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Abstract

Introduction: Physical human-robot interaction offers a compelling platform for assessing recovery from neurological
injury; however, robots currently used for assessment have typically been designed for the requirements of rehabilita-
tion, not assessment. In this work, we present the design, control, and experimental validation of the SE-AssessWVrist,
which extends the capabilities of prior robotic devices to include complete wrist range of motion assessment in addition
to stiffness evaluation.

Methods: The SE-AssessWrist uses a Bowden cable-based transmission in conjunction with series elastic actuation to
increase device range of motion while not sacrificing torque output. Experimental validation of robot-aided wrist range
of motion and stiffness assessment was carried out with five able-bodied individuals.

Results: The SE-AssessWVrist achieves the desired maximum wrist range of motion, while having sufficient position and
zero force control performance for wrist biomechanical assessment. Measurements of two-degree-of-freedom wrist
range of motion and stiffness envelopes revealed that the axis of greatest range of motion and least stiffness were
oblique to the conventional anatomical axes, and approximately parallel to each other.

Conclusions: Such an assessment could be beneficial in the clinic, where standard clinical measures of recovery after
neurological injury are subjective, labor intensive, and graded on an ordinal scale.
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Introduction assessments regularly incorporated into neurorehabili-
tation though are clinical measures,” '! which are typ-
ically subjective, labor intensive, and graded on an
ordinal scale.'> In contrast, robotic measures offer
the possibility for objective, efficient, and descriptive
assessments.'* 12

Rehabilitation robots have become prominent in the
clinical research setting for applications in motor
recovery after neurological injury.! Many research
trials have been carried out with these devices, and
some improvements in motor scores related to per-
forming activities of daily living (ADLs) have been
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One compelling robot-aided assessment is the eval-
uation of biomechanical joint properties,'® such as
stiffness and range of motion (ROM). The wrist in par-
ticular is an important joint due to its necessity in per-
forming ADLs'” and its unique anatomical structure.'®
In a study with cadavers,'® wrist stiffness and ROM
envelopes in the flexion/extension (FE) and radial/
ulnar deviation (RUD) plane were discovered to be
ellipses obliquely oriented to the conventional anatom-
ical axes. The axis of these ellipses for minimum wrist
stiffness and maximum ROM was found to be in the
direction of radial-extension to ulnar-flexion, a direc-
tion often termed the dart thrower’s motion. Prior
studies have estimated the dart thrower’s motion axis,
through the axis of least stiffness, to be oriented at an
angle of 20-30° from extension towards radial devia-
tion.'820

Studying how stiffness and ROM change over the
course of neurorehabilitation could be a promising
functional examination of recovery. To perform such
an evaluation, an accurate and reliable method for esti-
mating both stiffness and ROM is needed. Multi-
degree-of-freedom (DOF) wrist stiffness and ROM
measurements have only been measured in a study
with cadavers,'® and the only in vivo 2-DOF wrist stiff-
ness studies have used the InMotion Wrist rehabilita-
tion robot. As a result of limited device ROM, studies
with the InMotion Wrist have been confined to evalu-
ating wrist stiffness within 70% of ADL wrist ROM.
Additionally, these studies noted limitations on contin-
uous torque output.lg’21

In contrast with passive stiffness, maximum wrist
ROM has received relatively little attention—though
many studies have evaluated ADL ROM through a
variety of means.'”?%?* Traditionally, ROM has been
estimated with electrical goniometers,” but this
method can have issues with cross coupling when mea-
suring multi-DOF movements.>* Another method is to
use motion capture,’® which can facilitate ROM assess-
ment of several joints. A drawback of motion capture is

its large physical footprint, non-trivial setup time, and
issues with marker occlusion and slipping. On the other
hand, a robot is the only platform capable of measur-
ing both stiffness and ROM, simplifying any need for
accurate alignment between setups. Such a robot has
not yet been realized, possibly related to the fact that
the majority of robotic assessments are performed with
devices designed for robotic rehabilitation, which
has its own design considerations such as inherent
backdrivability and generally the goal of supporting
ADL ROM.

While wrist stiffness and ROM envelopes could
provide new insights into understanding recovery
throughout neurorehabilitation, the wrist rehabilita-
tion robots developed thus far do not have sufficient
ROM. In this work, the development of the series elas-
tic (SE)-AssessWrist, a novel 2-DOF wrist exoskeleton
for biomechanical wrist stiffness and ROM assessment,
is described and wvalidated (see Figure 1). The
SE-AssessWrist overcomes limitations in using a tradi-
tional rehabilitation robot for wrist stiffness or ROM
assessment by employing series elastic actuation in con-
junction with a laterally flexible Bowden cable trans-
mission and remotely located geared DC motors. The
essential features of the SE-AssessWrist are character-
ized in the context of the intended wrist stiffness and
ROM assessments. The paper concludes with a valida-
tion study (n=35) with able-bodied participants,
illustrating the potential for wrist biomechanical assess-
ment in the clinic.

Methods

The following section provides details on the imple-
mentation of the mechanical design necessary for
performing wrist biomechanical assessment using the
SE-AssessWrist. Details on the mechanical design high-
light the considerations for meeting the ROM and
torque requirements. Additionally, the methodology

Figure 1. (Left) SE-AssessWrist isometric view. (I) Hand attachment point, (2) series elastic FE joint, (3) FE motors, (4) series elastic
RUD joint, and (5) RUD motors. The FE and RUD motors actuate their series elastic joints through a Bowden cable transmission.
(Center) Device DOFs: (6) FE, (7) RUD, and (8) a passive linear joint for wrist alignment. Wrist FE and RUD are measured through
the encoders at the output of the series elastic elements placed on-board the device. (Right) A user interacting with the SE-

AssessWrist: (9) open hand attachment through a Velcro strap, (10) elastic element connected to the input pulley, (I 1) RUD encoder

cables, (12), wrist support, and (13) elbow support.
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for experimental validation of the robotic device with
n =15 participants is described.

SE-AssessWrist design

Mechanical and control requirements. To measure user
stiffness, a key requirement for the SE-AssessWrist is
to be able to move the user’s joint slowly, while also
having sufficient torque output and resolution. In pre-
vious studies, passive wrist stiffness estimates were car-
ried out by having the robot move at a velocity of
approximately 0.1-0.2rad/s, typically to the limits
of the device ROM. Additionally, these studies noted
limitations based on the device torque output of
195N -m."?! As such, requirements for the
SE-AssessWrist DOFs were set to provide a lower
limit on velocity of 0.1 rad/s and 3 N -m of continuous
torque output. The requirement on torque resolution
was set to 10 N - mm to provide sufficient stiffness esti-
mation resolution.

To measure wrist ROM, the robotic device must
have a device ROM on par with the human wrist. We
estimate an upper bound on maximum human wrist
ROM to be 185° in FE and 100° in RUD.'®** Note
that designing for maximum wrist ROM is a different
challenge than designing for ADL ROM, which is the
target for most wrist rehabilitation robots.'”*32
Additionally, during ROM assessment, the device
needs to be sufficiently transparent so that a user can
comfortably operate the device to explore their own
ROM limits. Most wrist rehabilitation robots are
inherently backdrivable, but as a result of the cables
and motors used for this backdrivability, such devices

B

typically have static friction on the order of
0.1-0.2N -m.**"*® The maximum target torque to
backdrive the SE-AssessWrist in either joint was set
to 0.2N-m.

Kinematic structure. Since the standard in wrist model-
ing, and also exoskeleton design, is to place wrist FE as
the first axis and RUD second,*>? the SE-AssessWrist
follows this convention with a serial revolute-revolute
exoskeletal structure. With this serial structure, the
user’s wrist FE and RUD joint angles are measured
directly by the output encoders placed at the series elas-
tic actuated joints (see Figures 1 and 2). A passive, and
unmeasured, prismatic joint at the handle is also
included for wrist alignment purposes. The user inter-
faces with the device through an open hand configura-
tion, facilitating a mnatural and relaxed position
beneficial to passive stiffness estimation.*!

Bowden cable transmission. To achieve the desired torque
and ROM, a Bowden cable transmission was selected.
A Bowden cable transmission is advantageous for
attaining large ROM while maintaining necessary
torque output since a high torque actuator can be
housed off-board without affecting joint compactness
or mass.** 3> A design trade-off for using a Bowden
cable transmission is that it adds friction to the
system. This friction can be alleviated partly through
careful consideration of materials and Bowden cable
construction. Characterization of Bowden cable force
transmission has shown that adding a Teflon liner
between the cable and conduit increases force

Figure 2. (a) Custom-designed double Archimedes spiral spring with an integrated hub (1) for mating to its output shaft. (b) The
spring is connected to an input pulley, which includes an indent (2) so that the two surfaces only touch on a small area where spring
deflection is minimal. (c) Exploded CAD rendering of the spring and pulley, including the six 6—32 screws (3) and four dowel pins
(4) used to mate the two components. (d) A CAD rendering of the connected spring and pulley. A cable (not shown) runs in a race
on the pulley and is anchored at the pulley via a set screw that is tightened through the thru-hole on the spring (5). (e) Spring
sub-assembly including the encoder hubdisks (6) and spring output shaft (7).
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transmissivity.’® As a result, the SE-AssessWrist
Bowden cables are constructed from a nylon coated
7 x 19 stainless steel braided cable and a slick lubed
inner tubing conduit. To minimize the pretension
required on the cables, two motors per DOF are used
since pretension increases static friction in the transmis-
sion, which in turn negatively impacts control
performance.

Series elastic actuation. To estimate torque accurately
and to enable backdrivability despite the Bowden
cable transmission, the SE-AssessWrist adopts a
series elastic actuation architecture.’’*® Similar to
Stienen et al.,*” a rotational elastic element was realized
with a double Archimedes spiral made from aluminum
7075-T651. The spring was manufactured with comput-
er numerical control machining, which enabled a
monolithic design for the spring and hub. The elastic
elements (see Figure 2) were incorporated on the exo-
skeleton frame to provide accurate torque estimation at
the output.

To measure spring deflection, US Digital’s EM2
10,000 counts per revolution transmissive optical
encoder module with a 50.8 mm diameter transmissive
rotary hubdisk was selected and placed at both ends of
the spring. This encoder was chosen for its low cost,
compactness and ease of use. The encoder leads to a
wrist position resolution of 1.57 -10~* rad. The spring
rate of the elastic elements were characterized for
3N-m peak torque and found to be 75.96 and
77.23 N -m/rad, corresponding to a torque resolution
of 12N mm. The springs showed linearity within this
region with R? >= 0.9996 (see Figure 3). Further infor-
mation regarding the mechanical design of the spring,
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Figure 3. Quasi-static characterization of the custom rotary
spring with a ground-truth torque sensor. The spring rate was
estimated to be 75.96 N - m/rad, which closely matched the finite
element analysis prediction of 73 N - m/rad. Only one spring
characterization plot has been included for visualization. Finite
element analysis of the spring was performed through a static
simulation in Solidworks by placing a fixed constraint at the
spring and applying a torque to the pulley.

including details on finite element analysis, can be
found in our previous work.*

Motor selection. To achieve the desired torque require-
ments, Maxon Motor’s RE40-148877 was chosen.
Since this motor can output 0.187 N -m of continuous
torque, torque amplification was required to meet the
3N-m requirement. To accomplish this, a planetary
gearhead with a 43:1 gear ratio was selected. This gear-
box can sustain a continuous torque output of 15N -m
and a peak torque of 22.5N-m.

SE-AssessWrist mechanical properties

Device ROM is defined as when the device either
makes contact with itself or reaches some physical con-
straint (such as available cable length). In particular,
any serial device that follows the wrist convention of
FE carrying the RUD axis will inevitably make contact
with the user or itself, which will determine the ROM
limits. For the SE-AssessWrist, device ROM is given as
two rotational directions (wrist extension and ulnar
deviation) in which the device makes contact with
itself and in the other two directions (wrist flexion
and radial deviation), by the maximum rotation of
the human wrist. The device was designed to contact
itself in 65° of extension and 60° of ulnar deviation
while maximum allowable limits of the human wrist
are estimated to be 120° in flexion and 40° in radial
deviation.

Continuous torque output was estimated by consid-
ering the motor torque constant and gear ratio, as well
as inefficiencies in the gearbox (72%) and Bowden
cable transmission (85%).3® The resulting continuous
torque estimate is 4.9 N - m, while the maximum torque
is limited by the predicted 5.1 N - m spring yield torque.

Table 1 compares wrist ROM and torque specifica-
tions of the SE-AssessWrist with other wrist robots, all
of which have been designed for robot-aided rehabili-
tation as opposed to robot-aided assessment. An image
of a user connected to the SE-AssessWrist is shown in
Figure 1. To see the device operating, see our supple-
mentary video attachment.

Control strategy

Stiffness assessment. Wrist stiffness is evaluated by using
position control on the robot’s joints to slowly move
the user’s wrist while recording the user’s joint position
through the output encoders and interaction torque
from spring deflection. Due to the use of two motors
for a single-DOF, each robot DOF is over-actuated
(see Figure 4); however, since the cables only produce
rotational motion of the output pulley when under ten-
sion, each motor controls a single direction. As such,
for the constant velocity needed in the stiffness
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Table 1. Range of motion and torque output of the
SE-AssessWrist and other prominent wrist robots.

Wrist flexion/ Wrist radial/

extension ulnar deviation

ROM Torque ROM Torque

(deg) (Nm) (deg) (Nm)
SE-AssessWrist 185 49 100 4.9
ARMin-I1%* 85 N.A. - -
CADEN-7"7 120 N.A. 60 N.A.
HT Wrist®° 144 1.53 72 1.63
InMotion Wrist?’ 120 1.43 75 1.43
MAHI Exo-II3' 72 1.67 72 1.93
RiceWrist-$2° 130 3.37 75 2.11
OpenWrist®® 135 3.60 75 2.30
WRES?¢ 75 1.62 40 1.62
ROM: range of motion.
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Figure 4. Block diagram illustrating the SE-AssessWrist's series
elastic actuated, Bowden cable transmission scheme.

assessment experiments, each joint consisted of a leader
and follower motor. The lead motor was commanded
to follow a desired trajectory through proportional-
derivative (PD) control while the follower motor was
sent a constant negative torque command. This control
approach was implemented as follows:

_ ) kp(Ora—0L) — kaOy + 75, Leader
TM { %, Follower ()

where 1,, is the motor torque, 0,4 desired load (or
equivalently joint or output) position, 6; load position,
0, load velocity, k, proportional gain, k; derivative
gain, 14 feed-forward torque, and 7. follow motor
torque.

The feed-forward torque was found experimentally
by slowly increasing the motor torque and recording
the torque required to initiate movement through
the Bowden cable transmission at the output pulley.

Feed-forward compensation of friction was found to
improve the initial portion of the position control tra-
jectory, as oscillations introduced from backlash and
friction were reduced. On the other hand, the follower
torque was found experimentally such that it provided
sufficient slack in the cable so that the lead motor
would not have to overcome friction present in the
follower’s transmission.

Range of motion assessment. Wrist ROM is evaluated by
measuring a user’s motion with the robot’s joint
encoders placed at the series elastic joints while the
device is operated through zero force control. Since
the SE-AssessWrist is not backdrivable in the tradition-
al sense, the purpose of the zero force controller is to
allow the user to more freely explore their wrist ROM
while reducing resistance from the device. With a series
elastic actuator, zero force control is equivalent to spec-
ifying the desired spring deflection to be zero
(0, — 0,4 =0). To achieve zero force control despite
the static friction in the transmission, a controller
that leverages the capabilities of the device to perform
accurate position control was chosen.*! To regulate
torque in this force control approach, the motor
attempts to maintain 0, = 0.

As in all series elastic devices, a given DOF cannot
regulate lower torque than that of its sensing resolu-
tion. Additionally, to overcome backlash, the device’s
default state in this control mode is to provide tension
on both sides of the spring such that the user can create
a torque to inform the controller to perform active zero
force control. Once a deadzone limit 7. is exceeded, the
zero force controller is implemented. This control
approach is given as

vy = 4 K0 =00) —kalr, ifleyd > e (o)
Tz, else

where if 74 is exceed, the zero force control is imple-
mented on the lead motor while the follower motor is
sent a constant torque command as in the position
controller. A block diagram of the force control
approach is shown in Figure 5.

Experimental validation

A validation study was conducted using the SE-
AssessWrist to measure 2-DOF active wrist ROM
and passive stiffness of able-bodied individuals. Five
participants (1 female, 4 male) with an age range of
22-32 years old (mean=26.4yr, SD=4.16yr) partici-
pated in the experiment. All participants were right
hand dominant with no current injury or known histo-
ry of neuromuscular injury in their wrist. Approval for
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Figure 5. Zero force control block diagram for the lead motor
used for backdrivability in the range of motion assessment.

the experiment was obtained through the
Rice University Institutional Review Board (IRB-
FY2018-331).

Measuring wrist muscle activity. Muscle activity was mea-
sured during the stiffness trials to determine if the
user’s muscles were passive. To measure activity relat-
ing to the wrist, a surface electromyography (sSEMG)
electrode was placed on each of the four wrist muscles:
flexor carpi radialis, extensor carpi ulnaris, flexor carpi
ulnaris, and extensor carpi radialis longus. Prior to
donning the exoskeleton, participants were equipped
with the SEMG electrodes and performed three repeti-
tions of maximum voluntary contraction for both FE
and RUD. The maximum signal for each muscle was
recorded and used for estimating user passivity.

Wrist alignment. During the experiment, participants sat
in a chair with a posture consisting of moderate shoul-
der flexion, shoulder abduction, elbow flexion, and a
neutral forearm orientation. To isolate wrist motion, a
cuff was comfortably compressed around the forearm
near the elbow. The neutral orientation of the forearm
was defined visually with the top of the radial styloid in
line with the device’s FE rotational axis. The neutral
orientation of the wrist was defined with respect to
having an open grasp. As in Crisco et al.'® and similar
to the definitions in Wu et al.,*? neutral wrist orienta-
tion was defined visually by aligning the dorsal surfaces
of the forearm and hand until flush (FE neutral), and
then aligning the third metacarpal’s long axis to be
parallel to the forearm’s long axis (RUD neutral).

Range of motion measurement. To find a user’s maximum
active wrist ROM, each participant was asked to
actively move the farthest they could in a set of 24
directions while the device was operated under the
zero force control scheme. Angles chosen aligned
with the traditional anatomical FE/RUD axes, and
directions spaced 15° apart. Participants repeated the
24 movements 3 times with the directions being pre-
sented in 3 blocks. Within each block, the movement
directions were randomized to balance learning effects.
To assist with finding ROM, participants were

/"ser Cursor
Guide Line

Figure 6. Graphical user interface displayed to participants to
facilitate measuring active ROM. The axes and text have been
added for visualization.

presented with a virtual display that contained a
cursor identifying the wuser’s 2D position (0=
[0re Orup]), and a line with angle ¢ = atan2
{Orup, Orr} in the direction of the desired movement
(see Figure 6).

For ease of visual interpretation, positive was
defined as being in the wrist extension and radial devi-
ation directions. Participants were asked to move in the
direction of the line as far as they comfortably could
and to then return to the origin prior to the next move-
ment. So as to provide directional information while
not biasing participants’ ROM movement attempts, the
extreme point of the line was a value (150°) that could
not be achieved by any participant. Prior to data col-
lection, participants were allowed to practice the task
for a few trials to familiarize themselves with the
experiment.

Passive stiffness measurement. To measure a user’s passive
stiffness, the robot moved the participant’s wrist
through position control while the user attempted to
remain passive, i.e., to not interact or invoke muscle
activity. The wrist was moved by the SE-AssessWrist in
24 equally spaced directions 3 times starting from wrist
extension and moving counterclockwise as is standard
in the literature.'®'??' The robot used the user-specific
ROM found in the prior experiment as the position
limits for stiffness estimation. Since it can be counter-
intuitive to remain passive while a limb is being moved,
participants were given a familiarization trial (approx-
imately 2-3 minutes) prior to data collection. To move
the wrist, the robot was commanded to follow a ramp
position trajectory (constant velocity) with a velocity
magnitude of 0.2rad/s so as to assist with avoiding
muscle activity due to stretch reflex.

To analyze the stiffness data, each movement was
segmented. Segments started once the position magni-
tude was greater than 3° to climinate any short-range
stiffness effects, or oscillations introduced at startup.
To avoid using data in the estimate after the robot
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stopped moving, segments were terminated once the
reference position was the final position for a given
movement. The linear stiffness of the wrist in that
direction, which is the magnitude of the 2-DOF
directional stiffness, was then calculated using
multiple-linear regression for outbound movements.
The position and torque signals were not down
sampled or filtered.

Position dependent torques, due to device gravity,
encoder misalignment, or conduit flex, were subtracted
from the measured joint torques. These torques were
characterized prior to the experiment by recording joint
torques while the device swept the FE and RUD work-
space with a representative mass attached at the
handle. Additionally, since the focus of this work is
on validation of the SE-AssessWrist, and not biome-
chanics of the general population, we present results
from a subset of the passive wrist stiffness experiment.
This subset consisted of trials where the participant
viewed a display with their processed sSEMG amplitude
for biofeedback. They were instructed to try to mini-
mize their SEMG amplitude. Prior to the biofeedback
SEMG condition, participants underwent the stiffness
experiment without any biofeedback.

Figure 7. A user interacting with the SE-AssessWrist during
the study. The image highlights the arm cuffs, human-robot
interface, and off-board actuators. (1) Forearm support,

(2) visual display, (3) distal wrist cuff, (4) exoskeleton interface,
(5) SE-AssessWrist, (6) FE motors, and (7) RUD motors.
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7
Results
Control performance
Characterization of the SE-AssessWrist control

schemes was performed through real-time software
implemented in a Matlab-Simulink environment com-
municating with Quanser’s Q8-USB data acquisition
board sampled at 1000 Hz. Velocity estimates of encod-
er positions were obtained through the QS8’s built-in
instantaneous velocity estimator. Analog voltage com-
mands from the Q8-USB were sent to servo amplifiers
(Advanced Motion Controls AMC 12A8), which con-
verted the voltage commands to current control the
brushed DC motors.

Position control. The position control law in equation (1)
was evaluated in an experiment without a user. During
the experiment, the device made movements to 12 tar-
gets spaced evenly in the FE and RUD space. Gains of
k, =[1030] N-m/rad and kq =1[0.10.1] N-ms/rad
were selected (note that vectors are given as [FE
RUD]J). Low PD gains were used for the benefit of
reducing oscillations in the velocity output. The feed-
forward and follower torques were set to be
77=03N-m and 7,=-0.1N-m. As can be seen in
Figure 8, the device is able to track the desired position
trajectory well, but with some steady state error,
e=10p4—0,. The average absolute error over the
experiment was eayg = [0.0370.021] rad with a maxi-
mum absolute error of emax = [0.0920.048] rad, while
regulating a velocity with a standard deviation of
0 std = [0.049 0.043] rad/s about the desired velocity.

Zero force control. The zero force control approach
described in equation (2) was implemented while an
experimenter moved the device to 12 equally spaced
targets in the FE/RUD space. The experimenter
moved their wrist at a pace expected during the
ROM portion of the validation study. The zero force
controller used PD gains of k, = [175225] N-m/rad
and kq = [0.050.05] N -ms/rad, as well as a deadzone
of 74, =[0.15 0.15] N - m. The results of this experiment
are shown in Figure 9. The user was able to actively
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Figure 8. Position control performance with low PD control gains to various ramp position commands for the FE (left) and RUD
(right). Only three movement portions of the experiment are shown for visualization. While the low gains result in some steady state
error, which is acceptable since stiffness estimates are based off of measured joint positions, they more importantly produced the
desired constant velocity with lower variance than with higher PD control gains.
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Figure 9. (Left) The ROM of the SE-AssessWrist (blue, dashed line) was evaluated by manually moving the device within its limits.
Plotted for comparison are the ROM capabilities of the InMotion Wrist robot'? (red, dash-dot line) and the maximum ROM found in
the cadaver studies in Crisco et al.'® (black, small-width dashed line). The SE-AssessWrist ROM exceeds prior rehabilitation robot
designs, and is capable of measuring the maximum ROM found in the work of Crisco et al. A user (solid, green line) explored their
ROM using the SE-AssessWrist while it was operated under zero force control so that the user could backdrive the device. Forces felt
by the user in FE (left) and RUD (right) resulted in a perceived virtual friction due to the deadzone in the zero force controller. The
magnitude of this perceived friction is on par with the 0.1-0.2 N-m of static friction present in existing wrist rehabilitation robots.
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Figure 10. Results from the (left) active range of motion and (right) passive stiffness experiments. For the range of motion
experiment, the dots represent each participant’s maximum directional value. The solid black line is the mean of these maximum
values for a given direction. In the wrist stiffness plot, the dots correspond to the average directional stiffness for a given participant
over the three trials. The solid black line is the mean of these stiffness values across participants for a given direction. As found in a
study with cadavers,'® the stiffness and range of motion plots are ellipsoidal in shape and oriented obliquely to the conventional
anatomical axes. The dashed red lines indicate the axes of greatest range of motion and least stiffness, which are both in the wrist

radial-extension to ulnar-flexion direction.

backdrive the device to find their ROM limits, which
were within those of the device’s limits. Additionally,
the spring torque, 1, = (0, — 04)/ks, during the exper-
iment was low with 7y, 4y = [0.0820.067] N-m and a
maximum absolute torque of Ty max = [0.380.29] N - m.

Robotic assessment experimental validation

Active range of motion measurement. From the active
ROM measurements, participants’ maximum values
were calculated for each movement direction. These
values are plotted as a 2-DOF wrist ROM envelope
in Figure 10. The mean active ROM measurements in
this work are 69.8° in flexion, 53.6° in extension, 48.0°
in ulnar deviation, and 30.1° in radial deviation. The
axis of greatest ROM found in this study was in the
direction of radial-extension to ulnar-flexion, making

an angle of 30° from wrist extension in the direction of
radial-extension. The average completion time for the
active ROM experiment was 5 minutes and 56s.

Passive stiffness measurement. Participants’ stiffness for
each of the 24 directions was calculated as the average
of the 3 measurement repetitions. Stiffness was calcu-
lated using only the torque contribution in line with the
movement, thus representing the restoring stiffness.
The 2-DOF stiffness envelope from these measure-
ments is shown in Figure 10. The axis of least stiffness
found in this study was in the direction of radial-
extension to ulnar-flexion, making an angle of 22.5°
from wrist extension in the direction of radial-
extension.
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The maximum torque for each participant across
stiffness measurements ranged from 0.8N-m to
1.5N-m (0.3 N-m standard deviation), while the aver-
age wrist torque ranged from 0.19 to 0.31N-m
(0.05N-m standard deviation). Mean sEMG activity
across all muscles for all participants was less than
0.67% of maximum voluntary contraction. This
sEMG activity is similar to the approximately 1-3%
of maximum voluntary contraction found during pas-
sive wrist stiffness measurements in Pando et al.,'® pro-
viding evidence of user compliance with the instruction
to relax their wrist muscles during this portion of the
experiment.

Discussion

Both the stiffness and ROM envelopes were observed
to be oblique to the conventional anatomical axes. We
found that the directions of maximum ROM and least
stiffness were aligned with a direction from wrist exten-
sion/radial deviation to flexion/ulnar deviation, a direc-
tion often termed the “dart thrower’s motion”, and
that these axes were nearly parallel to each other. The
results are consistent with observations made in a
cadaver study,'® which also identified the obliqueness
of the wrist stiffness and ROM envelopes, giving some
support to the validity of the SE-AssessWrist for
evaluating 2-DOF wrist biomechanics. While this vali-
dation study demonstrates the capabilities of the
SE-AssessWrist, due to the small sample size used in
this work, it does not allow us to make conclusions
about the wrist biomechanical properties of the general
population. Compared with previous studies that inves-
tigated wrist stiffness in vivo with devices designed for
ADL ROM,"®"?! this work includes both wrist stiff-
ness and maximum ROM assessment.

Further merits of our approach include being able to
investigate passive stiffness over the user-specific
ROM. Previously, ROM estimates have been carried
out based on limitations in device ROM.'"*! Being
able to investigate stiffness over the user-specific
ROM could enable more complete evaluations of
wrist end point stiffness, and ensure that the user’s
ROM is not exceeded. Additionally, in contrast with
the open-loop torque control employed in rehabilita-
tion robots, leading to an estimate of wrist stiffness
from motor current, the SE-AssessWrist has direct
torque estimation for assessing wrist stiffness. Having
a device that can assess active wrist ROM, could be
beneficial for providing a ground truth measurement
of passive ROM, which could be beneficial for situa-
tions in which the user cannot voluntarily move to their
limits.

In addition to the experimental validation study,
demonstration of device performance for the

assessment application was presented in two character-
ization experiments. Position control experiments
highlighted accurate trajectory following despite the
Bowden cable transmission. Additionally, since the
device is non-backdrivable, an active transparent
mode was implemented through a zero force controller
to enable wrist ROM assessment. In this way, the
device was able to accurately regulate the spring
torque to within a small deadzone of 0.15 N - m, similar
to the friction of 0.1-0.2 N-m found in other wrist
exoskeletons.”>?”>® The PD control gains used in the
robotic assessment experimental validation were simi-
lar to those used in the control performance character-
ization experiments. Prior to clinical use, control
performance should be increased through automated
adaptive PD control gains for each user, as well as
incorporating a model of the human wrist.

Robot-aided assessment is not the only platform for
measuring wrist ROM. Motion capture provides a
means for not only measuring wrist ROM, but poten-
tially ROM of the entire body. While it might be pos-
sible to study ROM with a passive device or through
motion capture, neither solution would offer the possi-
bility of assessing both stiffness and ROM through the
same mechanism, which could be beneficial for repeat-
ability, accuracy, and efficiency. By assessing both
properties with the same device, wrist alignment can
be maintained, allowing for a direct comparison
between the two. Additionally, motion capture suffers
from issues such as requiring a large setup area, a sub-
stantial setup time, and can suffer from marker occlu-
sion and slip. While it might be useful to “calibrate” a
robot using motion capture, given the prior limitations,
it might be challenging to use ROM from motion cap-
ture as a ground truth measurement. Limitations of the
developed robot are its larger footprint compared with
other wrist rehabilitation robots due to the Bowden
cable transmission, as well as the increase in actuators
required for each joint.

Although in this work we have focused on the SE-
AssessWrist’s potential applicability for wrist assess-
ment, such a platform could enable other research
areas. For example, the SE-AssessWrist might be
used for biologically-inspired actuation and control
paradigms. In particular, the mechanical actuation
architecture has similarities to the three-element Hill
muscle model, including series elasticity from the
Bowden cable flexibility, as well as parallel actuation
(cables) and stiffness (series elastic element). The device
could also serve as a nonlinear controls platform,
which would benefit from a mathematical model of
the system. A complete mathematical model of the
system is left for future investigations since the focus
in this work was on the viability of the assessment
approach and not to optimize control performance.
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Additionally, while the device was designed for the slow
movements for estimating passive wrist stiffness, the
device is modular, and readily adaptable for other appli-
cations—such as a low-inertia yet high-powered system.

Conclusions

In this work, we presented the development, control,
and experimental validation of the SE-AssessWrist: a
serial 2-DOF series elastic actuated Bowden cable-
based exoskeleton. As found through experiments,
the SE-AssessWrist has both the necessary mechanical
properties and control performance to measure com-
plete wrist ROM and stiffness. Additionally, through
an experiment with five right-hand dominant, able-
bodied individuals, we confirmed a finding originally
reported in a cadaver study—that wrist stiffness and
ROM envelopes are oblique to the conventional ana-
tomical axes along a direction of least stiffness and
maximum ROM termed the “dart thrower’s motion”.
Prior to clinical studies, future investigations should
determine the reliability of these measurements through
repeated trials comparing estimates from robotic meas-
urements to those made by ground truth sensors.

In the future, this device could be used in experi-
ments with able-bodied individuals to develop a data-
base of nominal wrist stiffness and ROM, which could
serve as a reference for wrist biomechanical assessment
of neurologically impaired individuals. Such reference
data could be appropriately scaled to individuals with
wrist sensorimotor control impairments after neurolog-
ical injury. After the end of an assessment session, the
clinician could present the comparison of the magni-
tude and orientation (e.g. the angle of the “dart throw-
er’s motion”) of the user’s stiffness and range of motion
profiles with the reference set. Using the device to study
wrist biomechanical impairment after neurological
injury, such as stroke, could reveal insights into the
evolution of wrist stiffness and ROM envelopes
throughout rehabilitation, which might lead to impor-
tant insights into the recovery of wrist function.
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