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Abstract—NESM-y is an upper-limb exoskeleton to train motor
functions of post-stroke patients. Based on the kinesiology of the
upper limb, the NESM-y includes a four degrees-of-freedom
(DOF) active kinematic chain for the shoulder and elbow, along
with a passive chain for self-aligning robotic joint axes with the
glenohumeral (GH) joint’s center of rotation. The passive chain
accounts for scapulohumeral rhythm and trunk rotations. To
assess self-aligning performance, we analyzed the kinematic and
electromyographic data of the shoulder in eight healthy subjects
performing reaching tasks under three experimental conditions:
moving without the exoskeleton (baseline), moving while wearing
the exoskeleton with the passive DOFs properly functioning, i.e.,
unlocked (human-in-the-loop(HIL)-unlocked), and with the
passive DOFs locked (HIL-locked). Comparison of baseline and
HIL-unlocked conditions showed nearly unchanged anatomical
movement patterns, with a root-mean-square error of shoulder
angle lower than 5 deg and median deviations of the GH center of
rotation below 20 mm. Peak muscle activations showed no
significant differences. In contrast, the HIL-locked condition
deviated significantly from the baseline, as observed by the trunk
and GH trajectory deviations up to 50 mm, accompanied by
increased peak muscle activations in the Deltoid and Upper
Trapezius muscles. These findings highlight the need for kinematic
solutions in shoulder exoskeletons that can accommodate the
movements of the entire shoulder complex and trunk to achieve
kinematic compatibility.

Index Terms— rehabilitation robotics, upper-limb exoskeleton,
kinematic design, experimental protocol.

. INTRODUCTION

Kinematic compatibility is a key requirement for the
ergonomic design of a wearable robot, aiming to cover the
physiological range of motion (ROM) while avoiding parasitic
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loads on the user caused by joint misalignments. Currently, two
main approaches have been explored for addressing the issue of
misalignment between the human and robot joint axes: 1)
adoption of “soft” textiles or compliant elements and 2)
inclusion of additional passive degrees of freedom (DOFs) into
a rigid kinematic chain. Adopting textile, compliant elements
results in "soft" [1], [2] or "flexible" [3]-[5] exoskeletons,
specifically known as exosuits. These devices do not suffer
from misalignment issues because they leverage human
articulations to deliver movement assistance by means of
pneumatic or cable-based systems. In addition, they usually
deliver only a fraction of the biological joint torque and are
employed for assisting patients with low or mild impairments.
Conversely, rigid exoskeletons can deliver higher torques, but
at the cost of more complex kinematic structures to ensure
proper alignment between human and robot joints [6].
Achieving kinematic compatibility at the shoulder is an open
challenge for rigid upper-limb exoskeletons due to the
complicated biomechanics of the shoulder complex. The
shoulder anatomy is commonly simplified by considering only
three DOFs of the glenohumeral (GH) joint [7]-[11]. However,
the combined movement of GH, scapulothoracic (ST), and
sternoclavicular (SC) joints also occurs at the shoulder girdle
(SG), including concomitant translational displacements of the
center of rotation (CoR) of the GH joint, called
elevation/depression (SE/D) and protraction/retraction (SP/R)
[12]. Oversimplifying the anatomical DOFs in the kinematic
design introduces misalignment between the human and robot
joints, and it is likely to cause pain or even injury to the user.
Many studies have devoted efforts to designing shoulder
exoskeletons with misalignment compensation strategies. Sui et
al. used an articulated parallelogram resulting in one passive
DOF (pDOF) for self-aligning during sE/D movement, while
requiring a fixed trunk position relative to the shoulder joint
base [13]. Since self-aligning measures adopting a single
revolute DOF for mimicking the circular translation of the GH
joint require the DOF to align precisely with the CoR of the
SE/D movement, a translational DOF is included in series with
the revolute one in the CLEVERarm device to mitigate this
issue [14]. Other solutions have also tried to accommodate the
misalignment during the sP/R movement. Harmony features an
actuated parallelogram linkage to render a rotational axis for the
sP/R [15]. In addition, a linear DOF is applied to align the axes
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of the human and robot vertically. MEDARM presents a
shoulder girdle mechanism with two powered revolute joints
intersecting at the user’s SC joints [16]. ANYexo adopts a
similar approach but assumes two different CoRs for the sE/D
and sP/R movements [17]. NTUH-ARM adopts one powered
linear DOF to align the human and robot axes vertically, while
three powered revolute joints connected in series on the
horizontal plane mobilize the GH joint both translationally and
rotationally [18]. To enable arbitrary alignment in the 3-
dimensional space, IntelliArm employs a mechanism of three
translational DOFs, one placed vertically to compensate for the
robot's gravity actively, and the other two sliding passively on
the horizontal plane [19]. Finally, the first version of NESM
adopted a self-aligning module for sE/D, sP/R, and trunk
rotations based on passive revolute joints [20].

The advantage of using powered joints for mitigating
misalignment issues is that they can actively counteract the
force disturbances (e.g., gravity, inertia force, friction) that
otherwise cause kinematic misalignment. Yet, the effectiveness
of the compensation depends on a good model of the
disturbances. Conversely, pDOFs have the advantages of low
cost, compactness, and no control instability, but their self-
aligning performance could deteriorate significantly when
inertia force and friction increase.

Besides, most of the state-of-the-art upper-limb exoskeletons
for rehabilitation assume a user trunk pose with a fixed position
and orientation in the kinematic design [15], [17], [21]; in such
platforms, safe and efficient delivery of the assistive torques
can be ensured only if no major deviations of the trunk pose
occur after the initial donning.

The potential benefits of self-aligning mechanisms are
usually verified by means of theoretical models, and only a
limited number of experimental studies have been carried out
to assess quantitatively their effects on able-bodied participants.
For example, the self-aligning mechanism of the ESA EXARM
was evaluated by using objective metrics (i.e., interaction
forces/torques), and subjective metrics via the NASA Task
Load Index rating scale and a custom questionnaire for
assessing user’s comfort [22]. Authors in [23] included
additional metrics such as knee kinematics and center of
pressure to evaluate the self-aligning design of the Utah
ExoKnee, by comparing the mechanism with the passive DOFs
locked and unlocked, respectively [23]. In the Shoulder-
Sidewinder, a comprehensive assessment at the physiological
level was achieved by combining measurements of shoulder
kinematics with electromyography (EMG) data [24].

This paper presents the Kinematic design and experimental
assessment of the kinematic compatibility of a novel
exoskeleton, i.e., NEUROExos Shoulder-elbow Module - y
(NESM-y, Fig. 1), for the physical motor-function training of
post-stroke patients [25]. The kinematic chain has been
designed to actively mobilize the GH joint and passively align
the CoRs of the robot and human joints in the 3D space, also
accounting for deviations of the user’s trunk pose. Experimental
verification with healthy subjects was carried out to assess the
kinematic compatibility of the NESM-y, by quantitatively
characterizing the performance of the self-aligning mechanism

Fig. 1. Overview of the exoskeleton worn by a healthy subject.

and its effect on shoulder kinematics and muscle activations.

The remainder of this article is structured as follows: Section
IT describes the system design of the NESM-y, while Section I11
reports the experimental protocol. The results of the
experiments are presented in Section V. Results are discussed
in Section V, and Section VI draws the conclusion.

Il. SYSTEM DESIGN

The NESM-y features a shoulder-elbow module to support
GH abduction/adduction (sA/A), flexion/extension (SF/E),
internal/external rotation (sI/E), and elbow flexion/extension
(eF/E) movements via series-elastic actuators (SEAS) in a
reaction force-sensing configuration [25]. Each SEA unit
contains a brushless DC motor, a Harmonic Drive reducer, and
a custom hollow torsional spring. Two absolute encoders
measure the SEA torque (by sensing the spring deformation)
and joint position, respectively. A passive chain allows the self-
adaptability of the exoskeleton to the human movements at the
CoR of the GH joint. The exoskeleton is mounted into a
movable structure with a support column, which hosts the
electronic box and a cable-pulley weight relief system
connected to the first joint of the passive chain. A quick flipping
mechanism using mechanical switches enables independent use
on either the left or right arm. The weight of the shoulder-elbow
module is 12.8 kg. Details of the mechatronic system have been
reported in [25]. In this study, we focus on the kinematic
analysis of the exoskeleton, starting from the functional
requirements at the basis of its design.

A. Functional requirements

To ensure the comfort and ease of use of an exoskeleton, the
kinematic design should allow the robot to adjust its pose and
continuously adapt to human anatomy, without loading the
musculoskeletal structure with undesired loads, and without
restricting the ROM of the user. In a rehabilitation context, this
purpose can be interpreted as three kinematic design
requirements: 1) the robot must replicate the mobility of the
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TABLE
DH parameters of the shoulder-elbow module
Module | Joint a;_; (mm) a;_,(deg) d; (mm) 0; (deg)
S-P1 0 0 p, +8283 90
. P1-P2 89 0 0 Op2
Passive | prp3 200 0 0 0,5
chain
P3-P4 200 0 0 Opa
P4-Oci 1 0 261 -90
Ogu-J1 0 -90 0 6, + 180
J1-J2 0 90 0 6,
Active | J2-v 0 90 n 65/2
module | Jv-J3 0 0 0 65/2
J3-J4 0 90 0 0,
J4-P7 0 —-90 p,+1505 0

Note. p, is the translation of the vertical DOF P1; p,~p, are joint angles of
the horizontal pDOFs P2~P4; 6,~6, are the joint angles of the actuation
units SA/A, sF/E, sI/E and eF/F; r, is the distance between the joint P4 and
Joint O along the z-axis of P4 determined by the regulation DOF R2; r is
the distance between the joint J2 and Jv along the x-axis of Jv set by the
regulation DOF R3; p, is the translation of the pDOF P7.

anatomical joints of the upper limb to guarantee sufficient
workspace for rehabilitation training; 2) the robot should not
require the user to maintain a fixed relative position to exempt
the therapist from arduous efforts during the donning
procedure, and to permit natural deviation of the user’s trunk
from the initial pose for the sake of comfort: 3) the human and
robot axes should be properly aligned such that the mutual
movement synergy and power transmission occur as desired.

B. Kinematic configuration

Fig. 2 illustrates the kinematic chain of the platform, which
comprises three branches.

The first includes the active shoulder-elbow module, in
which: the active shoulder joints (SA/A, sF/E, and sl/E) have
three intersecting axes aligned with the center of the GH joint
(Ogy); the sl/E joint is modeled with a virtual joint Jv and
implements a differential mechanism, as described in [25]; the
eF/E joint is simplified as a revolute joint with a translational
DOF for alignment (pDOF P7); regulations R2 and R3 allow
for manual adjustments for different acromion and humerus
lengths. The active module has been designed to cover
sufficient workspace for rehabilitation training (1 functional
requirement). The second branch comprises a passive chain (P1-
P2-P3-P4) between the base of the platform and the active
module to allow the exoskeleton and the user to deviate from
the base (2" functional requirement). Finally, another passive
kinematic chain (P5-R1-Ps) coupling the shoulder complex in a
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Fig. 3. Workspace and manipulability of the shoulder-elbow module.

closed loop facilitates instantaneous joint alignment between
the human and robot (3" functional requirement).

The kinematics was modeled based on the modified Denavit—
Hartenberg (DH) convention, with a reference zero-
configuration shown in Fig. 2. DH parameters are summarized
in TABLE 1. Considering the frame {W} at the end of the
forearm link, the workspace of the active shoulder-elbow
module was estimated via the Monte Carlo method, by
spanning the ROM of the four actuation units (SA/A [0:90] deg,
sF/E [0:90] deg, sl/E [-88:28] deg, eF/E [-120:0] deg) and the
stroke of the slider p, ([0,85] mm) with 5000 uniformly
distributed random steps. The value of r; was 308.8 mm. For
each combination, the manipulability index w € [0,1] was

calculated as w = /det (JJT), where J is the Jacobian matrix
and w is normalized to its maximum value [26]. A value of 0
indicates a kinematic singularity, thus higher values (closer to
1) preferred. The results of the simulation are shown in Fig. 3.

C. pDOFs for shoulder elevation/depression

Fig. 4a illustrates the kinematic coupling when the user wears
the robot. In the rest of the paper, we will refer to this condition
as human-in-the-loop (HIL). The kinematic analysis of our
chain of pDOFs (P1-P2-P3-P4) can be decoupled into one for
the vertical direction and another for horizontal movement.
Since P1 is the only vertical DOF interacting with the shoulder,
the vertical position of P1 (d,,) and the one of Ogy (z5y) is
equal when placing the coordinate frame of P1 at the height of
the sA/A joint at the zero-configuration pose, i.e., dp1, = Zgp,-

Active DOF D Regulation DOF

Ty, X3,Ty Yo T
z3, Ya ] -
P W

R3

I,

Yo, 21, Y21
e 7

Passive chain for allowing deviation from the base

Active shouler-elbow module

Fig. 2. Kinematic chain of the exoskeleton represented with a zero-configuration based on the modified DH convention.
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Fig. 4. (a) CoR tracking of the GH joint on the vertical plane. (b) CoR tracking of the GH joint on the horizontal plane. (c) Orientational alignment provided by the
closed kinematic chain with the user’s trunk. Acronyms list. GH: glenohumeral joint; SG: shoulder girdle P: passive joint.

Let us define (xg4, V56, Zs¢) as the position of Osc in the world
frame {O}. Given a human-robot alignment at OcH, we have:

dpy = Zgu, + 28 (1)

where zg; can be considered constant due to the neglectable
change of trunk position along the vertical direction, and zZ2,, is
the vertical displacement of Oy with respect to Og;. Equation
(1) indicates that the translational movement of joint P1 copes
with the sSE/D movement.

D. pDOFs for shoulder protraction/retraction

Considering the horizontal pDOFs chain in Fig. 4b, a trunk
rotation of A8 around Oy would result in a trunk deviation of
(Ax, Ay) from the initial pose and a change in the CoR of the
shoulder girdle (xgz, v5¢) according to the following equation:

2
(xTO + Ax — xSG)Z + (y'['() + Ay - ysg) =

2
(7o — Xs560)* + (}’TO - yg(;o)

Yro Ay — ysc) _ atan (yro _ ysco)

atan (
X1 + Ax — xg¢

XTo — X560
)

where (Xxsz0, Ysgo) 1S the Og; position in the initial pose, and
(%70, Y10) is the initial trunk position O, assuming that the
distance between points Oy and O does not change during the
movement. This model shows how trunk rotation changes the
CoR position of the shoulder girdle.

Let us define (x2,,y2y) as the position in the local
horizontal frame of Og; (Fig. 4c). Based on the anatomical
constraints, the position of Oy can be expressed as:

{xGH =
Yo =
where xgy = 1,c080,,, Y2y = 14sinb,, , 1, is the distance

between Ogy and Osg, and O, is the protraction/retraction

angle.
Combining (2) and (3), the horizontal position of OcH can be

Xsg + x2ycosAB + y2ysinA® 3)

Vs¢ + x2ysinA8 + y2ycosA®

formalized as:

(xX6u,Yen) = (f(u),g(u)), (4)

where u = (Ax,Ay,A6,6,,). This equation shows that the
position of the CoR of the GH joint is a function of the trunk
deviation and shoulder girdle movement.

Furthermore, for the coupled human-robot kinematic chain,
constraints on the GH position (xgy, Vey) result in:

Xeu = LycosO,, + l3cos(911J2 + 9p3)
+l4cos(9,,2 + 0,3 + 9,,4) 5)
YGH = l1 + lzsinepz + l3SlTl(9p2 + 9173) ’

+1ysin(Bpz + Op3 + 6,4)

where 6,,, 0,3, 0,,, are rotation angles of joints P2, P3, and P4,
and [y, L,, I3, 1, are the lengths of the links connecting the
pDOFs. Note that OcH is regarded as having a fixed position
relative to Ors once the user dons the robot, and I, can be set
according to the user's body size by manually regulating R2.

Equations (4) and (5) demonstrate that the horizontal pDOFs
can accommodate the trunk deviation (Ax, Ay, A8) and shoulder
girdle movement (6,,) with an instantaneous pose
(ePZ' eP3! 6P4-)'

However, since (x¢py, Ygr) is @ 2-order kinematic constraint
applied on a 3-DOF kinematic model, the pose of the human-
robot kinematic chain is still undetermined because of the
arbitrary rotation at Oy in the horizontal plane, which leads to
undesired or floating orientations of the sA/A joint. This
problem is illustrated in Fig. 4b: the user’s sagittal plane
becomes misaligned with the orientation of the sA/A joint
(pointing from Pa to Ogy) after the trunk rotates by A6, which
causes incorrect joint-to-joint power transmission between
human and robot, thus eliciting an uncomfortable human-robot
interaction.

E. pDOFs for orientational alignment
To cope with the undetermined kinematics discussed above,
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Fig. 5. Control architecture of the NESM-y.

we introduced an additional kinematic chain (Ps-Ri-Ps) to pose
constraints to the orientation of the SA/A axis. By tuning R1
and R2 and attaching Ors at a point on the back of the user that
aligns with Osc in the sagittal plane, the robotic joints and
shoulder anatomy form a closed kinematic chain (Ors — Ors —
Os¢ — Ocn ) that behaves as a parallelogram (Fig. 4c).
Consequently, Ors — Ocu will move parallel with Oprs — Osc
during sP/R movement. As such, the first joint of the active
module, i.e., the SA/A unit, will be oriented parallel with the
user’s trunk, facilitating precise power transmission.

F. Control Architecture

The control architecture of the NESM-y features a high-level
control layer (HLCL) and a low-level control layer (LLCL), see
Fig. 5. On the LLCL, a 2-pole-2-zero (2p2z) torque controller
determines the required current for the motor driver, based on
the error between the measured (t) and reference torque [25].
The HLCL computes the reference torque by adding a pose-
dependent feed-forward gravity compensation term (t;;) to the
desired human-robot interaction torque (t4.s) [25]. In the so-
called transparent mode, T, is set equal to zero.

I1l. EXPERIMENTAL EVALUATION

An experimental session with eight healthy participants was
conducted to verify the kinematic compatibility of the NESM-
v with HIL. To evaluate the effect of the exoskeleton on the
users’ shoulder kinematics and muscle activations, we
compared shoulder movements under three different conditions,
i.e., without wearing the exoskeleton (baseline), wearing the
exoskeleton with the pDOFs locked (HIL-locked), and wearing
the exoskeleton with the pDOFs free to move (HIL-unlocked).

A. Participants

Eight healthy male subjects (age: 28.9+3.6 yrs, height:
180+6.7 cm, weight: 72.6+8.6 kg, Body Mass Index: 22.4+2.3
kg/m?, all right-handed) volunteered to participate in the study.

Participants were included in the study if they were between 18
and 70 years old, and if they had no cognitive disorders or
physical conditions that could alter normal shoulder functions
(e.g., recent sprains or injuries). The sample size was chosen in
line with similar studies in the literature [23]. The study was
approved by the local Institutional Review Board (approval n.
35/2021), and experiments were conducted at The BioRobotics
Institute of Scuola Superiore Sant’ Anna (Pontedera, Pisa, Italy),
following the principles stated in the Declaration of Helsinki.
All participants signed informed consent.

B. Experimental setup

The setup is illustrated in Fig. 6a. Robotic data, i.e., joint
angles, were recorded by the encoders of the sensorized joints
at 100 Hz and visualized online on a graphic user interface, for
the convenience of the experimenter’s evaluation. Kinematic
data of the human body were acquired at 40 Hz by using the
Aurora electromagnetic field (EMF) tracker (Northern Digital
Inc., Waterloo, Canada, model AA138), which can track the
position and orientation of magnetic sensors within a defined
volume when varying magnetic fields are applied using a signal
generator box. The EMG signals were collected to analyze
muscle activations using pre-gelled bipolar Ag/AgCI surface
electrodes (Pirrone & Co., Milan, Italy) and acquired by BTS
FREEEMG 1000 (BTS Bioengineering, Milan, Italy), with a
sampling frequency of 1 kHz. Robot and EMG data were
synchronized via a wired connection of the digital 1/O ports of
the two devices. Due to the lack of 1/O ports on the Aurora
system, kinematic data were synchronized with the robot
signals through an abrupt movement performed by the subject
at the beginning of the trial, resulting in a distinguishable peak
signal in both systems. Two visual markers clamped to two
vertical rods were placed posteriorly and laterally to guarantee
the same test movements' ROMs.

C. Preparation

1) Sensor placement: Fig. 6b specifies the placement scheme
of both the EMF and EMG sensors. The EMF sensors were
placed on the SC joint, upper arm (UA), and the acromion (AM)
to track the position and orientation of the subject’s upper limb
and trunk. The EMG sensors were placed in pairs on five

Lateral

o Frontal

® EMF sensors

EMG sensors

Sl
o
f ”zz,}/

horizontal
Y

sF/E
sagittal

Fig. 6. (a) Experimental setup: 1 — EMG electrode, 2 — BTS FREEEMG 1000, 3 — Graphical User Interface, 4 — EMF sensor, 5 — EMF tracker, 6 — lateral visual
marker, 7 — anterior visual marker, 8 — EMF signal generator. (b) Sensor placement scheme. (c) Experimental tasks.
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Fig. 7. (a) Position calibration of the Aurora system. (b) Transformation matrices between frames on the robot and human (Adapted from BioDigital -

www.biodigital.com — with permission). (c) CoR identification of the GH joint.

muscles: trapezius descendens (TD), medial deltoid (MD),
anterior deltoid (AD), posterior deltoid (PD), and pectoralis
major (PM), following SENIAM guidelines [27]. The activity
of TD reflects the movement of the scapulohumeral rhythm.
MD is mostly involved during sA/A movements in the frontal
plane. AD, PD, and PM are mostly activated during sF/E
movements in the sagittal and horizontal planes.

2) Maximum voluntary contraction (MVC) test: Three 5-
second MVCs for each muscle were recorded to normalize the
EMG signals. The MVC value was computed as the global
maximum of the three repetitions.

3) Aurora position calibration: To convert the trajectory
expressed in the frame of the EMF signal generator {S} into the
global frame of the robot {O}, a calibration link was
temporarily fixed to the P1 slider of the robot in the zero
position, and one EMF sensor was attached to the distal end {B}
(Fig. 7a). The position of the EMF sensor was recorded, and the
link was removed afterward. The calibration determines the
transformation matrix of frame {B} into frame {S}, i.e. T5 (Fig.
7b), which allows for correlation between the positions of the
robot, the Aurora system, and the human subject. The position
of the trunk in the global frame {O}, i.e., Py, was obtained by:

{ TTQT'R = TBO (Tg)_lTTSTk (6)
PTrk = T7Qrk(1: 3'4)
and the position of O¢y, i.e., Py by:

Py = P& (1:3,1)

where PAY is the position of the CoR of the GH joint with
respect to the frame {AM}. T was determined from CAD
drawing, given the known position of the calibration link. T;5,,,
T34, and T7,, were obtained from the data recorded by the
Aurora system after converting the quaternions into rotational
matrices and integrating the translational components (Fig. 7b).

4) CoR identification of the GH joint ( Ogy ): Ogy
approximates a point with a constant offset from the AM [28]
and PAM can be obtained through an identification procedure.
The UA position expressed in the frame {AM}, i.e., PAY, can
be calculated by:

(Tin) "' Ta

TN (1:3,4) ®)

T
i

For the identification, each subject was asked to fully extend
the elbow and span the eighth of a spherical surface with
vertical and horizontal back-and-forth movements (Fig. 7c). In
this condition, UA describes a circular trajectory with radius r
about Oy, and the identified CoR position of the trajectory
PA equals PAY . The least-square error method was applied to
estimate PAY, i.e.:

( ei (G, yér ZEH ) =
(i — xGHD? + v — yEED? + (2 — 284D —1?

N
1 Bl yai 28 = )

=1
L min(E (&}, yéi, z8, )

AM . AM 7AM N2
e;(Xéx » Yér » ZEHT)

9)
where P{y' = (xGi, éi» 26 ), (PGAD: = (xi,yi,2,), Lis the
sample index, N is the total number of samples, r is the
estimated radius, e; is the squared distance between sample i
and Oy, and E is the sum of all e;, i.e., the optimization goal.

D. Experimental Tasks

Three primitive movements of the shoulder were selected to
assess the effect of the robot kinematic chain on the anatomical
trajectories and muscle activations (Fig. 6c): shoulder
abduction/adduction in the frontal plane (SA/A frontal),
shoulder flexion/extension in the sagittal plane (SF/E sagittal),
and shoulder horizontal flexion/extension (sF/E horizontal).

After donning the robot with the help of the experimenter,
the subjects were asked to perform the first three trials (one for
each primitive movement) in the HIL-unlocked condition,
followed by three trials in the HIL-locked condition. Finally, the
robot was doffed, and three baseline trials were performed. In
each trial, the subject was instructed to keep the trunk still while
performing the movement back and forth naturally for 12
repetitions, following a metronome at 24 beats per minute
(bpm). After each trial, the subject took a 3-minute rest.

E. Data processing

Data analysis was conducted in
(MathWorks, USA) with custom routines.
1) Limb angle measurement: The limb angle 6,;,, describing
the 1-DOF movement of the shoulder (Fig. 6¢), was computed
for data segmentation. For the baseline trials, the EMF sensor
attached to UA was used to track 6, based on the following

MATLAB 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


http://www.biodigital.com/

This article has been accepted for publication in IEEE Transactions on Neural Systems and Rehabilitation Engineering. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TNSRE.2023.3341219

equation:
0. = { m/2 — ABy, ,sA/A frontal and sF/E sagittal 10
b= AB,,, sF/E horizontal » (10)
where:
{Aelb = 2_*1‘1C05 (QOi(l))’ (11)
doi = 404

and q, is the quaternion at the zero pose, q; is the quaternion at
an instantaneous moment. In contrast, during HIL trials, 6;,
was obtained directly from the robotic joint angles’
measurement:

n/2—6,, sA/A frontal
m/2 — 06, sF/E sagittal
/2 — 0, + 6y, + 0,3 + 05,4, sF/E horizontal

Glb = ’ (12)

where 68, is sA/A angle, 6, is sF/E angle, and 6,,, 8,3, and 6,4
are the angles of the passive joints P2, P3, and P4.

2) Kinematic data (robot and EMF tracker): Data
segmentation was performed by finding the maximum and
minimum peaks of the limb angle profile for the last ten
repetitions in each trial. Further, the mean and standard
deviation of 8y, Pr, and P;y over all the data cycles were
calculated. To account for variations of the initial sitting
position of the subject between trials, the trajectory data were
offset with the first point of the mean trajectory, thus obtaining
the trajectory variations, i.e., APy, and AP, . Besides, the
Root Mean Square Errors (RMSEs) of 6y;,, APr., and APgy
between the HIL conditions and the baseline were calculated.
For the evaluation of the group performance, median and
interquartile ranges (25" and 75™) were also calculated.

3) EMG data: EMG signals were bandpass filtered with a 2"
order Butterworth filter (frequency range: 20-450 Hz) and a
zero-lag, second-order, 50 Hz notch filter. Then, the EMG
signals were rectified, and the envelope was obtained with a
zero-lag 100-ms moving average filter. The envelope amplitude
was normalized by the corresponding MVC value for each

muscle, and the mean and standard deviation profiles were
calculated over the last 10 data cycles. The top 5% of the
normalized EMG values of each cycle were averaged to
compute the peak EMG. Then, the across-subject average was
calculated (median and interquartile range of 25" and 75™).

F. Statistical Analysis

Statistical analysis with significance level « < 0.05 was
conducted to assess differences in the kinematic and EMG
metrics among the three conditions. The Shapiro-Wilk test was
used to check the data normality. For kinematic metrics (two
conditions), if normality held, the paired-sample t-test was used
to assess the significance of the difference. Otherwise, the
pairwise Wilcoxon signed-rank test was performed. For EMG
metrics (three conditions), parametric one-way repeated
measures analysis of variance (rANOVA) was used to check
across-condition differences of the normally distributed data,
and then the Bonferroni method was applied to conduct the
post-hoc comparisons. If the data was not normally distributed,
Friedman's test was used to check the cross-condition
difference, and the Wilcoxon test was used to perform the post-
hoc comparisons.

IV. RESULTS

A. Kinematic performance

One representative subject: The segmented data of 6y,
APr,.., and APy, of one representative subject are visualized in
Fig. 8. The overlapping limb angle profiles show consistent
movements across all test conditions, and the deviations
between the trajectory plots reflect the kinematic effect due to
the change in test conditions. The plots show a different
kinematic pattern of the HIL-locked condition with respect to
the baseline. In contrast, the trajectories of the HIL-unlocked
condition remain close to the baseline in most cases.
Specifically, for the sA/A frontal movement, the significant
deviation (median of 19.8 mm in the z-direction) of the CoR
trajectory of the GH joint (AP;) was caused by the reduced
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Fig. 8. Kinematic data of one representative subject, with mean (solid profiles) and standard deviations (shaded areas). 8,;, is the shoulder angle during the 1-DOF
movement, AP, and APy, represents respectively the 3D trajectories of the glenohumeral joint’s center of rotation and trunk, de-offset from the initial value.
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Fig. 9. Statistics of kinematic data. *: p < 0.05; **: p < 0.01; ***: p < 0.001
vertical translation in the z-direction. The deviations from the
baseline for the sF/E sagittal movement and the sF/E horizontal
movement were mainly on the y-axis components, with median
APGHy deviations of 30.3 mm and 50.8 mm, and APTTky

deviations of 12 mm and 23.6 mm, for the two movements
respectively.

Group results: Fig. 9 plots the RMSEs of the trajectories in
HIL conditions relative to the baseline across all subjects. For
the sA/A frontal movement, the RMSE of 8;;, in the HIL-locked
condition shows a significant increase of 25.3% (1.1 deg,p =
0.0282) with respect to the HIL-unlocked condition. All three
movements have an RMSE of the limb angle 6;;,, of about 5 deg.
Besides, the RMSEs of the z-component of AP, and APy,
under HIL-unlocked and HIL-locked conditions show
significant statistical differences ( p = 0.0078 and p =
0.0157), with the increase of AP;y by 193.3% (13.1 mm) and
APp, by 145.8% (1.9 mm). Apart from the RMSE of the z-
component of AP, reaching almost 20 mm, other RMSE
medians are well below 10 mm. For the other two movements,
RMSEs of y-components of both AP;y; and AP;,, show
significant differences under two conditions (p < 0.01), with
an increase of AP,y by 255% (21.8 mm) and APy, by 190%
(7.9 mm) for the sF/E sagittal movement, and the increase of
APy by 191.7% (33.3 mm) and APy, by 366.7% (18.5 mm)
for the sF/E horizontal movement, while the RMSEs of x- and
z-component are similar and below 10 mm.

B. Muscular activity

One representative subject: Fig. 10a illustrates the muscular
activities of the six muscles of all three movements for a
representative subject. For the SA/A frontal movement, TD, PD,
and PM muscles achieved higher peak activations in the HIL-
locked condition than the HIL-unlocked condition, while the
amplitudes of EMG peaks of MD and AD muscles rose from
baseline to the HIL-unlocked condition. For the sF/E sagittal
movement, the different conditions seem not to affect the EMG
profiles significantly. Regarding the sF/E horizontal movement,
the MD and PD muscles both have an EMG peak before the end
of the cycle, where the peaks increased from baseline, HIL-
unlocked to HIL-unlocked condition.

Group results: Fig. 10b reports the peak EMG amplitudes of
the six muscles of all three movements under different
conditions across all subjects. For the sA/A frontal movement,
the MD and PD muscles show increased EMG activity in HIL-
unlocked trials compared with baseline by 29.3% (p=0.1075)
and 62.8% (p=0.0176), respectively, while the TD muscle
exhibits increased EMG activity under HIL-locked condition
over HIL-unlocked test by 52.8% (p=0.023). The EMG
amplitudes of the TD, MD, and PD muscles increased
significantly from baseline to the HIL-locked condition by 45.6%
(p=0.0207), 36.6% (p=0.0468), and 62.4% (p=0.0502),
respectively. However, no significant difference exists between
the EMG activities of different conditions for the sF/E sagittal
movement. Regarding the sF/E horizontal movement, the PD
muscle exhibits an increased EMG by 86.2% (p=0.0051) in the
HIL-unlocked trials compared with the baseline, and an
increased EMG by 105.1% (p=0.0025) in the HIL-locked trials
over the baseline; besides, the MD and PD muscles achieved
higher activations by 30% (p=0.0211) and 10% (p=0.0119) of
the HIL-locked condition over the HIL-unlocked test.

V. DISCUSSION

A. Assessment of the effects on the kinematics

Kinematic data in the baseline condition confirmed the
vertical GH joint translation of the natural shoulder
adduction/abduction movement brought by the scapulohumeral
rhythm, and the horizontal translation due to
protraction/retraction  concomitant  with  the natural
flexion/extension movement on the horizontal plane. Statistical
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Fig. 10. EMG Data. (a) Data of one representative subject. (b) Statistics. *: p < 0.05; **: p < 0.01; ***: p < 0.001
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analysis of the kinematic data showed a significant difference
in ROMs between HIL-unlocked and HIL-locked conditions
across all subjects for the sA/A frontal movement, but not for
the other movements. Indeed, constraining the vertical
translation of the GH joint resulted in a limited ROM due to
discomfort experienced by the users for high elevation angles.
The HIL-unlocked condition deviated from the baseline by an
RMSE lower than 5°, revealing a good match of the ROM of
the test movements.

For the HIL-unlocked condition, the median RMSE of AP,
and APy, along all axes of all three movements were below 10
mm, meaning that the passive kinematic chain is effective in
preserving the shoulder and trunk movement patterns. For the
HIL-locked condition, the natural movement pattern seemed to
have been significantly modified during all three movements.
Specifically, the RMSE of AP;y and APy, along the z-axis
increased for SA/A frontal movement versus the HIL-unlocked
condition. This was caused by the locked vertical passive DOF
inhibiting natural scapulohumeral rhythm, thus impeding the
translation of the GH joint along the z-axis. The RMSE of
APr,. was relatively small (lower than 5 mm), which is
reasonable as the subjects always kept their trunk upright during
the experiments. Regarding the sF/E sagittal movement, the
RMSEs of AP;y and AP, in the HIL-locked test were much
higher than in the HIL-unlocked test along the y-axis (anterior
direction), demonstrating that the natural movement pattern
was significantly altered due to the locked horizontal passive
DOFs, which prevented the robot from tracking the GH joint.
As expected, the locked condition applied a kinematic
constraint that held the GH joint at a constant position.

In contrast, the unlocked passive kinematic chain enabled the
GH joint to translate horizontally, following the natural
movement pattern, as shown by the significant difference of
RMSEs of AP,y between the two HIL conditions. Since the GH
joint was locked, a compensatory posterior translation of the
trunk was elicited to accomplish sF/E sagittal movement, as
shown in the kinematic data of the representative subject (Fig.
8). Such a compensatory behavior explains the significant gain
of the RMSE of APy, along the y-axis in the HIL-locked tests
over the baseline. As expected, similar results applied to the
SF/E horizontal movement since the accompanying shoulder
protraction/retraction also exists in this movement. However,
the greater RMSEs of the sF/E horizontal movement compared
with the sF/E sagittal movement shows that the former
movement was more affected by the exoskeleton under the HIL-
locked condition. The reason is that the shoulder horizontal
flexion involves a more pronounced protraction/retraction of
the scapula, giving rise to a considerable translation of the GH
joint. Therefore, the GH joint deviated more from the baseline
trajectory under the HIL-locked condition and demanded more
compensatory trunk translation.

B. Assessment of the effects on muscle activations

The various test conditions primarily impacted the peak
values of the EMG profiles. The statistical analysis verified the
transparency of the robot in the HIL-unlocked condition, i.e.,
the EMG activity of the HIL-unlocked condition resembled that

of the baseline. However, the PD muscle exhibited higher
activation in the concentric phase during the sA/A frontal and
sF/E horizontal movements. The increased muscle activation
could be attributed to a reduced transparency of the shoulder
powered joints due to dynamic disturbances (i.e., mechanical
friction and inertia) that were not fully compensated by the low-
level control. Including feedforward compensation of the
friction and inertia of the actuation units is expected to reduce
the EMG activity of the PD muscle.

In the case of SA/A frontal movement from the HIL-unlocked
to the HIL-locked, the observed increased EMG activities of the
TD and MD muscles can be explained by the inhibited
scapulohumeral rhythm, which restricted shoulder abduction
due to reduced vertical translation of the GH. To achieve a
similar ROM as in the baseline test, arm abduction with the
applied kinematic constraint during the HIL-locked condition
induced higher EMG activation in the TD and MD muscles.
However, no significant differences were observed for the sF/E
sagittal movement, as this movement was not blocked.

Regarding the sF/E horizontal movement, a higher EMG
activation of the MD muscle was found. This could be
attributed to the significant trunk compensatory translation
involved in the movement, inducing a trunk instability that
requires increased isometric contraction of the MD muscles to
stabilize the shoulder movement. Overall, while locking the
passive DOFs significantly increased activations in specific
muscles, comparable activations were observed with the
passive DOFs unlocked, indicating the effectiveness of the
exoskeleton’s Kinematic design in achieving proper kinematic
compatibility.

C. Limitations of the study

Despite the clear patterns in the results, this study presents
some limitations. First, we only evaluated the EMG activities
on the shoulder muscles without considering the possible
impact on the other muscles. Indeed, the lower back muscles
could have been loaded to stabilize the trunk compensatory
movement in the HIL-locked condition. Future investigations
shall include this additional loading effect, together with the
collection of participants’ subjective feedback for a more
comprehensive evaluation.

The average age of the participants was below that of the
adult male population, as volunteers were young researchers.
Considering the well documented age-related variations in
shoulder functions [29], the inclusion of an age-matched sample
is anticipated to mitigate the variability in the experimental
results. Nonetheless, it would be interesting to investigate the
self-aligning performance in an older population, despite the
expected higher prevalence of pathology and past injuries in
this cohort.

Finally, a non-randomized order of the conditions was
chosen because a different order would have entailed a longer
procedure for donning and doffing the exoskeleton, which
could have negatively impacted the results. We acknowledge
the potential for an order effect as subjects could become
acclimated to the tasks across different conditions. Notably, the
initial HIL-unlocked condition should have been more
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susceptible to this effect. However, this limitation was
mitigated by providing subjects adequate rest intervals between
different test conditions to minimize possible biases from
muscle fatigue. Additionally, participants were allowed to
familiarize themselves with the tasks before data collection.

VI. CONCLUSION

This study presented the analysis of the kinematic
compatibility of NESM-y, an upper-limb exoskeleton designed
for the rehabilitation training of stroke patients. The device
integrated a mechanism for shoulder self-alignment made by
passive joints to comply with natural movements of the
shoulder complex and trunk. The experimental results showed
that the proposed kinematic chain preserves the scapulohumeral
rhythm and the natural GH joint movement patterns, keeping
shoulder muscle activations close to the baseline. These
patterns are significantly modified when the passive DOFs are
locked, highlighting the need for kinematic solutions in
shoulder exoskeletons that can accommodate the movements of
the entire shoulder complex and trunk to achieve optimal
kinematic compatibility. Future works with NESM-y will focus
on improving the low-level controllers to enhance the system's
transparency, and the verification of the device in rehabilitation
scenarios with post-stroke patients.
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