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Abstract: Ankle sprains are frequent injuries that occur among people of all ages. Ankle sprains
constitute approximately 15% of all sports injuries, and are the most common traumatic emergencies.
Without proper treatment and rehabilitation, a more severe sprain can weaken the ankle, making
it more likely for new injures, and leading to long-term problems. In this work, we present an
inertial measurement units (IMU)-based physical interface for measuring the foot attitude, and
a graphical user interface that acts as a visual guide for patient rehabilitation. A foot-mounted
physical interface for ankle rehabilitation was developed. The physical interface is connected to the
computer by a Bluetooth link, and provides feedback to the patient while performing dorsiflexion,
plantarflexion, eversion, and inversion exercises. The system allows for in-home rehabilitation at an
affordable price while engaging the patient through active therapy. According to the results, more
consistent rehabilitation could be achieved by providing feedback on foot angular position during
therapy procedures.

Keywords: IMU; inertial sensor; gyroscope; accelerometer; rehabilitation; ankle sprain; wearable
electronic device; Unity; Arduino; telerehabilitation

1. Introduction

Ankles sprains are common injuries that can produce temporary or permanent impairments.
An ankle sprain occurs when the ligaments are torn because of being stretched beyond their limits.
Ankle sprain causes approximately 15 to 20% of sports injuries, when considering all the different
grades of tears [1]. It can take several weeks or even months for a sprained ankle to heal. When a
sprain is not properly treated, a more severe sprain can occur and permanently weaken the ankle,
making it more likely for new injures to take place. Due to the lack of correct treatment, repeated
ankle sprains can lead to long-term problems, such as chronic ankle pain, ongoing instability, and
arthritis [1]. In this case, rehabilitation is the part of the treatment that helps restore a patient to the
regular use of their injured extremity through eliminating the impairments caused by the injury, when
there has been no permanent damage. The problem is that unsupervised rehabilitation is prone to
mistakes. Well-performed medical treatment can be undermined by poor rehabilitation [2].

Ankle movement can be described as a three-dimensional object with three degrees of freedom.
The basic movements used in ankle rehabilitation are: abduction, adduction, plantarflexion,
dorsiflexion, inversion, and eversion.

The term sprain, also known as twisting or entorsis, indicates ligament injury by traction, which
is executed by an indirect mechanism that extremely stretches the ligament structure beyond what the
ligaments can tolerate. The mechanism of this injury is related to the inversion or eversion movements.
The inversion movement is the most common acute injury that damages the lateral ligaments of the
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ankle. Its inadequate treatment can lead to problems, such as a decreased range of motion, joint
instability, and pain [1].

Depending on the degree of the injury, this traumatism can be catalogued into the following
categories [1]:

e Grade 1: Involves the stretching of any ligament without tearing and slight signs of pain
and/or inflammation.

e Grade II: Involves the partial tearing of one or more ligaments and moderate pain and
inflammatory signs.

e  Grade III: Involves full tear of ligaments and joint instability; pain and inflammatory signs are
significant, and there is a loss of ankle function and mobility.

The diagnosis of ankle sprain starts with the evaluation of the situation and mechanism of the
injury. This is done to determine the current degrees of possible ankle movement, and the required
treatment for this specific situation. This evaluation is based primarily on physical exploration using
techniques such as inspection, palpation, mobilization, and radiology. Due to the frequency of this
injury, it is necessary to develop a set of strengthening exercises for the rehabilitation of the ankle that
allows recovering the amplitude of the movement of the joint and helps strengthen the muscles of
this extremity.

Telerehabilitation is the clinical application of Information and Communication Technologies
(ICT) to provide rehabilitation services remotely and without the presence of a therapist all of the time.
Telerehabilitation has been proven to be technically feasible; the case has been made as to how this
technology can improve access to health services, as well as to extend the reach of clinicians beyond
the physical walls of a traditional health care facility [1].

Devices that are used for ankle sprain rehabilitation can be grouped by complexity. Examples
of low-complexity devices include elastic bands, roller foams, and wobble boards. Intermediate
complexity devices provide more consistent results; in these devices, the patient plays a passive role in
the rehabilitation process. Examples of intermediate devices include the DOF JACE Ankle A330 CPM
system and the DOF Optiflex Ankle CPM system. High-complexity devices have high capabilities for
data acquisition, storage, transmission, and providing written feedback. However, some disadvantages
include being expensive and bulky, which restrict the use outside of a clinic. An example of these
systems is the Biodex Multi-Joint System 4 Pro [1]. Besides the lack of portability, perhaps the most
important disadvantage is that intermediate and complex systems work in a continuous passive
motion basis [1,3,4]. This reduces the type of therapy where they can be used. Portable devices are
needed for the active rehabilitation of ankle injuries; these devices could reduce the cost of healthcare
for patients [5].

Inertial measurement units (IMU) can be used to make portable rehabilitation devices. They have
been extensively used in position and attitude estimation, allowing for pedestrian navigation
tracking [6-13], gait analysis [14-20], foot pose estimation [21], foot clearance estimation [22], wearable
devices for Game Play application [23], and detecting foot strike in recreational runners [24]. A problem
of inertial measurement units is that they present biases and other systematic errors that are responsible
for position and attitude estimation errors. To provide robust distortion-free and refined absolute
position and orientation vectors, data fusion is used to combine the measurements from the three-axis
gyroscope, three-axis geomagnetic sensor, and three-axis accelerometer enclosed in the IMU [17].
Approaches used with data fusion include Kalman filters [6,9,15], clustering algorithms [7], and
hidden Markov models [8]. Some of these approaches rely on additional information, such as map
information [8,10], multiple IMU [11], biomechanical models [25], or light detection and ranging
(LIDAR) systems [12]. A major challenge of micro-electro-mechanical systems (MEMS) position
estimation concerns how to restrain the rapid accumulation of navigation errors. Without an
error-resetting algorithm, this error rapidly increases. For pedestrian navigation tracking and gait
analysis, a zero velocity update (ZVU) algorithm could be employed as an effective way to correctly
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detect the stance phase of each gait cycle and compensate for speed bias errors [6,9]. Another source for
errors in IMU sensors comes from magnetic disturbances that might take place in indoor environments
such as medical facilities, which becomes a problem for IMU clinical applications. Two approaches that
are used to reduce the impact of magnetic disturbance are: magnetic anomaly detection algorithms [13],
and a method based on analytical solutions in combination with parameterization for corrections [26];
both are used as part of data fusion.

IMU use related to rehabilitation therapy can be separated into systems that provide explicit
biofeedback for therapy and those that aim to help with the diagnosis and detection of pathologies.
In the first group, we can find systems for treating foot drop syndrome [27], hip and knee
rehabilitation exercises [28], improving therapy adherence [29], improving gait in patients with walking
disabilities [18], exoskeletons [30], and even therapies for animals [20]. In the second group, we can
find systems that help diagnose gait pathologies [16], explore elderly gait [19], and assess human gait
parameters [14]. Most of the above used foot-mounted devices or insoles. Chirakanphaisarn, Seel,
Long [18,27,30] created systems that depend on other sensors besides the IMU. Giggins [28] tested
their system with a single IMU mounted on the foot and another IMU incorporated in knee and hips,
and Shepherd [29] used a single IMU-based approach as well. The case has been made that for some
rehabilitation, a single IMU could suffice for posture and motion recognition [28]. Of relevance is
Seel [27], which explored foot movement for rehabilitation, and used IMU to map foot pitch and roll to
dorsiflexion, eversion, and inversion movements, which are also used in rehabilitation exercises for
ankle sprains.

In this paper, we developed a foot-mounted inertial sensor device to determine the foot attitude
with the aim of making an active rehabilitation session following the same process that a therapist
would. We develop a graphical software interface to provide feedback on common rehabilitation
movements that can be described with two degrees of freedom: dorsiflexion, plantarflexion, inversion,
and eversion. The work has been done for the active free stage of rehabilitation, which is the stage
where the patient makes the movements without any opposing force [1].

For the remaining sections of this paper, in Section 2, the materials, methods and main concepts
are presented. Section 3 presents the foot attitude biofeedback device description. Section 4 shows and
describes the experimental results. Finally, in Section 5, concluding remarks are provided.

2. Materials and Methods
2.1. Inertial Sensor

2.1.1. Inertial Measurement Units

Inertial measurement units (IMUs) have been widely used in mobile robot navigation [31-33],
and can be used to make portable rehabilitation devices. IMU devices measure acceleration, angular
rates, and magnetic field vectors in their own three-dimensional local coordinate system, and, with
proper calibration, represent an orthonormal base that is aligned with the outer sensor casing [34].
Some commercial devices provide the orientation estimation of this sensor for a global fixed coordinate
system. They do this by using algorithms that provide orientation information in the form of
quaternion, rotation matrix, or Euler angles. These algorithms employ a strap-down integration
of the angular rates to obtain a first estimate of the orientation. Also, the angular position drifts in the
inclination part of the IMU’s orientation, which is eliminated using the assumption that the measured
acceleration is dominated by gravitational acceleration (i.e., for low-acceleration ranges) [34].

Ankle movement can be described as a three-dimensional object with three degrees of freedom.
The basic movements used in ankle rehabilitation (abduction, adduction, plantarflexion, dorsiflexion,
inversion, and eversion) are shown on the foot anatomical reference frame in Figure 1. This work
is focused on ankle movements that can be described with two degrees of freedom: dorsiflexion,
plantarflexion, inversion, and eversion. Dorsiflexion and plantarflexion correspond to the angular
movement denominated as pitch, which is performed around the “Y” axis, with normal ranges of
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20° and 50°, respectively. Inversion and eversion relate to the angular movement denominated as
roll, which is performed around the “X” axis, with normal ranges of 45° and 20°, respectively. For
this work, the main interest lies in the active free stage of rehabilitation, which is the stage where the
patient makes the movements without any opposing force [1].

A fundamental problem in IMU-based human motion analysis is that the IMU’s local coordinate
axes are not aligned with any physiologically meaningful axis. However, a common approach is to do
this via calibration postures and/or calibration movements. Some authors make the patient stand with
vertical, straight legs for a few seconds, and use the acceleration measured during that time interval to
determine the local coordinates of the segment’s longitudinal axis [34].

CVEers

Figure 1. Foot anatomical reference frame, and the six basic movements: abduction, adduction,
plantarflexion, dorsiflexion, inversion, and eversion. Sign of the rotation is specified according to the
mathematical definition of the counterclockwise (positive) or clockwise (negative) rotation.

2.1.2. Estimation of the Inertial Measurement Variable

An MPU-6050 device was chosen for developing the rehabilitation device due to its commercial
availability in local stores and low price. The MPU-6050 consists of six degrees of freedom (6DOEF),
which combine a three-axis accelerometer and a three-axis gyroscope. The main characteristics of
this component are 16-bit digital analog converters (ADC), and that the component can communicate
by both SPI and I2C bus, which makes it easy to access the measured data. On the other hand, the
accelerometer range can be set to £2 g, £4 g, £8 g, and £16 g, and the gyroscope range can be set
to £250° /s, £500° /s, £1000° /s, and £2000° /s; for the best resolution, ranges of £2 g and +250° /s
were selected.

To use the device, the angular velocity and angle with respect to the horizontal position must be
obtained from the IMU. The angular velocity w = (wx, wy, wz), is directly provided by the three-axis
gyroscope in the IMU, but the angular position 8 = (8, &, v) needs to be calculated through the process
explained below.

Following the methodology presented in Seel [35], defining pitch angle « and roll angle (3, the
IMU reference frame of the foot anatomical reference coordinates x, yf has to be determined. The IMU
was fixed to the foot to assure that the IMU sensor axis x; lies in the sagittal plane of the foot, and then
we proceeded to determine the x;, yr axis as follows: at the foot flat position, the IMU accelerometer
readings a(t) are integrated over time, and the resulting vector is normalized to the unit magnitude zg,
applying the Euclidian norm:

Bp= ), al) (1)
t € [foot flat]
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zpr = 255/ 12411 @)

During the calibration procedure, at the foot flat position, the foot is at rest, and zy is nearly
vertical. Then, yy is calculated as follows:

yf =Zff X Xs, 3)
yr = +17/|7¢] for aleft foot, 4)
yp= —])f/||]}f||2 for a right foot ®)
Similarly, x¢ is calculated as follows:
ff:szxxs X zff, 6)
xp =27/ )

For each foot exercise, a strap-down integration of the angular velocity w is started that produces
the rotation matrix Ref). By transforming xs to the reference frame, we calculate the pitch angle o

(t) = % - <(sz, Rff(t)xf)f ®)
= arcsin(z}fRff(t)xf), € [—; +g] ©)

Similarly, we calculate the roll angle 3:

B(t) = g - <1(fo/ Rff(t)yf)r (10)

s
7]

The IMU provides two information sources that allow the estimation of the angular position 6 of
the IMU local coordinate system. The first is through the three-axis accelerometer signals g = (gx, gy,
gz), which measure the vector of the acceleration of gravity, and trigonometric relations are used to
calculate one estimation for the angular position 6. The second is through the three-axis gyroscope,
which measures the angular velocity w, whose numerical integral with respect to time gives an
approximation of the angular rotation since the beginning of the integration, and is used to compute
a second estimation for the angular position 6. These means that in the first source, information is
highly noisy due to the accelerations caused by vibrations that can occur in rehabilitation procedures.
This makes it unreliable in short periods, but this same source is reliable on average over a longer period
of time. The second source of information is very reliable in short periods, but accumulates offset errors
as time progresses. For this reason, the MPU-6050 incorporates a digital motion processor (DMP),
which is an internal processor that executes MotionFusion algorithms to combine the accelerometer
and gyroscope data together to minimize the effects of the errors that are inherent in each sensor,
avoiding having to compute the filters by an external processor. The DMP computes the results
in terms of quaternions; it can also convert the results to Euler angles, and perform other filtering
computations with the data as well [36].

The DMP eliminates the need to perform computationally expensive calculations on the Arduino
side. The problem is that there is little information available on the inner workings of the DMP.
This problem was addressed by using a library created by Jeff Rowberg [37]. The library can calculate
the sensor’s orientation with respect to a global fixed coordinate system in Euler angles from the raw
data numerical values from the DMP as given by the sensors, without any additional type of filter
or processing. Jeff Rowberg’s library also allows specifying the sensor sensitivity and measurement
ranges for each variable.

. T 7T
= arcsin(z;(Rys()yy), € [—5, + (11)
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Some IMU consist of a tri-axial accelerometer, a tri-axial gyro, and a tri-axial magnetic sensor.
The initial conditions for gyro integration can be given by the accelerometer, which is used in
combination with the magnetic sensor. However, ferromagnetic materials near the IMU critically
disturb the magnetic sensor output [26,38]. We use only gyroscopes and accelerometers, and therefore
do not rely on a homogeneous magnetic field, and the complete orientation of the IMU with respect to
a global reference coordinate system is calculated using a fusion algorithm that combines gyroscope
and accelerometer measurements.

It has been demonstrated that: “in a real-time assessment of foot orientation by accelerometers
and gyroscopes, validated with respect to a conventional optical motion capture system in trials
with subjects walking, at different velocities, root mean square deviations of less than 4° were
found in all scenarios, while values near 2° were found in slow walking” [35]. Taking this into
consideration, regular therapy procedures can be correctly performed considering this angular
precision for the exercises.

3. Foot Attitude Biofeedback Device

The solution proposed is a physical interface consisting of an electric circuit to measure the
degrees of ankle movement and an application that provides continuous graphical feedback to the
patient during his rehabilitation exercises. The physical interface provides feedback on dorsiflexion,
plantarflexion, eversion, and inversion exercises.

The software components that were used to develop the app and communicate with the
hardware were the Arduino Software (IDE) version 1.6.9 (Open-source general public license), the
game development platform Unity 5.5 (Unity Technologies, 30 3rd Street, San Francisco, CA 94103,
United States), and SQLite3 (Hwaci, 6200 Maple Cove Ln, Charlotte, NC 28269, EE. UU.), which is a
relational database management system that is compatible with the properties ACID.

The hardware components that were used in the device were the USB-based microcontroller
development system Teensy 2.0, the MPU-6050 sensor, the Bluetooth HC-05, three capacitors of 330 mF,
100 nF, and 10 mF, and two voltage regulators, 7805CT and LM2936.

3.1. MPU-6050

The MPU-6050 sensor contains micro-electro-mechanical systems (MEMS), a 16-bit resolution
three-axis accelerometer, and a 16-bit resolution three-axis gyroscope in a single chip. They capture
the x, y, and z channel at the same time, which means that it is an IMU of six degrees of freedom
(6DOF). The operational ranges for the accelerometers and gyroscope were respectively selected to
£2 g, and £250 °/s. Consequently, accelerometer least significant bit sensitivity was 8192 LSB/mg,
and gyroscope least significant bit sensitivity was 131 LSB/(°/s). The sampling rate was selected to
100 Hz.

The MPU-6050 works with 3.3 volts; it contains 16-bits analog to digital conversion hardware for
each channel, and it uses the 12C bus to interface with the Teensy 2.0 and Arduino IDE. The addresses
that were used in I2C are shown in Table 1.

Table 1. Addresses for 12C.

Pin ADO Address 12C
ADO =HIGH (5V) 0 x 69
ADO = LOW (GND or NC) 0 x 68

The ADDR pin internally in the module has a resistance to GND, so its connection was not
necessary, because the default address is 0 x 68.

The raw values of the accelerometer and gyroscope are read when the sleep mode is disabled.
This sensor contains a 1024 byte FIFO buffer to the sensor values, which can be programmed to be
placed in the FIFO buffer, and then they can be read by Arduino.
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The FIFO buffer is used together with the interrupt signal. If the MPU-6050 places data in the
FIFO buffer, it signals the Arduino with the interrupt signal, so the Arduino knows that there is data in
the FIFO buffer waiting to be read [39].

3.2. Libraries for the MPU-6050

To know the angular movements, it was necessary to work with the library developed by
Jeff Rowberg; this library works with an additional library for I2C communication called 12Cdev.
The libraries are used to read the accelerometer/gyro data and handle all of the calculations to convert
the raw values of the angular velocity and acceleration into angles for determining the foot attitude.
Correct placement of the IMU device is assured by fastening the MPU-6050 to the instep according
to the orientation presented in Figure 2, considering the foot anatomical reference frame shown in
Figure 1.

eversion

Figure 2. Correct placement of the IMU device MPU-6050, considering the approximate foot anatomical
reference frame.

3.3. Calibration

The MPU-6050 needs to be calibrated before it can be used properly. The goal is to remove the
zero error; this is where the sensor is leveled, but it detects that it is slightly angled. Therefore, we need
to adjust the offsets in order to compensate for this error. We used a script made by Luis Rodenas [40]
that calibrates the MPU-6050 and solves this issue. To use the program, the script needs to be uploaded
to the accel-gyro module, and the module should be placed in a flat and level position. The program
will make an average of a few hundred readings and display the offsets that are required to remove
zero error. This calibration is carried out before every trial, while an IMU is attached to the foot, and
the foot must be completely still to avoid introducing measurement errors. It is essential to properly
place the sensor to ensure accurate measurements.

3.4. Connections

The MPU-6050 and the Teensy 2.0 were connected (Table 2), and the Bluetooth and the Teensy
2.0 module were connected as well (Table 3). The connections between the hardware components are
shown Figure 3. The prototype consisted of a band (MPU-6050) that was connected to a small case that
contained the rest of the components (Figure 4).
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Table 2. Connections between the MPU-6050 and Teensy 2.0 modules.

MPU-6050 Teensy 2.0
vCC 33V
GND GND

SCL DO
SDA D1

Table 3. Connection between the Bluetooth and Teensy 2.0 modules.

Bluetooth HC-05 Teensy 2.0

vCC
GND
RXD
XD

MPU-6050

5V

1 | 7s0sct

T 3300F

5V
GND

B1

D2

: ||_ ® g O 5v

Teensy 2.0
3 1
L2936 O 3.3V
2 4 L
= T T

100 nF 10 mF

Figure 3. Connections diagram.
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Figure 4. Portable foot attitude measuring device.
3.5. Communication between Arduino and Unity

Unity 5.5 is used to process the data from Arduino and generate a graphic user interphase (GUI),
which is used for calibration and during the exercises (Figure 5).

To integrate Unity 5.5 with the Arduino IDE, it is necessary to use the serial port with the class
SerialPort that mediates the communication in C#. Unity doesn’t include the necessary libraries by
default. Therefore, one must include the full NET 2.0 library in Unity. To establish the communication
between Unity and the Arduino, Steven Cogswell’s ArduinoSerialCommand library was used.

Dorsiflexion

Repetitions 1

Figure 5. Graphical user interface.
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3.6. SQLite

10 of 14

SQLite is a library that implements a self-contained, serverless, zero-configuration, transactional
SQL database engine. The database is defined by the entity relationship model that is shown in

Figure 6.

=

User

Rehabilitation

SIS

Foot

Repetitions

plantarflexion

Degrees

Degrees

dorsiflexion eversion

Degrees
inversion

Figure 6. Entity relationship model.

The final product that was used for the evaluation sessions can be seen in Figure 7.

Select foot

Figure 7. Experimental validation showing the graphical user interface and the patient.
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4. Experimental Results and Discussion

4.1. Motion Range Evaluation

To evaluate whether the physical interface can effectively detect the movement required for
rehabilitation, separate rehabilitation and/or strengthening sessions were conducted with a group
of 10 people age 34 * 16, gender (five male, five female), and a range of ankle motion depending on
previous ankle sprain events. Six were under rehabilitation, and four had old ankle sprains that had
not been treated by professional therapists. The research was approved by the University’s Evaluation
Committee on 2 February 2017 under the project identification code: A01206782-2017EM.

Each patient performed a total of four sessions of rehabilitation and/or strengthening, with two
different types of assessment for each foot: the assessment with a therapist and the evaluation with the
application. Each session consisted of basic 2DOF movements, which were identified as dorsiflexion,
plantarflexion, inversion, and eversion. Both types of evaluation were performed under the same
conditions. In total, 20 evaluations were carried out: 10 for each assessment. The goal was to execute
the four movements of the rehabilitation exercises mentioned above. For each movement, the patient
was seated and asked to make three sets of two repetitions each. The MPU-6050 was used in both tests
to accurately measure the patient’s range of motion.

4.2. Therapist Evaluation

In this test, the therapist guided the patient during the session; the input given by the therapist
was verbal, providing a reference with the hand pointing near the specified position, and no additional
references were used by the therapist. The patient’s movement were detected and processed by the
Arduino throughout the session. Neither the therapist nor the patient could see what the Arduino
detected at this point. The goal was to use the device to provide exercise feedback to compare with
specified foot movements.

The patient was asked to sit to start each session and place his foot on the ground at an angle
of 90°, this first movement was identified as the initial position, which was used to calibrate the
device. Also, for each repetition, the patient maintained the foot in the indicated position for five
seconds; at this time, the values provided by the accelerometer and gyroscope were taken, processed
to generate the angular position, and recorded in Excel. These results were then compared with the
results obtained in the evaluation with the application.

4.3. Evaluation with Application

In this test, the application that was developed in Unity provided biofeedback. The application
showed the movement, time, series, repetitions, and goals to achieve in that session so that the user
could see their performance. The values that were obtained were averaged by movement and stored in
the application database so that at the end of the session, the patients could also observe their results
and compare them with the expected normal movement range of an ankle.

The information provided by the application at the end of the session, which represents an average
of degrees per movement, was recorded and compared with the original information recorded from
the therapist evaluation. In this way, we can compare between the results of the feedback provided by
the application and the feedback provided by the therapist, which is represented by the difference of
degrees between the therapist and the application.

4.4. Results

The values in the degrees recorded from the therapist session and the ones recorded by the
application were subtracted. If the difference in degrees was a positive number, it meant that the
user had moved her ankle more than the therapist suggested. If the difference was negative, then the
user should have moved her ankle further to match the therapist suggestion. It is worth mentioning
that the patient performance is not only dependent on how accurately they match the angle given by
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the therapist. The patients should try to reach the specified angle without hurting the foot, and it is
acceptable if the patient moves further than suggested.

Figure 8 shows the averaged difference; root mean square errors of the measured angles were
found to be about 1°. Tilting the entire lower leg would affect the ankle joint angular position;
the precision of angle measurement depends on how accurately the subject performs the motion.
These were then run through the therapist opinions, and were found to be well within the appropriate
values. This means that the difference of degrees was not expected to affect the rehabilitation exercises,
and movements were done properly using just the feedback provided by the application.

Dorsiflexion Plantarflexion Eversion Inversion

Qo

o
D

Figure 8. Differences in degrees between software application and therapist.
5. Conclusions

A foot-mounted physical interface for ankle rehabilitation was presented; the proposed solution
contains an IMU-based physical interface for measuring the foot attitude, and a graphical user interface
that acts as a visual guide for the patient. The physical interface is connected to the computer by a
Bluetooth link, and provides feedback to the patient while performing dorsiflexion, plantarflexion,
eversion, and inversion exercises. This system allows for in-home rehabilitation at an affordable
price while engaging the patient through active therapy. According to the results, more consistent
rehabilitation could be achieved by reducing the foot angular position variation during the therapy
procedure, measurement differences from 2° to 6° were observed in comparison to a therapist. This is
because the therapist process is not as precise as the device. Demonstrative videos are available at the
Supplementary Materials section.

Initially, we focused on dorsiflexion, plantarflexion, inversion, and eversion movements using
an independent accelerometer (non-IMU). However, to improve the performance, we switched to an
IMU MPU-6050, which can take advantage of the gyroscope sensor using data fusion. In future works,
abduction and adduction movements could be included. It is also possible to extend the use of this
technology to neighboring applications areas such as neurological rehabilitation [27].

Supplementary Materials: The following Video S1: “Demo” is available online at https://www.youtube.com/
watch?v=IOvArU4I-yc. Video S2: “Physiotheraphy Ankle” is available online at https://www.youtube.com/
watch?v=5Wgqzr2HeL A.
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