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Simple and Reliable Position Sense Assessment
Under Different External Torques: Toward
Developing a Post-Stroke Proprioception

Evaluation Device
Kang-Won Lee , Sang Hoon Kang , Member, IEEE, and Soo-Chul Lim , Member, IEEE

Abstract— Evaluation of position sense post-stroke is
essential for rehabilitation. Position sense may be an output
of a process needing position information, external torque,
and the sense of effort. Even for healthy individuals, it is
unclear whether external torque affects position sense.
Thus, evaluation of position sense under different external
torques in clinical settings is strongly needed. However,
simple devices for measuring position sense under different
external torques in clinical settings are lacking. Techno-
logically advanced devices that may evaluate the elbow
position sense under different torques were reported to be
infeasible clinically because of device complexity and the
need for technical experts when analyzing data. To address
the unmet need, in this study, a simple and light elbow
position sense measurement device was developed that
allows clinicians to measure elbow position sense under dif-
ferent external torques in the form of position matching error
objectively without any technical difficulties. The feasibility
of the device, including intra-session intra-rater reliability
and test-retest reliability over two consecutive days, was
verified to be clinically applicable using tests with 25 healthy
subjects. Thanks to its ease of use, high reliability, and ease
of data analysis, it is expected that the device can help to
evaluate the position sense post-stroke comprehensively.

Index Terms— Proprioception, proprioceptive position
sense, external torque.
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NOMENCLATURE

ADL Activities of daily living
ANOVA Analysis of Variance
CI Confidence interval
CTM Contralateral target matching
EExT Extension external torque
EPMA Elbow position matching accuracy
FExT Flexion external torque
IQR Interquartile range
ITM Ipsilateral target matching
LoA Limits of Agreement
PS Position sense
STD Standard Deviation
TME Target matching error
ZExT Zero external torque

I. INTRODUCTION

THIS paper proposes a simple and reliable elbow device
that enables the evaluation of the elbow joint position

sense, a sub-modality of proprioceptive sense [1], under dif-
ferent external torques. Proprioception is an individual’s ability
to have sub-modalities, including a sense of body orientation/
position, body/limb motion, body segment static position,
displacement, velocity, acceleration, and muscular sense of
force, effort, heaviness [1], [2].

PS is defined as the sense of the static position of a
joint or limb without using vision [1], [3]–[6]. PS affects
the quality of movement control [7], including control of
slow and goal-directed movements [8]–[10], multi-joint coor-
dinated movements [10], [11], accurate reaching/tracking
movement [12], prehension [13], and correction of ongoing
movement [14]. PS is important for movement control both
in feedforward (anticipation, preparation, and response plan-
ning) and feedback (adaptation and skill refinement) opera-
tions [2], [14]–[17], and also for ADL [13], [15], [18]. This
may be because PS could be used for estimating position
during motor planning (feedforward) [16], and is related to
the ability to detect and correct errors (adaptation and skill
refinement) [19]. A loss or degradation of PS may result in
degrade/loss of movement control [20] because the people
with lost or degraded PS must rely on visual inputs for
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feedforward and feedback processes. They may have difficul-
ties in learning novel movements, improving the quality of
movement, or maintaining quality over a series of repetitions
because of the absence of feedback for adaptation and skill
refinement [19].

Clinically, over 60% of individuals with stroke present some
form of sensory deficit [15], [21]–[24]. For those individuals,
impairment in proprioception (commonly the sensing of limb
position in space [7], [18]) is frequently observed [25], [26]
with lesions in the brain areas – thalamus [27]–[30], pos-
terior limb of the internal capsule [31], and somatosensory
(S1) and posterior parietal cortices [31]–[33] – involved in
numerous functions related to sensory processing. Damages to
the supramarginal gyrus, the arcuate fasciculus, and Heschl’s
gyrus were associated with the persistent PS deficit at 6-month
post-stroke [34]. Deficits in PS were found to be largely
independent of the deficits in motor performance [6], [35].
PS is strongly associated with motor recovery [7], [36]–[38].
The degree of PS impairment is associated with the abil-
ity to self-care, the likelihood of being discharged to one’s
home, and the period of rehabilitation [7], [39]–[43]. Thus,
an assessment of PS is essential for treatment planning,
carrying out progress reviews, diagnosis, discharge planning,
and prognosis of individuals with stroke [44]. Moreover, as is
the case of healthy individuals (the force-movement illu-
sion) [1], [45]–[49], because post-stroke PS may be affected
by external forces/torques that could be encountered during
ADL tasks, an investigation of the alteration in the post-stroke
PS may allow us to understand the underlying mechanism
better, and may assist/complement the clinical assessment.
Most clinical assessments, however, rely on categorical or
ordinal ratings by clinicians displaying very poor inter-rater
reliability and sensitivity, poor or absent normal value criteria,
or ceiling effect [18], [50]–[53], and they scarcely provide us
a way to evaluate alteration in post-stroke PS under exter-
nal forces/torques. There is, therefore, a strong need for an
objective and reliable assessment of the post-stroke PS under
different external loads for routine clinical use.

For many ADL tasks, external forces/torques may be
applied to the limbs by external dynamics. For instance, one
can grasp a cup of coffee and bring it to her/his mouth to drink
regardless of how much coffee is in it; one can move her/his
arm to the desired position without looking at it under the
downward gravitational force; and one can lift a book that s/he
wants to read to the vicinity of her/his face. For these tasks,
in the processing of the PS, external force/torque information,
obtained from peripheral proprioceptors (e.g., Golgi tendon
organ), may be used [1], [45]–[49], [54]–[60] in addition to
the position information from the proprioceptors in muscle,
skin, and joint. Furthermore, the PS is determined not only by
the afferent feedback from the muscle, joint, and cutaneous
proprioceptors but also by the efferent motor commands to
the muscle (effort-based signal) [1], [2], [49], which are
closely related to the sense of effort [1], [61]–[63] and
provide an estimate of the intended posture [2], [56], [64],
[65]. The efference copy (a signal derived from the motor
command) could be utilized to estimate limb states (e.g., the
position and velocity) together with the limb dynamics and

afferent proprioceptor signals (e.g., joint angles and external
torques) [1], [63], [66]–[70]. PS might be the output from the
state estimation process utilizing an internal forward model
that may be located in the cerebellum [66]–[69] and/or parietal
cortex [71], [72]. Even for healthy subjects, it is, however, not
very clear whether or not the external forces/torques affect
the PS. Some studies report significant effects of the external
forces/torques [1], [45]–[49], while others do not [54]–[60].
Thus, there is a need for further investigation into the effect
of external forces/torques on PS, considering that external
forces/torques can change the effort command to the muscle
and may be utilized together with position information to
obtain PS.

The aforementioned unmet needs (i.e., need for further
investigation of the effect of external forces/torques on the
PS and an objective and reliable assessment of the post-stroke
PS under different external torques) may be addressed using
existing devices. Many devices – manual devices [60], [73],
a pair of manipulanda driven by servo motors [74], and a
manipulandum actuated by a hydraulic cylinder [75] – have
been utilized to assess the PS under zero external torque. Many
technologically advanced upper-limb rehabilitation exoskele-
ton robots [76] may have sufficient potential to assess elbow
PS under different external torques However, the previously
used technically advanced devices (e.g. the pair of manipu-
landa) were evaluated to be clinically infeasible because of the
complexity of the equipment and the need for technical experts
to perform data analysis [2], indicating a pressing need for
a clinically applicable simple PS evaluation device providing
different external torques

Therefore, to address the unmet needs, the goal of this study
was to develop a simple elbow device, which can provide
different levels of external torque, evaluate the elbow PS
conveniently and reliably without technical difficulties, and be
routinely used in clinics with a simple operation of the device.
It should be noted that this study does not aim to develop a
technically advanced device. To test the device’s feasibility,
an evaluation was performed on healthy subjects to determine
the intra-rater reliability for measures made within a session
and test-retest reliability between two consecutive measures
that were 24-hours apart. Then, the effects of external torques
on the elbow PS were investigated for different types of tests.

II. METHODS

A. Simple Elbow Device for Assessing Position Sense
Under Different External Torques

A simple elbow device was developed (Fig. 1) to assist
clinicians in assessing post-stroke elbow PS objectively and
reliably under different external torques. For the assessment,
the subject sat upright comfortably on a chair. The upper arm
of the subject was supported by a sturdy stand, connected to
the upper arm link of the device, from below at 80◦ shoulder
flexion. The forearm of the subject was strapped to lightweight
carbon fiber braces fixed to the forearm link of the device
while aligning the subject’s elbow joint axis with the device’s
mechanical axis. The upper arm link could be adjusted along
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Fig. 1. The developed elbow device for assessing elbow position sense under different external torques. (a) A subject is wearing the elbow device
on both of his arms. The forearm braces can be adjusted along the long axis of the forearm link. (b) Mechanical stops can be placed conveniently
for safety. (c) Touchscreen display of the Raspberry Pi 3b control box allowing clinicians to conveniently select the type of a test and the external
torque level and to read the elbow joint angle in real-time. The type of the test can be selected from the experimental mode menu. An indicator arm
can be chosen from the measurement arm menu. The external torque can be changed by touching the ‘up’ or ‘down’ button under both the left arm
and right arm.

the anteroposterior direction to match the elbow joint flexion-
extension axis and the device’s flexion-extension mechanical
axis. The location of forearm braces can also be adjusted
along the forearm link direction to accommodate subjects with
different arm lengths. The device might be portable in the
clinical setting because of its lightweight (0.57 kg). Because
of the lightweight design, the forearm link weighted 0.14 kg,
its inertia was 0.002 kg·m2, and the distance of the center of
mass from the elbow joint was 0.095 m.

The device was able to exert a range of external torques
to the subject’s elbow in addition to the naturally existing
gravitational torque due to the forearm and hand. Hereafter,
external torque means the torque exerted to the elbow joint
actively by the proposed device. The capable range of external
torque was set to be from 1.33 Nm flexion torque to 1.33Nm
extension torque in the custom software developed for the PS
sensing. This external torque was provided in a feedforward
manner with the identified voltage-to-torque relationship (see
sections II.C.1) and III-A) using a flat DC motor (EC45 flat,

Maxon Motor, Switzerland) with a built-in encoder and 47:1
low-noise spur gear system (Maxon Motor, Switzerland).
Considering that the long-term goal of the device is to assist
the evaluation of the elbow PS of individuals with stroke,
the maximum torque magnitude (1.33Nm) that the device
can exert on the subjects was determined to be lower than
the minimum of the maximum torques reported in previous
elbow PS studies with unimpaired subjects: 1.47 – 2.60Nm
(0.6 – 1.06 kg force at the wrist) [45], maximum of 6.13 Nm
(2.5 kg force at the wrist) [46], 4.9 – 12.25Nm (10% – 25%
of maximum voluntary contraction [48]). Because most of
the studies provided forces around the wrist joint, the forces
and weights reported were converted to equivalent torques
assuming that the forces were applied at the distal end of a
0.25 m forearm orthogonally. When one with a forearm length
of 0.25 m holds a light and empty cup (0.35 kg), the torque
exerted to the elbow is an extension torque of ∼0.86Nm (65%
of 1.33Nm), which can be experienced in daily life even for
individuals with stroke.
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Further, the device could rotate the subject’s elbow passively
to a target location because the device can be in position
control mode using a built-in proportional-derivative control
(EPOS4, Maxon Motor, Switzerland). One could change the
external torque level by simply touching the control box’s
touch screen display (Raspberry Pi 3b; Fig. 1(c)). The torque
was provided as a step function of time. The motor was
controlled at a sampling rate of 200Hz, and the elbow joint
angle was measured with a resolution of 0.088◦. The external
torque level and elbow joint angle were displayed on the
control box’s touch screen with an update rate of 60Hz. The
device’s range of movement could be adjusted for safety with
mechanical stops (Fig. 1(b)). The motor torque was limited
with the real-time monitoring of a motor current. Enable
switches, which could stop the device in no time, were given
to both the clinician and the subject. Note that because the
maximum torque that the device could generate was 3.1 Nm
in the flexion and extension directions one could increase the
maximum torque by modifying both the custom software and
the current limit of the real-time motor current monitoring,
if needed.

Commonly adopted PS tests, namely ITM [54], [55],
[74], [77]–[82] and CTM [1], [48], [60], [70], [73], [83]–[86]
tests, were considered for testing PS in this study. ITM tests
and CTM tests with different levels of external torque could
be performed with the developed device as follows.

1) IpsilateralTarget Matching Test: This test is a one-arm test.
The subject wore the device on the test arm. The subject flexed
and extended her/his elbow joint of the test arm several times
with wearing the device and was blindfolded. A clinician then
manually rotated the elbow joint to a target angle of 40◦−50◦
[70] elbow flexion while the subject was relaxing, and the
elbow joint stayed at the target angle for approximately three
seconds to allow the subject to remember the target angle by
solely relying on her/his PS. After staying at the target angle,
the subject returned the elbow to the initial posture voluntarily,
immediately after hearing the verbal cue from the clinician
who measured the three-second elapsed time. During the
process, the device generated zero external torque. The subject
was then asked to match the perceived angle by solely relying
on her/his PS under the selected level of external torques pro-
vided by the device in a feedforward manner. Once the subject
felt that the elbow joint had reached the target angle, the elbow
angle (named as the re-created angle) was maintained, and the
end of the matching trial was verbally expressed. The clinician
pressed the saving button to record the target matching error
(= target angle − re-created angle), representing the position
matching accuracy [1], [48], [73], [85], [86] in this study.
During the matching process, the subject was instructed not
to rush but to move the elbow joint to the perceived target
joint angle [85]. For individuals with stroke, this instruction
is expected to help to prevent spasticity. At the end of each
trial, the elbow joint was moved back to the initial resting
position. A fully extended elbow angle was defined as 0◦
flexion, and as the elbow flexed, the elbow angle increased.
Thus, a positive matching error means that the elbow stopped
at a more extended angle than the target angle at a trial
(i.e., re-created angle < target angle) [1], [48], [73], [85], [86].

2) Contralateral Target Matching Test: This test is a two-arm
test. The subject wore a pair of the device on both arms. The
elbow joint of the reference arm (i.e., the arm that was placed
at the target angle [1], [48], [73], [85], [86]) was flexed and
extended several times by the device, and the subject was
blindfolded. A clinician then rotated the reference arm’s elbow
joint to a target angle of 45−55◦ elbow flexion [70] using
the device under the position control while the subject was
relaxing, and the elbow joint of the reference arm remained
at the target location. Once the elbow joint of the reference
arm reached the target position, the subject matched the elbow
angle of the indicator arm (i.e., the arm moved by the subject
to match the reference arm angle [1], [48], [73], [85], [86])
to the perceived angle of the reference arm as closely as
possible without rushing under a selected level of external
torques [85]. As soon as the subject verbally expressed the end
of a matching trial, the clinician recorded the matching error
by pressing the saving button while the subject maintained
the indicator arm’s elbow angle. After completing the trial, the
elbow joint of the reference arm was again flexed and extended
several times by the device and returned to the target position.
Then, the elbow joint of the indicator arm moved back to the
initial resting position for the subsequent trial. Similar to the
ITM test, the matching error was defined as the difference
between the target angle reached by the reference arm and
the re-created angle reached by the indicator arm (= target
angle – re-created angle).

For both ipsilateral and contralateral tests, upper arm move-
ments were monitored to disregard data accompanying the
significant upper arm movements.

B. Subjects

A group of 25 healthy subjects with no previous history
of musculoskeletal injury and neurological impairment was
recruited for this study. The Institutional Review Board at
Dongguk University reviewed and exempted this study and
waived the requirement for written informed consent.

C. Experimental Procedure

1) Identification of the Current-Torque Relationship of the
Device: By attaching a force sensor at the distal end of the
forearm link, the relationship between the current applied to
the motor and torque generated at the elbow joint of the device
was obtained by applying ten different currents to the motor
while measuring the torque at the elbow joint of the device.
The elbow joint torque was computed as the multiplication
of the force measured from the force sensor and the forearm
link’s length.

2) Reliability Test: To quantify intra-rater reliability for the
data obtained within the same session on the same day,
an ITM test was performed with both the preferred and non-
preferred arms under three different levels of external torque:
0.86 Nm FExT (0.86 Nm), ZExT (0 Nm), and 0.86 Nm EExT
(−0.86 Nm). For the same subjects, the CTM test was also
performed under the same three different external torques with
the preferred arm as the indicator arm and the nonpreferred



LEE et al.: SIMPLE AND RELIABLE POSITION SENSE ASSESSMENT UNDER DIFFERENT EXTERNAL TORQUES 827

arm as the reference arm. Five trials were conducted for each
test with adequate rest in between.

To quantify the test-retest reliability, the elbow PS of the ten
subjects (5M/5F), who were able to participate in the study for
two consecutive days, among the 25 subjects was evaluated
twice with a 24-hours interval in between. Each day, the ITM
test was performed with the subjects’ preferred arm under
ZExT, and the CTM test was performed with the preferred arm
as the indicator arm under the three different levels of external
torque. For a potential comparison with the PS of individuals
with stroke, the preferred arm – reported to have less sensitive
PS than that of the nonpreferred arm [74], [77]–[79] – was
selected as the indicator arm. Five replicated TME were
obtained for each subject on each occasion, with adequate rest
in between.

D. Data Analysis

1) Device Characteristics: Linear regression was performed
to determine the relationship between the motor current and
the device’s external torque. The slope of the current−torque
curve was obtained, and the goodness-of-fit was verified
using R2.

To quantify the variation in the torque provided during
the test, the maximum inertial and gravitational torques due
to the link were obtained with the elbow angle and angu-
lar acceleration while the subject voluntarily moved one’s
forearm during the tests. Moreover, the inertial torque due
to forearm and hand were obtained with the aforementioned
elbow angular acceleration and the inertia estimated based on
anthropometry [87].

2) Reliability Test: Widely adopted [88] reliability mea-
sures [89]–[94] – the repeatability coefficient for intra-rater
reliability and LoA for test-retest reliability – were used
considering their simplicity and ease of use.

The repeatability coefficient [90], [92]–[94] was obtained
from five replicates of the TMEs of the subjects to quantify
the limits within which 95% of differences between the two
replicates of TME (obtained within a session on the same
day using the same device) lie. The repeatability coefficient
was obtained as the 2.77 times the within-subject STD (i.e.,
the STD of the measurement errors) obtained from a one-way
ANOVA of the five replicates with subjects as the factor by
following [90], [92]–[94] for each external torque level (ZExT,
FExT, and EExT) and each type of matching test (ITM with
preferred arm, ITM with nonpreferred arm, and CTM).

For the rest of the analysis, the mean of five replicated
TMEs obtained under each external torque condition for each
type of test was computed and defined as the EPMA.

To quantify the test-retest reliability, the EPMA of each of
the ten subjects was obtained daily for each test. The LoA
and bias were then obtained from the EPMA of the two
consecutive days for each external torque condition and each
type of matching test [89]–[93].

3) Effect of External Torque on the Position Sense: A two-
way repeated measure ANOVA was used to test the effect
of external torque levels (ZExT, FExT, and EExT) and types
of test (ITM with preferred arm, ITM with nonpreferred

TABLE I
REPEATABILITY COEFFICIENT FOR SINGLE MEASUREMENT

(N=25 SUBJECTS)

arm, CTM with the preferred arm as the indicator arm) on
the EPMA. A one-way repeated measure ANOVA was per-
formed if significant interactions between the two factors were
detected, followed by pair-wise comparisons with adjusting
p-values based on the Holm-Bonferroni method. Adjustments
were made if a violation of sphericity was found (Huynh-
Feldt adjustment if the sphericity estimate >0.75, Greenhouse-
Geisser otherwise).

To provide healthy young individuals’ PS as baseline data,
median, quartiles, 2.5th and 97.5th percentiles, minimum, max-
imum, and IQR of PS were obtained for each external torque
level and each type of matching test [7], [95], [96].

For all statistical tests in this study, the significance level
was set at 0.05.

III. RESULTS

The subjects were 25.3 ± 1.6 (mean ± STD) years old.
Sixteen subjects were male, and nine were female. For ten
subjects, their preferred arm was the right arm, and for the rest,
the left arm was the preferred arm. For all tests, no significant
upper arm movements were observed.

A. The Device’s Characteristics

The current-to-torque constant of the device was found to
be 3.28 Nm/A, with an R2 of 99.98%. Thus, using the current-
to-torque constant, different external torques were applied to
the subject’s elbow in a feedforward manner.

The torque variation during the tests was quantified. The
maximum gravitational torque due to the link was 0.130 Nm
in the extension (i.e., −0.130Nm). The maximum angular
acceleration was ∼2 rad/s2 across all subjects. Thus, the max-
imum inertial torque due to the forearm link was 0.004 Nm
in both flexion and extension. In total, the maximum torque
contribution due to the link was 0.134 Nm in the extension
(i.e., −0.134Nm). The maximum inertial torque due to the
forearm and hand was 0.10 Nm in both flexion and extension.

B. Reliability

1) Intra-Rater Reliability (Within a Session on the Same Day
Using the Same Device): The repeatability coefficient under
different external torque levels (ZExT, FExT, and EExT) and
test types (ITM with preferred arm, ITM with nonpreferred
arm, CTM with the preferred arm as the indicator arm) were
found (Table I).
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TABLE II
TEST-RETEST(DAY-TO-DAY) BIAS AND LIMITS OF AGREEMENT. MEAN

(95% CI) (N=10 SUBJECTS)

2) Test-Retest Reliability (Day-to-Day): The LoA and bias for
each external torque level and each test type were obtained
(Table II). From the 95% CI of each of the biases, it was
found that there was no significant bias under all tested
conditions.

C. Effect of External Torques on the Elbow Position
Sense

The summary of EPMA for each test under each external
torque was obtained (Table III). The effect of the external
torque and test type on the elbow PS was found (Fig. 2). There
was a significant interaction between external torque levels
and test type (F(4,96) = 10.068; p < 0.001). A significant
difference in EPMA between external torque levels was found
with a one-way repeated measure ANOVA for the CTM test
(F(2,48) = 13.166; p < 0.001) and for the ITM test with
nonpreferred arm (F(2,48) = 5.858; p = 0.005). A significant
difference was found in the EPMA between the test types
using a one-way repeated measure ANOVA for the matching
test under the EExT (F(1.265,30.365) = 9.880; p = 0.002). In the
case of CTM, the EPMA (mean ± STD: −0.3◦ ± 4.0◦) under
ZExT was significantly higher than that (3.3◦ ± 5.1◦) under
the EExT (p < 0.001), and the EPMA (0.9◦ ±4.5◦) under the
FExT was significantly higher than that under the EExT (p =
0.014). The re-created angle obtained under the EExT was
smaller than that under the FExT (mean difference ± 95%
CI: −2.5 ± 1.7◦) and that under the ZExT (mean difference
± 95% CI: −3.7 ± 1.4◦) for the CTM test. In the case of
the ITM test with the nonpreferred arm, the EPMA (mean
± STD: 0.8◦ ± 2.1◦) under ZExT was significantly lower
than that (−0.3◦ ± 1.7◦) under the external flexion torque
(p = 0.010). For the nonpreferred arm ITM test, the re-created
angle obtained under the ZExT was located at a more extended
position than that under the FExT (mean difference ± 95%
CI: −1.1 ± 0.7◦) significantly. For tests under the EExT, the
EPMA from the CTM test (mean ± STD: 3.3◦ ± 5.1◦) was
significantly lower than that (0.3◦ ± 2.0◦) from the preferred
arm ITM test (p = 0.012) and that (0.0◦ ± 1.8◦) from the
nonpreferred arm ITM test ( p = 0.005).

Fig. 2. Target matching error with three different external torque levels
and three types of test (n=25). Vertical error bars represent ±1 standard
error about each mean across subjects.

IV. DISCUSSION

In response to strong clinical and research needs, a device
that enables us to assess the elbow PS under different external
torques was developed for the first time, and its feasibility,
including the reliability, was verified. The device was able
to generate many different external torques, which were not
easy to realize in clinical tests, and required only a short time
(<5 minutes) for subjects’ wearing. During the test, clinicians
can easily change the external torque level by simply touching
the device’s control panel and can read and save the angle
from the display without any further processing. Surely, for
convenient post-processing, the data can also be saved in an
electronic device, including computers. Thus, the proposed
device has good potential for use in clinical settings.

A. Position Sense Evaluation Devices

As mentioned in section I, many devices [60], [73], includ-
ing technically advanced robots [74], [75] could be utilized
for the measurement of the elbow PS However, even with
the advancement in technology, those devices [74] were not
clinically feasible because of the complexity of the equipment
and the need for technical experts to provide data analysis [2].

The operation of the proposed device was made very simple
considering the clinicians’ convenience It took only a few
minutes for the subject to wear the device. With a few touches
to the control panel, clinicians can get all the information
they need without the technical difficulties they may face.
The elbow joint angle and the external torque provided are
displayed in real-time and the external torque can be changed
with just one touch of the panel. Thus, compared with the
previous devices that have been developed, the proposed
device is much less complex in terms of device operation.
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TABLE III
SUMMARY OF ELBOW POSITION MATCHING ACCURACY UNDER DIFFERENT EXTERNAL TORQUE (N=25 SUBJECTS)

Further, because the angle can be directly read from the display
and saved in the device with just one click, there is no need for
technical experts to provide data analysis Thus, the practical
advantages of the device are that it is easy for clinicians to
operate, and no technical experts are needed to analyze the
data obtained. Clinically available isokinetic dynamometers
(e.g., Biodex) may provide isotonic mode, indicating the
potential for evaluating elbow PS under different external
torques. However, those devices were not specifically designed
for the elbow PS evaluation are heavier and occupy larger
space than the proposed device due to the large motor and
the controller (i.e., not portable). Moreover, the interface and
operation of those dynamometers may not be simple compared
with the proposed device.

The maximum torque variation due to the forearm link was
0.134 Nm, indicating that the effect of forearm link inertia and
mass on the test was minimal. For an individual with a forearm
length of 0.25 m to hold a 0.5 kg object, 0.134 Nm is needed.
An alkaline AA battery weighs 0.23 kg. The maximum torque
variation due to the forearm and hand was 0.10 Nm, which was
obtained with the maximum acceleration from the subjects,
indicating a non-zero inertial torque due to the forearm and
hand. However, the maximum inertial torque due to the
forearm and hand was equivalent to holding less than two AA
batteries, which is much lighter than smartphones (∼0.2 kg)
being used for evaluating PS [97] Since individuals with stroke
may be slower than the healthy subjects, the inertial torque
contribution is expected to be smaller for individuals with
stroke.

For each trial, since the net torque acting on the forearm
initially accelerated the forearm toward the target angle, it gen-
erated energy. Later, the net torque decelerated the forearm
near the target angle, indicating that it absorbed/dissipated
energy. Because of the small magnitude of the external torque,
the net muscle torque exerted on the elbow was always the
flexion torque to overcome the gravitational torque due to the
forearm and hand at least partially.

B. Feasibility of the Elbow Device

1) Reliability: First, the intra-rater reliability (within a
session) was evaluated by computing the repeatability

coefficients. The repeatability coefficients were smaller than
the previously reported differences in the replicated TMEs
(>10◦) of individual subjects [85], [86], indicating that the
variability in the replicates of the TME was well controlled
within an acceptable range and was maybe mostly due to
intra-individual variability. Although not large, to reduce this
within-session variability, the mean of five replicates of each
subject’s TME was used for subsequent analyses to represent
the accuracy of elbow position matching of each subject [92]

Second, the test-retest reliability (day-to-day) was verified
using the LoA and bias. The biases obtained from two
consecutive days were not significantly different from 0◦,
indicating that the EPMA evaluated on two different days was
not significantly different. With the LoAs obtained (Table III),
it can be inferred that there is a significant change in the elbow
PS if the difference between the subject’s current EPMA and
the previously measured EPMA is outside the LoA Among
the LoAs, the lower limit of the CTM test under the ZExT
had the largest magnitude (6.1◦). Previous studies on post-
stroke proprioceptive training reported a 10◦-20◦ improvement
in the wrist position matching accuracy (i.e., reduction in
position matching error) [98] Further, the mean TME of the
wrist poststroke was larger than 11◦ for many individuals
with stroke and it even reached 53◦ [99] Thus, the LoAs
from the test-retest reliability of the proposed device may be
clinically acceptable. However, the clinical decision pertaining
to the acceptability of the LoA may require further study with
individuals with stroke

2) Target Matching Errors of Healthy Young Individuals: First,
for all three test types, the differences between the previously
reported TMEs [80] and the corresponding TMEs measured
with the device developed in this study (Fig. 2) under the
ZExT were smaller than the corresponding standard errors
in [80]

Second, the external torque significantly affected the EPMA
for the CTM test and the nonpreferred arm ITM test (Fig.2)
with a similar trend of matching errors in the case of the CTM
test when compared with those of previous studies, namely
CTM test studies [60] (utilizing constant force) and [45]
(utilizing variable force). The re-created angle obtained under
the EExT was located at a more extended position than that
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obtained under the FExT and that under the ZExT This
result is consistent with the reported trend of the matching
error of the studies on the CTM tests under the external
torques/forces [45], [60] Thus, the external torque affected the
elbow PS for the CTM test, and the results agreed well with
the previous results. The differences among different external
torque conditions in EPMA of the nonpreferred arm ITM
tests may be considered small compared with the differences
obtained in the CTM test. The external torque did not signifi-
cantly affect the EPMA found in the preferred arm ITM test.
Considering the subtle differences in EPMA of ITM tests the
magnitude of the external torques – which is equivalent to the
torque required to hold an empty cup (0.86 Nm) – might be a
marginal value to affect the elbow PS of healthy young (age:
25.3 ± 1.6 years) subjects compared with the larger torque of
the previous studies [45], [46], [48].

Third, the effect of the external torque on the elbow PS
was more pronounced in CTM than in ITM tests, as reported
in [77]. Elbow position sense studies have reported that
the CTM is more difficult than the ITM because of the
commonly reported demanding cognitive load involving the
greater interhemispheric transfer of proprioceptive informa-
tion [34], [35], [77], [80]–[82], [100], [101] though the ITM
requires memory demand, unlike CTM [77]. Interhemispheric
transfer of proprioceptive information may be summarized
as follows [77], [81]: first, a reference (e.g., right) elbow
PS information was delivered to the primary somatosensory
region of the cerebral cortex in the contralateral (e.g., left)
hemisphere Then the information crosses the longitudinal
fissure (hemispheric divide) maybe through the transcallosal
pathways of the corpus callosum [81] Eventually, the infor-
mation is delivered to the ipsilateral (e.g., right) hemisphere
controlling the contralateral (e.g., left) indicator elbow. In this
study the effect of the external torque on the elbow PS was also
evident for the CTM test. Moreover, the EPMA of the CTM
test was significantly lower than that obtained from the ITM
tests with both the preferred and nonpreferred arms under the
EExT (Fig. 2), indicating the effect of the increased difficulty
on the elbow PS. On the other hand, as discussed, in the ITM,
even with the involvement of memory [77], the effect of the
external torques on the elbow PS was insignificant in many
cases. In other cases, the difference due to the changes in
external torque was small and might be clinically insignificant.
These may indicate the robustness of the PS of healthy young
individuals to an external torque with a magnitude used in this
study

Fourth, for the healthy young individuals, there was no dif-
ference between the accuracy of the elbow position matching
of the preferred arm and that of the nonpreferred arm for
the ITM test (Fig.2), indicating there was no limb preference.
This is in contrast to the results presented in studies reporting
higher sensitivity with the nonpreferred arm [74], [77]–[79].
This might be due to the difference in the upper limb pos-
ture and target angle between studies [74], [77]–[79], the
difference in the plane of forearm movement, and the level
of difficulty of the testing condition. In previous studies, the
forearm moved in the horizontal plane with 70◦-80◦ upper
arm abduction excluding the effect of gravity [74], [77]–[79]

Further, in [74], [79], it was reported that the preference
was most pronounced in more demanding testing conditions
(e.g., CTM test) than in the relatively less demanding ones
(ITM test) for healthy individuals.

C. The Benefit of Clinical Staff and Patients

The reliability of the device and method were verified in the
healthy individuals (Table I and II). Moreover, the baseline
data of healthy young individuals are provided (Table III).
This baseline data may allow us to have a relative measure
of impairment in PS post-stroke. For instance, if the EPMA
of an individual with stroke is outside of the range of the
2.5th to the 97.5th percentile of the healthy young individuals’
PS and there are no other confounding factors (e.g., age), the
elbow PS of the individual with stroke may be assessed to be
impaired [7], [95], [96].

Clinicians need to touch the control panel few times for
the operation of the device. The data is displayed on the
screen and can be saved on an electronic device, if needed,
for the analysis with any of the clinician’s preferred methods.
Thus, the measurement of the elbow PS under different torque
conditions using the developed device is expected to benefit
both clinicians and patients by providing a comprehensive
understanding of changes in the patients’ elbow PS under
external torque, facilitating patient-specific rehabilitation.

D. Study Limitations

The proposed device, which is the first device for assessing
joint PS under different external torques, is, in its current
form, only for the elbow PS evaluation. Evaluation of sin-
gle joint PS was performed in many clinical proprioception
studies (see [77] and the references therein) at the level of
consciousness [6]. This type of PS evaluation allows us a direct
evaluation of joint-level impairment. Especially, joint level
impairment under different external torques can be evaluated
with the proposed device. Since the device is simple, the
device is expected to be also used for other joints with minor
modifications.

Further studies are urgently needed to investigate the PS
following stroke under different external torques with an age-
matched control group Testing of association between clinical
proprioception measures and the EPMA from the proposed
device would be valuable in further validating the utility of
the device.
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