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Abstract

Tendon vibration is used extensively to assess the role of peripheral mechanoreceptors in motor control, specifically, the
muscle spindles. Periodic tendon vibration is known to activate muscle spindles and induce a kinesthetic illusion that the
vibrated muscle is longer than it actually is. Noisy tendon vibration has been used to assess the frequency characteristics
of proprioceptive reflex pathways during standing; however, it is unknown if it induces the same kinesthetic illusions as
periodic vibration. The purpose of the current study was to assess the effects of both periodic and noisy tendon vibration
in a kinesthetic targeting task. Participants (N=15) made wrist extension movements to a series of visual targets without
vision of the limb, while their wrist flexors were either vibrated with periodic vibration (20, 40, 60, 80, and 100 Hz), or with
noisy vibration which consisted of filtered white noise with power between ~20 and 100 Hz. Overall, our results indicate that
both periodic and noisy vibration can induce robust targeting errors during a wrist targeting task. Specifically, the vibration
resulted in an undershooting error when moving to the target. The findings from this study have important implications for
the use of noisy tendon vibration to assess proprioceptive reflex pathways and should be considered when designing future
studies using noisy vibration.
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Introduction

Movement control requires the central nervous system
(CNS) to have accurate information regarding the position of
the limbs in both external space as well as in relation to each
other. There are many receptors in the muscles, joints, and
skin that could potentially signal the position of the limbs
(Proske and Gandevia 2012). Muscle spindles, however, are
thought to be the primary sensory receptors that contribute

Communicated by Bill J Yates.

P4 Gregg Eschelmuller
gregg.eschelmuller@ubc.ca

School of Kinesiology, University of British Columbia,
Vancouver, BC, Canada

Djavad Mowafaghian Centre for Brain Health, University
of British Columbia, Vancouver, BC, Canada

International Collaboration on Repair Discoveries,
Vancouver, BC, Canada

4 Present Address: 6108 Thunderbird Blvd, Vancouver,
BC V6T 273, Canada

to our sense of position and movement of the limbs, com-
monly referred to as kinesthesia (Proske and Gandevia 2012,
2018). A common method to study the role of muscle spin-
dles in kinesthesia is to artificially activate them with tendon
vibration. Periodic vibration over a muscle tendon or belly
will increase the firing rate of both the primary (Ia) and
secondary (group II) muscle spindle afferents (Burke et al.
1976a, b). Additionally, if the vibrated muscle is contracting,
the Ib afferents originating in the Golgi tendon organs may
also respond to the vibration (Burke et al. 1976b; Fallon and
Macefield 2007). When a muscle is vibrated a subpopulation
of muscle spindles will become entrained to the stimulus,
while others will become partially entrained or not respond
at all (Burke et al. 1976a; Roll and Vedel 1982; Roll et al.
1989). Overall, with tendon vibration the population firing
rate of the muscle spindles is increased and this increase
is thought to induce kinesthetic illusions (Goodwin et al.
1972; Inglis and Frank 1990; Inglis et al. 1991; Cordo et al.
1995). Specifically, the CNS interprets the increase in affer-
ent activity as the muscle being in a more lengthened posi-
tion than it actually is (Proske and Gandevia 2012, 2018)
and therefore, in a situation where someone is asked to move
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their limb to a target and the lengthening muscle is vibrated,
the person will undershoot the target (Inglis and Frank 1990;
Cordo et al. 1995). This is because the vibration has induced
a kinesthetic error, as the person will feel like their limb is
at the target, while it is actually short of the target by several
degrees. One of the issues when examining the effects of
tendon vibration, particularly in a dynamic task, is that ten-
don vibration induces changes in both the perceived position
of the limb and the perceived velocity of the limb movement
(Sittig et al. 1985). The position and velocity illusions also
seem to depend on what the participant is focusing on. For
example, when the task is focused on a position of the limb,
there are clear changes in the perceived hand position, while
when the task is focused on the velocity of the limb, there
are clear changes in the perceived velocity of the limb move-
ment (Sittig et al. 1985).

Tendon vibration also produces two other effects within
the CNS that are important to consider when using tendon
vibration to induce kinesthetic illusions. First, tendon vibra-
tion, and the subsequent increased Ia afferent feedback, pro-
duce a suppression of the excitability of the Ia afferent-a
motoneuron synapse (Gail et al. 1966; Gillies et al. 1969;
Eschelmuller et al. 2021). This change in gain of the Ia affer-
ent mediated modulation of the a-motoneuron output, may
disrupt a participant’s ability to properly complete a given
motor task. For example, if a task invoked a stretch of the
muscle, the muscle spindle mediated modulation of the o
motoneuron would be blunted and therefore, may disrupt the
normal corrective response. Second, if the vibration is long
enough in duration a tonic vibration reflex (TVR) may be
evoked (Gail et al. 1966; Eklund and Hagbarth 1966; Gillies
et al. 1971). The TVR is typically seen as a slowly growing
involuntary contraction of the vibrated muscle. Since the
contraction is involuntary, it could invoke unwanted move-
ment of the joint which would act in the opposite direction
of the kinesthetic illusion. For example, in a matching task,
when one limb is vibrated, and the participant is asked to
match the position of the vibrated arm with the non-vibrated
arm the participant may track the combination of the actual
movement from the TVR and the perceived kinesthetic illu-
sion (Goodwin et al. 1972). This makes it difficult to ascer-
tain the real size of the kinesthetic illusion when a TVR
develops. Both of these effects of tendon vibration should
be considered when interpreting the tendon vibration evoked
kinesthetic illusions, particularly if the measurement allows
for movement of the vibrated limb.

Typically, periodic tendon vibration is used to activate
the muscles spindles; however, a technique using noisy
tendon vibration to assess the frequency characteristics of
proprioceptive reflex pathways, found that noisy vibration
during standing did not induce any noticeable changes in
postural sway as reflected in the center of pressure (COP)
movements (Mildren et al. 2017). During periodic vibration
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of the Achilles tendon during standing, there would be an
illusion of forward sway and it would be expected that the
participant would lean backwards to compensate (Hayashi
et al. 1981; Kadri et al. 2020, 2023). This may indicate that
the noisy tendon vibration does not induce the same kin-
esthetic illusion that periodic vibration does. Perhaps it is
the periodic nature of tendon vibration that drives the kin-
esthetic illusions and not just the general increase in the
population firing of the muscle spindle afferents. However,
it is important to note that the kinesthetic effect of vibration
was not the purpose of Mildren et al. (2017), and therefore,
it is hard to make definitive conclusions on the kinesthetic
effects of noisy tendon vibration. Therefore, the purpose of
the current study was to investigate the effects of periodic
and noisy tendon vibration in a kinesthetic targeting task. To
test this, we investigated vibration-induced kinesthetic errors
during a wrist targeting task, using both periodic and noisy
tendon vibration. If it is the periodic nature of the tendon
vibration that drives the kinesthetic error that the vibrated
muscle is longer than it actually is, leading to an undershoot-
ing relative to the no-vibration condition, we would expect
that the noisy vibration will not result in a kinesthetic bias.
However, if the error is due to the general increase in muscle
spindle afferent activity regardless of the nature of this input,
then both periodic and noisy vibration will result in a kin-
esthetic error. It has been previously demonstrated that both
periodic and noisy vibration induce similar amounts of sup-
pression of the Ia afferent-o motoneuron synapse, indicating
that this phenomenon at least is due to the general increase
in muscle spindle input and not the periodic nature of that
input (Eschelmuller et al. 2021).

Methods
Participants

15 participants (age: 21.1+1.5; 8 female) free of any neu-
rological or musculoskeletal disorders were recruited to
participate in this study. Procedures were approved through
the University of British Columbia behavioral research eth-
ics board. Informed written consent was obtained from all
participants. Participants were remunerated $10 for their
participation.

Experimental setup

Participants sat in a height adjustable chair with their arm
secured in an apparatus that allowed wrist flexion and exten-
sion but prevented other movements of the forearm and wrist
(Fig. 1). The hand was secured to a board, which held the
hand stable during the trials, and their wrist was aligned
with the manipulandum’s axis of rotation. A potentiometer
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Fig. 1 Participant set up. The participant’s arm was hidden from view
with a black posterboard

(Vishay Spectrol 157) was fitted inside the manipulandum to
measure wrist angle. A load cell (Phidget, Button Load Cell)
was fitted at the end of a linear motor (Ling Dynamics V203
Vibrator, Ling Electronics) which was used to deliver the
vibration and was pushed into the participants flexor carpi
radialis approximately 3—4 cm proximal to the wrist (Fig. 1).
The linear motor was pushed against the tendon so that it
was secure and provided constant contact but provided no
discomfort for the participants as their wrist moved through
the full range of motion. This resulted in a preload force of
~12 N. Force was monitored throughout the experiment to
ensure it did not change between trials. Participants’ vision
of the hand was obscured by a black poster board, which had
three LED targets embedded into it.

Experimental procedures

Before any testing began, participants were given an oppor-
tunity to feel all the vibrations and move their wrist through
the full range of motion as much as needed. Next participants
were given a practice session to move to each of the targets
(without feedback on accuracy) and were asked if they felt
confident that they could line their hand up with each of the
three targets. This was followed by the experimental block,

which contained a total of 210 trials. Trials were broken up
into 10 blocks, with each block containing each vibration—
target pair. There were three targets, and seven vibration
conditions, including a no-vibration, five periodic vibrations
(20, 40, 60, 80, 100 Hz), and one noisy vibration (filtered
white noise with power between ~ 20 and 100 Hz). The linear
motor was programmed such that the standard deviation of
the force exerted was constant across vibration conditions,
which was determined when the motor was applied to a
slightly cushioned surface. The order of the vibration-target
pairs was randomized within each block. Participants’ start
position was purposely varied by +2°-3° to avoid partici-
pants memorizing the movement distance to the target. The
target distances were approximately 45°, 50°, and 55° from
the start position. Each trial began with the three LED targets
flashing simultaneously for 50 ms and the vibration turning
on (when present), followed 500 ms later by one target turn-
ing on and staying on for 1.5 s. Participants were instructed
that when the single target turned on, to make a smooth wrist
extension movement to the target at ~40°-50°/s. Once they
finished the movement, they were asked to leave their hand
where it was, and an experimenter would move their hand
back to the start position (flexed position). To reduce the
effects of thixotropy and to remove any distance cues to the
participant, the hand was moved through flexion and exten-
sion randomly multiple times before being brought back to
the start position. Participants were informed that they could
take a break at any time.

Analysis

To investigate the effects of the tendon vibration on the
targeting task, the error score, calculated as the difference
between the end point and the target, was calculated for each
condition separately. This will be referred to as target error.
The end position of each movement was calculated as the
position when the velocity dropped and remained below
2°/s. As the purpose of the multiple targets was simply to
reduce the possibility that participants would memorize the
target distance, and not to examine effects of movement dis-
tance, all scores were collapsed across targets. Variable error
was calculated as the standard deviation in target error. To
estimate whether there was a vibration-induced kinesthetic
illusion, the difference in target error between the vibration
and no-vibration was calculated. This error will be referred
to as vibration error. To examine if vibration affected partici-
pants’ movement speed, the mean velocity during the middle
50% of the movement was analyzed and compared between
conditions. To check if there were any differences in force
applied to the tendon between the programmed vibration
signals, the standard deviations from each vibration condi-
tion were compared. We only investigated the time from
vibration onset to movement onset (~500-700 ms) to avoid
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contamination of movement related changes in force against
the tendon.

Statistical analysis

To determine if there was an effect of tendon vibration on
target error, variable error, and movement speed, sepa-
rate one-way repeated measures analysis of variance (rm-
ANOVA) were run. When significant, the rm-ANOVA was
followed up with Bonferroni corrected -tests to determine
how each vibration condition was different from the no-
vibration condition. To determine if there were differences
in the force applied to the tendon during the vibration, the
standard deviation scores from the load cell were analyzed
using a one-way rm-ANOVA. Statistical significance was
set at p <0.05 for all measurements and a Greenhouse—Geis-
ser adjustment was applied when sphericity was violated.
Uncorrected degrees of freedom are reported in the text.

Results

Overall, participants tended to undershoot the target in the
no-vibration condition by ~ 5.4 degrees, which served as
our baseline measurement of error. When examining the
end point positions across conditions our results indicate
that there was a statistically significant difference in the
target error between the vibration conditions [F(6,
84)=83.094, p <0.001, 115 = 0.856] (Fig. 2). There was no

Vibration Induced Error

Noisy . é—mﬂ—?

40 Hz -
20 Hz | L)
12 10 8 % 4 2 0 2

Difference Score (Degrees)

Fig.2 Mean difference score between the vibration and no-vibration
conditions. Negative values indicate an undershooting in the vibration
condition relative to the no-vibration condition. Centre line in box
plot indicates median value, and edges of box are the 25th and 75th
quartile limits. Whiskers are the max and minimum values that do not
contain an outlier. Outliers were calculated as values greater or less
than 1.5 Xinterquartile range. Plot and calculations generated using
the boxchart function in MATLAB 2022b
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effect of vibration condition on the variable error [F(6,
84)=0.656, p=0.685, ’75 = 0.045] (Fig. 3). To decompose
our end point position ANOVA, we compared each vibra-
tion condition to the no-vibration condition. First, to
answer our primary question, our results indicate that the
noisy vibration induced a vibration error of ~4.5°
(» <0.001). When examining the periodic vibration condi-
tions, we found that all vibration conditions produced
vibration errors (Table 1). Specifically, the 20 Hz vibration
induced an average vibration error of ~ 1.5° (p =0.012),
the 60 and 80 Hz vibration resulted in a vibration error
of ~7° (p <0.001), and the 40 and 100 Hz produced vibra-
tion errors of ~6° (p <0.001). Vibration additionally
caused a statistically significant change in movement
speed [F(6, 84)=9.871, p<0.01, ;15 = 0.414], with each
vibration condition having a significantly slower move-
ment velocity compared to the no-vibration condition
(p <0.01), except for the 20 Hz condition (p =0.054).To
verify that our vibration was not producing different forces
across conditions, as this could affect the size of the kin-
esthetic error, we analyzed the standard deviation of the
force applied to the tendon. Our results indicate that there
were no significant differences in the applied force
between vibration conditions [F(5, 70) =0.688, p =0.503,
’75 = 0.047], with a mean standard deviation of ~0.5 N
(min: 0.478, max: 0.511). Table 1 provides a summary of
our results.

Variable Error
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Fig.3 Variable error for all conditions. Centre line in box plot indi-
cates median value, and edges of box are the 25th and 75th quartile
limits. Whiskers are the max and minimum values that do not con-
tain an outlier. Outliers were calculated as values greater or less than
1.5 xinterquartile range. Plot and calculations generated using the
boxchart function in MATLAB 2022b
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Table 1 Summary measures for each vibration condition

Target error Vibration error Variable error Force Velocity
Unit Degree Degree Degree Newton Degree/s
No-vibration —5.40 [-10.01, —0.80] N/A 5.21 [4.37, 6.05] 0.12[0.10, 0.13] 86.12 [75.80, 96.45]

Noisy —9.86 [~ 14.48, —5.24] —4.45[-5.35,-3.57]
100 Hz — 11.55[=16.32, —=6.79] —6.15[=7.14, —5.16]
80 Hz —12.37 [-17.09, —7.66] —6.97 [-8.09, —5.85]
60 Hz —12.58 [-17.31, — 12.58] —7.18 [-8.09, —6.27]
40 Hz —11.25 [~ 16.03, — 6.90] —5.84 [—6.86, —4.83]
20 Hz —6.90 [—11.54, —2.25] —1.49[-2.27, -0.72]

4.74 [4.00, 5.47]
4.84 [4.14, 5.53]
5.04 [4.26, 5.82]
5.12 [4.58, 5.66]
4.91[4.30, 5.51]
5.11[4.37,5.85]

0.48 [0.42, 0.54]
0.51[0.45, 0.57]
0.50[0.45, 0.55]
0.49 [0.44, 0.55]
0.49 [0.42, 0.56]
0.51[0.42, 0.6]

78.84 [67.31, 90.38]
75.25 [63.80, 86.70]
76.00 [64.63, 87.38]
77.03 [65.30, 88.77]
78.15 [66.67, 89.62]
82.14 [71.89, 92.40]

Values represent the mean and 95% confidence interval

Discussion

The main findings from this experiment were that both peri-
odic and noisy vibration induced a vibration error during a
wrist extension task with no effect on end point variability.
This would indicate that it is not the periodic nature of the
tendon vibration that induces the kinesthetic illusion but
is instead the general increase in afferent input that is pro-
duced. That is, both periodic and noisy tendon vibration are
likely biasing a subpopulation of muscle spindles to a higher
firing rate than what would be expected in this task, and
therefore, the population of muscle spindles are signaling to
the CNS that the muscle is longer than it actually is. This is
in contrast with previous work that suggested that there are
no changes in COP movements when using a noisy tendon
vibration stimulus to assess the frequency characteristics of
proprioceptive reflexes (Mildren et al. 2017). Previous work
has demonstrated that during standing, periodic vibration
of the Achilles tendon produces robust postural responses
as the participant will lean backwards in response to the
vibration-induced illusion that the triceps surae are being
lengthened (Hayashi et al. 1981; Kadri et al. 2020, 2023).
It is important to note that in the previous study by Mildren
et al. (2017), the vibration was only applied to one leg and
the participants were standing with eyes open, which could
explain the lack of vibratory illusion. Visual feedback is
known to modulate the size of the vibration-induced kin-
esthetic illusion (Lackner and Taublieb 1984; Hagura et al.
2007; Seizova-Cajic and Azzi 2011; Proske and Gandevia
2018). For example, when there is a conflict between the
kinesthetic signal from the vibrated arm and the visual feed-
back, the size of the resulting illusion is attenuated, but not
abolished completely (Izumizaki et al. 2010; Tsuge et al.
2012). Interestingly, if the visual feedback is in line with
the expected direction of illusion, the size of the vibratory
illusion is increased (Tsuge et al. 2012). In the previous work
of Mildren et al. (2017) the participants were maintaining
standing balance, which requires the integration of multiple
sensory signals (Peterka 2002; Maurer et al. 2005), and it is

thought that sensory signals are integrated in a statistically
optimal way to minimize the final state estimate’s variance
(Ernst and Banks 2002). Specifically, the weights for the sen-
sory estimates are based on their normalized reciprocal vari-
ances, and therefore, a signal with higher levels of noise will
have a lower weight in the final estimate (Beers et al. 1999;
Ernst and Banks 2002). For example, during standing when
there is conflict between the visual and proprioceptive input,
the proprioceptive input is down weighted, which is thought
to be because the proprioceptive signal is less reliable and
therefore is weighted less than the visual signal (Kabbaligere
et al. 2017). Perhaps in the case of the Mildren et al. (2017)
standing experiment the normal visual feedback, combined
with normal vestibular and proprioceptive feedback from
the non-vibrated limb was enough to abolish the potential
illusory effects of the vibration through a down-weighting
process of the proprioceptive feedback from the vibrated
limb. Future studies using the technique should investigate
the integration of vision and vibration during standing to
fully understand these interactions. Another important dis-
tinction between the findings of Mildren et al. (2017) is that
this was a continuous task in which the goal was to maintain
standing balance, which likely relies primarily on feedback
mechanisms, while in the current study participants were
making discrete reaches to a target which would rely on both
feedback and feedforward mechanisms. Regardless, in the
current study, when no visual feedback was present, noisy
tendon vibration induced robust kinesthetic illusions during
the wrist targeting task. Our findings in the periodic condi-
tions are in line with previous literature investigating the
effects of periodic tendon vibration in a kinesthetic targeting
task (Inglis and Frank 1990; Cordo et al. 1995).

The size of the vibratory illusion is dependent on how
much the vibration biases the muscle spindle population.
The population response is a combination of the reaffer-
ent muscle spindle feedback due to the movement and the
exafferent vibration-induced muscle spindle feedback. As
increased vibration force would presumably entrain more
muscle spindles to the vibration stimulus, resulting in a
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larger illusion, it would be interesting to examine if the illu-
sion generated with noisy vibration scales with vibration
force. Additionally, it is known that the size of the illusion
also depends on the speed of movement, with the typical
result that the size of the illusion decreases with increas-
ing speed (Cordo et al. 1995). Due to the faster movement,
the difference between expected feedback and the actual
feedback is smaller, and therefore, a smaller illusion is pro-
duced. This is because the actual feedback is more biased
by the reafferent movement-related feedback compared to
the exafferent vibration-induced feedback, and therefore,
there is less final error. Future studies should systematically
vary the force of vibration and speed of movement with both
periodic and noisy vibration to fully understand if there are
any major differences.

We additionally found that all vibration conditions except
for the 20 Hz condition elicited a change in velocity. Spe-
cifically, participants tended to move slower during tendon
vibration compared to the no-vibration condition, as during
the vibration they may have perceived that their limb was
moving faster than it actually was. This finding is not sur-
prising, as velocity illusions associated with tendon vibra-
tion have been demonstrated previously (Sittig et al. 1985,
1987). Our finding that the 20 Hz vibration produced an
undershooting relative to the no-vibration condition without
any change in velocity is in line with previous work suggest-
ing that 20 Hz vibration can be used to induce positional
errors without velocity errors (McCloskey 1973). The physi-
ological explanation of this finding is that higher frequency
vibrations preferentially activate the muscle spindle primary
endings, which are thought to signal muscle movement and
position, while lower frequency vibration (e.g., 20 Hz) will
also strongly activate secondary endings which primar-
ily signal muscle position (McCloskey 1973; Burke et al.
1976a; Proske and Gandevia 2018). Therefore, in the current
study it is likely that the 20 Hz vibration strongly activated
the secondary endings resulting in a position illusion without
the associated movement illusion.

It is also important to consider how the other con-
sequences of tendon vibration may have influenced
our results, most importantly the suppression of the Ia
afferent-a motoneuron synapse and the generation of a
TVR. In our task, the movements were relatively slow and
did not require any rapid corrections. Therefore, the stretch
response in the wrist flexor muscles was likely not criti-
cal to completing the task, so the change in gain of this
response with tendon vibration likely did not influence our
results. The TVR could have generated a contraction of the
wrist flexor muscles during the movement, which would
have resisted the extension effort the participants were
making and could have biased our end point in the same
direction as the kinesthetic illusion (undershooting the tar-
get). However, typically, the TVR takes multiple seconds
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to build up (Gail et al. 1966; Eklund and Hagbarth 1966;
Arcangel et al. 1971), while in our study, the trial only
lasted between 1 and 2 s, which likely did not give enough
time for a sufficient TVR to accumulate. One limitation of
the current study is that we did not record electromyogra-
phy of the wrist flexors, and therefore, cannot determine
whether a TVR developed or not. To definitively answer
this question, a different protocol could be used that can
measure a TVR if it develops, such as the arm matching
task used in Goodwin et al. (1972).

With the growing use of noisy tendon vibration as a
method to assess proprioceptive reflex pathways (Mildren
et al. 2017, 2019, 2020, 2021; Eschelmuller et al. 2020;
Hodgson et al. 2023), it is critical to ensure we understand
the differences and similarities between noisy and peri-
odic vibration. It has already been demonstrated that both
noisy and periodic vibration suppress the monosynaptic Ia
afferent-o motoneuron synapse (Eschelmuller et al. 2021).
The results from the current study have clearly shown that
both noisy and periodic vibration can also disrupt kinesthe-
sia. Specifically, both periodic and noisy vibrations induce
the illusion that the vibrated muscle is longer than it actu-
ally is and leads participants to undershoot relative to their
no-vibration controls. These findings should be taken into
consideration when designing studies using noisy tendon
vibration to assess proprioceptive reflex pathways. It is still
unclear if noisy and periodic vibration-induced illusions
show the same modulation with changes in movement speed
and force exerted by the vibrator. Therefore, future work is
needed to fully understand the effects of periodic and noisy
vibration on kinesthesia.
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