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Abstract: The functional reach test (FRT) is a clinical tool used to evaluate dynamic balance and fall
risk in older adults and those with certain neurological diseases. It provides crucial information
for developing rehabilitation programs to improve balance and reduce fall risk. This paper aims to
describe a new tool to gather and analyze the data from inertial sensors to allow automation and
increased reliability in the future by removing practitioner bias and facilitating the FRT procedure.
A new tool for gathering and analyzing data from inertial sensors has been developed to remove
practitioner bias and streamline the FRT procedure. The study involved 54 senior citizens using
smartphones with sensors to execute FRT. The methods included using a mobile app to gather data,
using sensor-fusion algorithms like the Madgwick algorithm to estimate orientation, and attempting
to estimate location by twice integrating accelerometer data. However, accurate position estimation
was difficult, highlighting the need for more research and development. The study highlights
the benefits and drawbacks of automated balance assessment testing with mobile device sensors,
highlighting the potential of technology to enhance conventional health evaluations.

Keywords: functional reach test; smart wearables; inertial sensors; monitoring apps

1. Introduction

Smart wearables are ubiquitous in daily life. The number of connected wearable
devices worldwide rose from 325 in 2016 to 722 million in 2019, with the last perspectives
pointing to more than 1000 million in 2022 [1]. These devices seamlessly integrate technol-
ogy into routine items, such as clothing, watches, and glasses, providing an exceptional
means of extracting data from individuals’ everyday lives.

Beyond daily use, smart wearables present tremendous potential for medical appli-
cations, especially regarding follow-up approaches and simple metric extraction, with
minimal impact on individuals’ lives [2]. The most popular devices in health research
include fitness trackers and wearables with accelerometers. Typical measurements include
steps, heart rate, sleep duration, and—less frequently—blood pressure, skin temperature,
oximetry, and respiratory rate [3]. Among the potential applications of smart-wearables
in medicine/health, balance-related systems have been those with faster impact, such as
balance analysis, gait analysis, and fall detection [4-6]. These systems take advantage of
the sensors present in smart wearables to collect data and process it to extract valuable
medical information, usually motion-related information.

Older adults are the ones that most benefit from the development of such systems since
this age group is often associated with balance loss. It is estimated that 26.5% of individuals
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above 65 years old fall annually [7]. These incidents had an impact of USD 50 billion
(between fatal and nonfatal falls) in 2015 in the United States of America alone [8]. Recent
studies suggested that fall prevention programs, conjugating functional training with gait
and balance assessment screening, can significantly reduce the rate and the number of falls
and, consequently, the related burden for healthcare systems [9,10]. Standard tests used to
assess functional balance include Berg’s balance scale (BBS), timed up and go (TUG), and
functional reach test (FRT) [10-12].

The FRT is a quick single-task dynamic test allowing reliable balance evaluation.
Typically, a scale (often a graduated ruler) is mounted horizontally at shoulder height on a
wall to measure the FRT distance. The dominant arm should be extended at a 90° angle
toward the body by the individual. The starting point of the ruler, or the scale’s reference
point, is where the fingers should be placed. The person should incline/lean/bend their
torso forward, just turning their hips to the maximum extent without elevating their ankles,
as depicted in Figure 1. Additionally, recent reports suggest that wearable sensors may
increase diagnostic accuracy while allowing movement recording and recognition [13].
Recently, a modification of the FRT has been proposed for sitting balance evaluation in
stroke-affected patients [13,14].

(a) (b)

Figure 1. Example of the conventional FRT balance test. (a) Starting position for the procedure;
(b) final position without losing balance.

Despite the worldwide efforts to evaluate the causes and prevent balance-related bur-
dens, the methodologies used in balance evaluation are generally time-consuming; present
lower-than-desired accuracy, sensitivity, and specificity; and ultimately lack predictive
ability [15,16].

The paper’s relevance aligns with the ambient assisted living (AAL) trend, which
advocates using artificial intelligence (AI) in new services, products, and processes that
help to provide safe, high-quality, and independent lives for fragile and older adults. These
innovative tools engage older adults in managing their health and fitness data collected
on the individual’s smartphone or wearable devices, providing a more comprehensive
overview of an individual’s physical condition and progress. This paper focuses on the
research and development of a new tool for balance assessment, taking advantage of the
data extracted from inertial sensors from the widely available smart wearables, especially
smartphones. The mobile device orientation should be estimated through a sensor fusion
algorithm, followed by an estimate of the respective position. The FRT metric should be
hereafter computed based on the position-estimated data.
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2. Related Work

Smart wearables integrate electronic technology—namely microprocessors, batteries,
and sensors—into clothing and accessories such as watches, bracelets, and rings. Smart
wearables allow data collection from sensor arrays placed near the body. Currently, these
devices carry onboard sensors—such as inertial measurement units (IMU) and magnetic,
angular rate, and gravity (MARG) sensor arrays—that can gather motion-related data.
Smart wearable data have been used in several medical applications, including physiologi-
cal signals monitoring and anatomical movement monitoring [17]. These data can be used
for several objectives to estimate the FRT metric, one of the most used methodologies for
balance assessment in older adults. This work intends to use IMU and MARG data from
mobile devices to estimate the FRT metric.

2.1. Smart Wearables Data in Medical Applications

The level of balance of older adults and individuals with cardiovascular, respiratory,
and motor diseases has increased in importance for study by the scientific community. This
concern is because these individuals risk falling due to their injuries and/or limitations.
It is estimated that 1/3 (one-third) of individuals aged over 65 years old fall each year.
Fall-related injuries represent an increased burden for healthcare systems worldwide. These
injuries usually come from fractures and head injuries, reduced life quality, fear of falling,
loss of confidence, and self-restricted activity levels, leading to reduced physical function
and social interactions. This starts a snowball effect since the lack of physical activity is
related to increased fall risk.

Different studies demonstrated that physical exercise is related to decreased risk of
falls in older adults by approximately 25%. Moreover, implementing physical exercise
programs among the elderly population has shown to be cost-effective considering the
burden of fall-related injuries. The benefits of physical exercise were demonstrated when
applied in groups or individually, mainly if targeted to balance training. The FRT is valuable
in assessing an individual’s balance and stability.

Numerous existing tests measure individuals” body balance, such as the postural
stress test (PST), the center of pressure excursion (COPE), the platform perturbation test
(PPT), the Berg balance scale (BBS), timed up and go (TUG), and the computerized dynamic
posturography (CDP). The PST uses an ordinal point measurement, which implies that it is
not a continuous measurement test, so the test’s sensitivity is lower. The COPE and the
PPT require sophisticated laboratory equipment, and both tests assess responses to external
stimuli [13,18-20]. The TUG is a timed test that measures, in seconds, the time taken by
an individual to get up from a chair with a backrest and armrests (where the seat has an
approximate height of 46 cm), walk about three meters, turn around, walk back to the chair,
and sit down again. The TUG must be performed without physical aids (stretches, walkers)
or human assistance [21]. The BBS is a scale of 14 different tasks/tests evaluated by directly
observing performance. Task execution time requires 10 to 20 min. Tasks are evaluated
from 0 to 4, with 0 being non-resolvable and 4 being solvable without the need for help.
Static and dynamic aspects can be evaluated depending on the score achieved, as the score
ranges are: (i) 0 to 20 represent a low balance, (ii) 21 to 40 represent an acceptable balance,
and (iii) 41 to 56 represent a good balance [22].

2.2. Functional Reach Test

FRT, first proposed by Duncan et al. in 1990, measures the distance a person can reach
while standing. The FRT offers insights into a person’s ability to perform activities safely
and independently. The values in Table 1 are the FRT reference (norm) values, considering
age and sex (male and female), obtained by Duncan et al. [18].
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Table 1. Functional reach test thresholds (cm) for considerable fall risk in different age groups [13].

Age (Years) Men Woman
20-40 42.49 cm 37.19 cm
41-69 38.25 cm 35.08 cm
70-87 33.43 cm 26.59 cm

Based on the test results, healthcare professionals can implement tailored procedures
to improve the patient’s balance and stability, hoping for a better quality of life [18].

The FRT was designed to be a functional, effective, and easy-to-perform test with
the advantage that the cost of carrying out the test is affordable compared to other tests.
The primary purpose of the FRT is to assess an individual’s functional reach and ability to
maintain balance during movement. The FRT allows healthcare professionals to determine
the level of independence and the need for interventions to improve the patient’s stability
and balance. This test provides valuable information about a person’s ability to reach
objects or perform specific movements while maintaining balance.

During FRT, as represented in Figure 2, the participant stands upright with feet slightly
apart. They are instructed to extend their dominant arm forward and reach as far as possible
without losing their balance or moving their feet. The achieved distance is measured and
recorded [18].

=nlate.

Figure 2. Illustrative image of the execution of the FRT by one of the authors.

Based on the distance covered during the FRT, the person may be more or less at
risk of falling (a person at a high risk of falling is named a positive test). Considering the
distance reached, recent motion-based studies adopted the measurements for the risk of
falling. It is classified with the following data [13]:

o  If the reach distance exceeds 25.40 cm, it is considered a negative test and a low risk
of falling.

e  If the reach distance is within the range of 15.24-25.40 cm, the risk of falling is twice as
high during the next six months.

o  If the reach distance is less than 15.24 cm, there is a four times greater risk of falling
during the next six months.

The authors in [13] observed that simple range tasks represent the same control center
pressure excursion within the base of support as learning tasks examined traditionally with
COPE. Just as COPE deteriorates with advancing age, an individual’s functional range can
also deteriorate, thus serving as a protective mechanism to minimize disturbance of the
center of gravity and prevent falls.

The FRT assesses nervous system function, postural stability, and the ability to reach
functionality in daily activities. It is a valuable instrument for monitoring elderly popula-
tions or individuals with neuromuscular disorders that may affect balance, as it provides
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objective information about an individual’s balance and stability during a functional reach-
ing movement [18].

Some relevant works in this scientific area are presented, and will be grouped by the
various conditioning factors (diseases and age). Studies on people who have suffered a
stroke are essential given the great relevance and number of studies, with studies on the
elderly population presented in Section 2.2.2 and on other diseases in Section 2.2.3.

2.2.1. FRT Related to Stroke

The realm of stroke rehabilitation research is marked by innovative approaches and
diverse methodologies, as evidenced in [13,14,23-27]. De Luca et al. [23] utilized a robot-
assisted exoskeleton in a study involving 16 chronic stroke survivors, focusing on improved
postural control and motor skills through enhanced spine alignment and intersegmental
coordination. Caimmi et al. [24] explored a similar technology with 19 participants, as-
sessing the viability and efficacy of a robotic exoskeleton in aiding upper limb movements
against gravity, emphasizing safety, tolerability, and impacts on quality of life and motor
performance. In contrast, Williams et al. [28] developed the mStroke system, a mobile-app-
based solution with wireless body motion sensors to assess fall risk, validated through
a study on healthy adults. Fishbein et al.’s study [25] with 22 participants compared
virtual-reality-based dual-task training to conventional single-task training, demonstrating
potential improvements in balance and walking for post-stroke patients. Bruyneel et al. [26]
investigated center of pressure measurements in 32 stroke survivors during an unstable sit-
ting test to assess trunk control, integrating various assessments to validate COP measures.
Marchesi et al. [14] focused on upper body kinematics and muscular activity in 15 chronic
stroke survivors performing a modifiedFRT, aiming to understand biomechanical and
neuromuscular mechanisms behind balance. Fell et al. [27] promoted the mStroke mobile
health system, with their study involving 35 post-stroke individuals emphasizing the im-
portance of long-term support and monitoring for stroke recovery. Each study contributes
uniquely to the field, ranging from robotic assistance, virtual reality training, and mobile
health applications to biomechanical assessments, collectively enriching our understanding
and capabilities in stroke rehabilitation.

2.2.2. FRT Related to Older Adults

Hsiao et al. [29] and Mengarelli et al. [30] both focused on the use of video game
technology for balance assessment in older adults, with Hsiao et al. exploring the Microsoft
Kinect system and Mengarelli et al. investigating the Nintendo Wii Balance Board (WBB).
While Hsiao et al. emphasized the Kinect’s potential as a cost-effective and non-invasive
tool for individualized fitness interventions, Mengarelli et al. validated the reliability of
the WBB against a gold-standard force platform. Moriyama et al. [31] diverged by an-
alyzing movement patterns during the FRT in young and older adults, concluding that
these patterns are unreliable predictors of physical function. Ghahramani et al. [32] also
utilized the FRT but focus on the coordination between the chest and pelvis as indica-
tors of balance deficits in older persons. In contrast, Chen et al. [33] aimed to integrate
various physical performance tests into a computerized frailty assessment tool, the FAT
system, for evaluating and monitoring frailty progression in older people. Bao et al. [34]
examined the effectiveness of balance training with and without sensory augmentation in
healthy, community-dwelling older adults, demonstrating the feasibility of using sensory
augmentation devices for balance rehabilitation.

2.2.3. FRT Related to Other Conditions

Comparing the studies [35-43], we observe a diverse range of approaches and focuses
in assessing postural control and balance. Dewar et al. [35] and Santamaria et al. [36] both
concentrated on children with cerebral palsy (CP) yet with different objectives: Dewar
et al. [35] evaluated clinical criteria for FRT using kinematic markers, whereas Santamaria
et al. [36] explored the effectiveness of the trunk support trainer (TST), a robotic device, in
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promoting independent sitting. On the other hand, Reguera-Garcia et al. [37] and Tanaka
et al. [38] used advanced technologies like pressure-mapping and motion-capture systems
but for different populations and purposes: the former assessed postural control in seated
patients with various neurological conditions, while the latter compared motion capture
systems in identifying movement strategies during the FRT in young, healthy individuals.
Nozu et al. [39] and Verdini et al. [40] both studied healthy participants with distinct
focuses: Nozu et al. [39] examined the impact of somatosensory disturbances on balance,
and Verdini et al. [40] validated the Nintendo Wii Balance Board as a tool for measuring
force during balance tests. In a similar vein, Son et al. [41] and Park et al. [42] investigated
specific conditions affecting balance and mobility; Son et al. [41] assessed the impact of
personal protective equipment on firefighters’ mobility, while Park et al. [42] explored how
starting position influences reach distance and center of pressure movement in healthy
males. Finally, Ayed et al. [43] broke new ground by demonstrating the feasibility of
remotely assessing balance using the Microsoft Kinect v2 sensor, highlighting potential
benefits for patients with limited access to medical facilities.

2.3. Orientation Estimation

Microelectromechanical systems (MEMS) consist of microdimensional devices that
combine mechanical and electrical elements [44]. Integrating silicon MEMS and comple-
mentary metal oxide semiconductor (CMOS) technology and production cost reduction
promoted the rapid integration of MEMS/CMOS systems in a wide range of consumer
electronic products [45].

Orientation estimation using MEMS entails measuring and computing an object’s
orientation using small sensors and devices [46]. It is essential in many industries, including
consumer electronics, robotics, aerospace, and automotive systems [46]. MEMS devices
integrate electronics and mechanical parts, like sensors and actuators, onto a single silicon
chip [47]. Accelerometers and gyroscopes are the most often utilized MEMS devices in
orientation estimation.

MEMS accelerometers measure linear acceleration to determine device orientation,
detecting gravity’s impact on an object’s orientation relative to the Earth’s surface, such as in
smartphones [48]. MEMS gyroscopes measure angular velocity, crucial for understanding
an object’s speed and direction, correcting and stabilizing orientation [49].

The data from these MEMS sensors is frequently integrated and processed using tech-
niques like Kalman filters or complementary filters for efficient orientation estimation [46].

2.3.1. Coordinate Frames

The sensor orientation can be described with respect to a reference frame. Thus,
the attitude of the sensor is described by a rotation of the sensor frame, or body frame,
concerning the reference frame [50]. Different coordinate systems can be used, including
geodetic coordinates, Earth-Centred Earth-Fixed (ECEF) coordinates, Azimuth-Elevation-
Range (AER) coordinates, and East-North-Up (ENU) coordinates [51].

In applications that consider a small area (usually in distances within 4 km), and
the curvature of the Earth can be assumed as a flat surface, the local ENU coordinate
system is often used since it uses the intuitive Cartesian coordinate system, allowing the
use of Euclidean geometry. In this system, the x-axis points east, the y-axis points to
geomagnetic north, and the z-axis has the same direction of the gravity vector, pointing
upwards (outwards) regarding the Earth’s center. In the present paper, the ENU coordinate
system is considered the reference frame, also named the Earth frame.

2.3.2. Orientation Representation

An object’s orientation in R? can be represented as a single angle since rotations in R?
have their axis of rotation perpendicular to the XOY plane [52]. Representing an object’s
orientation in three-dimensional space is more complex since in R3, the axis of rotation can
have any spatial orientation (main axes in three-dimensional space—Ox, Oy, Oz). Rotations
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in R3 can be defined from rotation matrices, Euler angles, axis-angles, and quaternions.
Euler angles are used in biomechanics to describe the orientation of a body segment or
object in three-dimensional space, typically involving rotations around three principal
axes (X, Y, and Z)—often referred to as Roll, pitch, and yaw. These angles are crucial for
quantifying the motion of joints and segments during movement. We refer the reader to
some references to obtain more concrete details about the various representations of the
angles and their respective conversions [53-55]. Nevertheless, the main advantages and
disadvantages of each coordinate system are described in Table 2.

Table 2. Advantages and disadvantages of different representations of rotations.

Methods

Advantages

Disadvantages

Rotation Matrices

Matrix presentation for a single rotation;
Matrix operations are well-known;
Make calculations easier;

Homogeneous matrices represent all the
basic transformations.

Nine degrees of freedom;

Six orthogonality constraints;

Risk of rounding errors in the successive concatenation

of matrices;

The rotation matrix is intricate to construct when the base of
the space in which the rotation is performed is not known;
Interpolation is problematic.

Three degrees of freedom;
Intuitive method;

There is not always a straightforward decomposition of the
rotation into three rotations around the coordinate axes;
There are 12 different ways to compose elemental rotations;

Euler Angles Natural and efficient representation; The representation of concatenated rotations is
Simple form for rotations around quite complex;
coordinate axes Possible loss of one degree of freedom—Gimbal Lock
problematic interpolation
Possible loss of unitary norm;
Numerical errors can affect the angle value
Axis-Angle Four degrees of freedom; Computational difficulty in composing rotations;
good visualization Ambiguity in choosing axis orientation;
Multiplicity of identity representation; Problematic
interpolation
gpur cile.greeS of freedom., Indetermination in the orientation of the axes: q and
implicity and economy; o
. . S —q represent the same rotation;
Quaternions Ease of Comblmng rotations;

The choice of the coordinate system does
not influence.

Represent only rotations.
Unintuitive and challenging to visualize.

Quaternions provide a straightforward method for estimating a system orientation
based on gyroscope data. The angular rate of the sensor, w(f), is given by Equation (1):

de

w(B) = o

(1)

The gyroscope’s angular rate can be integrated into a time interval (f) and a sampling
period (Ts). The sum of each measurement will return an absolute angle ¢. The angular
velocity integration is given by Equation (2):

t

¢ = /Ot w(0)dt =Y w(0)dt Ty 2)

0
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With a set of data collected by the gyroscope, it is possible to create a quaternion-based
matrix (QQ), given by Equation (3):

0 —wy —wy —wy
w. 0 w —w
Q — X z Yy (3)
Wy —Wy 0 Wy
Wy Wy —Wg 0

From the data of a quaternion q at time ¢ — 1 and with a given angular velocity, it is
possible to estimate the quaternion at time t. The quaternion gt revolved by the gyroscope,
the antecedent attitude quaternion g;_1 is multiplied by (), then half of the period T, as
presented in Equation (4) [56]:

1
Qt:%—l‘Q'E'Ts (4)

2.3.3. Attitude and Heading Reference System

An Attitude and Heading Reference System (AHRS) estimates an object’s orienta-
tion [57]. These systems are based on IMU or MARG sensor array data and—through the
implementation of a fusion algorithm, usually a Kalman filter—determine the roll, ¢; pitch,
0; and yaw, { (Tait-Bryan angles) [58]. Kalman-filter-based AHRS algorithms are accu-
rate and effective because they allow compensation for gyroscope drift using gravity and
Earth’s magnetic field vectors through sensor fusion [59-61]. However, the implementation
can be complicated, requiring high sampling rates, large state vectors, and an Extended
Kalman filter (EKF) implementation to linearize the problem [57,59-61]. Moreover, Kalman
filter-based algorithms usually involve large data requirements and computational load.
Some approaches have been proposed as an alternative to using the Kalman filter—in
particular, complementary filtering [62], which is effective at a low computational cost, and
optimization algorithms using quaternion algebra, which provide accuracy equivalent to
Kalman-filter-based approaches at low computational cost and reduced frequencies, which
is ideal for small wearable devices [57].

2.3.4. Sensor Fusion

The availability of a wide range of sensors, in number and typology, led to the fast
development of sensor fusion research. These algorithms present the ability to combine
information from different data sources, leading to (i) higher resolution of the data, (ii) in-
creased certainty or confidence rate associated with improved signal-to-noise ratio and
information redundancy, (iii) increased accuracy, and (iv) completeness since different sen-
sors provide different insights resulting a broader view. However, sensor fusion presents
some challenges, including (i) inappropriate sensor registration, i.e., the integration of
multiple sensor data considering a common referential and the treatment of individual
errors related to each one, (ii) uncertainty due to the presence of confliction data resulting
in noise and ambiguity, (iii) incomplete, inconsistent, and spurious data, related to incorrect
sensor registration or sensors inconsistency, (iv) track-to-track association, i.e., data match
between different sensors (e.g., each sensor represent the same object), (iv) granularity, due
to different sparsity of different sensors data, and (v) unsynchronized time scales due to
different sampling rates of the sensors [63].

Ideally, orientation estimation would be possible using the data of a single gyroscope.
However, gyroscope data is associated with drift. Thus, IMU sensor array data fusion
surged to correct gyroscope-based estimates. Accelerometer and magnetometer data can
evaluate attitude while correcting the presence of magnetic disturbance. The most used
sensor fusion algorithms include the Kalman filter, complementary filter, optimization
algorithms, and—more recently—neural-networks-based algorithms.

Based on the use of Kalman-filter-based sensor fusion algorithms, it includes two different
fusion approaches: state-vector fusion and measurement fusion. Kalman filters are based
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on recursive Bayesian filtering, assuming Gaussian noise, and are appropriate for linear
systems [64]. An extended Kalman filter (EKF) is commonly used in nonlinear systems.

Complementary filtering is a more straightforward approach, thus resulting in a less
computationally demanding approach [65]. Complementary filtering considers two sensor
measurements, one composed of high-frequency signals and the other composed of low-
frequency signals. Complementary filtering in AHRS using IMU and MARG sensor arrays
considers the accelerometer and gyroscope data as the primary sensors. When available,
the magnetometer data is used as a correction sensor. Accelerometer data is subjected to a
low pass filter, such as a moving average filter, since it considers the forces (inertial) acting
on the sensor, and the high-frequency components are related to disturbances, namely
vibrations and centripetal forces. On the other hand, the gyroscope is subjected to a high
pass filter to remove drift related to sensor integration while maintaining short-term data,
which is precise. One of the most implemented algorithms in practice is a complementary
filter first proposed by Mahony, suggesting an adaptive gain optimization method to
determine the gain parameters inherent to the complementary filtering.

Madgwick proposed another successful sensor fusion algorithm for AHRS [66]. This
algorithm uses a gradient descent optimization algorithm computed from accelerometer
data considering a predefined gravity vector and, optionally, from magnetometer data
considering a predefined Earth magnetic field vector to correct gyroscope integration
drift/accumulative error. A modification to this algorithm was later proposed by Kok, fas-
tening the convergent of the gradient descent algorithm and reducing the AHRS algorithm
complexity [67]. Recently, Madgwick proposed an improvement to the original algorithm
and an extended complementary filter based on the algorithm proposed by Mahony [68].
The extended complementary filter algorithm considers the gravity component and the
geomagnetic north vector for attitude correction [69]. The gyroscope data correction dis-
ables this information depending on whether dynamic motion or magnetic disturbances
are detected [70].

2.4. Position-Estimation Algorithms

Position and orientation estimation is important in many fields, including aerospace,
robotics, navigation, machine interaction, and human motion analysis [57,71]. In clinical
areas, such as rehabilitation and elderly monitoring, motion tracking systems can be a
valuable technology for continuous monitoring [72]. However, most methods have sig-
nificant shortcomings regarding real-time operation, wireless properties, data correctness,
and portability [73]. In particular, FRT is a manual method that produces subjective results
depending on the operator [74].

We propose a new automated FRT measurement tool based on MEMS in widely used
smartphones and wearables [71]. MEMS allow tracking of rotational and translational
motions due to triaxial accelerometers, gyroscopes, and/or magnetometers. The primary
concerns for these approaches are due to the accelerometers and gyroscopes, which can
accumulate significant drift over time, leading to inaccuracies in position estimation due
to the accumulation of noise due to double integration. Magnetometers are sensitive to
nearby magnetic fields, which can distort heading information. As mentioned previously,
these limitations often necessitate complex filtering algorithms, such as extended Kalman
filters, to mitigate errors and improve accuracy. Even with advanced processing, the
precision of position estimates from these sensors alone cannot match that of GPS or other
external positioning systems, especially over longer durations or in environments with high
magnetic interference or limited movement. Nevertheless, in this particular application,
for FRT measurements, GPS systems are inadequate due to the low movement span and
because most of these tests are performed indoors.
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3. Materials and Methods
3.1. FRT Data Collection through a Mobile App

Sensory data was gathered from the smartphone’s sensors (Xiaomi Redmi Note 8 Pro
M1906G7G, equipped with Android version 11 RP1A.200720.011). The device was placed
on the arm of the subjects with a smartphone armband. The manual method, proposed
by Duncan et al. [18], was used as a control to obtain gold-standard measurements for
methodology comparison purposes.

The data were collected using a mobile app developed in Java for Android-based de-
vices (Android 5.0 SDK 21 and above) [75]. The app, named Wearables Balance, concerning
the project’s objective—to evaluate the balance in older adults—and the means—wearable
devices—were developed in the Android Studio IDE (Android Studio Dolphin | 2021.3.1
Patch 1). The app presents both collection center and subject structures, allowing users to
register data related to both, such as the region of the collection center, the subject’s weight
and height, and the assessment date. The data can also be shared via the smartphone in
a text file to, for example, a cloud service. Wearables Balance uses tools provided by a
Google-supported app development platform named Firebase. Firebase provides:

e  Firebase Authentication—an authentication platform that implements a simple and
secure authentication system;

e  Cloud Firestore—a NoSQL document database where the App’s data structures (users,
collection centers, and subjects) are stored, allowing simple data querying;

e  Cloud Storage for Firebase is a cloud storage service that allows uploading the collected
data (wearable sensor data) in a text file format.

The Wearables Balance app collects data from the device using the classes in the
“android.hardware” package that provides access to the device’s sensor data (Sensor, Sen-
sorManager, and SensorEventListener). The tool allows the collection of the following
sensor and sensor-derived data: (i) accelerometer, both calibrated and uncalibrated (m-s~2);
(ii) gyroscope, both calibrated and uncalibrated (rad-s~!); (iii) magnetometer, both cal-
ibrated and uncalibrated (puT); (iv) gravity (m-s72); (v) linear acceleration (m-s~2); and
(vi) rotation vector (a quaternion representation of the orientation). The timestamp of each
recorded sample will be obtained using (i) the global system function, which provides
millisecond precision; and (ii) the variable timestamp from the SensorEvent class, which
provides nanosecond precision. The acquisition rate is defined as the fastest possible,
configuring the class SensorManager property Sensor_Delay_Fastest. These configurations
resulted in an acquisition rate of 400 Hz for the accelerometer and gyroscope data and
100 Hz for the magnetometer data.

To perform a valid test, some relevant individual data—namely weight, height, and
age—are collected and introduced in the Wearables Balance app. Afterward, the sensors’
value-recording starts, and the smartphone used to collect sensory data is placed laterally
on the upper arm of the dominant side of the individual using an armband. Then, the
participant performs the three attempts for FRT, after which the recording will be stopped.
The recorded data are immediately uploaded to the cloud after the test.

3.2. Functional Reach Test Distance Estimation
3.2.1. Orientation Estimation

Different AHRS sensor-fusion algorithms were considered to obtain the orientation es-
timation: (i) complementary filter; (ii) EKF; (iii) Mahony algorithm; and (iv) Madgwick algo-
rithm. These algorithms were analyzed after data acquisition using the Python AHRS tool-
box. The AHRS toolbox makes available the implementation of the most used /known algo-
rithms and methods for attitude estimation. The available algorithms were benchmarked
against Android’s software-based estimate of the linear acceleration (excluding gravity).

Three statistical evaluation metrics were considered: (i) the mean absolute error (MAE);
(ii) the mean squared error (MSE); and (iii) the root mean squared error (RMSE).
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The MAE quantifies the average of the absolute differences between the estimated
and actual values in two time series. The MAE is computed as Equation (5), where 7 is the
number of samples, y; is the prediction, and x; is the truth value.

MAE = Z?:l‘]/i _xi|
n

(5)

The MSE measures the average squared error between paired observations in a two-
time series. The RMSE consists of the root of the MSE and is widely used as a loss function
in a model or estimator. The MSE and RMSE are computed as Equations (6) and (7).

Z?:1 (yi — xi)2
n

MSE = (6)

Y (v — x)
n

RMSE = 7)

3.2.2. Real-Time Orientation Estimation

The proposed orientation estimation algorithm is based on the method described
by Madgwick et al. [57]. Madgwick’s algorithm implements a gradient descent fusion
algorithm that determines a quaternion estimation of the orientation from the gyroscope
data that is corrected using a quaternion resulting from accelerometer and magnetometer
data. This algorithm provides attitude estimation accuracy equivalent to Kalman-filter-
based approaches at low computation cost while limiting the effect of local magnetic
disturbances. The fusion algorithm process is schematized in Figure 3.
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Figure 3. Sensor fusion using MARG sensor arrays [57].

The triaxial sensors measurement can be represented as a quaternion with a null scalar
component, as given in Equation (8). The superscript S denotes that the measurements are
with respect to the sensor frame. Linear acceleration, angular velocity, and geomagnetic

field strength measurements are represented as °a, *w and °m, respectively.

Ss = [0y 5y 5] (8)
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At time £, the orientation of the Earth frame relative to the sensor frame, %%;, ¢, 1s given
by the numerical integration of the quaternion derivative, where the initial conditions are
known, as described in Equations (9) and (10):

. 1
s Sa s
Edwt = 5Edesti—1© "Wt )

S Sa S
E9wt = Efestt—1 T Eqw,tAt (10)

%ﬁest +_1 is the prior orientation estimate, with the " accent denoting a normalized

quaternion. Swy refers to the gyroscope output at time . At is the sampling period. The

quaternion derivative 34 «w, relates the time derivative of the quaternion with angular ve-
locity, as denoted by the subscript w, indicating that the quaternion derivative is calculated
from angular rates.

Madgwick et al. proposed an optimization problem to find the quaternion that
represents the rotation that aligns a predefined reference direction in the Earth frame, £d,
with the corresponding measured direction in the sensor frame, °3 [57]. The optimization
problem is defined as Equation (11), and the corresponding objective function is defined as

Equation (12):

: SsEf Sa
gr;l;ﬂrgj(,sq, d, s) (11)
f(30.54,%) =30 @ Fd@§q -5 (12)

The algorithm uses the triaxial accelerometer data to obtain a predefined reference
direction in the Earth frame, Sﬁt, as a reference for the gravity vector, E ¢, which defines the
vertical z-axis, given by Equation (13):

Es =10001] (13)

When considering MARG sensor arrays, the triaxial magnetometer data, Sm, is also
used as a reference for the Earth’s magnetic field vector, £b, that presents components in
one horizontal axis and the vertical axis, represented by Equation (14):

Ep = [0 by 0b,] (14)

To account for soft iron interference impacting the Earth’s frame, the Earth’s magnetic
field direction in the Earth frame, at time t, £/1,, is computed as presented in Equation (15):

Ehy = [0 by by hz] = %q\est,tfl ® ity @ ISS‘?Zst,tfl (15)

The reference direction of the Earth’s magnetic field, at time ¢, EBt, can be derived from
the normalization of £ h, in the x and z axes of the Earth frame, as shown in Equation (16):

Ep, = [o ,/h§+h50hz} (16)

A gradient descent algorithm was proposed to solve the minimization problem and
compute the quaternion, as denoted by the subscript V. Accordingly, the estimated
orientation is given by Equation (17):

Vf
S S A

— $husts1 — Mo (17)
Edv t EYest t—1 ‘utvaH

The use of a fusion algorithm accounts for the frequency of errors in 34y, through
the orientation estimate 24, ¢, and compensate for the corresponding integral drift in 2 ¢
through ?qv ; while ensuring convergence from the initial conditions. Madgwick et al.
proposed the computation of one iteration per time sample to improve computational
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performance. In this case, the rate of convergence of the orientation estimate should be
larger than the rate of change of the physical orientation.

3.2.3. Distance Estimation

After obtaining an orientation estimate, the accelerometer data is rotated through
the quaternions and the gravity component (9.81 m-s~2) to yield acceleration in the Earth
frame, £4, as described in Equation (18):

Ep = g%ag* —9.81F¢ (18)

Afterward, the acceleration is integrated to yield linear velocity (m-s~!) and integrated
again to yield position (m). After each integration, the data pass through a high-pass
Butterworth filter to remove drift (cutoff = 0.01 Hz, order = 5). Then, the main direction of
the movement in the XOY plane (parallel to the floor) and the distance corresponding to the
FRT is determined, consisting of the distance between the extreme points of the movement.

4. Results and Discussion
4.1. Data Collection Mobile Application

The automatization of balance assessment through the FRT is intended to be simple,
fast, and reliable. Thus, the design of the data collection mobile application—Wearables
Balance—must fulfill some characteristics based on the literature.

4.1.1. Properties of the App

The Wearables Balance application was developed for Android devices using Android
Studio IDE, version Dolphin (2021.3.1) with the following requirements:

Programming language: Java.

Minimum SDK: Android 5.0 (Lollipop).

Communication with other mobile devices: Bluetooth.

Sensors to collect: accelerometer, gyroscope, and magnetometer.
Data storage via Google LLC’s Firebase services.

Support two languages: English and Portuguese.

4.1.2. Data Structures

Four types of data structures were developed to facilitate the organization of the
collected data: User, CollectionCenter, and Subject (and Assessment), as shown in Figure 4.

The User class is intended to store the collection centers and subjects the user can access.
The CollectionCenter class allows users to gather the collection center’s name, address,
contact information (email, phone number), and type of collection center. This class also
contemplates an array of strings that stores the related subjects (via the identifier—id),
allowing users to group subjects into collection centers. The Subject class stores subject
demographic data (age, gender, weight, and height) and considers an array to store the
assessment data. The assessment data consists of a structure storing the assessment date,
the number of assessments (a count of the assessments registered in the subject), the
assessment result obtained via the manual method, and the resulting estimate obtained
through the proposed method. Note that the results are stored in a string format to allow
the registration of multiple trials in the same assessment. These data are stored in the
Firestore Database.
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array | centers string | address string | address string | date

_—L string | email int | age int | number
— string | name array | assessments string | result_estimate

string | email string | phoneNumber

string | id int | assessmentNumber string | result

string | password array | subjects

array | subjects

string | birthdate

string | gender

string | type string | height

string | username string | id
string | name

string | weight

Figure 4. Data structures of the Wearables Balance app.

4.1.3. Connection to the App

The User class is created in the signup window of the app, as shown in Figure 5.

SingUpActivity < LoginActivity

array | centers
e string | email
== string | password

array | subjects

Nome de utilizador

» string | username

Email

Palavra-passe

Palavra-passe

= Firestore

2% Authentication

M) Firebase
| —— -

Figure 5. Data structures of the Wearables Balance app.

b e N30 registado? Registe-se aqui

The user must introduce the (i) username; (ii) email; and (iii) password (two-step
verification). The email and password are used to create a new user in the Authentication
service of Firebase. The Authentication service attributes a UID to the user, which names



Sensors 2024, 24, 1301 15 of 27

the corresponding document in the “users” collection of Cloud Firestore, storing the
user’s/User object data.

The user must introduce the username and password in the login window to au-
thenticate. The app connects to the Authentication service to sign-in/login. Despite the
Wearables Balance app only allowing the email and password sign-in method, the Fire-
base’s Authentication service offers multiple sign-in methods, including via smartphone or
other providers such as Google and Microsoft.

The signup and login procedures have a dedicated Activity for each other, respectively,
SignUpActivity and LoginActivity. If the user already has an account, it is possible to
navigate to the LoginActivity by selecting “Already has an account”. On the contrary,
if the LoginActivity is active, the user can navigate to the SignUpActivity by selecting
“Not registered?”.

4.1.4. Navigating through the Wearables Balance App

Apart from signup and login frameworks, the app is fully contained in a single
activity—MainActivity. This activity accounts for multiple fragments, as represented in

Figure 6.
2 Firestore m it | m = - ] m : <
(3 centers S| = Wearables Balance 5] = Wearables Balance
B centero.id B cenve Test address: Address Test [ address: Address Test
B centert.id <= - email centretest@gmail.com > age:27 !
E Centre Test
& id: 50000000¢-{...oox assessmentNumber: 1
# Subjectrest
@ subjects % name: Centre Test assessments
B subjecto.id > phoneNumbe24400000
o . 1 8/6/2023
B subjectt.id S subjects date: 8/6/2023 Resultado: 35 Estimativa
B users ~»type: Nursing Home result 35 <
B userouid result_estimate:
1.
B usert.uid “>- birthdate: 26/04/1996
8. ._ ._ 1> gender: male ._‘
N/ = g =
&% Authentication
id: yyyyyyyyL--lyyy
name: Subject Test
S}
[, [ B e ([ [, [
centers
m AddCenterFragment m AddSubjectFragment m AsessmentFragment
0: 3000000 -[... poox <+
0 taw v20 s o tava
email: test@gmail.com T = Wearables Balance = Wearables Balance
(e NOVO CENTRO DE RECOLHA NOVO INDIVIDUO Nova Avaliagio
subjects subctton Accelerometer Data
W axis
0 yyyyyyyy-L Jyyy
username: User Test %
H B Cloud Storage

S —— =&

Figure 6. MainActivity structure and navigation: @ Cloud Firestore collection; B Cloud Firestore

document.

1. MainFragment—contains the app’s first screen and presents the list of collection
centers in the user’s repository; the user can select a collection center to navigate to
the CenterFragment.
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2. CentersFragment—allows users to search for a collection center; the user can select a
collection center to navigate to the CenterFragment.

3.  CenterFragment—presents information about a collection center and the assigned
subjects; the user can select a subject to navigate to the SubjectFragment.

4. SubjectFragment—displays the information about the selected subject, including the
list and registry of the assessments performed on the subject.

5. AssessmentFragment—allows the user to perform an assessment, displaying the data
of a selected axis of a selected sensor in a graph; the user can register the values
obtained through the manual protocol and share the collected data through the shared
platform to, for example, a cloud service (e.g., One Drive); the collected data is
automatically uploaded to the cloud storage of Firebase when exiting the fragment.

6. AddCenterFragment—allows the user to add a new collection center, introducing the
name, address, contact information, and type (home, nursing home, hospital, school,
or other); a universally unique identifier (UUID) identifying the collection center is
automatically generated; the fragment is accessed by pressing the add (“+”) button
when the MainFragment or the CentersFragment is active.

7. AddSubjectFragment—allows the user to add a new subject, introducing the name
and demographic data (birthdate, gender—male, female, or other —, weight, and
height); a UUID identifying the subject is automatically generated; the fragment is
accessed by pressing the add (“+”) button when the CenterFragment is active.

After login, the LoginActivity transits to the MainActivity, and the MainFragment
will be active. The user data is obtained through a query on the Cloud Firestore “users”
collection based on the UID generated when the respective account was created through
the Authentication service. The “users” collection contains documents that store the data
of each user. These documents are named after the UID attributed by the Authentication
service. The centers’ data are stored in a “centers” collection in the Cloud Firestore, and,
similarly to the “users” collection, the collection centers” documents are named after the
respective identifier.

Similarly, subjects’ data is stored in the “subjects” collection, and the documents are
named after the respective subject identifier. A Manager class handles the information
traffic related to the data structures. This class is responsible for querying to get data and
update by uploading data to the Cloud Firestore collections.

The MainFragment view presents the list of collection centers in the user’s reposi-
tory/centers array. This view contains an “Add” floating button (“+”) that allows the user
to navigate to the AddCenterFragment. This fragment queries the user to enter the collec-
tion center information required to create a collection center. Pressing the “Add” button
stores the data in a new CollectionCenter object, uploaded to the Cloud Firestore “centers”
collection. The view returns to the MainFragment and, by selecting a collection center, the
user can access the respective data, activating the CenterFragment. In this fragment, the
App presents the list of subjects associated with the selected collection center. The process
of adding a new subject is similar to the process of adding a new collection center. In the
CenterFragment, when the user presses the “+” floating button, the AddSubjectFragment is
activated. When the user presses the “Add” button after filling in the query, a new Subject
object is created and uploaded to the “subjects” collection of the Cloud Firestore. Returning
to the CenterFragment, the user can select a subject and navigate to the SubjectFragment,
which presents the subject information and the list of assessments performed by the subject.
In this fragment, pressing the “+” button navigates to the AssessmentFragment, which
allows the user to perform a new assessment of the selected subject.

In the AssessmentFragment, the user can initiate a data collection process by pressing
the “Start” button. When the process starts, the view presents a scatter graph that plots
a sensor’s data in a selected axis. During the data collection process, the “Start” button
changes the tag to “Stop”, allowing the user to end the process. The user can register the
FRT’s manually obtained measurement and share the acquired data by the share button
through the shared service. Additionally, when pressing the “To home” button to return
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to the SubjectFragment, the collected data is uploaded to the Cloud Storage service of
the Firebase.

4.1.5. Data Collection

Apart from the collected data, it is stored in the Cloud Storage in a folder whose name
corresponds to the subject’s identifier. The data collected in the assessment are stored in
ten (10) different text files (.csv extension):

1.  id_assessmentNumber.csv: stores the data related to the assessment, namely the
date of the assessment and the register of the result of the FRT obtained through the
manual method;

2. id_assessmentNumber_acc.csv: accelerometer data in the tree axis (m-s_2) ;

id_assessmentNumber_acc_r.csv: raw accelerometer data in the tree axis (m-s~2);

4. id_assessmentNumber_gra.csv: a software-based estimate of the gravity acceleration

@

in the tree axis (m-s~2);

5. id_assessmentNumber_gyr.csv: gyroscope data in the tree axis (rad-s~!);

6. id_assessmentNumber_gyr r.csv: raw gyroscope data in the tree axis (rad-s~1);

7. id_assessmentNumber lin.csv: a software-based estimate of the linear acceleration
(excluding gravity) in the tree axis (m-s~2);

8.  id_assessmentNumber_mag.csv: magnetometer data in the tree axis (uT);

9. id_assessmentNumber_mag_r.csv: raw magnetometer data in the tree axis (uT);

10. id_assessmentNumber_rot.csv: a software-based quaternion representing the device’s
orientation (rotation vector sensor).

The first row of the files 2 to 10 presents the column labels of the document. The
two first columns of the documents present the timestamp counting from the start of
the assessment in milliseconds obtained through the System.currentTimeMillis function
(system_ts_ms) and in nanoseconds (ns) obtained through the event.timestamp function
(sensor_ts_ns). The following columns correspond to the acquired data in the identified
axis (X, Y, and Z). The rotation vector data present an additional column corresponding to
the magnitude of the quaternion (column labeled as “rotL”).

4.2. Orientation Estimation

MEMS sensor data was used to estimate the orientation of the device. Different esti-
mation algorithms were tested and benchmarked against the software sensor provided by
the Android sensor framework. The orientation algorithms tested were the complemen-
tary filter, EKF, Mahony algorithm, Madgwick algorithm, and our implementation of the
Madgwick algorithm. The four first-named algorithms were available in the AHRS Python
toolbox (v0.3) (https:/ /github.com/Mayitzin/ahrs) (accessed on 18 December 2023).

The estimation of the orientation of the sensors array was computed using different
algorithms available in the AHRS library of Python, as well as the Madgwick algorithm
implemented in the context of the present paper. The algorithms were used to obtain
a quaternion representation of the mobile device concerning the reference frame (Earth
frame). Afterward, the Euler angles corresponding to the reference orientation quaternions
and those computed through the tested algorithms were obtained. The obtained Euler
angles were benchmarked against the estimate available by the Android library, which is
considered the reference orientation. All tested algorithms can be computed in real time.

The algorithms were run on the complete dataset and were compared through an
RMSE-based metric. Figures 7-9 depict the Euler angles resulting from one of the trials in
the acquired dataset. It was observed that the roll and pitch angles obtained with the tested
algorithms corresponded to the Euler angles resulting from the software-based rotation
vector made available by the Android Sensor package. However, the yaw angles obtained
presented an offset of 90°, and thus, the Android-based angles were considered as described
in Equation (19).
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The parameters described result in the Euler angles’ intervals described in Equation (20).
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Figure 7. Euler angles (roll) obtained from the rotation vector from the software-based sensor and
our implementation of the Madgwick algorithm.
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Figure 8. Euler angles (pitch) obtained from the rotation vector from the software-based sensor and
our implementation of the Madgwick algorithm.
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Figure 9. Euler angles (yaw) obtained from the rotation vector from the software-based sensor and
our implementation of the Madgwick algorithm.

Figures 7-9 show that the algorithms performed reasonably well compared with the
reference orientation (Android rotation vector). The transformation of the pitch angle,
corresponding to the attitude, was, however, constant and corresponding to Equation (20).
Moreover, taking a closer look at the beginning of the acquisition, it is possible to see that
the algorithm’s convergence in the Roll and Pitch angles only takes a few data samples
(less than 1 s), as shown in Figures 10 and 11.

The orientation estimation results of the algorithms tested are presented in Table 3,
compared to the Android SO data. The complementary filter obtained reasonably good
results despite its low complexity. On the other hand, the EKF obtained a lower perfor-
mance despite its greater complexity. The Mahony and Madgwick algorithms performed
reasonably well, with the Mahony algorithm obtaining a better performance of the roll and
pitch angles and penalizing the yaw angle.
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Figure 10. Convergence rate of the algorithm for the roll (¢) angle.
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Figure 11. Convergence rate of the algorithm for the pitch (6) angle.

Table 3. Benchmark of Euler angles obtained from different AHRS algorithms, using the root mean
squared error (RMSE).

Algorithm Roll (¢) Pitch (6) Yaw (3p)
Complementary Filter 9.4 1.6 34.7
Extended Kalman Filter 914 241 96.4
Mahony 10.8 0.9 93.5
Madgwick 24.2 3.7 55.3
Madgwick (ours, without magnetometer) 8.6 0.9 119.1
Madgwick (ours, complete) 10.3 1.1 38.1

Our implementation of the Madgwick algorithm presented the best results in the roll
and pitch angles, as verified by the lower RMSE. The tests performed without magnetometer
information resulted in considerable errors in the yaw angle, which was highly improved
when using the data from this sensor. This algorithm, detailed in Section 3.2.2, was
implemented in the developed mobile application (Java/Android) to obtain the real-time
orientation estimate.

4.3. Position Estimation

Pose estimation considers the sensor’s position and the respective orientation. After
obtaining the device’s orientation, the objective was to estimate the respective position
to allow the computation of the FRT metric. The position was determined through the
double integration of the linear acceleration. However, the accelerometer is sensible to
linear acceleration and gravity. The sensor data was rotated from the sensor frame to the
Earth frame (ENU) to remove the gravity component. This rotation allows the prompt
remotion of the gravity component from the accelerometer data.

After obtaining the linear acceleration, the double integration should return the po-
sition of the sensor. However, due to noisy data, the integration led to considerable drift.
An example using FRT data is presented below, showing the previous steps. The exam-
ple is from an individual who performs 2 extension-and-return consecutive movements
(2 consecutive FRT tentatives). The authors measured and registered the FRT reach for each
movement with the ruler attached to the wall.

Figure 12 illustrates the raw acceleration data in the three axes (ax, ay, az) acquired by
the accelerometer for an FRT data example.
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Figure 12. Raw acceleration data in the three component axes from an FRT test.

The analysis of the acceleration data captured by the accelerometer in three directions
(ax, ay, az) revealed a non-uniform time sampling around 5 ms. To address this irregularity,
it was decided to resample the initial collected data using spline interpolation, resulting in
a fixed sampling frequency of 100 Hz. The result of this resampling step presents a similar
representation of data to that in Figure 13.
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Figure 13. Filtered acceleration data in the three component axes from an FRT test.

The presence of gravitational acceleration in the raw acceleration data required the
application of a filter to isolate the subject’s motion information. A high-pass finite impulse
response (FIR) filter of order 1000 with a cutoff frequency of 1 Hz was applied. This choice
was justified by efficiently eliminating the gravitational component while preserving the
acceleration information associated with the subject’s movement. Figure 13 presents the
output of this filter.

Afterwards, in the preprocessing phase, it was necessary to identify the specific time
intervals with the subject’s movement. These intervals were obtained considering a constant
interval of 5 s centered around each movement. Figure 14 highlights a section of Figure 12,
demonstrating the methodology for determining the second interval for analysis (the end
of the extension and return movement for the 1st FRT measurement of this test), resulting
in a time interval from 50 to 55 s for this particular example.
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Figure 14. Highlight of the second intervals of the movement.

4.4. Functional Reach Test Measurement

FRT metric estimation depended on appropriately estimating the mobile device’s
position (and orientation). However, the determination of the FRT metric would consist of:
(i) considering the XOY plane; (ii) obtaining the principal direction of the movement; and
(iii) computing the maximum traveled distance in the obtained direction. Considering the
XOY plane is straightforward since, if correctly implemented, the proposed methodology
provides the mobile device pose in the Earth frame. Thus, the XOY plane would correspond
to the position’s two first coordinates of the R3 representation. The estimation of the
principal direction of the movement can be obtained by allowing the computation of the
FRT metric. Table 4 presents the results for five individuals for two trials each.

Table 4. Two complete trial FRT movement data for five individuals: calculated and measured
horizontal displacement.

First FRT Trial Second FRT Trial
Individual Estimated Measured Estimated Measured
Displacement (cm) Displacement (cm) Displacement (cm) Displacement (cm)
1 17.02 14.00 27.09 25.50
2 19.45 23.40 14.20 22.80
3 14.06 18.10 19.00 17.40
4 11.45 14.50 13.79 19.30
5 11.65 16.30 17.75 21.60

By integrating the acceleration information in Table 4, it is possible to estimate velocity
and, subsequently, the displacement of the subject by integrating the velocity information.
The estimated displacements, also depicted in Table 4, range from 11.45 cm to 27.09 cm.

Table 5 depicts data on the functional reach test for five individuals, comparing esti-
mated vs. measured displacement in centimeters and calculating the error between these
measurements. The average estimated displacements range from 12.62 cm to 22.06 cm,
whereas the average measured displacements vary from 16.90 cm to 23.10 cm. The error in
displacement measurements indicates discrepancies between estimated and actual perfor-

mance, with values ranging from 1.22 cm to 6.28 cm, showcasing individual variability in
estimating and achieving reach distances.
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Table 5. Comparison of average estimated and measured FRT displacements in five individuals.

Individual Average Estimated Average Measured Average Displacement
Displacement (cm) Displacement (cm) Error (cm)
1 22.06 19.75 2.31
2 16.83 23.10 6.28
3 16.53 17.75 1.22
4 12.62 16.90 4.28
5 14.70 18.95 425

Additionally, the estimated measurements are in an acceptable range compared to
those made in situ by the authors to grant a valid ground truth measurement.

5. Conclusions

Our study focuses on assessing and improving balance in older adults, with the
ultimate goal of reducing the occurrence of falls. To achieve this, we are developing an
innovative automated tool designed explicitly for evaluating balance in older adults. This
tool utilizes MEMS technology found in commonly used smart wearables and smartphones,
enabling the computation of the FRT metric.

To estimate the FRT, our proposed method employs the Madgwick orientation algo-
rithm, which utilizes quaternion algebra to determine the sensor’s orientation in relation to
the Earth’s frame of reference. By applying this algorithm, it is possible to eliminate the
influence of gravity from the accelerometer data. These data are then integrated twice to
determine the sensor’s position. By measuring the distance traveled by the sensor in the
XOY plane, it is possible to determine the FRT metric, which provides valuable insights
into an individual’s balance.

Regarding similar and comparable works, The G-STRIDE system [76], an inertial-
sensor-based gait analysis tool, is examined to determine the likelihood of falls in this
population. It focuses on particular gait factors, including total distance, velocity, and
cadence, to identify those more likely to fall. It uses a multifactorial approach that includes
clinical examination and gait analysis. Yoon et al. [77] explored using IMU sensors for
gait analysis across different age groups. The study found significant differences in gait
parameters and joint angles between adults and older adults, underlining the impact of
aging on gait characteristics and the utility of IMU sensors in capturing these changes.
Hina Shafi et al. [78] utilized smartphone applications to assess gait and balance in adults
with mild balance impairment. The study demonstrated these apps’ reliability, validity, and
sensitivity in measuring various gait and balance parameters, highlighting their potential as
accessible tools for health assessments in low-resource settings. Although the applications
are somewhat different, they focus on using mobile and sensor technologies in health
assessments, similar to our work, highlighting the potential of inertial sensors in clinical
settings to improve fall risk assessment.

This paper’s primary outcome was deploying a new tool to collect data from mobile
devices during an FRT assessment to prepare a database with the collected data. After-
ward, an orientation estimation algorithm based on inertial data was implemented. The
reasonable performance of the orientation estimation algorithms enabled a proper removal
of the gravity component from the accelerometer data.

In future work, due to the sensor noise, the position estimation must be improved
with further methods to reduce the sensors’ drift integration.

Author Contributions: Conceptualization, L.E, ].D., LM.P. and PJ.C.; methodology, L.F,, ].D., LM.P.
and PJ.C,; software, L.F. and ].D.; validation, C.A., D.A., LM.P. and PJ.C.; formal analysis, L.F., ].D.,
C.A,,ILM.P. and P].C,; investigation, L.E, J.D., LM.P. and PJ.C.; resources, L.F,, ].D., C.A., D.A., LM.P.
and PJ.C.; data curation, L.F,, ].D., C.A., D.A., LM.P. and PJ.C.; writing—original draft preparation,
LE, ].D., C.A, LMP. and PJ.C; writing—review and editing, L.F, ].D., C.A., D.A., LM.P. and
PJ.C.; supervision, LM.P. and PJ.C.; project administration, C.A., D.A., LM.P. and PJ.C.; funding



Sensors 2024, 24, 1301 24 of 27

acquisition, C.A., D.A., LM.P. and PJ.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is funded by FCT/MEC through national funds and, when applicable, co-funded
by the FEDER-PT2020 partnership agreement under the project UIDB/50008 /2020. This work is also
funded by FCT/MEC through national funds and, when applicable, co-funded by the FEDER-PT2020
partnership agreement under the project UIDB/00308 /2020 with the DOI 10.54499 /UIDB /00308 /2020.
This work is also funded by National Funds through the FCT—Foundation for Science and Technol-
ogy, L.P., within the scope of the project UIDB/00742/2020.

Institutional Review Board Statement: The project was approved by the Ethics Committee from the
University of Beira Interior, Portugal with the reference CE-UBI-Pj-2020-035.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data will be available by request to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ajakwe, 5.0.; Nwakanma, C.I; Kim, D.-S.; Lee, J.-M. Key Wearable Device Technologies Parameters for Innovative Healthcare
Delivery in B5G Network: A Review. IEEE Access 2022, 10, 49956-49974. [CrossRef]

2. Roomkham, S.; Lovell, D.; Cheung, J.; Perrin, D. Promises and Challenges in the Use of Consumer-Grade Devices for Sleep
Monitoring. IEEE Rev. Biomed. Eng. 2018, 11, 53—67. [CrossRef] [PubMed]

3. Huhn, S.; Axt, M.; Gunga, H.-C.; Maggioni, M.A.; Munga, S.; Obor, D.; Sié, A.; Boudo, V.; Bunker, A.; Sauerborn, R.; et al.
The Impact of Wearable Technologies in Health Research: Scoping Review. [MIR Mhealth Uhealth 2022, 10, e34384. [CrossRef]
[PubMed]

4.  Lattanzi, E.; Freschi, V. Evaluation of Human Standing Balance Using Wearable Inertial Sensors: A Machine Learning Approach.
Eng. Appl. Artif. Intell. 2020, 94, 103812. [CrossRef]

5. Liu, X.; Zhao, C.; Zheng, B.; Guo, Q.; Duan, X.; Wulamu, A.; Zhang, D. Wearable Devices for Gait Analysis in Intelligent
Healthcare. Front. Comput. Sci. 2021, 3, 661676. [CrossRef]

6. Subramaniam, S.; Faisal, A.I,; Deen, M.]. Wearable Sensor Systems for Fall Risk Assessment: A Review. Front. Digit. Health 2022,
4,921506. [CrossRef] [PubMed]

7.  Salari, N.; Darvishi, N.; Ahmadipanah, M.; Shohaimi, S.; Mohammadi, M. Global Prevalence of Falls in the Older Adults: A
Comprehensive Systematic Review and Meta-Analysis. J. Orthop. Surg. Res. 2022, 17, 334. [CrossRef]

8. Florence, C.S.; Bergen, G.; Atherly, A.; Burns, E.; Stevens, J.; Drake, C. Medical Costs of Fatal and Nonfatal Falls in Older Adults:
Medical Costs of Falls. . Am. Geriatr. Soc. 2018, 66, 693—-698. [CrossRef]

9.  Stevens, J.A.; Lee, R. The Potential to Reduce Falls and Avert Costs by Clinically Managing Fall Risk. Am. . Prev. Med. 2018, 55,
290-297. [CrossRef]

10. Cuevas-Trisan, R. Balance Problems and Fall Risks in the Elderly. Clin. Geriatr. Med. 2019, 35, 173-183. [CrossRef]

11.  Soubra, R.; Chkeir, A.; Novella, J.-L. A Systematic Review of Thirty-One Assessment Tests to Evaluate Mobility in Older Adults.
BioMed Res. Int. 2019, 2019, 1354362. [CrossRef]

12.  Salzman, B. Gait and Balance Disorders in Older Adults. Am. Fam. Physician 2010, 82, 61-68. [PubMed]

13.  Tornero-Quifiones, I.; Sdez-Padilla, J.; Espina Diaz, A.; Abad Robles, M.T.; Sierra Robles, A. Functional ability, frailty and risk of
falls in the elderly: Relations with autonomy in daily living. Int. J. Environ. Res. Public Health 2020, 17, 1006. [CrossRef]

14. Marchesi, G.; Ballardini, G.; Barone, L.; Giannoni, P.; Lentino, C.; De Luca, A.; Casadio, M. Modified Functional Reach Test:
Upper-Body Kinematics and Muscular Activity in Chronic Stroke Survivors. Sensors 2021, 22, 230. [CrossRef] [PubMed]

15. Meekes, W.M.; Korevaar, ].C.; Leemrijse, C.J.; Van De Goor, I.A. Practical and Validated Tool to Assess Falls Risk in the Primary
Care Setting: A Systematic Review. BMJ Open 2021, 11, 045431. [CrossRef]

16. Gates, S.; Smith, L.A.; Fisher, ].D.; Lamb, S.E. Systematic Review of Accuracy of Screening Instruments for Predicting Fall Risk
among Independently Living Older Adults. J. Rehabil. Res. Dev. 2008, 45, 1105-1116. [CrossRef] [PubMed]

17.  Deng, Z.; Guo, L.; Chen, X.; Wu, W. Smart Wearable Systems for Health Monitoring. Sensors 2023, 23, 2479. [CrossRef]

18. Duncan, PW.; Weiner, D.K.; Chandler, J.; Studenski, S. Functional Reach: A New Clinical Measure of Balance. |. Gerontol. 1990, 45,
M192-M197. [CrossRef]

19. Wolfson, L.I.; Whipple, R.; Amerman, P; Kleinberg, A. Stressing the Postural Response: A Quantitative Method for Testing
Balance. |. Am. Geriatr. Soc. 1986, 34, 845-850. [CrossRef]

20. Katz-Leurer, M.; Fisher, L; Neeb, M.; Schwartz, I.; Carmeli, E. Reliability and Validity of the Modified Functional Reach Test at the
Sub-Acute Stage Post-Stroke. Disabil. Rehabil. 2009, 31, 243-248. [CrossRef]

21. Podsiadlo, D.; Richardson, S. The Timed “Up & Go”: A Test of Basic Functional Mobility for Frail Elderly Persons. J. Am. Geriatr.

Soc. 1991, 39, 142-148. [CrossRef]


https://doi.org/10.1109/ACCESS.2022.3173643
https://doi.org/10.1109/RBME.2018.2811735
https://www.ncbi.nlm.nih.gov/pubmed/29993607
https://doi.org/10.2196/34384
https://www.ncbi.nlm.nih.gov/pubmed/35076409
https://doi.org/10.1016/j.engappai.2020.103812
https://doi.org/10.3389/fcomp.2021.661676
https://doi.org/10.3389/fdgth.2022.921506
https://www.ncbi.nlm.nih.gov/pubmed/35911615
https://doi.org/10.1186/s13018-022-03222-1
https://doi.org/10.1111/jgs.15304
https://doi.org/10.1016/j.amepre.2018.04.035
https://doi.org/10.1016/j.cger.2019.01.008
https://doi.org/10.1155/2019/1354362
https://www.ncbi.nlm.nih.gov/pubmed/20590073
https://doi.org/10.3390/ijerph17031006
https://doi.org/10.3390/s22010230
https://www.ncbi.nlm.nih.gov/pubmed/35009772
https://doi.org/10.1136/bmjopen-2020-045431
https://doi.org/10.1682/JRRD.2008.04.0057
https://www.ncbi.nlm.nih.gov/pubmed/19235113
https://doi.org/10.3390/s23052479
https://doi.org/10.1093/geronj/45.6.M192
https://doi.org/10.1111/j.1532-5415.1986.tb07256.x
https://doi.org/10.1080/09638280801927830
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x

Sensors 2024, 24, 1301 25 of 27

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Blum, L.; Korner-Bitensky, N. Usefulness of the Berg Balance Scale in Stroke Rehabilitation: A Systematic Review. Phys. Ther.
2008, 88, 559-566. [CrossRef]

De Luca, A.; Giannoni, P.; Vernetti, H.; Capra, C.; Lentino, C.; Checchia, G.A.; Casadio, M. Training the Unimpaired Arm Improves
the Motion of the Impaired Arm and the Sitting Balance in Chronic Stroke Survivors. IEEE Trans. Neural Syst. Rehabil. Eng. 2017,
25, 873-882. [CrossRef]

Caimmi, M.; Giovanzana, C.; Gasperini, G.; Molteni, F.; Molinari Tosatti, L. Robot Fully Assisted Upper-Limb Functional
Movements against Gravity to Drive Recovery in Chronic Stroke: A Pilot Study. Front. Neurol. 2022, 12, 782094. [CrossRef]
[PubMed]

Fishbein, P.; Hutzler, Y.; Ratmansky, M.; Treger, I.; Dunsky, A. A Preliminary Study of Dual-Task Training Using Virtual Reality:
Influence on Walking and Balance in Chronic Poststroke Survivors. J. Stroke Cerebrovasc. Dis. 2019, 28, 104343. [CrossRef]
Bruyneel, A.-V.; Mesure, S.; Reinmann, A.; Sordet, C.; Venturelli, P; Feldmann, I.; Guyen, E. Validity and Reliability of Center of
Pressure Measures to Quantify Trunk Control Ability in Individuals after Stroke in Subacute Phase during Unstable Sitting Test.
Heliyon 2022, 8, €10891. [CrossRef] [PubMed]

Fell, N.; True, H.H.; Allen, B.; Harris, A.; Cho, J.; Hu, Z.; Sartipi, M.; Place, K K.; Salstrand, R. Functional Measurement Post-Stroke
via Mobile Application and Body-Worn Sensor Technology. mHealth 2019, 5, 47. [CrossRef]

Williams, B.; Allen, B.; Hu, Z.; True, H.; Cho, J.; Harris, A ; Fell, N.; Sartipi, M. Real-Time Fall Risk Assessment Using Functional
Reach Test. Int. J. Telemed. Appl. 2017, 2017, 2042974. [CrossRef]

Hsiao, M.-Y,; Li, C.-M,; Ly, L.-S;; Lin, Y.-H.; Wang, T.-G.; Han, D.-S. An Investigation of the Use of the Kinect System as a Measure
of Dynamic Balance and Forward Reach in the Elderly. Clin. Rehabil. 2018, 32, 473-482. [CrossRef]

Mengarelli, A.; Cardarelli, S.; Strazza, A.; Di Nardo, F,; Fioretti, S.; Verdini, F. Validity of the Nintendo Wii Balance Board for
the Assessment of Balance Measures in the Functional Reach Test. IEEE Trans. Neural Syst. Rehabil. Eng. 2018, 26, 1400-1406.
[CrossRef] [PubMed]

Moriyama, Y.; Yamada, T.; Shimamura, R.; Ohmi, T.; Hirosawa, M.; Yamauchi, T.; Tazawa, T.; Kato, ]. Movement Patterns of the
Functional Reach Test Do Not Reflect Physical Function in Healthy Young and Older Participants. PLoS ONE 2022, 17, e0266195.
[CrossRef]

Ghahramani, M.; Rojas, R.E; Stirling, D. Chest and Pelvis Coordination during Functional Reach Test: A Possible Indication of
Balance Deficiency in Older Adults. . Biomech. 2022, 141, 111177. [CrossRef]

Chen, H.-J.; Chen, P-Y.,; Kao, C.-L.; Sung, W.-H. Smartphone Frailty Screening: Development of a Quantitative Early Detection
Method for the Frailty Syndrome. J. Chin. Med. Assoc. 2020, 83, 1039-1047. [CrossRef] [PubMed]

Bao, T.; Carender, W.].; Kinnaird, C.; Barone, V.J.; Peethambaran, G.; Whitney, S.L.; Kabeto, M.; Seidler, R.D.; Sienko, K.H. Effects
of Long-Term Balance Training with Vibrotactile Sensory Augmentation among Community-Dwelling Healthy Older Adults: A
Randomized Preliminary Study. . Neuroeng. Rehabil. 2018, 15, 5. [CrossRef] [PubMed]

Dewar, R.M.; Tucker, K.; Claus, A.P.; Ware, R.S.; Johnston, L.M. Postural Control Performance on the Functional Reach Test:
Validity of the Kids-Balance Evaluation Systems Test (Kids-BESTest) Criteria. Arch. Phys. Med. Rehabil. 2021, 102, 1170-1179.
[CrossRef]

Santamaria, V.; Khan, M.; Luna, T.; Kang, J.; Dutkowsky, J.; Gordon, A.M.; Agrawal, S.K. Promoting Functional and Independent
Sitting in Children with Cerebral Palsy Using the Robotic Trunk Support Trainer. IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28,
2995-3004. [CrossRef]

Reguera-Garcia, M.M.; Leirés-Rodriguez, R.; Alvarez-Barrio, L.; Alonso-Cortés Fradejas, B. Analysis of Postural Control in Sitting
by Pressure Mapping in Patients with Multiple Sclerosis, Spinal Cord Injury and Friedreich’s Ataxia: A Case Series Study. Sensors
2020, 20, 6488. [CrossRef]

Tanaka, R.; Ishikawa, Y.; Yamasaki, T.; Diez, A. Accuracy of Classifying the Movement Strategy in the Functional Reach Test
Using a Markerless Motion Capture System. J. Med. Eng. Technol. 2019, 43, 133-138. [CrossRef] [PubMed]

Nozu, S.; Johnson, K.A.; Takemura, M.; Shields, R.K. Disrupted Somatosensory Input Alters Postural Control Strategies during
the Star Excursion Balance Test (SEBT) in Healthy People. Gait Posture 2021, 90, 141-147. [CrossRef]

Verdini, F.; Mengarelli, A.; Tigrini, A.; Strazza, A.; di Nardo, F; Cardarelli, S.; Fioretti, S. Accuracy Evaluation of Force
Measurement through the Wii Balance Board during Squat and Functional Reach Tests. In Proceedings of the 2019 IEEE 23rd
International Symposium on Consumer Technologies (ISCT), Ancona, Italy, 19-21 June 2019; pp. 291-295.

Son, S.-Y,; Muraki, S.; Tochihara, Y. Exploring the Appropriate Test Methods to Examine the Effects of Firefighter Personal
Protective Equipment on Mobility. Fash. Text. 2022, 9, 22. [CrossRef]

Park, S.-H.; Son, S.-M.; Choi, ].-Y. Effect of Posture Control Training Using Virtual Reality Program on Sitting Balance and Trunk
Stability in Children with Cerebral Palsy. NeuroRehabilitation 2021, 48, 247-254. [CrossRef]

Ayed, I; Jaume-i-Cap6, A.; Martinez-Bueso, P.; Mir, A.; Moya-Alcover, G. Balance Measurement Using Microsoft Kinect v2:
Towards Remote Evaluation of Patient with the Functional Reach Test. Appl. Sci. 2021, 11, 6073. [CrossRef]

Peixoto, A.C.; Silva, A.F. Smart Devices: Micro-and Nanosensors. In Bioinspired Materials for Medical Applications; Elsevier:
Amsterdam, The Netherlands, 2017; pp. 297-329.

Le, H.T.; Haque, R.I,; Ouyang, Z.; Lee, S.W.; Fried, S.I.; Zhao, D.; Qiu, M.; Han, A. MEMS Inductor Fabrication and Emerging
Applications in Power Electronics and Neurotechnologies. Microsyst. Nanoeng. 2021, 7, 59. [CrossRef] [PubMed]


https://doi.org/10.2522/ptj.20070205
https://doi.org/10.1109/TNSRE.2016.2635806
https://doi.org/10.3389/fneur.2021.782094
https://www.ncbi.nlm.nih.gov/pubmed/35350582
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104343
https://doi.org/10.1016/j.heliyon.2022.e10891
https://www.ncbi.nlm.nih.gov/pubmed/36237978
https://doi.org/10.21037/mhealth.2019.08.11
https://doi.org/10.1155/2017/2042974
https://doi.org/10.1177/0269215517730117
https://doi.org/10.1109/TNSRE.2018.2843884
https://www.ncbi.nlm.nih.gov/pubmed/29985149
https://doi.org/10.1371/journal.pone.0266195
https://doi.org/10.1016/j.jbiomech.2022.111177
https://doi.org/10.1097/JCMA.0000000000000409
https://www.ncbi.nlm.nih.gov/pubmed/32773591
https://doi.org/10.1186/s12984-017-0339-6
https://www.ncbi.nlm.nih.gov/pubmed/29347946
https://doi.org/10.1016/j.apmr.2020.12.018
https://doi.org/10.1109/TNSRE.2020.3031580
https://doi.org/10.3390/s20226488
https://doi.org/10.1080/03091902.2019.1626504
https://www.ncbi.nlm.nih.gov/pubmed/31232123
https://doi.org/10.1016/j.gaitpost.2021.08.023
https://doi.org/10.1186/s40691-022-00295-8
https://doi.org/10.3233/NRE-201642
https://doi.org/10.3390/app11136073
https://doi.org/10.1038/s41378-021-00275-w
https://www.ncbi.nlm.nih.gov/pubmed/34567771

Sensors 2024, 24, 1301 26 of 27

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Zhang, S.; Yu, S.; Liu, C; Yuan, X; Liu, S. A Dual-Linear Kalman Filter for Real-Time Orientation Determination System Using
Low-Cost MEMS Sensors. Sensors 2016, 16, 264. [CrossRef] [PubMed]

Algamili, A.S.; Khir, M.H.M.; Dennis, ].O.; Ahmed, A.Y.; Alabsi, S.S.; Ba Hashwan, S.S.; Junaid, M.M. A Review of Actuation and
Sensing Mechanisms in MEMS-Based Sensor Devices. Nanoscale Res. Lett. 2021, 16, 16. [CrossRef] [PubMed]

Suprem, A.; Deep, V.; Elarabi, T. Orientation and Displacement Detection for Smartphone Device Based Imus. IEEE Access 2016, 5,
987-997. [CrossRef]

Senkal, D.; Shkel, A.M. Whole-Angle MEMS Gyroscopes: Challenges and Opportunities; Wiley: Hoboken, NJ, USA, 2020.
Bergamini, E.; Ligorio, G.; Summa, A.; Vannozzi, G.; Cappozzo, A.; Sabatini, A.M. Estimating Orientation Using Magnetic and
Inertial Sensors and Different Sensor Fusion Approaches: Accuracy Assessment in Manual and Locomotion Tasks. Sensors 2014,
14, 18625-18649. [CrossRef] [PubMed]

Cole, G.K.; Nigg, B.M.; Ronsky, J.L.; Yeadon, M.R. Application of the Joint Coordinate System to Three-Dimensional Joint Attitude
and Movement Representation: A Standardization Proposal. J. Biomech Eng. 1993, 115, 344-349. [CrossRef]

Kim, S.; Kim, M. Rotation Representations and Their Conversions. IEEE Access 2023, 11, 6682-6699. [CrossRef]

Altmann, S.L. Rotations, Quaternions, and Double Groups; Courier Corporation: Chelmsford, MA, USA, 2005; ISBN 0-486-44518-6.
Morawiec, A. Orientations and Rotations; Springer: Berlin/Heidelberg, Germany, 2003; ISBN 3-540-40734-0.

Dam, E.B.; Koch, M.; Lillholm, M. Quaternions, Interpolation and Animation; Datalogisk Institut, Kebenhavns Universitet Copen-
hagen: Copenhagen, Denmark, 1998; Volume 2.

Rodrigues, C. Development of MEMS-Based IMU for Position Estimation. Master’s Thesis, Universidade da Madeira, Madeira,
Portugal, 2021.

Madgwick, S.O.H.; Harrison, A.J.L.; Vaidyanathan, R. 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; pp. 1-7.

Valenti, R.G.; Dryanovski, I.; Xiao, J. A Linear Kalman Filter for MARG Orientation Estimation Using the Algebraic Quaternion
Algorithm. IEEE Trans. Instrum. Meas. 2016, 65, 467—481. [CrossRef]

Wen, K; Yu, K;; Li, Y.; Zhang, S.; Zhang, W. A New Quaternion Kalman Filter Based Foot-Mounted IMU and UWB Tightly-
Coupled Method for Indoor Pedestrian Navigation. IEEE Trans. Veh. Technol. 2020, 69, 4340-4352. [CrossRef]

Liu, W,; Caruso, D.; Ilg, E.; Dong, J.; Mourikis, A.I.; Daniilidis, K.; Kumar, V.; Engel, J. TLIO: Tight Learned Inertial Odometry.
IEEE Robot. Autom. Lett. 2020, 5, 5653-5660. [CrossRef]

Lisini Baldi, T.; Farina, F.; Garulli, A.; Giannitrapani, A.; Prattichizzo, D. Upper Body Pose Estimation Using Wearable Inertial
Sensors and Multiplicative Kalman Filter. IEEE Sens. ]. 2020, 20, 492-500. [CrossRef]

Mahony, R.; Hamel, T.; Pflimlin, J.-M. Nonlinear Complementary Filters on the Special Orthogonal Group. IEEE Trans. Automat.
Contr. 2008, 53, 1203-1218. [CrossRef]

Fung, M.L.; Chen, M.Z.Q.; Chen, Y.H. Sensor Fusion: A Review of Methods and Applications. In Proceedings of the 2017 29th
Chinese Control and Decision Conference (CCDC), Chongqing, China, 28-30 May 2017; pp. 3853-3860.

Farag, W. Kalman-Filter-Based Sensor Fusion Applied to Road-Objects Detection and Tracking for Autonomous Vehicles. Proc.
Inst. Mech. Eng. Part I ]. Syst. Control Eng. 2021, 235, 1125-1138. [CrossRef]

Kubelka, V.; Reinstein, M. Complementary Filtering Approach to Orientation Estimation Using Inertial Sensors Only. In
Proceedings of the 2012 IEEE International Conference on Robotics and Automation, 14-18 May 2012; pp. 599-605.

Madgwick, S. An Efficient Orientation Filter for Inertial and Inertial/Magnetic Sensor Arrays. Rep. X-Io Univ. Bristol (UK) 2010,
25,113-118.

Kok, M.; Schon, T.B. A Fast and Robust Algorithm for Orientation Estimation Using Inertial Sensors. IEEE Signal Process. Lett.
2019, 26, 1673-1677. [CrossRef]

Madgwick, S5.0.; Wilson, S.; Turk, R.; Burridge, J.; Kapatos, C.; Vaidyanathan, R. An Extended Complementary Filter for Full-Body
MARG Orientation Estimation. IEEE/ASME Trans. Mechatron. 2020, 25, 2054-2064. [CrossRef]

Wu, J.; Zhou, Z.; Fourati, H.; Li, R.; Liu, M. Generalized Linear Quaternion Complementary Filter for Attitude Estimation from
Multisensor Observations: An Optimization Approach. IEEE Trans. Autom. Sci. Eng. 2019, 16, 1330-1343. [CrossRef]

Fan, B.; Li, Q.; Liu, T. How Magnetic Disturbance Influences the Attitude and Heading in Magnetic and Inertial Sensor-Based
Orientation Estimation. Sensors 2017, 18, 76. [CrossRef]

Antunes, R.A_; Palma, L.B. Quaternion-Based AHRS with MEMS Motion Sensor for Biomedical Applications. In Proceedings of
the 2021 IEEE International Biomedical Instrumentation and Technology Conference (IBITeC), Yogyakarta, Indonesia, 20 October
2021; pp. 1-6.

Noohu, M.M.; Dey, A.B.; Hussain, M.E. Relevance of Balance Measurement Tools and Balance Training for Fall Prevention in
Older Adults. . Clin. Gerontol. Geriatr. 2014, 5, 31-35. [CrossRef]

Zhou, H.; Hu, H. Human Motion Tracking for Rehabilitation—A Survey. Biomed. Signal Process. Control 2008, 3, 1-18. [CrossRef]
Pires, LM.; Garcia, N.M.; Zdravevski, E. Measurement of Results of Functional Reach Test with Sensors: A Systematic Review.
Electronics 2020, 9, 1078. [CrossRef]


https://doi.org/10.3390/s16020264
https://www.ncbi.nlm.nih.gov/pubmed/26907294
https://doi.org/10.1186/s11671-021-03481-7
https://www.ncbi.nlm.nih.gov/pubmed/33496852
https://doi.org/10.1109/ACCESS.2016.2631000
https://doi.org/10.3390/s141018625
https://www.ncbi.nlm.nih.gov/pubmed/25302810
https://doi.org/10.1115/1.2895496
https://doi.org/10.1109/ACCESS.2023.3237864
https://doi.org/10.1109/TIM.2015.2498998
https://doi.org/10.1109/TVT.2020.2974667
https://doi.org/10.1109/LRA.2020.3007421
https://doi.org/10.1109/JSEN.2019.2940612
https://doi.org/10.1109/TAC.2008.923738
https://doi.org/10.1177/0959651820975523
https://doi.org/10.1109/LSP.2019.2943995
https://doi.org/10.1109/TMECH.2020.2992296
https://doi.org/10.1109/TASE.2018.2888908
https://doi.org/10.3390/s18010076
https://doi.org/10.1016/j.jcgg.2013.05.002
https://doi.org/10.1016/j.bspc.2007.09.001
https://doi.org/10.3390/electronics9071078

Sensors 2024, 24, 1301 27 of 27

75.

76.

77.

78.

Duarte, ]J.; Francisco, L.; Pires, LM.; Coelho, P.J. Smart Wearables Data Collection and Analysis for Medical Applications: A
Preliminary Approach for Functional Reach Test. In Bioinformatics and Biomedical Engineering; Rojas, 1., Valenzuela, O., Rojas Ruiz,
F., Herrera, L], Ortufio, F, Eds.; Lecture Notes in Computer Science; Springer Nature: Cham, Switzerland, 2023; Volume 13920,
pp. 481-491, ISBN 978-3-031-34959-1.

Alvarez, M.N.; Rodriguez-Sanchez, C.; Huertas-Hoyas, E.; Garcia-Villamil-Neira, G.; Espinoza-Cerda, M.T.; Pérez-Delgado, L.;
Reina-Robles, E.; Martin, I.B.; del-Ama, A.].; Ruiz-Ruiz, L.; et al. Predictors of Fall Risk in Older Adults Using the G-STRIDE
Inertial Sensor: An Observational Multicenter Case—-Control Study. BMC Geriatr. 2023, 23, 737. [CrossRef] [PubMed]

Yoon, D.H.; Kim, ].-H.; Lee, K.; Cho, ].-S.; Jang, S.-H.; Lee, S.-U. Inertial Measurement Unit Sensor-Based Gait Analysis in Adults
and Older Adults: A Cross-Sectional Study. Gait Posture 2024, 107, 212-217. [CrossRef] [PubMed]

Shafi, H.; Awan, W.A ; Olsen, S.; Siddiqi, FA.; Tassadaq, N.; Rashid, U.; Niazi, LK. Assessing Gait & Balance in Adults with Mild
Balance Impairment: G&B App Reliability and Validity. Sensors 2023, 23, 9718. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12877-023-04379-y
https://www.ncbi.nlm.nih.gov/pubmed/37957597
https://doi.org/10.1016/j.gaitpost.2023.10.006
https://www.ncbi.nlm.nih.gov/pubmed/37863672
https://doi.org/10.3390/s23249718
https://www.ncbi.nlm.nih.gov/pubmed/38139564

	Introduction 
	Related Work 
	Smart Wearables Data in Medical Applications 
	Functional Reach Test 
	FRT Related to Stroke 
	FRT Related to Older Adults 
	FRT Related to Other Conditions 

	Orientation Estimation 
	Coordinate Frames 
	Orientation Representation 
	Attitude and Heading Reference System 
	Sensor Fusion 

	Position-Estimation Algorithms 

	Materials and Methods 
	FRT Data Collection through a Mobile App 
	Functional Reach Test Distance Estimation 
	Orientation Estimation 
	Real-Time Orientation Estimation 
	Distance Estimation 


	Results and Discussion 
	Data Collection Mobile Application 
	Properties of the App 
	Data Structures 
	Connection to the App 
	Navigating through the Wearables Balance App 
	Data Collection 

	Orientation Estimation 
	Position Estimation 
	Functional Reach Test Measurement 

	Conclusions 
	References

