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Abstract: Proprioception—the sense of body segment’s position and movement—plays a crucial
role in human motor control, integrating the sensory information necessary for the correct execution
of daily life activities. Despite scientific evidence recognizes that several neurological diseases
hamper proprioceptive encoding with consequent inability to correctly perform movements,
proprioceptive assessment in clinical settings is still limited to standard scales. Literature on
physiology of upper limb’s proprioception is mainly focused on experimental approaches involving
planar setups, while the present work provides a novel paradigm for assessing proprioception
during single—and multi-joint matching tasks in a three-dimensional workspace. To such extent, a
six-degrees of freedom exoskeleton, ALEx-RS (Arm Light Exoskeleton Rehab Station), was used to
evaluate 18 healthy subjects’ abilities in matching proprioceptive targets during combined single
and multi-joint arm’s movements: shoulder abduction/adduction, shoulder flexion/extension, and
elbow flexion/extension. Results provided evidence that proprioceptive abilities depend on the
number of joints simultaneously involved in the task and on their anatomical location, since muscle
spindles work along their preferred direction, modulating the streaming of sensory information
accordingly. These findings suggest solutions for clinical sensorimotor evaluation after neurological
disease, where assessing proprioceptive deficits can improve the recovery path and complement
the rehabilitation outcomes.

Keywords: robot-aided assessment; wearable robotics; sensorimotor integration; kinaesthesia;
proprioception; neurorehabilitation

1. Introduction

Proprioception can be defined as the awareness of body segment positions and
movements in the surrounding space [1]. Any change regarding a body district’s
configuration activates mechanoreceptors located in joints, muscles, and tendons [2]. A
key role in providing proprioceptive signals is played by the muscle spindles, the Golgi
tendon organs, and the stretch receptors [3]. All the proprioceptive processes that
promote awareness of body segment’s position are critical for the control of complex
movement as well as posture [4].

Neurological injuries can significantly alter or deprive the central nervous system of
peripheral sensory information [5], leading to a deterioration of the body awareness [6]
and of the capacity to perform even a simple movement [7]. With neuropathies, despite
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gross motor functions are preserved [8], yet considerable sensorimotor deficits can persist
[9].

In regular clinical practice, proprioceptive impairments receive less attention than
motor deficits [10], and are usually quantified through clinical scales (Fugl-Meyer
Assessment Scale [11] and Nottingham Sensory Assessment scale [12]), lacking in
accuracy, precision, and reliability [13,14], and leading to incongruences and low
agreement with clinical results obtained from imaging studies [10].

Scientific literature reports several attempts to provide quantitative measurements of
proprioception [15-19]: Dukelow et al. adopted a planar robotic exoskeletal arm to
quantify proprioception after stroke in a bidimensional workspace (2D) by means of a
classic position matching task paradigm [20,21]. They passively moved the patients’
impaired arm towards a target position, and successively asked them to mirror with the
contralateral arm. Results provided evidence that proprioceptive sensitivity depends on
both the arm’s configuration and the movement direction. Other contributions [22-24]
found that muscle spindles are sensitive to movements in different directions which are
highly specific: each muscle shows a maximum sensitivity to a particular movement
direction, i.e., the preferred sensory direction.

Further studies have shown that the central nervous system programs movements
considering the gravity acting on the limb: arm kinematics changes for movements
performed across different directions along the "vertical axis" (i.e., going upward or
downward), coherently with the optimization of both inertial and gravitational forces [25—
27]. Hence, in a three-dimensional workspace, proprioceptive sensitivity could be
modulated by gravity’s effects on the arm configuration.

Sketch et al. [28] used a planar robotic arm to analyse proprioceptive acuity in single-
joint and multi-joint tasks, focusing on the elbow, shoulder, and hand, still limited to a 2D
planar workspace.

Only recently, authors started to treat the evaluation of proprioception across a three-
dimensional (3D) space: Marini et al. [29] characterized the wrist proprioception by
considering each of the three degrees of freedom (DoFs), showing changes in
proprioceptive acuity across different directions. Similarly, other researchers [30-33]
started investigating how proprioception varies when single or multiple joints are
involved in a motion task. However, in the latter cases, their evaluation was only
conducted by analyzing the final arm position, by means of end-effector devices.

Recent advancements in exoskeleton’s design provide the possibility of
implementing proprioceptive paradigms involving a full-human range of motion,
complementing with many DoFs to precisely determine the joint position [34-37].
Exoskeletons exhibit numerous advantages compared to the end-effector robots, in
particular for upper limb proprioceptive assessment: they offer the possibility of
implementing three-dimensional tasks, following the arm’s natural workspace, and
enabling for independent or simultaneous movement of the shoulder, elbow, and wrist
joints.

Based on the references above, it is a consolidated opinion that proprioception is fed
back considering both direction of motion and final arm configuration, and given the lack
of studies that evaluate proprioceptive acuity along every single arm joint in a 3D-
workspace, we decided to develop a spatial task for the assessment of proprioception, using
a six DoFs bimanual exoskeleton, ALEx-RS [38,39]. Our protocol enables quantifying single
and multi-joint position sense, involving an active matching movement of each upper limb.

The purpose of this study was to evaluate the "sensorimotor" contribution in single- or
multi-joint arm movements (shoulder abduction/adduction, shoulder flexion/extension,
and elbow flexion/extension) in healthy subjects, using an ipsilateral joint position matching
(JPM) test. We aim at understanding (i) how proprioceptive acuity changes along the arm
moving from proximal body joints to the distal ones; (ii) how the human nervous system
decodes the simultaneous activation of more than one body joint (multi-joint).
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2. Materials and Methods
2.1. Subjects and Experimental Setup

A group of eighteen healthy and right-handed subjects (8 females and 10 males, 27.94
+ 3.83 (mean =+ std) years old, range: 22-33 years) took part in this study. In the group,
there was no significant difference in the age distribution between males and females. For
all the subjects, we evaluated the handedness through the Edinburgh Handedness
Questionnaire [40] (Laterality score (LS) = 81.89 + 13.07 (mean * std), right-handed if LS >
60). All participants provided their informed consent. The experimental protocol was
approved by the Heidelberg University Institutional Review Board (S-287/2020), and the
study was conducted in accordance with the ethical standards of the Declaration of
Helsinki. Experiments were carried out at the Aries Lab (Assistive Robotics and
Interactive Exosuits) of the University of Heidelberg, Germany. Subjects self-reported no
evidence or known history of neurological diseases and exhibited a normal joint range of
motion and muscle strength.

The experimental design involved a task where subjects worn the bimanual Arm
Light Exoskeleton Rehab Station ALEx-RS [38,39], shown in Figure 1A. An initial phase
was run before starting the experiment to allow participants to familiarize with the device
and its dynamics. Subjects wore a mask over their eyes to occlude vision during the whole
experiment.

The device consists of two identical robotic exoskeletons with 6-DoFs for each side.
Four DoFs are sensorized and actuated: shoulder abduction/adduction (A Ashoulder),
shoulder pronation/supination (PSshouter), shoulder flexion/extension (FEshouder) and
elbow flexion/extension (FEewow); the other two DoFs are only sensorized: wrist
pronation/supination (PSwrist) and wrist flexion/extension (FEwrist). The latter was blocked
during the experiment to avoid uncontrolled movements.

The range of motion (ROM) of each exoskeleton can approximately cover 92% of the

upper limb workspace: the system is powered by a tendon-driven transmission system
with low inertia and makes the overall structure highly transparent. Four brushless
motors provided maximum torque values of 35 Nm for both AAshouder and PSshoulder, 25
Nm for FEshouder, and 20 Nm for FEeiow.
The controller of the device includes the possibility to use the workstation in 3 modalities:
(i) "passive”, in which the subject individually moves her/his arms in a back driveable
dynamic mode; (ii) "assistive", in which the robot drives the upper limbs during the task
execution ; and (iii) “assisted-when-needed”, in which the robot guides the user’s arm
when she/he is not able to initiate movements exceeding a time threshold. In all of the
three modalities, the exoskeletons provide gravity and friction compensation, and the
inertia is mostly cancelled by an inverse dynamic model running during operation and
perceiving the user’s motion by the absorbed currents from the motors. In the framework
of the current contribution, an impedance control has been adopted to allow the user to
actively match the imposed target and being passively guided by the robot during the
target presentation as described in the following section.
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Figure 1. (A) Bimanual ALEx-RS device. (B) Block sequence presented to the participants during the ipsilateral joint posi-
tion matching (JPM) task. (C) Task representation: participants sat on the workstation chair wearing one of the robotic
exoskeletons, according to the tested body side. They were requested to grasp a pressure-sensitive handle of the contrala-
teral exoskeleton (non-tested side). On the top left is illustrated the single joint (S]) condition for the A Ashoulder, o the top
right for the FEshoulder, on the bottom left for the FEewow. On the bottom right is illustrated the multi-joint (M]) condition.
For all conditions is shown the Initial Position on the left and the Proprioceptive Target position on the right.
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2.2. Task and Procedure

During the experiment, participants sat on the workstation chair wearing one of the
robotic exoskeletons, according to the tested body side. They were requested to grasp a
pressure-sensitive handle of the contralateral exoskeleton (non-tested side). Arms and
forearms were firmly strapped to ensure arm positioning’s repeatability and limit inter-
trial variability and undesired relative movements during the experiment.

The proprioceptive test consisted of an ipsilateral JPM task [9], involving a single
trial with two main phases (Figure 1B):

1. Phase 1 or “Stimuli Presentation” in which the blindfolded user ‘arm was passively
moved by the exoskeleton from an "Initial Position" (A Ashoutder: 10°, FEsnoulder: 5° and
FEewow: —40°) to a "Proprioceptive Target" (A Ashoulder: 60°, FEshoulder: 80° and FEEiow: -
10°). An auditory cue (high-frequency beep) was provided when the robot reached
the Proprioceptive Target. Successively, after the target presentation, the robot moves
back the users” arm to the initial posture (Block 3).

2. Phase 2 or “Active Matching” started with a sound and required the subjects to
match, as accurately as possible, the previously experienced stimuli by actively mov-
ing her/his arm: this was possible because the exoskeleton was set in a transparent
modality, i.e., without applying any force. Participants could stop the trial when
matched position by squeezing the handle held in the contralateral hand (Block 4).
After each trial’s completion, the robot drove back the subject’s arm to the initial po-
sition before initiating the next trial (Block 5), Figure 1B.

We tested the proprioceptive acuity in two different modalities:

e "Single Joint" (S]): only one of the three examined degrees of freedom was inde-
pendently tested for JPM task (A Ashoutder Or FEshoulder 01 FEEIow) (Figure 1C top).

e "Multiple Joints" (M]): proprioceptive targets were presented by moving all the three
degrees of freedom in a multi-joint fashion (A Ashoulder + FEshoulder + FEeow) (Figure 1C
bottom).

The whole experimental session included four target sets (3 S] and 1 M]J) for both left
and right arms, which were pseudo-randomly distributed across participants in order to
avoid possible target sequence effects. Each target sets counted 10 proprioceptive target
presentations and the relative matching tasks. A total of 80 trials (30 SJ +10 M]J distributed
on the two arms) were administered to each subject, with a 5-min break between each
target set, for a total duration of about 1 h for the whole experiment.

2.3. Data Analysis

Trajectories were saved at 100 Hz frequency. Recorded joints” positions were filtered
offline using a third order Savitzky—Golay low-pass filter (cut-off frequency of 10 Hz).
Proprioceptive performance was computed by using three kinematic indicators evaluated
on the N repetition across each experimental condition (S] and MJ):

1. The "Matching Error", which analyses performance accuracy, by computing the av-
erage of the absolute error between the proprioceptive target position iurger and the

arm configuration 9::

Matching Error = % X Y1 19 — Brarget (1)

2. The "Error Bias" [4] evaluates the overshoot and undershoot during the matching task
by considering the signed error between the presented proprioceptive target location
(Starget) and the final position (9:) at the end of each trial [41]. For consistent interpreta-
tion, we transformed the signed Error Bias to a measure of a signed overshoot:

. 1 .
Error Bias o5 = N X Slgn(ﬂtarget) X Ziv=1(19i - ﬁtarget)' 2
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In this outcome, negative values represent an undershoot, and positive values repre-
sent an overshoot independently of the sign of the presented proprioceptive target.

Both metrics have been expressed as percentage (%) of the distance between the Ini-
tial Position and the Proprioceptive Target which varied for each DoF considered (49 =
50° for AAshoutder, A9 = 75° for FEshoulder and AY = 30° for FEewow). The target amplitudes
were selected to reproduce in the MJ condition a typical functional gesture of daily activ-
ities, maintaining a percentage of about 30% of the total functional ROM for each DoF.

2.4. Statistical Analysis

Data normality was evaluated using the Shapiro-Wilk test, and sphericity condition
for repeated measures analyses of variance (rANOVA) was assessed using the Mauchly
test. The rANOVA test was used to examine the effects of the upper limb condition, the
DoF, and the body’s side on the dependent variables (Error Bias, and Matching Error). We
considered three within-subject factors: (i) "condition" (2 levels: S] and M]J), (ii) "DoF" (4
levels: AAshoulder, FEshoutder, FEEow, and MJ), (iii) "Side" (2 levels: left and right) and their
interaction. A post-hoc analysis was performed using the paired t-tests to evaluate the
significant pairwise differences between each perturbation, DoF, and condition. All the
tests have a statistical significance level set at 0.05, except for post-hoc analysis, where the
significance level was reduced to 0.004 for Bonferroni corrections. Statistical analysis was
conducted by using IBM SPSS Statistics 23.

3. Results

3.1. Multi-Joint Condition Leads to a Decrease of Proprioceptive Acuity Resulting in an
Underestimation of the Matching Target

All participants were able to perform the experiments involving the two conditions
and the multiple target sets.

However, performance was significantly different when considering the DoFs and
the testing modality. In detail, Figure 2 illustrates the comparison between the two condi-
tions (S] versus M]J) for both the Error Bias (A) and the Matching Error (B): two main dif-
ferent behaviours were found between the SJ] and MJ tests.

All subjects showed a tendency to overshoot the Proprioceptive Target when re-
quested to perform the matching task in SJ condition with the elbow FEEwow.

Contrarily, the same joint (FEewow) undershot when the M] condition was presented
for both left and right arms.

Furthermore, a significant deterioration of proprioceptive acuity was also inferred in
multiarticular complex movements (M]) rather than in single joint (SJ): this was true only
for the distal joint of the arm FEewow, while the proximal anatomical district AA/FE shoul-
der, provided similar results independently on the testing modality (5] vs. MJ).
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Figure 2. Outcome measures relative to the Error Bias and the Matching Error. In each graph, the orange color represents
the left body side, while the green color represents the right one. The single-joint condition (SJ, which could be: A Ashoulder
or FEshouder or FEEIbow) is represented by a round marker, while a triangular marker represents the multi-joint condition
(M]). Black markers denote the averaged value between the subjects for each condition; the colored ones represent the
mean value for each participant across the trials. Each column represents one DoF (A Ashoulder, FEshoulder, and FEEeow). (A)
Error bias. (B) Matching error. * represents the significant differences between the two conditions (S] and MyJ).

The aforementioned differences were confirmed by rANOVA test, highlighting a sig-
nificant condition (S] vs. MJ) effect ("condition": Error Bias: F(1,18) = 33.5, p <0.001; Match-

ing Error: F(1,18) = 30.5, p < 0.001).

Ultimately, we statistically inferred across the two conditions, by a paired t-test post-
hoc analysis, different behaviour of each tested DoF, and it has been found that only FEe.-
vow DOF presents statistically significant differences (see Tables 1 and 2). Contrarily the
other tested limb’s joint, the shoulder, maintains statistically similar performance inde-

pendently on the condition.

Table 1. Mean values and standard errors (%) for the Error Bias and Matching Error.

Body Side DoF . Error Bias " . Matching Error i
FEEibow 3.97+2.75 -16.89 +6.26 13.24 £ 0.93 26.80 +2.49
Right FEshoulder 0.37+1.31 3.54+1.42 6.12 +0.66 6.95+3.12
AAshoulder 7.53+1.82 7.13+2.28 11.21£1.03 12.10 £1.40
FEEibow 8.21+2.67 -21.96 + 4.67 14.01£1.29 26.64 +3.59
Left FEshoulder -0.47 £1.29 2.31+191 6.04 + 0.66 8.08 +£0.87
A Ashoulder 8.73 £2.32 -3.76 £3.26 12.94+1.43 15.56 +1.63
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Table 2. Statistical p-values for the Error Bias and Matching Error between conditions.

Body Side
Right

Left

Condition
SJ

MJ
SJ

MJ

Error Bias Matching Error
FEEwow FEshoulder A Ashoulder FEEwow FEshoulder A Ashoulder
0.002 * 0.029 0.825 <0.001 * 0.379 0.335
<0.001 * 0.112 0.012 0.002 * 0.051 0.172

* represents significant differences.

3.2. Proprioceptive Error Across Body Joints

We investigated another aspect of the proprioceptive performance across the differ-
ent body segments and how their distal and proximal positions influence such perfor-
mance in the body.

As depicted in Figure 2B, illustrating the Matching Error, for all conditions, it has
been found a lower proprioceptive acuity for the distal body joint (elbow) than for the
proximal one (shoulder).

The rANOVA test (Table 3), performed on the Error Bias and the Matching Error,
highlighted a significant effect of the DoF (Error Bias: F (2,18) = 8.6, p = 0.001; Matching
Error: F (2,18) = 73.0, p < 0.001) and an interaction effect between the conditions and the
DoFs (Error Bias: F (2,18) = 29.7, p < 0.001; Matching Error: F (2,18) = 17.2, p < 0.001). No
significant difference has been found between the body sides (Error Bias: F (2,18) =1.7, p
= 0.213; Matching Error: F (2,18) = 1.5, p = 0.246). The post-hoc analysis between the DoFs
for the Error Bias and the Matching Error is reported in Table 3. The proprioceptive error
resulted significantly larger for the distal joint than for the proximal one, considering the
same DoF (FE).

Table 3. Statistical p-values for the Error Bias and Matching Error between the joints.

Body Side DoF 8 Error BlasM] I\S/I]atchmg Erﬁ;
FEEembow
FEshoulder 0.173 0.014 <0.001 * <0.001 *
Right A Ashoulder 0.289 0.006 0.197 0.002 *
FEshoulder
A Ashoulder 0.002 * 0.082 <0.001 * <0.001 *
FE&ibow
FEshoulder 0.002 * 0.001 * <0.001 * <0.001 *
Left A Ashoulder 0.836 0.006 0.445 0.008
FEshoulder
A Ashoulder 0.001 * 0.127 0.001 * <0.001 *

* represents significant differences.

4. Discussion

Despite the paramount importance of proprioception in sensorimotor control, stud-
ies investigating proprioceptive acuity in coordinated multi-joint setups are still limited
to single-joint or confined in the execution of tests involving planar workspace. Further-
more, not much evidence can be found in the literature about experimentally assessed
physiological aspects that rise from the interconnection between distal and proximal joints
in the perception of proprioceptive targets. With this in mind, we aim at providing in-
sights into how proprioceptive acuity is encoded at the multi-joint level by means of a
novel experimental paradigm involving proprioceptive assessment via a robotic device.
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We developed a protocol to compare "single"- versus "multi-joint" position matching
in order to assess how perception of a proprioceptive target changes when multiple sen-
sory information is encoded from the different sources or joints involved in the task.

We used a robotic setup to overcome previous limitations of planar setups and test
subjects’ acuity of joints position across a 3D space.

The proposed paradigm aims not only at extending proprioceptive assessment to a
multidimensional manifold, replicating complex arm configurations, but provided also
the unprecedented possibility of studying in detail the interconnection between those an-
atomical joints responsible for covering the whole arm workspace. To the best of our
knowledge, there are no previous studies investigating such aspects involving robotic
technology to increase measurement accuracy as well as contemplating a 3D testing par-
adigm.

It has been observed that proprioceptive performance is influenced by the number of
joints involved in the task as well as by the anatomical configuration of the tested degrees
of freedom [20,28,42].

4.1. Proprioceptive Acuity Differences between Single- and Multi-Joint Tasks

As evidenced by the performance indicators, the multi-joint condition leads to a de-
crease of proprioceptive acuity for the distal joint.

We want to support our results with the following considerations: (i) since MJ move-
ments generally involve several processes required for stability, coordination, and neuro-
muscular control [43,44], their execution proves to be more complex than SJ ones; (ii) dur-
ing the single-joint condition, the mechanoreceptors stimulation and the arising sensory
information are better encoded by the central nervous system rather than when multiple
information comes from different joints (M]). In S] condition, muscle spindles can work
along their preferred direction by conveying their afferent information to the brain result-
ing in a population code representing the joint position [22-24]. Hence, in clinical settings,
the sensory evaluation protocol should consider the number of joints simultaneously in-
volved, modulating the obtained outcomes to the task complexity.

Moreover, our results have been extracted from an experimental setup involving a
3D-workspace and combining information arising from multiple peripersonal spatial
components [45], and therefore introducing multiple factors: i.e., the gravity perception,
which was involved in the dynamics of the task, and hence introducing extra-information
in the sensory channel that complicates feedback integration when a MJ movement is re-
quired [25-27]. In contrast, Sketch et al. [28], who implemented a 2D-task, obtained a re-
verse result, evidencing that the MJ condition leads to lower matching errors than the SJ
one. They justified their result, highlighting how M] movements are more relevant from
a “biological” point of view, i.e., they are closer to our routines compared to the SJ ones.
However, the possibility to implement a 3D-scenario allowed us to cover the whole arm
movement. In our study, subjects’ performance was compared across different work-
spaces, overcoming issues about how movements observed at the single-joint can be com-
pared with their projection at the end-effector even though they have different metrics
and dimensionality [46].

4.2. Proprioceptive Error across Upper Limb Joints

As previously discussed, our results highlighted a significant difference in proprio-
ceptive acuity between the tested joints: in particular, regardless of experimental condi-
tions (SJ or M]J), the largest matching error has been found in the distal district of the arm,
the elbow. Our outcomes are consistent with the hypothesis that proprioceptive signals
are differently encoded if they originate from proximal or distal segments. Brinkman and
Kuypers [47] in a study on primates, highlighted the aspect mentioned above by experimen-
tally demonstrating that the contralateral motor cortex is responsible for mediating distal
movements, while motor commands related to proximal districts involve a neural activity
from both the ipsilateral and contralateral motor cortex. Different neural pathways generate
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diverse motor behaviours as well as sensory processing between distal and proximal limbs,
resulting in a significantly different performance between joints of the same limb. There is
further evidence [42] demonstrating that in a 2D proprioceptive assessment, subjects’ per-
formance was not isotropically distributed over the task workspace, but the largest errors
have been found for more distal configurations of the limb.

Other studies confirmed that proprioceptive acuity is highly influenced by the con-
figuration of the tested limb: performance in joint position matching tasks is worse for
targets located in a distal portion of the arm workspace [16,41,48,49] rather than for those
tested in proximal configurations [15,50,51].

The current work explores a unique multi-joint (M]) configuration. The implementa-
tion of further MJ] movements would help understand the proprioceptive mechanisms in-
volved in a 3D-workspace to be included in a proprioceptive assessment protocol. Our find-
ings provide the first proof of concept that can be considered to develop "evaluation proto-
cols" and "ad-hoc rehabilitative interventions" for somatosensory retraining as published in
recent works [52,53], also providing real-time feedback of the proprioceptive errors.

5. Conclusions

This study proposes a new paradigm using a robotic device for quantitively assessing
upper limb proprioception during a three-dimensional Joint Position Matching task.

The main finding can be summarized as the presence of a dissimilar proprioceptive
acuity between joints of the same upper limb. In particular, the elbow and shoulder be-
have differently depending on the experimental condition and the arm configuration over
the workspace.

The same robot-aided paradigm might be used in clinical settings. In fact, standard
proprioceptive tests in medical practice provide assessments that are manually dispensed
by the therapists, resulting in a qualitative low-resolution observation. Our findings may
suggest that the use of robotic technology, which is rapidly and progressively spreading
in hospitals and rehabilitation structures, might help clinicians in effectively evaluating
proprioceptive deficits in a multi-joint fashion, thus drastically improving measurement
accuracy and reliability. We hope that despite our investigation involves only an unim-
paired sample population, it may arouse clinicians’ interest in the proposed paradigm in
conjunction with the recent advancement in wearable technology, and invite the medical
community to further pursue the use of robotics for clinical assessment.
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