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Abstract
Despite recent studies indicating a significant correlation between somatosensory deficits and rehabilitation outcomes, how 
prevailing somatosensory deficits affect stroke survivors’ ability to correct their movements and recover overall remains 
unclear. To explore how major deficits in somatosensory systems impede stroke survivors’ motor correction to various 
external loads, we conducted a study with 13 chronic stroke survivors who had hemiparesis. An inertial, elastic, or viscous 
load, which was designed to impose perturbing forces with various force profiles, was introduced unexpectedly during the 
reaching task using a programmable haptic robot. Participants’ proprioception and cutaneous sensation were also assessed 
using passive movement detection, finger-to-nose, mirror, repositioning, and Weinstein pressure tests. These measures were 
then analyzed to determine whether the somatosensory measures significantly correlated with the estimated reaching perfor-
mance parameters, such as initial directional error, positional deviation, velocity deviations, and speed of motor correction 
were measured. Of 13 participants, 5 had impaired proprioception, as they could not recognize the passive movement of their 
elbow joint, and they kept showing larger initial directional errors even after the familiarization block. Such continuously 
found inaccurate initial movement direction might be correlated with the inability to develop the spatial body map especially 
for calculating the initial joint torques when starting the reaching movement. Regardless of whether proprioception was 
impaired or not, all participants could show the stabilized, constant reaching movement trajectories. This highlights the role 
of proprioception especially in the execution of a planned movement at the early stage of reaching movement.
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1  Introduction

Stroke survivors commonly experience impaired motor con-
trol after a stroke. The causes of this motor impairment are 
usually diverse, ranging from the loss of muscle strength to 

impaired motor coordination, and disrupt movement plan-
ning. Somatosensory loss after stroke is also common [1, 2]; 
however, how it contributes to motor impairment remains 
unclear.

Most clinical trials aimed at recovering motor impair-
ments have concentrated on interventions that restore mus-
cle strength. However, the effectiveness of interventions that 
solely focus on strengthening has been limited or has modest 
clinical outcomes. Conversely, recent studies have empha-
sized the importance of somatosensory systems in rehabilita-
tion outcomes after stroke. Some studies have suggested that 
the extent of the somatosensory loss can even predict reha-
bilitation outcomes in stroke survivors [2, 3]. Despite this, it 
remains unclear which type of somatosensory deficit is most 
responsible for the impaired capacity for motor correction and 
therefore should be treated intensively to obtain better rehabili-
tation outcomes. Thus, in this study, we examined how soma-
tosensory loss following hemispheric stroke correlates with 
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the ability to execute correcting movements in response to an 
unexpected, external load imposed during a planar reaching 
task of the upper extremity.

Deficits in somatosensory systems can impair precise force 
generation and object manipulation after a stroke, as these sys-
tems play a crucial role in fine motor control and force genera-
tion [4, 5]. By contrast, healthy individuals can easily handle 
an object with an unknown weight and accomplish movements 
successfully [6] through their sensory systems, including 
vision, tactile sensation, static proprioception, and dynamic 
proprioception (kinesthesia). These sensory systems signal the 
difference between the predicted and actual movement out-
comes, enabling individuals to correct their movements [7]. 
However, stroke survivors with sensory deficits may struggle 
to assess deviations from the predicted movement path and 
correct their movements, potentially leading to impaired motor 
learning and retention [8]. The underlying reasons for these 
impairments remain unclear [9].

Several case studies have shown that somatosensory loss 
can significantly affect motor performance, particularly in 
multi-joint movements and coordination, in patients with 
neurological disorders [4, 10, 11]. Inaccurate movement tra-
jectories [10], numerous sub-movements for movement cor-
rections [11], and different characteristics of motor learning 
[12] have been reported in patients with proprioceptive deaf-
ferentation. Interestingly, accurate adaptation performance 
has been observed even in participants with substantial pro-
prioceptive deficits [4, 12, 13]. Nevertheless, these studies 
had some limitations, as they were based on case reports 
with relatively small sample size or included a lack of cor-
relation between task-related performance parameters and 
somatosensory deficits. Thus, this study aimed to investigate 
how somatosensory loss affects motor control and the capa-
bility for motor correction to novel loads in stroke survivors.

For this study, we hypothesized that a decline in soma-
tosensory system capacity, including static/dynamic proprio-
ception in stroke survivors, would significantly impair their 
capability for motor correction in response to an unexpected 
change in the external load. To test this hypothesis, stroke 
survivors were categorized based on their functional levels 
of dynamic/static proprioception and cutaneous pressure 
sensory acuity. By correlating these functional levels of 
sensory systems with reaching performance parameters, we 
can assess how much the somatosensory deficit contributes 
to stroke survivors’ global motor deficits and capability for 
the motor correction in response to unexpected loads.

2 � Materials and methods

This study enrolled 13 chronic stroke survivors with hemi-
paresis, with an average age of 60.08 ± 7.04 years and an 
average stroke onset of 10.77 ± 8.17 years ago. Before 

the experiment, all participants were informed about the 
experiment and signed a consent form, which was approved 
by the Northwestern Institutional Review Board (IRB # 
STU00208823). The participants involved in this experi-
ment reported no history of upper body injuries that could 
interfere with performing reaching movements.

Before conducting the reaching task, the isometric elbow 
strength and functional level of somatosensory system acuity 
were evaluated on both sides of the upper limb of the partici-
pant (Fig. 1 and Table 1). The Weinstein monofilament pres-
sure test (Fig. 1A) [14] was employed to measure cutaneous 
pressure sensation. Five monofilament tester pens with vary-
ing tip thicknesses were used to exert different pressures on 
the participant’s hand skin, and the minimum sensible pres-
sure was recorded (Fig. 1A). If none of the monofilaments 
was recognized by the participant, the maximum weight of 
this test (300 g) was considered as the response [14, 15]. To 
assess dynamic proprioception (kinesthesia), a test based 
on the finger-to-nose test (Fig. 1B) [16, 17] and the passive 
elbow joint movement detection test (Fig. 1C) [18, 19] were 
performed. With the eyes closed, participants were asked to 
extend their elbow and then asked to touch their nose with 
the index finger. A positive outcome value was considered 
if a blindfolded participant could touch their nose success-
fully at least 3 out of 5 times during the finger-to-nose test 
(Fig. 1B). For the passive elbow joint movement detection 
test, the participant’s elbow joints were randomly flexed or 
extended using DORIS, a haptic robot with low mechanical 
impedance and noise [20], at a speed of 2 deg/s. The upper 
limbs of the participants were supported against gravity by 
the SaeboMAS (Saebo, Inc., Charlotte, NC) system. A posi-
tive outcome value was considered if the blindfolded partici-
pant could recognize the movement direction at least 3 out 
of 5 times (Fig. 1C).

Static proprioception was assessed using the mirror test 
(Fig. 1D) [21] and the repositioning test (Fig. 1E) [22]. 
During the tests, HapticMaster (Moog FCS Robotics, East 
Aurora, NY) [23] was used to passively move the paretic and 
nonparetic sides of the upper limb to a specific position in 
a plane. The participant was then asked to mimic the same 
position with the other side (Fig. 1D) or with the same side 
(Fig. 1E) of the upper limbs, which were supported by the 
SaeboMas system. This test was repeated three times, and 
the average positional deviation was considered the spatial 
error. The researchers also measured maximum elbow exten-
sion force by pushing the padded probe of the HapticMaster 
at a fixed position for 3 s, which was repeated three times 
and then averaged (Fig. 1F).

Before the actual loaded reaching task, participants 
underwent a baseline (familiarization) task consisting of 
15 reaching trials to get familiar with the haptic device. 
During this baseline task, a 2 kg inertial load was applied 
to the handle of the Haptic Master held by the participant. 
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The first three and last three reaching trials of this baseline 
task were analyzed to assess early and late familiarization, 
respectively (Fig. 2). During the experiments, the partici-
pants were required to grasp the handle of the HapticMaster 
and reach the target, which was positioned 20 cm from the 
starting point (Fig. 2). The starting point was located in front 
of the chest’s center. The target was always positioned in the 
direction away from the chest, mainly inducing elbow exten-
sion, and located in the direction of the moving arm (Fig. 2). 
The participants were provided with visual feedback of the 
current hand position and target position via a monitor.

Following the baseline task, all participants completed 
two loaded reaching sessions, each consisting of three blocks 
of reaching experiments. Each block comprised 15 reaching 
trials, with one of three different load types, i.e., an iner-
tial, elastic, or viscous load [24, 25]. After each block of 15 
reaching trials, a 10-min rest was given. In total, the partici-
pants completed 15 unloaded baseline (familiarization) tri-
als and 2 of 45 loaded reaching trials, totaling 105 reaching 
trials in a day. Both blocks had the same protocol except for 
the random order of mechanical loads.

For the loaded reaching trials, all three types of 
mechanical loads (inertial, elasticity, and viscosity), which 

was designed to arouse various force profiles (as depicted 
in Fig. 2), were implemented virtually (Fig. 2), without 
prior notification, using the HapticMaster [25]. All load 
types acted on a reaching plane and did not have a vertical 
direction component against gravity. In the inertial load 
condition, a 5-kg load was applied before the start, which 
differed from the 2-kg load used in the baseline task. 
Under the elastic load condition, since a subject was asked 
to reach the target by extending an elbow joint only, a tor-
sional spring with a single degree of freedom was used to 
apply the elastic load. This elastic load (fk) was negatively 
proportional to �elbow and was expressed as follows:

where the k and r were the torsional stiffness (1.2 N-m/rad) 
and distance from the elbow joint to the handle, respectively, 
measured on a plane (Fig. 2). The elastic load resisting the 
change in �elbow was 0 when the hand was in the starting 
position (�elbow = 0) and increased as the hand approached 
the target. In the viscous load condition, a load proportional 
to the speed of the handle (m/s) and opposite to the direction 

(1)fk = −
k�elbow

r
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Fig. 1   Somatosensory and isometric force tests. A The Weinstein 
monofilament test for cutaneous pressure sensation, B finger to nose 
test and C passive movement detection test for dynamic (joint move-

ment) proprioception, D mirror test and E repositioning test for static 
(joint position) proprioception, and F isometric elbow extension test 
for strength
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of motion was applied before the reaching movement began. 
The resulting viscous load (fc) can be expressed as follows:

where c was the viscosity (10 N-s/m). A 10-min break was 
provided between the first and second sessions. For more 
information on the experimental protocol, please refer to the 
study published earlier by the authors [25].

The load types used in previous studies were designed 
to have similar integral values of contact force [25]. How-
ever, if a participant was unable to handle the load and 
could not reach the target during the practice session, the 
load magnitude was reduced by 25% (subject #3 and #5 
from Table 1). This approach resulted in all participants 
completing the reaching tasks. The participants were 
instructed to reach the target at a self-selected, submaxi-
mal speed and maintain this speed throughout the experi-
ment session. The magnitudes of the additional loads and 
their corresponding peak resisting forces were limited to 
not exceed 30% of the maximum voluntary elbow exten-
sion force. All loads were controlled to have the same 
magnitude of the time integral of manipulating contact 

(2)fc = −cẋ

forces, as measured from the baseline task without an 
additional load [24, 25].

The Haptic Master was used to record kinematic and 
kinetic data, including reaching movement trajectories and 
manipulating contact forces, with sampling frequencies of 
2 kHz. The recorded kinematic/kinetic data were then fil-
tered using a fifth-order Butterworth low-pass filter with a 
cutoff frequency of 10 Hz.

The reaching performance parameters were estimated 
from the first three reaching trials to examine the partici-
pant’s immediate response when perturbation was provided. 
The initial directional error, and positional deviation (Fig. 3). 
The initial directional error ( �i from the third row of Fig. 3) 
was calculated as the angular deviation at 10% of the reach-
ing time from the straight line connecting the starting point 
and the displayed target (Fig. 3). To assess the efficiency 
of the reaching trajectory, the lateral positional deviation 
from the straight line connecting the starting point and the 
displayed target was calculated (red-shaded area from the 
third row of Fig. 3) and was then divided by the length of the 
straight, shortest line connecting the home and target posi-
tions, which indicated an average of the lateral positional 
deviation.

2noisseS1noisseS

Baseline Block 1

Load type
Number of reaching trials

No loads
15

Block 2 Block 3

Inertia
15

Elasticity
15

Viscosity
15

Block 1 Block 2 Block 3

Inertia
15

Elasticity
15

Viscosity
15

Rest

Inertia
(mass, )

Elasticity
(Rotational
spring, )

Viscosity
(damper, )

Starting
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Target

Shoulder

Elbow

A B

C

Fig. 2   A Types of unexpected loads, B experimental setup, and C 
protocols. A While subjects reached toward the target, either the iner-
tial, elastic, or viscous load was applied without notice immediately 
after starting the reaching movement. B Subjects could see the home, 

target, and current position of the cursor from the monitor while hold-
ing the end effector of the HapticMaster, and their upper arm was 
supported by the SaeboMAS.
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To assess the speed and consistency of the participant’s 
reaching movements while adapting to unexpected loads, 
we first determined the velocity deviation from the average 
velocity profile of the three most recent, or most stabilized, 
reaching trials for each load type (blue-shaded area in the 
third row of Fig. 3). The velocity deviation was plotted over 
15 reaching trials and then fitted with a motor learning curve 
as follows:

  
which was used to derive the inverse of the exponential 

rate of decay (the parameter b from Eq. (3)) [26] and the 

(3)y = ae−b(x−1)

speed of motor adaptation, where y, a, e, b, and x are the 
reaching performance parameter (defined as the velocity 
deviation in this study), initial value of the velocity deviation 
at the first reaching trial, Euler’s number (exponential func-
tion), adaptation speed indicating a decrease in the velocity 
deviation, and reaching trial number, respectively [25].

To investigate potential effect of the functional level of 
the muscular and somatosensory systems on the reaching 
performance parameters, we used a linear mixed-effect 
model. In this statistical model, the reaching performance 
parameters (Table 2) from the upper limbs, such as the ini-
tial directional error, and positional deviation, and speed 
of motor correction (parameter b from the learning curve) 
(Eq.  3) were considered response variables. Sensory 

A

B

edis citerap-no
N

edis citera
P

edis citerap-no
N

edis citera
P

hti
w tcejbus evitatneserpe

R
noitpecoirporp tcatni

hti
w tcejbus evitatneserpe

R
noitpecoirporp deriap

mi

)
m( y

)
m( y

)s/
m( yticolev

)s/
m( yticolev

) s/
m( noitarelecca

2
) s/

m( noitarelecca
2

-0.05 0 0.05 0.1 0.15
-0.05

0

0.05

0.1

0.15

0 20 40 60 80 100 0 20 40 60 80 100

Movement trajectory Velocity Acceleration Reaching #

-0.2
-0.1

0
0.1
0.2
0.3
0.4

-3
-2
-1
0
1
2
3

home

target

1

15

0 20 40 60 80 100 0 20 40 60 80 100
-3
-2
-1
0
1
2
3

reaching (%)

0 20 40 60 80 100 0 20 40 60 80 100
-0.2
-0.1

0
0.1
0.2
0.3
0.4

-3
-2
-1
0
1
2
3

0 20 40 60 80 100 0 20 40 60 80 100
reaching (%)

-0.2
-0.1

0
0.1
0.2
0.3
0.4

-3
-2
-1
0
1
2
3

reaching (%)
-0.05 0 0.05 0.1 0.15

x (m)

-0.05

0

0.05

0.1

0.15

-0.05 0 0.05 0.1 0.15
-0.05

0

0.05

0.1

0.15

initial
direction

x (m)

-0.05 0 0.05 0.1 0.15
-0.05

0

0.05

0.1

0.15

-0.2
-0.1

0
0.1
0.2
0.3
0.4

area =
velocity

deviation

area =
positional
deviation

reaching (%)

Fig. 3   Reaching movement (left column), velocity (middle column), 
and acceleration (right column) profiles from a representative subject 
with intact (two upper lows) and impaired proprioception (two lower 
rows), which was determined using the movement detection test. An 
initial directional error ( �

i
 , green), positional deviation (blue shaded 

area) from the straight line connecting the home and target, and 
velocity deviation from the average of the last three reaching trials 
(red shaded area and black dashed line, respectively,) from the fully 
adapted trials were also determined. Line color indicates the number 
of the reaching trial. Reaching (%) refers to its time
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measures from the upper limbs (Table 2) and other experi-
ment conditions (hemiparesis, number of experimental sets, 
and load type) were considered fixed effects. After the data 
were fitted to such linear mixed-effect model, the analysis 
of variance was utilized to find a significant effect of each 
fixed effect. Possible interaction effects between the fixed 
effects and random effects between participants were also 
taken into account. If a significant interaction between the 
sensory measures and load types was found, we conducted 
an analysis of variance as a post-hoc test (multiple t-tests for 
the impaired/intact dynamic proprioception or correlation 
analysis for other sensory measures with continuous scores) 
to determine which load type had a significant effect. Since 
this study has a multiple number of fixed effects (n = 6), the 
Bonferroni correction was also used so the corresponding p 
values were multiplied by 6 (Table 2). The statistical model 
enabled us to identify the experimental conditions and the 
sensory acuity that had a significant effect on the reaching 
performance parameters, including initial direction error, 
lateral positional deviation, and speed of motor correction 
(parameter b). To check if the collected data follow a normal 
distribution, due to the relatively small number of partici-
pants in this study, the Shapiro-Wilk test has been done prior 
to the above statistical tests. The null hypothesis that initial 
directional error (p = 0.1841), lateral positional deviation 
(p = 0.0952), and motor correction speed (p = 0.0.2581) all 
follow a normal distribution was not rejected. All data analy-
sis and statistical analysis were performed using a custom-
ized MATLAB (Mathworks, Natick, MA, USA) software 

and a linear mixed-effects model function installed in the 
same software.

To clearly observe the effects of proprioception on the 
reaching performance parameters, we divided the partici-
pants into two distinct groups based on the proprioception 
test results. For this comparison, we utilized the passive 
movement detection test, which categorizes subjects into 
either positive or negative outcomes, as its test results were 
not continuous.

3 � Results

All 13 chronic stroke survivors completed the planar reach-
ing task and readily adapted their responses to the applied 
loads, as evidenced by consistent reaching trajectories 
(Fig. 3) and the reduced velocity deviation (Fig. 4) after 
a few reaching trials with each load type. In the course of 
adapting to a given load in the reaching task, the participants 
were consistently able to show more consistent, bell-shaped 
reaching velocity profiles (Fig. 3).

Functional levels of static proprioception, dynamic pro-
prioception, and cutaneous pressure sensation were quan-
titatively assessed (Fig. 1), and all results are presented in 
Table 1. From the dynamic proprioception test (passive 
movement detection test), 5 of 13 participants were unable 
to recognize passive elbow movements at an angular speed 
of 2 deg/s, indicating their impaired dynamic propriocep-
tive system after stroke. Notably, one participant could not 

Table 2   Results (p values) of statistical tests determining if predictor 
variables (experimental conditions, sensory/muscular measures, and 
its interactions (each row on the left of the table)) show statistically 

significant correlation with the reaching performance parameters (ini-
tial directional error, positional deviation, and the parameter b in the 
right three columns of the table)

Bold value indicates a p value lower than 0.05. For example, the result of the movement detection test shows a statistically significant correlation 
with the initial directional error (p = 0.0139) and the positional deviation (p = 0.0497)

Initial direc-
tional error

Positional 
deviation

Parameter b from the 
learning curve (Eq. 3)

Experimental conditions Hemiparesis (intact/affected side) 0.0164 0.0001 0.4658
Experiment set (1 or 2) 1 1 1
Load type (mass/spring/damper) 0.0093 0.0001 0.2542

Sensory and muscular measures 
from paretic side of the upper 
limbs

Movement detection (pass/fail) 0.0139 0.0497 1
Finger-to-nose test (pass/fail) 0.0061 0.1934 1
Mirror test (m, affected to intact) 0.1774 0.3085 1
Repositioning test (m) 0.0104 0.0536 1
Cutaneous pressure test (g) 0.0012 0.1759 1
Isometric elbow extension torque (N-m) 0.5793 1 1

Interactions Hemiparesis * before/after familiarization 0.3428 0.0147 0.3964
Movement detection * before/after familiarization 0.0147 0.1947 0.7648
Hemiparesis * load type 0.6225 0.9338 0.1523
Hemiparesis * experiment set 0.1817 0.2501 0.0402
Movement detection * load type 0.6706 0.9450 0.9034
Movement detection * experiment set 0.3092 0.0223 0.7284
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recognize the passive elbow movement but could touch the 
nose 3 of 5 times with jerky movements. The median values 
of the recognizable monofilament force for the nonparetic 
and paretic sides were 0.07 and 2 g, respectively. An aver-
aged isometric elbow extension force from the nonparetic 
and paretic sides was 77.6 ± 31.4 N and 32.8 ± 27.7 N, 
respectively. During the monofilament test, two participants 
(participants #7 and #13 from Table 1) could not recognize 
any pressure level with the affected side of the upper limbs.

Hemiparesis (paretic/nonparetic side) showed a signifi-
cant effect on the reaching performance parameters esti-
mated in this study (Table 2 and Fig. 5), including a sig-
nificant larger initial directional error (Fig. 6) and lateral 
positional deviation (Fig. 7). No significant effect was found 
with the number of experiment set (Table 2). The load type 
also showed a significant effect on the initial directional 
error and lateral positional deviation (Table 2).

The sensory measures from the passive movement detec-
tion, finger-to-nose, repositioning, and cutaneous tests 
showed significant correlations with the initial directional 
error (p = 0.0139, 0.0061, 0.0104, and 0.0012, respectively) 
(Table 2, Figs. 5 and 6). The movement detection measure 
also showed a significant effect on the positional deviation 
(p = 0.0497) (Table 2). In addition, the parameter b from the 
learning curve based on the velocity deviation (Eq. 3 and 
Fig. 8), which indicates the speed of motor correction, were 
not significantly different between the intact and impaired 

dynamic proprioception groups for all load types tested in 
this study (p > 0.05, Table 2 and Fig. 8).

Significant interaction effects were found between the 
movement detection measure and before/after familiariza-
tion on the initial directional error (p = 0.0147), between 
the hemiparesis and before/after familiarization on the posi-
tional deviation (p = 0.0147), and between the movement 
detection and experiment set on the positional deviation 
(p = 0.0223) (Table 2 and Fig. 6). No significant difference in 
the initial directional error (p = 0.5288) was found between 
the impaired and intact proprioception groups before the 
familiarization (early baseline), however, after the famil-
iarization, a significant difference was found (p = 0.0252) 
(Fig. 6). Similarly, after the familiarization, a significant dif-
ference in the lateral positional deviation was found between 
the impaired and intact proprioception groups (p = 0.0001) 
(Fig. 7).

4 � Discussion

Somatosensory deficits after stroke, especially propriocep-
tive deficits, appear to significantly affect reaching perfor-
mance, especially at the very beginning of the reaching 
movement. However, these somatosensory deficits did 
not appear to significantly impair the capability for motor 
correction while stabilizing and correcting the subsequent 
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reaching movements in response to novel loads. Most nota-
bly, initial directional error was significantly larger in the 
impaired proprioception group than in the intact propriocep-
tion group. The participants with impaired proprioception 
kept showing a larger initial directional error even after the 
familiarization session (baseline), while another group with 

intact proprioception could reduce the initial directional 
error after the familiarization session (Table 2 and Fig. 6). 
Proprioceptive loss appeared to be strongly correlated with 
poor spatial accuracy at the very beginning of the reach-
ing movement, which is related to the initial execution of 
planned movements.

Fig. 5   Relationships between somatosensory measures and reaching performance parameters from all participants with R values for each cor-
relation
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Interestingly, the results of this study appear to contra-
dict the possible explanation representing the possibility 
that the proprioceptive loss limited the ability to build and 
update the human internal models. In this study, no statis-
tical evidence supported the idea that proprioceptive loss 
negatively affected the establishment of internal models in a 
human brain. None of the somatosensory measures showed 
significant correlations with the parameter b from the learn-
ing curve (Eq. 3), regardless of the load types. In addition, 
all participants even with the impaired proprioception could 
show the stabilized, constant reaching movement trajecto-
ries, which can be seen from the reduced velocity deviation 
(Fig. 5). In line with this explanation, several studies have 
also reported that even with proprioceptive deficits, patients 

could adapt to the external force or visual field using their 
visual or vestibular inputs [27, 28]. These results imply that 
stroke survivors could remember (or store) the previously 
exerted joint torques and movement errors, correct the next 
movement, and finally update internal models for subsequent 
movement trials.

Rather, our results highlight the effect of proprioceptive 
deficits on the early stage of generating initial joint torques. 
This explanation can be supported by the finding that nearly 
all somatosensory measures showed significant correla-
tions with the initial directional error (Table 2), although 
the measure from the mirror test did not survive based on 
the Bonferroni correction. Especially, a significant differ-
ence in the initial directional error between the paretic and 
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non-paretic side (p = 0.0164) (Table 1) can be explained 
by an interaction effect between the movement detection 
test measure and before/after familiarization on the same 
parameter (initial directional error) (p = 0.0147) (Table 2). 
While the participants with their paretic side with the intact 
proprioception could reduce the initial directional error 
after a few trials by updating their internal model of body 
map, others with the impaired proprioception could not even 
after the familiarization, and also for all load types (right 
panel of Fig. 6). These results imply the possibility that the 
proprioceptive loss might have a significant role during the 
calculation or execution of the joint torques before or right 
after the onset of the reaching movements. However, as one 
of the limitations of this study, it is still unknown whether 
proprioceptive loss affects the accuracy of the calculation of 
the required joint torques or the execution of the calculated 
joint torques.

The results of this study are in line with those of sev-
eral studies, and some are novel findings. Several previous 
studies have shown that patients with deafferentation show 
larger positional deviations in reaching movements in case 
reports. Similarly, the Sainburg group reported that partici-
pants with proprioceptive deficits showed larger movement 
deviations [10, 29, 30]. Our study showed similar results to 
these previous studies, but it is novel because it showed the 
origins of such larger movement deviations with proprio-
ceptive deficits. From this study, proprioceptive loss only 
showed a significant correlation with the initial directional 
error regardless of the magnitude of perturbation at the 
beginning of the movement. Therefore, the larger positional 
deviation with impaired proprioception as seen in previous 
studies might be mainly due to inaccurate movement direc-
tion in the very early stages of movement execution, not 
while correcting the ongoing movements and counteracting 
for external perturbations.

Cutaneous tactile (pressure) sensation might also influ-
ence the capability for movement correction; however, 
our study could not address the effect of cutaneous tac-
tile impairment over proprioception on the capability to 
manipulate limb load. Cutaneous sensory deficits, including 
poorer friction discrimination after neurological disorders, 
appeared to be associated with grip force generation [31, 
32]; however, our study did not show any significant cor-
relation with reaching performance parameters, except for 
the initial directional error. Notably, with the limited number 
of study participants, some of the participants showed both 
impaired proprioception and impaired cutaneous sensation; 
thus, it was difficult to distinguish each effect of one type 
of sensory deficit on motor performance from another. In 
addition, our scale for tactile sensation might not be that 
sensitive or we might need more participants; thus, further 
investigation is needed to determine the effect of tactile sen-
sation on load manipulation.

Although weaker muscle strength poststroke can pre-
dict the largest portion of reaching inaccuracy and poorer 
performance [33, 34], the magnitudes of the additional 
loads in this study were already scaled down based on 
the muscular capacity of each stroke survivor. In addi-
tion, the impaired proprioception group (Figs. 5, 6, 7 and 
8) showed a comparable, or even larger, average value 
of elbow extension torque than the intact proprioception 
group from their paretic side of the upper limbs. Thus, the 
potential effects of reduced muscle strength on the speed 
of motor correction might well be canceled out. Notably, 
the maximum isometric elbow extension torque was not 
significantly correlated with the estimated speed of motor 
correction (Table 2). Interestingly, one of the participants 
with the lowest Fugl–Meyer upper extremity motor score 
(12 of 66) due to the inability to abduct the shoulder joint 
showed one of the fastest movement correction speeds. 
This participant had relatively good dynamic propriocep-
tion and intact tactile sensation, which emphasizes the 
role of dynamic proprioception and the presence of other 
factors likely affecting the capability of manipulating the 
mechanical impedances.

This study has some limitations. Statistically, especially 
with the limited number of human subjects, the independ-
ent variables in this study (sensory measure) might not 
be independent of each other and may be dependent vari-
ables because it tests motor performance (response of the 
statistical model). For example, since the finger-to-nose 
and repositioning tests obviously involve voluntary move-
ments, it may be unreasonable to view these measures as 
independent variables. From that point of view, the passive 
movement detection test or mirror test may provide inde-
pendent variables with better accuracy. However, further 
study is needed on this concern.
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