IEEE

\K‘Sensors Council

Wearable Inertial Sensors for Range
of Motion Assessment

Ashwin Rajkumar™, Fabio Vulpi, Satish Reddy Bethi*, Hassam Khan Wazir, Preeti Raghavan,
and Vikram Kapila

IEEE SENSORS JOURNAL, VOL. 20, NO. 7, APRIL 1, 2020 3777

Abstract—This paper presents the design and development
of wearable inertial sensors (WIS) for real-time simultane-
ous triplanar motion capture of the upper extremity (UE).
The sensors simultaneously capture in the frontal, sagittal,
and horizontal planes UE range of motion (ROM), which
is critical to assess an individual’s movement limitations
and determine appropriate rehabilitative treatments. Off-the-
shelf sensors and microcontrollers are used to develop the
WIS system, which wirelessly streams real-time joint orien-
tation for UE ROM measurement. Key developments include:
(i) two novel approaches, using earth’s gravity (EG approach)
and magnetic field (EGM approach) as references, to correct
misalignments in the orientation between the sensor and its
housing to minimize measurement errors; (ii) implementation of the joint coordinate system (JCS)-based method for
triplanar ROM measurements for clinical use; and (iii) an in-situ guided mounting technique for accurate sensor placement
and alignment on human body. The results (i) compare computational time between two orientation misalignment
correction approaches (EG approach = 325.05 us and EGM approach = 92.05us); (ii) demonstrate the accuracy and
repeatability of measurements from the WIS system (percent deviation of measured angle from applied angle is less than
+6.5% and percent coefficient of variationis less than 11%, indicating acceptable accuracy and repeatability, respectively);
and (iii) demonstrate the feasibility of using the WIS system within the JCS framework for providing anatomically-
correct simultaneous triplanar ROM measurements of shoulder, elbow, and forearm movements during several upper
limb exercises.

Index Terms— Motor assessment, rehabilitation, wearable inertial sensors, motion capture, range of motion, joint

coordinate system, triplanar.

|. INTRODUCTION

RM movements are essential for performing many activ-
ities of daily living (ADL). Each activity has minimum
range of motion (ROM) requirements for the various upper
limb joints [1]. A joint or muscle injury or neurological event
such as a stroke, spinal cord injury, or nerve damage can affect
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the ROM of one or more joints and make ADL difficult to
perform. The first step towards rehabilitation is to identify
the limitations in ROM to develop strategies for restoring it.
The second step is to track the recovery of ROM and change
treatment strategies if necessary. The human arm exhibits
seven degrees of freedom (three at shoulder, one at elbow,
and three at wrist), which require effective tools for triplanar
measurements to assess recovery and track the improvement
in motor capability.

In a clinical setting, ROM is measured using goniome-
ters [2], inclinometers [3], video analysis software such as
Dartfish [4], etc. However, these techniques suffer from high
inter-observer variability [3]. Although, Dartfish has high inter-
observer agreement, it requires time-consuming extraction
of ROM information from video capture. Moreover, scant
research has considered integration of the aforementioned
clinically used devices with the joint coordinate system (JCS),
proposed by the International Society of Biomechanics (ISB),
which provides a comprehensive method for the visualization
of triplanar joint ROM [5], [6]. Sophisticated systems for
motion capture (MOCAP), reviewed in Section II, are used
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in research but are not typically feasible to use in clinical
environments.

Recent advancements in micro-electromechanical systems
have led to the miniaturization of inertial measurement
units (IMU) and magnetometer, accelerometer, and gyroscope
(MARG) sensor arrays, collectively referred to as inertial
sensors. These inertial sensors are widely used in varied
applications (e.g., aerospace, automotive, sports medicine, etc.)
for pose measurement and have revolutionized the ability to
precisely track the position and orientation of a rigid body
in 3D space. Moreover, the small footprint of such sensors
permits their integration in everyday ubiquitous devices such
as smartphones. With recent innovations in wireless commu-
nication protocols obviating the need for wired connectivity
and allowing portability, new avenues for adoption of inertial
sensors have opened in myriad wearable electronic devices
such as smart watches. These inertial sensors, coupled with
wireless connectivity, are also used for MOCAP applications
[7]-[17]. However, low cost IMU and MARG sensors are often
prone to errors of misalignment, orthogonality, and offset,
which require correction methods to achieve accurate position
and orientation measurements.

To address the limitations of existing clinical tools for
upper extremity (UE) ROM assessment, we have developed
a mechatronics-based wearable inertial sensor (WIS) system
made from off-the-shelf components. Section II reviews the
related works in MOCAP and correction techniques for orien-
tation misalignment of inertial sensors. Section III describes
the design and development of the mechatronic sensors and
features of the WIS system. Section IV explains the correction
techniques to account for orientation misalignments between
the sensor and its housing. Section V describes the joint
coordinate system (JCS) and its application to triplanar ROM
computation with the WIS system. Section VI describes proof-
of-concept results on a human subject. Section VII concludes
the paper and suggests directions for future research.

Il. RELATED WORK

MOCATP is an interdisciplinary research topic that focuses
on quantifying motion and enabling interaction in real and vir-
tual environments. Commercially available MOCAP systems
can be broadly classified into: (i) optical marker-based sys-
tems [18], (ii) electromagnetic position tracking system [19],
(iii)) markerless optical systems [20], [21], and (iv) inertial
sensing systems [7]-[17]. Marker-based optical MOCAP is
the gold standard for tracking joint position and angular
movement with high precision and accuracy [18]. Never-
theless, such systems require precise marker placement and
expensive cameras, all of which are burdensome for clinical
use. Furthermore, marker occlusion can occur during limb
movements, making tracking difficult. Electromagnetic posi-
tion tracking (e.g., by Ascension Technology Corp.) computes
the position of body-worn electromagnetic sensors relative to
a transmitter [19]. These systems avoid the use of multiple
cameras and marker occlusion, but they are not easy to
use for clinical purposes. Markerless optical systems such
as the Kinect™ V2 (Microsoft Corp., Redmond, WA) is a

popular MOCAP device to measure joint positions in 3D
space [20], [21]. However, data from the Kinect and other
markerless video-analysis systems cannot make measurements
in the horizontal plane, such as shoulder internal-external
rotation and forearm pronation-supination, which are critical
for ADL [1]. Furthermore, the Kinect cannot be used in noisy
visual environments. Recent advancements in deep learning
with markerless MOCAP using videography can reduce the
human effort to track human and animal behavior [22], [23],
but these have the same limitations as other vision-based
systems such as the Kinect, and do not provide precise
triplanar measurements for real-time applications.

A. MOCAP With Wearable Inertial Sensors

Inertial sensors refer to a family of sensors capable of
measuring the pose of a rigid body in 3D space [7]. Commer-
cially available inertial sensors for MOCAP (e.g. Opal, X-sens,
etc.) are expensive due to their built-in calibration techniques,
sensor fusion algorithms, offset correction techniques, and
software support [8], [10]-[12], and are not suitable for
translation to at-home use and clinical practice.

Development of sensor fusion algorithms for extract-
ing orientation information from the inertial sensors’ raw
accelerometer, gyroscope, and magnetometer data is presented
in [13], [14]. These fusion algorithms have been considered in
the context of a single inertial sensor but are yet to be explored
in MOCAP applications that require simultaneous use in
a network of multiple inertial sensors. Consumer targeted
inertial sensors can be used for numerous medical diagnostic
applications as discussed in [15]. However, for single joint
motion, the approach of [15] does not produce clinically-
usable triplanar measurements. A comparison of commercial
MOCAP systems vs. consumer-grade inertial sensors for UE
ROM measurements is presented in [17] and the results sug-
gest that consumer-grade sensors can provide similar accuracy
as commercial MOCAP systems. Finally, a state-of-the-art
review [5] on using inertial sensors for MOCAP recommends
the use of JCS-based ROM reporting as human motion consists
of triplanar movements requiring simultaneous measurements
in multiple axes.

B. Orientation Misalignment Correction

Inertial sensors require an initial calibration and correction
for various misalignment errors to provide accurate mea-
surements. Specifically, obtaining precise measurements from
low cost inertial sensors requires the following steps [24]:
(i) calibration of individual sensors of the IMU or MARG
system; (ii) correction of misalignment arising from the offset
between the inertial sensor and the housing containing it;
and (iii) anatomical calibration required due to misalign-
ment of inertial sensor with the object that it is being
mounted on. To retrieve accurate measurements from indi-
vidual sensors (i.e., accelerometer, gyroscopes, and magne-
tometer), the calibration procedure corrects for the errors
arising from: (i) scaling factors, (ii) cross axis sensitivity,
(iii) offsets in the three axes (non-orthogonality), etc. Com-
prehensive approaches for calibration of IMU sensors utilizing
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sensor error models for accelerometers and gyroscopes are
presented in [25], [26]. Dynamic model-based adaptive control
techniques to improve the performance of microgyroscopes
are presented in [27]-[29]. Nonetheless, recent years have
witnessed inertial sensor packages endowed with on-board
microcontrollers to support self-calibration. For example,
BNOO055 [30] offers simple experimental routines for cali-
bration that can be performed by novice users, effectively
obviating the need for individual sensor calibration techniques
of [25]-[29].

Sensor-housing offset arises when the sensor orientation
does not align with the orientation of sensor housing. For
such a case, effective orientation misalignment correction
techniques need to be developed to reprocess the sensor
measurement and align it with the housing to obtain accurate
measurement. A rotation matrix-based orientation misalign-
ment correction method using a calibration device is developed
in [31], which yields unique results for a specific sensor
and its housing and needs to be repeated for each sensor-
housing pair. Alternatively, in this paper, we utilize a simpler
and computationally efficient quaternion-based approach to
develop two orientation misalignment correction methods for
the inertial sensors.

Finally, anatomical calibration is essential for accurate mea-
surement of joint angles from the human body. Alignment-
free calibration of wearable inertial sensors for the human
body has been examined by using prescribed motion sequences
in the upper [9], [15] and lower [10] extremities. However,
a limitation of such an approach is that the individual must
initiate movements from a standard position, which may not
be achievable for persons with movement limitations.

In this paper, we develop a WIS system for UE ROM assess-
ment using off-the-shelf inertial sensors that wirelessly stream
quaternion data for the absolute orientation of the sensors.
Two sensor-to-housing orientation misalignment correction
techniques are developed to use the quaternion measurements
from the inertial sensors and retrieve absolute orientation
of the housing. The JCS approach [5], [6] is utilized to
compute the ROM data from the quaternion measurements
obtained from the sensors worn by the subject. An in-situ
data-driven technique for mounting and aligning the WIS on
the human body is discussed for precise placement of the
sensors, resulting in accurate measurement of ROM.

[1l. MECHATRONIC DESIGN OF WEARABLE
INERTIAL SENSORS

Individuals with movement limitations may have highly
variable initial positions. Hence to be truly applicable in a
clinical setting, the sensing method should be able to measure
joint ROM accurately from any initial position of the extrem-
ity. The objective of this work is to (i) measure the initial pose
of the arm from absolute orientation of the body-worn sensors
and (ii) measure the ROM simultaneously in the three planes at
the shoulder and elbow. To achieve these objectives, individual
sensors worn on each body segment must sense the orientation
relative to the previous body segment. Prior work shows
that mounting the sensors at the distal end of arm segments

Fig. 1. WIS module pictorially represented on a human model in T-pose.

from the joints whose motion is being measured increases the
accuracy of joint angle measurement [15]. Moreover, wireless
connectivity such as the Bluetooth low energy (BLE) protocol
can eliminate the hassle of being tethered to a computer [19].
The WIS system consists of five wireless inertial sensors
mounted on the body as shown in Fig. 1, where LF, RE,
LA, and RA represent sensors mounted on the left and right
forearm and left and right arm, respectively, and B refers to the
sensor mounted on the back. The sensors are mounted using
straps and a belt.

The WIS system employs off-the-shelf inertial sensors and
microcontrollers to facilitate translation of technology to clin-
ical settings. The multi-module wearable sensor framework of
this paper requires the use of a star topology that enables
wireless connectivity of multiple devices to a single host
computer or smartphone interface. The Gazell protocol from
Nordic semiconductors is a common peer-to-peer star topology
network [32]. The RFduino microcontroller that supports BLE
and Gazell protocols was chosen for the design of the WIS
system.

Several low cost, consumer targeted MARG sensors, e.g.,
BNOO055, MPU9150, and X-NEUCLEO can serve as inertial
sensors in the proposed WIS system [33]. While these three
sensors can provide absolute orientation, the BNOOS5S has
superior static and dynamic angular measurement stability
over the MPU9150 and X-NEUCLEO [33]. Moreover, the
BNOO055’s direct sensor fusion and various operating modes
were deemed to offer a high degree of flexibility for the WIS
system over the MPU9150. Specifically, the BNOO55 sensor
can measure (i) absolute orientation relative to the earth’s
magnetic field and gravity and (ii) relative orientation from
its initial start position based on the selected operating
mode. The absolute orientation signals from the sensor can
be retrieved using the following operating modes (i) com-
pass mode, (ii) nine degrees of freedom fast magnetome-
ter calibration off mode (NDOF_FMC_OFF), and (iii) nine
degrees of freedom fast magnetometer calibration on mode
(NDOF_FMC_ON). The NDOF modes require an initial cal-
ibration of the three sensors (three axis accelerometer, mag-
netometer, and gyroscope) for streaming absolute orientation.
In any operating mode, the absolute or relative orientation
output data from BNOOSS5 is obtainable as quaternions or Euler
angles. Salient features of the BNOOSS5 sensor are delineated
in Fig. 2.
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Fig. 2. BNOO55 sensor operating modes.
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Fig. 3. (a) Block diagram of the electronics connected in the PCB and
(b) 3D printed housing for the PCB.

The five wearable inertial sensors wirelessly connect to a
USB host tethered to a computer to stream the quaternion data
corresponding to each sensor’s absolute orientation. Moreover,
wearable 3D-printed housings were designed for hosting the
sensors and mounting them to the human body. Fig. 3(a) shows
the schematic representation of the printed circuit board (PCB)
developed and Fig. 3(b) shows the 3D printed housing for the
PCB. The quaternion data for absolute orientation is obtained
from each BNOO55 through I>C communication and a packet
of maximum 18 bytes, containing each sensor’s quaternion and
its corresponding identifier, is created for streaming through
the Gazell protocol to the computer.

Euler angle, quaternion, and axis/angle representations are
the commonly used methods to describe the absolute orienta-
tion of a rigid body [34]. Tait-Bryan angles [35], a subset of
Euler angles, utilize three angles about the axes of the world
coordinate frame to describe the rotation of the body. However,
utilizing Euler angles to describe rigid body rotations often
results in gimbal lock and singularity problems. Moreover,
the computational simplicity of quaternions (four elements) vs.
rotation matrices (six elements) suggests the use of quaternions
for rotation description. A brief review of quaternions is
included below for completeness.

Fig. 4. Smartphone-based flat surface normal to gravity.

A quaternion is a four-tuple representation of the orientation
of a coordinate frame in 3D space. A quaternion describing
the rotation of a coordinate frame given by the axis/angle rep-
resentation (k, ¢), where k = [ky ky k; ]T, is characterized
below.

k, sin %) (1)

Qi (#):= (cos £ kysin £ kysin % .

A quaternion q := (qw dx Qy qz) consists of a scalar q and
a vector Q :=[q, g, q,]. Throughout this paper, we denote
vectors using uppercase alphabets, such as Q, and quaternions
using lowercase alphabets, such as q. Moreover, “A” and
“~” are used for vectors and quaternions represented in the
world frame and sensor frame, respectively. Consistent with
the notation in prior literature [13], [15], we use “®” and “x”
to denote quaternion product and conjugate in this paper.

IV. SENSOR-HOUSING MISALIGNMENT CORRECTION

The BNOO0S5 sensor measures absolute orientation of
the sensor relative to the world coordinate frame (Fw)
whose Zw-axis is anti- parallel to gravity and Yw-axis points
towards the magnetic north of earth. Preliminary measure-
ments revealed that after soldering BNOOSS5 to the PCB and
placing it inside the housing, the BNOOS5S5 sensor’s coordi-
nate frame (%#g) was not aligned with the coordinate frame
of the 3D-printed housing (%y). To correct the orientation
misalignment between the two frames, we utilize the Fw as a
reference to develop two software signal processing methods:
(i) earth’s gravity (EG approach) and (ii) earth’s magnetic field
and gravity (EGM approach) to transform .%g and align it
with Fy.

A. Earth’s Gravity-Based Misalignment Correction

The sensor fusion algorithm embedded in the
BNOO055 MARG sensor is based on the principle that
whenever a rotational axis of the sensor is aligned with anti-
parallel to the earth’s gravity vector (Zw) the angular rotation
measurements about the other two axes are 0°. We utilize
the direction of the vector Zw, anti-parallel to gravity, as a
reference for correcting the BNOOS5 orientation .#s and
obtain .Zy. A flat table was created by using a smartphone’s
accelerometer such that its screen is normal to gravity. The
3D-printed housing was placed on this table (see Fig. 4) with
its Zy-axis (Zy) pointing upward and thus parallel to Zw.
As seen in Fig. 4, the accelerometer measurements for the
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T

Fig. 5.  Pictorial representation of the steps in earth’s gravity-based
misalignment correction. (a) Rotation of v about Pg and (b) Rotation of
a about Zg.

X- and Y-axes of the smartphone are zero indicating that the
gravity vector is normal pointing inward to the smartphone’s
screen and Zw is pointing outward.

The Zg-axis of the sensor, expressed in the sensor frame,
[00 1]T and Q(Zs) = (0 ZI) denotes
the quaternion corresponding to Zs. Now, we express the Zg
vector in S as a quaternion as shown below.

is given by Zs =

Izg = Qs ® Q(Zs) ® G3 )
Using (2), we can now extract the Zg-axis of the sensor in Fy
asZg =V (qz) In (2), g denotes the quaternion measurement
obtained from the BNOO055 sensor, i.e., its orientation relatlve
to Fw. Following (2) to obtaln Zs, 1dea11y, we expect Zs to
align with the direction of Zw (or ZH), which is given by
[00 1]T However, human errors cause unavoidable
mlsahgnment in the orientations of the sensor (Zs) and the
housing (Zy). This results in a non-zero angle y between Zs
and Zw, which can be computed by using the dot product
below.

S =

y = cosfl(zs-zw) 3)

A software rotation of y needs to be performed to align Zs
to Zy and this rotation needs to be performed only around a
vector normal to Zs and Zw Thus, we determine a vector P
normal to Zs and Zw, computed in FAy as shown below.

P =ZwxZs )

Using P, we compute P by expressing it in .Fs and it is
found to be constant throughout the entire 360° rotation of
the housing about ZH. The P obtained is retained for further
processing. The alignment of Zg-axis to the Zy-axis requires
the rotation of the .%g by y about the P axis. Hence, the pure
quaternion of P is expressed in .Fy as Q(lss) as shown below.

a(Ps) =as ®d(Ps) @ 5)
Next, the quaternion p(y) describing a rotation in Fw of
angle y around Ps = [x yz ]T is computed using (1). Finally,
for the updated coordinate frame of sensor (Zs,), (6) computes
4y whose Zg is aligned with 7h.

4y =d5(7) ® ds (©)

This rotation is pictorially represented in Fig. 5(a).

TABLE |
WIS MODULE HOUSING ANGLES RELATIVE TO GRAVITY

WIS module a y B
(min.) (max.)
LA 3.43 2.88 0.0 1.92
RA 4.94 2.66 0.0 3.55
LF 2.20 2.85 0.0 3.15
RF 11.16 1.32 0.0 2.51
B 7.61 1.96 0.0 2.87

| | Compute y = cos 1(25 Zw)
P=

Align Zy 1| Zy 7 %72
W

f———

Compute 4y = G5(1) ®ds |

| Record Gp(y)

Align Xy || Zyy by rotating
module through 90° about Yy

-0— Compute g = q%sl (o) @ gy |,7

Fig. 6. Flow chartshowing the steps involved in gravity-based orientation
misalignment correction.

— Record o = cos™(Xgr - Zw) |

Next, the housing is placed with its Xy-axis (XH) ahgned
with Zw and the corresponding angle a between the Xsr and
Zw is determined (see Fig. 5(b)). The ZSr axis of the sensor
in Zw, ie., V(qzx) = [x’ y Z’]T, is computed as in (2)
using {g/. The quaternion for rotating the sensor about Zsr axis
through an angle a is given by q;s (o) and computed using (1).

The new quaternion {y represents the absolute orientation of
the housing and is obtained from (7) below.

du = (Al;/s (2) ®qy @)

Finally, the EG approach is validated by placing the sensor on
the phone’s screen with Yy-axis pointing upward and angle S
between ?H—axis and the Zw—axis is computed for verification.
Table I lists the a, f, and y angles obtained from the five
WIS modules. A flow chart of the steps involved in EG-based
orientation misalignment correction is shown in Fig. 6.

B. Earth’s Gravity and Magnetic Field-Based Correction

A smartphone screen as a flat surface is not suitable for
orientation correction with the EGM approach, since smart-
phones utilize electromagnetic waves for communication that
disturb sensor measurements. Hence, we created a wooden
platform with adjustable screws to perform the correction.
The calibrated wooden platform is shown in Fig. 7. Here
the gravity vector pointing inward is normal to the wooden
platform and Iw points outward. A marking is made on the
wooden platform based on the magnetic north pole direction,
representing Yw, shown by the smartphone’s compass.

From the principle of BNOO0S55’s sensor fusion algorithm,
the measurement of absolute orientation of the sensor is rela-
tive to Fw. Specifically, when the sensor is oriented such that
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Fig. 7. Calibrated wooden platform used for EGM-based orientation
misalignment correction.

the direction of Zg-axis is along ZW and the Yg-axis is aligned
with WAIW, the sensor provides zero measurements in yaw, pitch,
and roll. We utilize this information and align the %y such
that its Yy-axis is parallel to the earth’s magnetic field SA(W and
Zy-axis parallel to Zw (.e., Zy and Fw are now aligned).
Ideally, we expect .Fg also to align with %w. However, due
to misalignment between Zy and Zs, Gg # (1000).
Now, a measurement of quaternion for sensor orientation is
obtained (in .#w) and its conjugate is saved as g. It can be
shown that G, = G, where gy denotes the quaternion of the
housing represented in .%s. Next, the housing orientation qy; is
expressed in .Zw using 4y = 4s ® Gy ® 5. Now, the sensor
misalignment is corrected by applying the rotation Gy to the
sensor measurement {g using g = gy ® gs. A 90° rotation
about the Ypy-axis, aligns the Xy-axis with Zw. However,
if Zy is not coincident with Zs, the resulting Xg-axis and
ZW will have a non-zero static offset angle 6, which can be
computed as below.

0 = cos™! ()A(S/ -2w) (8)

The angle 4 is the misalignment due to the error in aligning the
Yh-axis to Yw. We now revert the housing to its old position
where Zy-axis is parallel to Zw and rotate the housing by
an angle 0 to align the Yy-axis with Yw. The sensor data
at this stage provides the alignment of the housing with Fy.
Thus, as per above, measurement of quaternions for sensor
orientation is obtained and its conjugate 612/ is saved as Q. The
steps for the correction procedure are delineated in the block
diagram shown in Fig. 8. The effectiveness of the algorithm is
validated by performing a rotation of 90° about the housing’s
principal axes. The measured rotation angle for the principal
axes of each WIS module’s housing are reported in Table II.

V. JOINT COORDINATE SYSTEM (JCS)

The quaternions are an effective representation for rotation
and computation in 3D space, however, they are rarely used to

Align Zy || Zy and Yy Il Yy

Compute Gy = s ® dn ® 45
Compute §s' = 4y ® ds.

Align Xy Il Zyy by rotating
module through 90° about Yy

Compute 6 = cos* (X' - )

Align Zyy Il Zy and rotate by

6 toalign ¥y Il Vi

Fig. 8.  Flow-chart showing the gravity and magnetic field-based
orientation misalignment corrections.

TABLE Il
WIS MODULE 90° ANGULAR ROTATION RESULTS AFTER CORRECTION

WIS module Xy-axis Yy-axis Zy-axis
LF 89.76° 89.78 ° 90.92°

RF 89.72° 89.18° 90.41°

LA 90.03 ° 90.07 ° 89.96 °

RA 89.61° 88.45° 87.50 °

B 90.08 ° 89.96 ° 89.83°

® Arrow pointing

@ Arow pointing outwards

inwards

5 +
Zipt Xpat e
7 ® Xpat
Yiat Zpat
7yt o wa
o - 7 XRef ngf
Xipt Yo e
Xgr, Yre
Yir ®

Fig. 9. Subject wearing WIS modules in neutral pose.

characterize ROM measurements by therapists and clinicians.
The JCS is a standard reporting method proposed by the
ISB for computing human joint angles [5], [6]. Furthermore,
reporting results using a single standard allows transparent
communication between researchers and clinicians. The JCS
method uses the proximal coordinate frame as a reference to
define the joint angle of the distal coordinate frame. We adopt
the method proposed in [5] for computing the joint angles of
the UE. The shoulder joint angles use the thorax coordinate
frame as the reference and the elbow joint angles use the
shoulder coordinate frame as the reference. The coordinate
frames and corresponding relative joint angles are described
from a starting neutral pose (Np) as shown in Fig. 9.

In the JCS implementation of the WIS system of this paper,
the back-sensor module B is used as a reference for LA and
RA sensor modules to compute the shoulder joint angles. Sim-
ilarly, the LA and RA sensor modules are used as references
for the LF and RF sensor modules, respectively, to compute
the elbow and forearm movements. For the shoulder angle
computation, an initial reference is needed for the back inertial
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sensor module at Np. To do so, two quaternions qgp,.s and
qrpref are created as shown below in (9).

T

qRBref = qLBref = qu (_5) ® QB (9)

The sign convention of shoulder joint angle measurements is
defined as extension (—) and flexion (+), adduction (—) and
abduction (+4), and external (—) and internal (4) rotation.
The axes shown in Fig. 9 for the G o, Ara> Gy prers AN Qrprer
are rotated by 180° to achieve a similar sign convention. All
the rotated coordinate frames are pictorially represented in
Fig. 9. The quaternion representing the rotation of the shoulder
relative to the back WIS module is extracted by using (10)
and (11) for the left and right sides, where (o)J' denotes the
quaternions for the aforementioned rotated coordinate frames.

(10)
(1)

The Y — X—Y’ Euler angle convention is used in [5] to
obtain the shoulder joint angles. Since the orientation of
the LA and RA WIS modules differ from [5], Y —Z —
Y’ Euler angle convention is adopted. The joint angles are
computed using MATLAB’s built-in command quat2angle
from q; 5 and qg4. The quat2angle command returns angles
Oy, 0z, and Oy + 6y that represent rotation in the shoul-
der plane, shoulder elevation, and shoulder internal-external
rotation, respectively. Shoulder elevation 67 refers to shoul-
der flexion-extension (in the sagittal plane) when 8y =~ 90°
and to shoulder abduction-adduction (i.e., the frontal plane)
when 6y ~ 0°.

The JCS implementation for measuring elbow rotation
requires the use of left arm (LA) and right arm (RA) inertial
sensors as references, i.e., q; ,,s and qg, ¢ respectively, which
are computed as below.

*
dis = qLBrefT ® qrLat

*
drs = qRBrefT ® qrAT

T

rarer = Q?LA(E) ® qra (12)
~ T A
qRAref = q?RA(_E) &® qrA (13)

The sign convention for the elbow and forearm measure-
ments are defined as extension (—) and flexion (+) and
supination (—) and pronation (+). As per above, the axes
shown in Fig. 9 for the coordinate frames qg,.¢> Qp arer» > a0d
qgr are rotated by 180° to achieve a similar sign convention.
The relative quaternions representing the left (qLE) and right
(qRE) elbow joint angles are computed as below.

(14)
15)

_ *

e = Apppert @ dppr
_ *

dre = Grarert ® dgpt

Next, as in [5], the Z-X-Y Euler angle convention is
used to obtain the left and right elbow joint angles by
using quat2angle MATLAB command from q;; and qgg,
respectively. The quat2angle command returns angles
0z, 0x, and 6y that indicate elbow flexion-extension, carry-
ing, and pronation-supination angles, respectively. The car-
rying angle is the angle between the humerus in the upper
arm and the ulna in the forearm, which ranges between
8° to 20° [36], [37].

A. WIS Mounting and Alignment

Mounting the sensors at the distal end of the limb segment
reduces most errors in measurement. For example, the forearm
sensors (LF and RF) are placed proximal to the wrist joint
to produce acceptable results for elbow rotation. However,
even when the arm sensors (LA and RA) are placed just
proximal to the elbow joint, they are prone to erroneous mea-
surements of internal-external rotation at the shoulder due to
skin movements. Thus, correct mounting of the WIS modules
is critical for accurate measurement of joint ROM. Inertial
sensors have previously been calibrated by using a standard
initial position and a prescribed motion to correct for mounting
uncertainties [10], [15]. However, patients with motor deficits
may not be able to achieve these initial positions or perform
prescribed movements to produce the suggested joint-to-sensor
transformation. Hence, as an alternative, we developed an
in-situ solution for accurate placement of sensors that is
applicable to patients with real-world movement constraints.
Specifically, the sensors LA, RA, LF, and RF are placed at
their corresponding distal joint segments as shown in Fig. 9.
The carrying angle at the elbow joints and the internal-external
rotation at the shoulder joints are displayed in real-time during
mounting of the sensors. The sensors are placed correctly
when the carrying angle is reflected accurately based on the
subject’s gender (8°-20°) and internal-external rotations of
the LA and RA sensors read zero. This directed real-time
mounting strategy can permit correct positioning of sensors
without the need to achieve any specific initial position or per-
form prescribed movements and does not require training in
MOCAP.

VI. EXPERIMENTAL VALIDATION
A. Experimental Setup

As evidenced in Section V, the JCS approach utilizes the rel-
ative measurements between two WIS modules for computing
the joint angles of the shoulder and elbow. Before conducting
experimental measurements with a human subject using the
WIS system, we first validated the accuracy of the relative
angles between the WIS modules by creating an experimental
setup. Specifically, a 12-inch 360° clinical goniometer (Elite
Medical Instruments, Orange County, CA) was mounted on
a flat table to create a rotating platform (i.e., turntable) for
testing the measurement accuracy of WIS modules. Next, four
WIS modules (LA, RA, LF, and RF) were mounted on the
moving arm of the goniometer and the WIS module B was
fixed on the table parallel to the 0° start position of the other
four WIS modules as shown in Fig. 10. A MATLAB user inter-
face was created for data acquisition and visualization of the
WIS modules’ relative angles as shown in Fig. 11. To validate
the angular measurement stability of BNOO55 reported in [33],
we examined the temporal variability of sensor measurements
with an arbitrary fixed pose and with dynamic changes to it.
Specifically, the relative orientations of the LF, RF, LA, and
RA sensors vs. B sensor were measured for 300 sec. for both
fixed (0°) and changing orientations (-90°, 0°, 90°, 180°).
The resulting measurements exhibited a stable response with
no drift or deviations. Next, for each angular measurement,
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___ Moving arm of
the goniometer

Fixed arm of
the goniometer

Fig. 10. Turntable for measuring angles from WIS modules.

LF:30.69° RF:30.42° LA:30.15° RA:30.97°
90° Z

—LF
X ———RF

T ey

Lo & 0 —RA

-90°

Fig. 11. MATLAB interface for sampling relative angles.

the movable arm of the goniometer was rotated manually from
the 0° start position to a pre-determined target angle for ten
trials. To test the measurement accuracy of a WIS module
about each of its three axes of rotation, the module was placed
on the turntable with the axis under test being orthonormal to
the turntable. In this manner, the sensor data from each axis of
the WIS modules was measured for various angular positions
applied on the goniometer.

B. Angular Accuracy Testing

The moving arm of the goniometer was manually rotated
from 0° start position, in intervals of 20°, to various angular
positions ranging between £80°. The angular orientations
of WIS sensor modules (LA, RA, LF, and RF) relative to
WIS sensor module B were computed using two methods:
(i) vector projection method for the EG approach and (ii) Euler
angle method for the EGM approach. These two angular
computation methods are applicable to measurements obtained
from both the EG and EGM approaches and are included here
only for illustration.

1) Vector Projection Method: In the vector projection
method, we utilized the EG approach to obtain the orientation
of the housing from the sensor measurements. Each axis Qo
where £ € {LA,RA,LF,RF} and Q € {X,Y, Z}, of the sensor
module ¢ was aligned with )A(B. Now, for each Q € {X,Y,Z},
the rotation of sensor module ¢, about the axis normal to the

TABLE Il
COMPUTATION TIME FOR DIFFERENT MISALIGNMENT CORRECTION
TECHNIQUES
Technique Computation time for Computation time for
one WIS module five WIS modules (us)
(ps)
EG approach 65.01 325.05
EGM approach 18.50 92.50

turntable, was computed by projecting Q on the Xp-Zg plane
of the WIS B module. For example, in Fig. 10, 5(5 Il XB in the
start position and the angular rotation of sensor module £ was
computed about Y, axis by projecting X on the Xg-Zp plane.
The angular rotation ygel, of the WIS module ¢ relative to the
WIS module B was computed by using the atan2 function as
shown below.

wre, = atan2(V(dq,) - V(az, ). V(dq,) - V(ag,))

The vectors required to compute wrel, of (16) were obtained
from ., using (2). The procedure consisting of 10 trials for
each angle between +80° at 20° intervals was repeated for
each axis of the WIS module.

2) Euler Angle Method: In the Euler angle method, we uti-
lized the EGM approach to obtain the orientation of the
housing from the sensor measurements. A similar procedure
as outlined above was repeated; however, the relative angles
were computed using the relative quaternion kel between the
WIS module B and WIS modules ¢ attached to the moving
arm of the turntable as below.

(16)

G, = G5 ® 4 (17)
Furthermore, quat2angle MATLAB command was used to
extract the relative angle Rangle for the axis tested using Tait
Bryan’s angle sequence, wherein the axis tested is the last axis
of the sequence, i.e. Z axis testing can utilize X-Y-Z or Y-X-Z
sequences. The procedure consisting of 10 trials for each angle
between £80° at 20° intervals was repeated for each axis of
the WIS modules.

C. Results and Discussion

The computational time taken for the EG and EGM methods
used for orientation misalignment correction techniques were
computed using the MATLAB command tic and toc and
the results are presented in Table III. The results indicate
that the EGM approach, requiring three quaternion products,
is computationally efficient compared to the EG approach,
requiring six quaternion products.

A MATLAB routine was developed to obtain the positive
and negative peaks of the time series WIS module data using
findpeaks command. The peaks represent the measured
angle y,, and were compared with the applied angle y, on
the goniometer. Coefficient of determination(R?) and the root
mean square error (RMSE) between y, and y,, of each WIS
module using the two methods are presented in Table IV.

The data indicate an excellent correlation between the mea-
sured and applied angles. Furthermore, the high correlations
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TABLE IV
COEFFICIENT OF DETERMINATION AND RMSE TESTING RESULTS
FROM EG AND EGM APPROACHES

EG approach EGM approach
M‘Zﬁle Axis ] RMSE . RMSE
(RD (deg®) (R (deg°)
X 0998 2.128 0.999 1857
LA Y 0999 1.507 0.998 2.168
z 0.992 1.658 0.998 1.958
X 0999 1.080 0.999 1.003
LF Y 0998 2.064 0.999 1.235
z 0.998 2.011 0.999 0.483
X 0997 3312 0.998 2.032
RA Y 0997 2.926 0.999 1.583
z 0.998 2.250 0.999 1.773
X 0999 0.771 0.999 0.854
RF Y 0998 2.296 0.999 1.190
z 0.999 0.759 0.999 1.035

TABLE V

ACCURACY AND PRECISION OF THE WIS MODULE MEASURED ANGLE

WIS Module a, Cv€
LA +6.028 % 10.51%
LF +4.343 % 7.01%
RA +6.337 % 7.63%
RF +4.584 % 7.34%

indicate that the housing’s coordinate frame computed from
the sensor’s coordinate frame were sufficiently accurate to
measure ROM.

The accuracy and repeatability of sensor measurements
are key parameters to describe the operating constraints of
any measurement system. The accuracy a, of the WIS mod-
ule ¢ expressed as average percentage deviation from the

D W ~Vag,
applied angle is given by a;:= =+ % > M x 100,

i=1 Yae, ‘
where n = 10yjals X 9angles X 3axes- The repeatability of
the WIS module ¢ is expressed as the coefficient of vari-
_ jo¢; |x100
ation CV[::max’;’:1 ’7) , where m = 9angles X axes
#e;

and u¢; and o¢; are the mean and standard deviation, respec-
tively, of w,,, for ten trials. The computed values a; and Cy,
for each WIS module relative angle are presented in Table V.
The results indicate that the relative angles obtained from the
sensor modules are accurate within £6.5% of measured angle
and the small values of Cy, indicate that the sensors produce
repeatable results.

Having used the goniometer-based turntable described
above for validating the relative measurements produced by
the WIS modules, we next utilized the WIS modules for
the JCS-based ROM measurements. Specifically, the WIS
modules were mounted on a healthy human subject as
shown in Fig. 9. The subject was asked to perform simple
ROM exercises in the following order: (i) shoulder flexion-
extension, (ii) shoulder abduction-adduction, (iii) elbow
flexion-extension, (iv) forearm pronation-supination, and (v)
shoulder internal-external rotation. The JCS method was
used to compute joint angle measurements from the sensor
data obtained from the shoulder (LA, RA), elbow (LF, RF),

| | —Left Shoulder plane
Left Shoulder elevation
—Left Shoulder Int.-Ext. rotation

Angle [deg®]

Angle [deg”]

10 15 2 2 0 35
Time [s]

Fig. 12.  JCS left upper limb movements at the shoulder (top panel)
and the elbow and forearm (bottom panel) during (i) shoulder flexion-
extension, (ii) shoulder abduction-adduction, (iii) elbow flexion-extension,
(iv) forearm pronation-supination, and (v) shoulder internal-external
rotation.

and back sensor (B). The JCS-based triplanar motion for the
shoulder is shown in Fig. 12 (top panel), where movement
in the shoulder plane (frontal plane) is &~ 90° when the
shoulder is flexing and extending in the sagittal plane, and
it is &~ 0° when the shoulder is abducting and adducting in
the frontal plane. Furthermore, during abduction-adduction,
it is anatomically infeasible to move the shoulder beyond
90° without external rotation (which occurs in the horizontal
plane). Similarly, note the elbow and forearm movements
in Fig. 12 (bottom panel). These data illustrate that the
integration of the JCS technique with our WIS sensor
modules provides comprehensive information about joint
motion in all three planes simultaneously. This is quite
informative to understand movement limitations in patients.

VIl. CONCLUSION

In this paper, we presented a mechatronic approach to
design and develop a WIS system for triplanar upper extremity
ROM assessment. Two software-based signal processing meth-
ods were introduced to correct the orientation misalignment
between the sensor and its housing. The WIS module measure-
ments were benchmarked against a goniometer on a turntable
for repeated measurements and the results show acceptable
agreement between measurements in all axes. Furthermore,
the experimental measurements were analyzed for accu-
racy and reliability, and indicate acceptable tolerance limits
for rehabilitative applications. Next, the clinically accepted
JCS-based ROM assessment technique was integrated with the
WIS system for ease of use by rehabilitation clinicians and
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translation to clinical practice. The results illustrate simulta-
neous availability of all joint angles to enable clinicians to
identify movement restrictions accurately and tailor treatment
effectively.

There are several limitations to the work presented in this
paper. First, in-house desktop milling machines were used to
machine the WIS module PCBs, yielding a quick turnaround
time but a large manufacturing footprint. Second, currently the
software signal processing, data acquisition, and data analysis
algorithms are all implemented using MATLAB, which is
unsuitable for translation of the WIS system to patients’ homes
and clinical practice. The feasibility of using the WIS system
under the JCS framework for ROM assessment was examined
with a single healthy subject.

Future work will address several of the aforementioned
limitations. By leveraging state-of-the-art manufacturing capa-
bilities, the PCB design of the WIS module can be reduced in
size, improving its form factor, comfort level, and wearability.
We will conduct a formal study on user experience related
to such an updated WIS module design. We are currently
developing an exergame framework that can integrate the WIS
system in the open-source Unity3D environment and eliminate
the need for commercial software tools. Our exergame envi-
ronment will consist of two human models (i) an animated vir-
tual coach to instruct the users for performing ROM exercises
and (ii) a patient model that simulates the user’s movements
retrieved from the sensor measurements. We also envision an
instructor interface for intuitive visualization and comparison
between the animated virtual coach instruction vs. the patient
ROM data to facilitate patient performance assessment and
feedback. With such an interface, therapists and clinicians
will be able to tailor individualized treatment for the patients.
We will perform additional user studies for further validation
of the WIS system.

In our prior research, we have demonstrated the use of
BLE-based devices for interfacing with smartphone appli-
cations [38]. In a similar vein, Unity3D-based applications
are compatible for deployment on smartphone interfaces to
facilitate the development of smartphone connected WIS mod-
ules for patient rehabilitation and ROM assessment. In prior
research, we have also demonstrated the ability to utilize
mechatronic approaches for creating low-cost, reproducible,
prototypes of a grasp rehabilitator [39]. In a related study,
we reproduced six copies of the grasp rehabilitator of [39]
and utilized these devices within a telemedicine framework
to remotely assess the grasp performance [40] and therapy
compliance [41] in patients with multiple sclerosis. In future
work, we will adopt a similar approach to use small-footprint,
reproduced versions of WIS modules for ROM assessment
of patients in clinical and telemedicine settings to generate
clinically-relevant efficacy, validation, and compliance data for
these devices.

DISCLOSURES

Drs. Preeti Raghavan and Vikram Kapila have patented tech-
nology for a Game-Based Sensorimotor Rehabilitator through
New York University.

ACKNOWLEDGMENTS

The authors sincerely thank the reviewers for their valuable
feedback that helped to improve the article.

REFERENCES

[1] D. H. Gates, L. S. Walters, J. Cowley, J. M. Wilken, and
L. Resnik, “Range of motion requirements for upper-limb activities
of daily living,” Amer. J. Occupational Therapy, vol. 70, no. 1,
pp- 7001350010-1-7001350010-10, Jan./Feb. 2016.

[2] R. L. Gajdosik and R. W. Bohannon, “Clinical measurement of range
of motion: Review of goniometry emphasizing reliability and validity,”
Phys. Therapy, vol. 67, no. 12, pp. 1867-1872, Dec. 1987.

[3] A. F. DeWinter et al., “Inter-observer reproducibility of measurements
of range of motion in patients with shoulder pain using a digital
inclinometer,” BMC Musculoskeletal Disorders, vol. 5, no. 1, pp. 1-8,
Jun. 2004.

[4] J. Macdermid, K. Sinden, T. Jenkyn, G. Athwal, T. Birmingham, and
L. Khadilkar, “An analysis of functional shoulder movements during
task performance using Dartfish movement analysis software,” Int. J.
Shoulder Surg., vol. 8, no. 1, pp. 1-9, Jan.—Mar. 2014.

[5] G. Wu et al., “ISB recommendation on definitions of joint coordinate
systems of various joints for the reporting of human joint motion—
Part II: Shoulder, elbow, wrist and hand,” J. Biomech., vol. 38, no. 5,
pp. 981-992, May 2005.

[6] G. Wu et al., “ISB recommendation on definitions of joint coordinate
system of various joints for the reporting of human joint motion—
Part I: Ankle, hip, and spine,” J. Biomech., vol. 35, no. 4, pp. 543-548,
Apr. 2002.

[7] M. Iosa, P. Picerno, S. Paolucci, and G. Morone, “Wearable inertial
sensors for human movement analysis,” Expert Rev. Med. Devices,
vol. 13, no. 7, pp. 641-659, Apr. 2016.

[8] M. El-Gohary and J. McNames, “Shoulder and elbow joint angle
tracking with inertial sensors,” IEEE Trans. Biomed. Eng., vol. 59, no. 9,
pp- 2635-2641, Jun. 2012.

[9] M. S. Karunarathne, S. Li, S. W. Ekanayake, and P. N. Pathirana,

“An adaptive orientation misalignment calibration method for shoulder

movements using inertial sensors: A feasibility study,” in Proc. Int.

Symp. Bioelectron. Bioinform. (ISBB), Oct. 2015, pp. 99-102.

E. Palermo, S. Rossi, F. Marini, F. Patane, and P. Cappa, “Experimental

evaluation of accuracy and repeatability of a novel body-to-sensor cali-

bration procedure for inertial sensor-based gait analysis,” Measurement,

vol. 52, pp. 145-155, Jun. 2014.

A. I. Cuesta-Vargas, A. Galdn-Mercant, and J. M. Williams, “The use

of inertial sensors system for human motion analysis,” Phys. Therapy

Rev., vol. 15, no. 6, pp. 462—473, Dec. 2010.

M. Kim and D. Lee, “Wearable inertial sensor based parametric cali-

bration of lower-limb kinematics,” Sens. Actuators A, Phys., vol. 265,

pp- 280-296, Oct. 2017.

S. O. H. Madgwick, A. J. L. Harrison, and R. Vaidyanathan, “Estimation

of IMU and MARG orientation using a gradient descent algorithm,” in

Proc. IEEE Int. Conf. Rehabil. Robot., Jun. 2011, pp. 1-7.

E. Bachmann, I. Duman, U. Usta, R. Mcghee, X. Yun, and M. Zyda,

“Orientation tracking for humans and robots using inertial sensors,”

in Proc. IEEE Int. Symp. Comput. Intell. Robot. Automat. (CIRA),

Nov. 1999, pp. 187-194.

X. Chen, “Human motion analysis with wearable inertial sensors,”

Ph.D. dissertation, Univ. Tennessee, Knoxville, TN, USA, 2013.

I. H. Lopez-Nava and A. Munoz-Melendez, “Wearable inertial sensors

for human motion analysis: A review,” IEEE Sensors J., vol. 16, no. 22,

pp. 7821-7834, Nov. 2016.

Y.-L. Hsu et al., “A wearable inertial-sensing-based body sensor network

for shoulder range of motion assessment,” in Proc. Int. Conf. Orange

Technol., Mar. 2013, pp. 328-331.

M. Windolf, N. Gotzen, and M. Morlock, “Systematic accuracy and

precision analysis of video motion capturing systems—Exemplified on

the Vicon—460 system,” J. Biomech., vol. 41, no. 12, pp. 2776-2780,

Aug. 2008.

D. D. Hardwick and C. E. Lang, “Scapular and humeral move-

ment patterns of people with stroke during range-of-motion exercises,”

J. Neurol. Phys. Therapy, vol. 35, no. 1, pp. 18-25, Mar. 2011.

E. Knippenberg, J. Verbrugghe, I. Lamers, S. Palmaers, A. Timmermans,

and A. Spooren, “Markerless motion capture systems as training device

in neurological rehabilitation: A systematic review of their use, appli-

cation, target population and efficacy,” J. Neuroeng. Rehabil., vol. 14,

no. 1, pp. 1-11, Dec. 2017.

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]

[20]

Authorized licensed use limited to: New York University. Downloaded on June 07,2024 at 00:27:42 UTC from IEEE Xplore. Restrictions apply.



RAJKUMAR et al.. WEARABLE INERTIAL SENSORS FOR RANGE OF MOTION ASSESSMENT

3787

[21] S. H. Lee, C. Yoon, S. G. Chung, H. C. Kim, Y. Kwak, H.-W. Park,
and K. Kim, “Measurement of shoulder range of motion in patients with
adhesive capsulitis using a Kinect,” PLoS ONE, vol. 10, no. 6, Jun. 2015,
Art. no. e0129398.

A. Mathis et al., “DeepLabCut: Markerless pose estimation of user-

defined body parts with deep learning,” Nature Neurosci., vol. 21, no. 9,

pp- 1281-1289, Sep. 2018.

[23] M. Andriluka, L. Pishchulin, P. Gehler, and B. Schiele, “2D human pose

estimation: New benchmark and state of the art analysis,” in Proc. IEEE

Conf. Comput. Vis. Pattern Recognit., Jun. 2014, pp. 3686-3693.

S. Bonnet, C. Bassompierre, C. Godin, S. Lesecq, and A. Barraud, “Cal-

ibration methods for inertial and magnetic sensors,” Sens. Actuators A,

Phys., vol. 156, no. 2, pp. 302-311, Dec. 2009.

[25] J. Lv, A. A. Ravankar, Y. Kobayashi, and T. Emaru, “A method of low-
cost IMU calibration and alignment,” in Proc. IEEE/SICE Int. Symp.
Syst. Integr. (SII), Dec. 2016, pp. 373-378.

[26] J. Rohac, M. Sipos, and J. Simanek, “Calibration of low-cost triaxial
inertial sensors,” IEEE Instrum. Meas. Mag., vol. 18, no. 6, pp. 32-38,
Dec. 2015.

[27] J. Fei and Z. Feng, “Adaptive fuzzy super-twisting sliding mode

control for microgyroscope,” Complexity, vol. 2019, Feb. 2019,

Art. no. 6942642.

Y. Fang, J. Fei, and Y. Yang, “Adaptive backstepping design of a

microgyroscope,” Micromachines, vol. 9, no. 7, p. 338, Jul. 2018.

[29] J. Fei and X. Liang, “Adaptive backstepping fuzzy neural network

fractional-order control of microgyroscope using a nonsingular ter-

minal sliding mode controller,” Complexity, vol. 2018, Jun. 2018,

Art. no. 5246074.

Bosch Sensortech GmbH. (2016). BNOO0S55 Intelligent 9-Axis Absolute

Orientation Sensor. Accessed: Jul. 8, 2019. [Online]. Available:

https://www.bosch-sensortec.com

[31] J. V¢eldk, P. Ripka, J. Kubik, A. Platil, and P. KaSpar, “AMR navigation
systems and methods of their calibration,” Sens. Actuators A, Phys.,
vols. 123-124, pp. 122-128, Sep. 2005.

[32] Nordic Semiconductors. Gazell Link Layer User Guide. Accessed:
Jul. 8, 2019. [Online]. Available: http://www.infocenter.nordicsemi.com/

[33] Z. Lin, Y. Xiong, H. Dai, and X. Xia, “An experimental performance

evaluation of the orientation accuracy of four nine—axis MEMS motion

sensors,” in Proc. 5th Int. Conf. Enterprise Syst. (ES), Sep. 2017,

pp. 185-189.

M. Spong, Robot Modeling and Control. New York, NY, USA: Wiley,

2006.

[35] J. Diebel, “Representing attitude: Euler angles, unit quaternions, and

rotation vectors,” Stanford Univ., Stanford, CA, USA, Tech. Rep., 2006.

K. N. An, B. F. Morrey, and E. Y. S. Chao, “Carrying angle of the

human elbow joint,” J. Orthopaedic Res., vol. 1, no. 4, pp. 369-378,

1983.

G. Paraskevas, A. Papadopoulos, B. Papaziogas, S. Spanidou,

H. Argiriadou, and J. Gigis, “Study of the carrying angle of the human

elbow joint in full extension: A morphometric analysis,” Surgical Radiol.

Anatomy, vol. 26, no. 1, pp. 19-23, Feb. 2004.

[38] A. Rajkumar, C. Arora, B. Katz, and V. Kapila, “Wearable smart glasses
for assessment of eye-contact behavior in children with autism,” in Proc.
Design Med. Devices Conf., Apr. 2019, p. VOO1T09A006.

[39] A. RajKumar, S. Bilaloglu, P. Raghavan, and V. Kapila, “Grasp rehabil-
itator: A mechatronic approach,” in Proc. Design Med. Devices Conf.,
Apr. 2019, p. VOOIT03A007.

[22]

[24]

(28]

(30]

[34]

[36]

(37]

[40] C. Feinberg et al., “Remotely supervised transcranial direct current
stimulation (RS-tDCS) paired with a hand exercise program to improve
manual dexterity in progressive multiple sclerosis: A randomized sham
controlled trial,” Neurology, vol. 92, no. 15, p. P5.6-009, 2019.

M. Malik et al., “Upper extremity telerehabilitation for progressive
multiple sclerosis,” Neurology, submitted for publication.

[41]

Ashwin Rajkumar received the B.Tech. degree in mechanical engineer-
ing from NIT-Trichy, India, in 2011, and the M.S. degree in mechanical
engineering from the NYU Tandon School of Engineering in 2015, where
he is currently pursuing the Ph.D. degree in mechanical engineering.

Fabio Vulpi received the B.S. degree in mechanical engineering from
the Polytechnic Institute of Bari, ltaly, in 2017, and the M.S. degree in
mechanical engineering from the NYU Tandon School of Engineering
and also from the Polytechnic Institute of Bari in 2019.

Satish Reddy Bethi received the B.Tech. degree in mechanical engi-
neering from the CVR College of Engineering, India, in 2018. He is
currently pursuing the master’s degree in mechatronics and robotics with
the NYU Tandon School of Engineering.

Hassam Khan Wazir received the B.Eng. degree in electrical and
communication engineering from Institut Teknologi Brunei in 2014 and
the M.S. degree in mechatronics and robotics from the NYU Tandon
School of Engineering in 2018. He is currently pursuing the Ph.D. degree
in mechanical engineering with the NYU Tandon School of Engineering.

Preeti Raghavan received the M.B.B.S. degree from the Rajah Muthiah
Medical College in India in 1997 and completed her residency in physical
medicine and rehabilitation from the Albert Einstein College of Medicine,
Bronx, NY, USA, in 2002.

She is currently the Sheikh Khalifa Stroke Institute Endowed Chair
and also the Director of Recovery and Rehabilitation with the Sheikh
Khalifa Stroke, Johns Hopkins University School of Medicine and Rusk
Rehabilitation. Her research interests are in motor control, rehabilitation
engineering, and stroke rehabilitation.

Vikram Kapila received the B.Tech. degree in production engineering
and management from REC-Calicut, India, in 1988, the M.S. degree in
mechanical engineering from the Florida Institute of Technology in 1993,
and the Ph.D. degree in aerospace engineering from the Georgia Institute
of Technology in 1996.

He has been on the Faculty of Mechanical and Aerospace Engi-
neering, the NYU Tandon School of Engineering, since 1996. His
research interests are in mechatronics and robotics with applications to
human-robot interaction, healthcare, and education.

Authorized licensed use limited to: New York University. Downloaded on June 07,2024 at 00:27:42 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


