
http://dx.doi.org/10.3928/01477447-20130426-12
http://www.ncbi.nlm.nih.gov/pubmed/23672902
http://dx.doi.org/10.1016/j.arth.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25453625
http://dx.doi.org/10.1186/1472-6963-10-119
http://www.ncbi.nlm.nih.gov/pubmed/20459834
http://dx.doi.org/10.1097/01.blo.0000150130.03519.fb
http://dx.doi.org/10.1186/s12891-015-0761-5
http://www.ncbi.nlm.nih.gov/pubmed/26474988
http://dx.doi.org/10.1186/s12911-016-0264-9
http://www.ncbi.nlm.nih.gov/pubmed/26911326
http://dx.doi.org/10.1089/dia.2015.0123
http://www.ncbi.nlm.nih.gov/pubmed/26295939


Sensors 2019, 19, 1021 12 of 13

13. Giggins, O.M.; Persson, U.M.; Caulfield, B. Biofeedback in rehabilitation. J. Neuroeng. Rehabil. 2013, 10.
[CrossRef] [PubMed]

14. Hussain, M.S.; Li, J.; Brindal, E.; van Kasteren, Y.; Varnfield, M.; Reeson, A.; Berkovsky, S.; Freyne, J.
Supporting the delivery of total knee replacements care for both patients and their clinicians with a mobile
app and web-based tool: Randomized controlled trial protocol. JMIR Res. Protoc. 2017, 6. [CrossRef]
[PubMed]

15. Fung, V.; Ho, A.; Shaffer, J.; Chung, E.; Gomez, M. Use of nintendo wii fit in the rehabilitation of outpatients
following total knee replacement: A preliminary randomised controlled trial. Physiotherapy 2012, 98, 183–188.
[CrossRef] [PubMed]

16. Ficklscherer, A.; Stapf, J.; Meissner, K.M.; Niethammer, T.; Lahner, M.; Wagenhauser, M.; Muller, P.E.;
Pietschmann, M.F. Testing the feasibility and safety of the nintendo wii gaming console in orthopedic
rehabilitation: A pilot randomized controlled study. Arch. Med. Sci. AMS 2016, 12, 1273–1278. [CrossRef]
[PubMed]

17. Baltaci, G.; Harput, G.; Haksever, B.; Ulusoy, B.; Ozer, H. Comparison between nintendo wii fit and
conventional rehabilitation on functional performance outcomes after hamstring anterior cruciate ligament
reconstruction: Prospective, randomized, controlled, double-blind clinical trial. Knee Surg. Sports
Traumatol. Arthrosc. 2013, 21, 880–887. [CrossRef] [PubMed]

18. Piqueras, M.; Marco, E.; Coll, M.; Escalada, F.; Ballester, A.; Cinca, C.; Belmonte, R.; Muniesa, J.M.
Effectiveness of an interactive virtual telerehabilitation system in patients after total knee arthoplasty:
A randomized controlled trial. J. Rehabil. Med. 2013, 45, 392–396. [CrossRef] [PubMed]

19. Correia, F.D.; Nogueira, A.; Magalhaes, I.; Guimaraes, J.; Moreira, M.; Barradas, I.; Teixeira, L.; Tulha, J.;
Seabra, R.; Lains, J.; et al. Home-based rehabilitation with a novel digital biofeedback system versus
conventional in-person rehabilitation after total knee replacement: A feasibility study. Sci. Rep. 2018, 8, 11299.
[CrossRef] [PubMed]

20. Madgwick, S.O.; Harrison, A.J.; Vaidyanathan, A. Estimation of imu and marg orientation using a gradient
descent algorithm. In Proceedings of the 2011 IEEE International Conference on Rehabilitation Robotics,
Zurich, Switzerland, 29 June–1 July 2011.

21. Abhayasinghe, N.; Murray, I. The application of “off-the-shelf” components for buildings imus for navigation
research. In Proceedings of the 2014 International Conference on Indoor Positioning and Indoor Navigation,
Busan, Korea, 27–30 October 2014; pp. 116–121.

22. Chandrasiri, R.; Abhayasinghe, N.; Murray, I. Bluetooth embedded inertial measurement unit for real-time
data collection for gait analysis. In Proceedings of the 2013 International Conference on Indoor Positioning
and Indoor Navigation, Montbeliard, France, 28–31 October 2013.

23. Thewlis, D.; Bishop, C.; Daniell, N.; Paul, G. Next-generation low-cost motion capture systems can provide
comparable spatial accuracy to high-end systems. J. Appl. Biomech. 2013, 29, 112–117. [CrossRef] [PubMed]

24. Carse, B.; Meadows, B.; Bowers, R.; Rowe, P. Affordable clinical gait analysis: An assessment of the marker
tracking accuracy of a new low-cost optical 3d motion analysis system. Physiotherapy 2013, 99, 347–351.
[CrossRef] [PubMed]

25. Picerno, P. 25 years of lower limb joint kinematics by using inertial and magnetic sensors: A review of
methodological approaches. Gait Posture 2017, 51, 239–246. [CrossRef] [PubMed]

26. Favre, J.; Jolles, B.M.; Aissaoui, R.; Aminian, K. Ambulatory measurement of 3d knee joint angle. J. Biomech.
2008, 41, 1029–1035. [CrossRef] [PubMed]

27. Picerno, P.; Cereatti, A.; Cappozzo, A. Joint kinematics estimate using wearable inertial and magnetic sensing
modules. Gait Posture 2008, 28, 588–595. [CrossRef] [PubMed]

28. Bakhshi, S.M.; Mahoor, M.H.; Davidson, B.S. Development of a body joint angle measurement system using
imu sensors. In Proceedings of the 33rd Annual International Conference of the IEEE EMBS, Boston, MA,
USA, 30 August–3 September 2011; pp. 6923–6926.

29. Lewis, J.R. Ibm computer usability satisfaction questionnaires: Psychometric evaluation and instructions for
use. Int. J. Hum.-Comput. Interact. 1995, 7, 57–78. [CrossRef]

30. Koo, T.K.; Li, M.Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability
research. J. Chiropr. Med. 2016, 15, 155–163. [CrossRef] [PubMed]

31. Cooper, G.; Sheret, I.; McMillan, L.; Siliverdis, K.; Sha, N.; Hodgins, D.; Kenney, L.; Howard, D. Inertial
sensor-based knee flexion/extension angle estimation. J. Biomech. 2009, 42, 2678–2685. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1743-0003-10-60
http://www.ncbi.nlm.nih.gov/pubmed/23777436
http://dx.doi.org/10.2196/resprot.6498
http://www.ncbi.nlm.nih.gov/pubmed/28249832
http://dx.doi.org/10.1016/j.physio.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22898573
http://dx.doi.org/10.5114/aoms.2016.59722
http://www.ncbi.nlm.nih.gov/pubmed/27904518
http://dx.doi.org/10.1007/s00167-012-2034-2
http://www.ncbi.nlm.nih.gov/pubmed/22543515
http://dx.doi.org/10.2340/16501977-1119
http://www.ncbi.nlm.nih.gov/pubmed/23474735
http://dx.doi.org/10.1038/s41598-018-29668-0
http://www.ncbi.nlm.nih.gov/pubmed/30050087
http://dx.doi.org/10.1123/jab.29.1.112
http://www.ncbi.nlm.nih.gov/pubmed/22813783
http://dx.doi.org/10.1016/j.physio.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23747027
http://dx.doi.org/10.1016/j.gaitpost.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/27833057
http://dx.doi.org/10.1016/j.jbiomech.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18222459
http://dx.doi.org/10.1016/j.gaitpost.2008.04.003
http://www.ncbi.nlm.nih.gov/pubmed/18502130
http://dx.doi.org/10.1080/10447319509526110
http://dx.doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
http://dx.doi.org/10.1016/j.jbiomech.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19782986


Sensors 2019, 19, 1021 13 of 13

32. Findlow, A.; Goulermas, J.Y.; Nester, C.; Howard, D.; Kenney, L.P. Predicting lower limb joint kinematics
using wearable motion sensors. Gait Posture 2008, 28, 120–126. [CrossRef] [PubMed]

33. Leardini, A.; Lullini, G.; Giannini, S.; Berti, L.; Ortolani, M.; Caravaggi, P. Validation of the
angular measurements of a new inertial-measurement-unit based rehabilitation system comparison with
start-of-the-art gait analysis. J. Neuroeng. Rehabil. 2014, 11. [CrossRef] [PubMed]

34. Papi, E.; Osei-Kuffour, D.; Chen, Y.M.; McGregor, A.H. Use of wearable technology for performance
assessment: A validation study. Med. Eng. Phys. 2015, 37, 698–704. [CrossRef] [PubMed]

35. Tulipani, L.; Boocock, M.G.; Lomond, K.V.; El-Gohary, M.; Reid, D.A.; Henry, S.M. Validation of an
inertial sensor system for physical therapists to quantify movement coordination during functional tasks.
J. Appl. Biomech. 2018, 34, 23–30. [CrossRef] [PubMed]

36. Lee, R.Y.; Laprade, J.; Fung, E.H. A real-time gyroscopic system for three-dimensional measurement of
lumbar spine motion. Med. Eng. Phys. 2003, 25, 817–824. [CrossRef]

37. Saber-Sheikh, K.; Bryant, E.C.; Glazzard, C.; Hamel, A.; Lee, R.Y. Feasibility of using inertial sensors to assess
human movement. Man. Ther. 2010, 15, 122–125. [CrossRef] [PubMed]

38. Tognetti, A.; Lorussi, F.; Carbonaro, N.; de Rossi, D. Wearable goniometer and accelerometer sensory fusion
for knee joint angle measurement in daily life. Sensors 2015, 15, 28435–28455. [CrossRef] [PubMed]

39. Al-Amri, M.; Nicholas, K.; Button, K.; Sparkes, V.; Sheeran, L.; Davies, J.L. Inertial measurement units for
clinical movement analysis: Reliability and concurrent validity. Sensors 2018, 18, 719. [CrossRef] [PubMed]

40. Jaysrichai, T.; Suputtitada, A.; Khovidhungij, W. Mobile sensor application for kinematic detection of the
knees. Ann. Rehabil. Med. 2015, 39, 599–608. [CrossRef] [PubMed]

41. Liu, T.I.; Inoue, Y.; Shibata, K. Development of a wearable sensor system for quantitative gait analysis.
Measurement 2009, 42, 978–988. [CrossRef]

42. Bechly, K.E.; Carender, W.J.; Myles, J.D.; Sienko, K.H. Determining the preferred modality for real-time
biofeedback during balance training. Gait Posture 2013, 37, 391–396. [CrossRef] [PubMed]

43. Franco, C.; Fleury, A.; Gumery, P.Y.; Diot, B.; Demongeot, J.; Vuillerme, N. Ibalance-abf: A smartphone-based
audio-biofeedback balance system. IEEE Trans. Biomed. Eng. 2013, 60, 211–215. [CrossRef] [PubMed]

44. Ginis, P.; Nieuwboer, A.; Dorfman, M.; Ferrari, A.; Gazit, E.; Canning, C.G.; Rocchi, L.; Chiari, L.;
Hausdorff, J.M.; Mirelman, A. Feasibility and effects of home-based smartphone-delivered automated
feedback training for gait in people with parkinson’s disease: A pilot randomized controlled trial.
Parkinsonism Relat. Disord. 2016, 22, 28–34. [CrossRef] [PubMed]

45. Halicka, Z.; Lobotkova, J.; Buckova, K.; Hlavacka, F. Effectiveness of different visual biofeedback signals for
human balance improvement. Gait Posture 2014, 39, 410–414. [CrossRef] [PubMed]

46. Ma, C.Z.; Wong, D.W.; Lam, W.K.; Wan, A.H.; Lee, W.C. Balance improvement effects of biofeedback systems
with state-of-the-art wearable sensors: A systematic review. Sensors 2016, 16, 434. [CrossRef] [PubMed]

47. Vadnerkar, A.; Figueiredo, S.; Mayo, N.E.; Kearney, R.E. Design and validation of a biofeedback device to
improve heel-to-toe gait in seniors. IEEE J. Biomed. Health Inform. 2018, 22, 140–146. [CrossRef] [PubMed]

48. Xu, J.; Bao, T.; Lee, U.H.; Kinnaird, C.; Carender, W.; Huang, Y.; Sienko, K.H.; Shull, P.B. Configurable,
wearable sensing and vibrotactile feedback system for real-time postural balance and gait training:
Proof-of-concept. J. Neuroeng. Rehabil. 2017, 14. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.gaitpost.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18093834
http://dx.doi.org/10.1186/1743-0003-11-136
http://www.ncbi.nlm.nih.gov/pubmed/25212257
http://dx.doi.org/10.1016/j.medengphy.2015.03.017
http://www.ncbi.nlm.nih.gov/pubmed/25937613
http://dx.doi.org/10.1123/jab.2016-0139
http://www.ncbi.nlm.nih.gov/pubmed/28787248
http://dx.doi.org/10.1016/S1350-4533(03)00115-2
http://dx.doi.org/10.1016/j.math.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19632882
http://dx.doi.org/10.3390/s151128435
http://www.ncbi.nlm.nih.gov/pubmed/26569249
http://dx.doi.org/10.3390/s18030719
http://www.ncbi.nlm.nih.gov/pubmed/29495600
http://dx.doi.org/10.5535/arm.2015.39.4.599
http://www.ncbi.nlm.nih.gov/pubmed/26361597
http://dx.doi.org/10.1016/j.measurement.2009.02.002
http://dx.doi.org/10.1016/j.gaitpost.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/23022157
http://dx.doi.org/10.1109/TBME.2012.2222640
http://www.ncbi.nlm.nih.gov/pubmed/23047859
http://dx.doi.org/10.1016/j.parkreldis.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26777408
http://dx.doi.org/10.1016/j.gaitpost.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24001870
http://dx.doi.org/10.3390/s16040434
http://www.ncbi.nlm.nih.gov/pubmed/27023558
http://dx.doi.org/10.1109/JBHI.2017.2665519
http://www.ncbi.nlm.nih.gov/pubmed/28186914
http://dx.doi.org/10.1186/s12984-017-0313-3
http://www.ncbi.nlm.nih.gov/pubmed/29020959
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	IMU Motion Tracking Sensor Description and Calibration Procedure 
	Video-Based Motion Tracking System Description and Calibration Procedure 
	Measurement of Knee Joint Angles 
	interACTION Application 
	Data Collection 
	Data Analysis 
	Variability and Accuracy 
	Visual Feedback 
	Survey Data 


	Results 
	Variability and Accuracy 
	Visual Feedback 
	Survey Data 

	Discussion 
	References

