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Abstract— It is possible to create illusions of limb movements
using vibrations over the skin. If a muscle is vibrated it can
feel as if the limb is moving while it remains still. These
illusions have been studied for decades but it is not yet entirely
clear how to create them effectively and repeatedly. In this
study, three parameters were varied; the frequency of the
vibration, the stimulation site and the arm position. A closed
loop control of the vibration frequency was used to ensure
a fixed frequency over the stimulation time and across the
participants. The experiment included twenty-five able-bodied
participants (mean age 32±7 years, 9 females). A hanging arm
position was introduced with the aim to increase the success rate
of illusions compared to other studies. Twenty-four participants
felt an illusion across all scenarios. The results highlight that
tactile feedback affects the illusion.

I. INTRODUCTION

People are aware of their limb movements, even when
they cannot see them. This sense is called proprioception.
It is the reason why we are able to move smoothly and
to accomplish complex activities which require strength and
stability without observing our limbs directly. Multiple sen-
sors contribute to the proprioceptive sense, such as: muscle
spindles, Golgi tendons, the vestibular system and the central
nervous system. [1]

In the 1970s it was shown that it is possible to stimulate the
proprioceptive sense artificially using cutaneous vibrations
[2]. The stimuli activate the firing of the muscle spindles
which normally react to muscle stretch. For example, the
vibration of the biceps brachii can induce the illusion that
the elbow is extending.

These so-called ‘movement illusions’ can be applied to
any muscle and can lead to feelings of movement which
are anatomically impossible. An example is the ‘Pinocchio
effect’, where the participants hold their nose with their index
finger and thumb while their biceps brachii is cutaneously
vibrated. The stimulation leads to the illusion of an extending
elbow and therefore a sense that their nose is growing. [3]

It has been repeatedly shown that these illusions can be
induced, but the experience felt differs between participants

*This work was supported by a University of Portsmouth postgraduate
bursary, and Stiftelsen Promobilia, Sweden.

1 School of Energy and Electronic Engineering, University of Portsmouth,
Portsmouth, UK ruth.leskovar@port.ac.uk

2 School of Sport, Health and Exercise Science, University of Portsmouth,
Portsmouth, UK

3 School of Engineering, University of Southampton, Southampton, UK
4 Portsmouth Enablement Centre, Portsmouth Hospitals University Trust,

Portsmouth, UK and School of Health Sciences, University of Southampton,
Southampton, UK

5 School of Energy and Electronic Engineering, University of Portsmouth,
Portsmouth, UK peter.kyberd@port.ac.uk

and the reasons for this variability are not well understood.
It is known that the frequency and the amplitude of the
vibration as well as the duration and the position of the
stimulation are crucial parameters for the illusion. [4]

It has been noted that customisation of the parameters to
the individuals increases the success of creating the illusions,
e.g. testing different combinations of parameters on the
participants [5], [6]. Without using this individual profile, the
success rate is between 30 and 85% [7], [8], [9]. The role
of other factors that improve success of creating illusions
is uncertain, but include having experienced the sensation
previously and briefing the participants on what to expect.
This can increase the success rate of feeling an illusion to
between 90 and 100% [10], [11].

Studies use a range of different devices to create vibra-
tions. These include electromagnetic shakers, linear motors
and DC electric motors with an eccentric rotating mass [5],
[12], [13]. The devices differ in their abilities to control
the frequency and the amplitude independently. In addition,
some set ups can control the pre-load force between the mus-
cle and the vibrator. In many publications, despite discussing
the characteristics of the device, no details of the means by
which the parameters of the stimulator are determined are
included. This is especially true of how the frequency of
vibration is controlled. We have observed that the frequency
might decrease when the vibrating device is attached to a
higher mass than when it is attached to a lower mass or
vibrating freely.

The motivation for this study is to investigate these illu-
sions as sensory feedback for limb prosthesis users. This
approach has the advantage of being non-invasive while
stimulating the natural sensory pathways in the human body.
The idea is to stimulate the tendons or belly of a muscle using
vibrations while the prosthesis is moving. The vibrations
will lead to illusions of limb movements coherently and
simultaneously with the movement of the artificial limb.

There are still no sensory feedback systems included in
commercially available limb prostheses despite the fact that
a desire for feedback is often expressed by users [14].
The forms of sensory feedback tried include vibro- and
electro- or mechanotactile stimulation on the skin [15]. No
form of feedback has been shown to unequivocally improve
functional outcomes for the users.

II. AIM

This experiment was conducted to investigate the illusions
created by vibrations using a closed loop controlled vibrator
on able-bodied participants. It aimed to test the potential of



a DC motor with an offset mass and a closed loop control of
the frequency in creating effective illusions. The experience
and knowledge gained from this experiment will provide the
foundation to test the setup to investigate the illusions in
people with limb differences. In this study three variables
were investigated in more detail:
(i) the stimulation point on the upper arm,

(ii) the position of the arm and
(iii) the frequency of the vibratory signal.

III. METHOD

The experiment was approved by the Ethics Committee of
the Faculty of Technology of the University of Portsmouth.
Twenty-five healthy adults were recruited (age 19-46 years,
mean age 32±7 years, 9 females, 1 left-handed) with no
known history of either neurological or dermatological dis-
eases, upper-limb injuries, or motion impairments. Three
participants experienced illusions of limb movements prior
to the data collection. Two of them had this experience in
the pilot studies to this work. Previous studies suggested
that participants with experience were more likely to feel
the illusions again [4], [10].

The vibrations were generated using a 20 mm DC electric
motor with an offset mass (Precision Microdrives, model
320-105). The motor itself was placed in a 3D-printed case
with a triaxial accelerometer (Analog Devices – ADXL335Z)
on top. The case was attached to the participants using velcro
straps. An Arduino Uno with a motor shield was used to
adjust the drive voltage of the motor.

During the stimulation, the output of the x-axis of the
accelerometer was measured and read by the Arduino. The
frequency of the vibration was calculated using two mea-
surements at different time steps t1 and t2 after crossing an
output target. The output target was the middle value of the
measurement range, as depicted in Fig. 1.

t1 t2

Period

Fig. 1: Frequency calculation

The actual frequency f was then compared to the desired
frequency fd. If the actual frequency deviated more than 4
Hz, the pulse width pw was adapted (see Fig. 2). A propor-
tional control law was used. The pulse width determines the
voltage and therefore the angular velocity ω of the motor.
This setup ensured there was a fixed frequency over the
stimulation time and across all participants.

The participants sat comfortably in a chair throughout the
session. They were provided with noise cancelling head-
phones playing white noise while the motor was running and
they were asked to close their eyes during the vibrations.
Both instructions reduced any audiovisual stimulation [5].
The participants were told that the motor would vibrate

pw = pw + e ω
fd e f

−

Fig. 2: Block diagram for the closed loop frequency control

on their skin and that the vibrations could change their
perception of the position of their arm. The information
should not bias the participants to feel certain sensations but
they should be prepared to feel unusual sensations. It has
already been shown that more detailed information about
the illusions the vibrations might trigger an increase in the
chance of feeling the illusions [10].

The non-dominant arm of the participant was stimulated
as previous study results suggested that the illusions are
stronger experienced on this side [6]. During the session,
three factors were varied. Firstly, the tested arm was either
(i) freely hanging besides the body without touching the

body or the chair, or
(ii) fixed in a frame while their elbow was bent in an angle

of 120◦ so that the biceps was relaxed.
A relaxed muscle has a positive effect on the experience of
an illusion. Other studies fixed the limb at 120◦ only but pilot
studies showed that an illusion is more difficult to induce if
the limb is touching an object [4], [5], [6]. Secondly, the
vibrator was placed on three different points on their biceps,
(i) the distal (DT) and

(ii) proximal tendon site (PT) and
(iii) the muscle belly (MB)
of the biceps brachii (see Fig. 3).

PT

MB

DT

Fig. 3: The stimulation sites on the upper arm (Copyright W.
P. Kyberd)

The DT and PT were identified through palpation at the
level of the elbow and the armpit, respectively. To localise
the MB, the participants were asked to contract their biceps



and the central point at the biggest arm radius was identified
as MB.

Thirdly, the stimulations were provided with four fre-
quencies; 50 Hz, 70 Hz, 90 Hz, 110 Hz. The range of the
frequencies is based on previous studies [4], [5], [6]. Each
stimulation lasted 30 s. Previous studies reported that some
illusions might take up to 15 s to start but suggested as well
that after 15 s a reversal effect of the illusion can occur and
the felt movement changes direction or the illusion might
stop [4], [16]. As the aim of this experiment was to test
the setup, we chose a longer stimulation time. Between the
stimulations there was a break of at least 30 s to prevent any
aftereffects of the previous stimulation [4].

TABLE I: Experimental protocol

arm position stimulation site frequency
Block 1 hanging DT, MB, PT 50–110
Block 2 hanging, stand DT, MB, PT 50–110
Block 3 3 stimulations with best combination

The data collection consisted of three blocks (Table I).
The first block was intended to accommodate the participants
with the illusions and consisted of twelve stimulations. The
arm of the participant was in the hanging position, all three
stimulation sites were vibrated with all four frequencies. In
the break between the stimulations, the participants where
asked to report what they felt.

In the second block, in addition to the stimulation site and
the frequency, the arm position was changed too, leading
to twenty-four stimulations. The order of all variables was
randomly chosen. In the breaks between the stimulations,
the participants were now asked to rank their experience
regarding three factors: the vividness, the duration and the
range of the felt movement. The ranking was on a 5-
point Likert scale whereby 1 represented no sensation and
5 was the highest ranking. The participants were instructed
to compare the illusion regarding its vividness to a natural
movement and to rank the range of movement compared to
the maximum possible extension.

If the participant perceived illusions of an arm movement,
the experimental session was extended with a short third
block. From the ranking of the experience during each
stimulation, the stimulation with the highest ranking (sum of
all three factors) was chosen to determine the most powerful
stimulation for the participant. The participant was then again
stimulated three times with values for all three variables of
the most powerful illusion. In this block they had to show the
perceived movement with their collateral arm and the final
range of movement of that arm, was then measured with a
goniometer.

To find significant effects from the arm position, the
stimulation site and the frequency, three three-way Aligned
Rank Transformation ANOVAs were performed; one for each
factor of the illusion: the vividness, the duration and the
range of movement. For the post-hoc analysis, contrast tests
with Bonferroni correction were conducted.

IV. RESULTS

Out of twenty-five participants, only one participant did
not experience any illusion over all tested scenarios, e.g. a
success rate of 96%. One participant felt an illusion after
every stimulation. All remaining twenty-four participants felt
an illusion after the stimulation of the DT with 110 Hz
while the arm was hanging. Fig. 4 shows the percentage
of participants who felt an illusion after every stimulation in
the second block. It can already be seen that the hanging
position was more effective to induce illusions than the
frame. Stimulations of the DT led to more illusions compared
to the MB and the PT.
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Fig. 4: The proportion of the experienced illusions for the
frequencies, the stimulation points and two arm positions

Every ANOVA revealed statistical significances (p < 0.05)
for all three variables. There was no significant p-value for
any interaction of the variables. Therefore, post-hoc analysis
was performed for all variables and factors to determine
which pairs of the variables show significant differences in
their means. Table II shows the significant p-values from the
post-hoc tests and Table III the corresponding mean values.

When the arm was in the hanging position, the illusions
were experienced more vivid, for a longer time and with
a greater movement than while the arm was in the frame.
Also the illusions after the stimulation of the DT site led
to higher ranked illusions regarding all three factors than
after the other two sites. There was no statistical difference
between the MB and the PT.

The vibrations with higher frequencies (90 and 110 Hz)

TABLE II: Results of the p-values of the post-hoc analysis

Vividness Duration Movement
hanging – frame 4× 10−6 5× 10−7 2× 10−5

DT – MB 2× 10−7 1× 10−7 1× 10−7

DT – PT 1× 10−6 1× 10−5 1× 10−6

50 Hz – 90 Hz 4× 10−2 > 0.05 4× 10−3

50 Hz – 110 Hz 1× 10−3 8× 10−3 4× 10−3



TABLE III: Mean values for the significant variables

Vividness Duration Movement
hanging 2.8 2.9 2.3
frame 2.1 2.2 1.9
DT 3.0 3.1 2.6
MB 2.1 2.1 1.8
PT 2.2 2.3 1.9

50 Hz 2.2 2.2 1.9
70 Hz 2.4 2.5 2.0
90 Hz 2.5 2.6 2.2
110 Hz 2.7 2.7 2.2

resulted in higher ranked illusions than after the stimulation
with 50 Hz. Stimulations with 110 Hz led to more powerful
illusions regarding all three factors compared to 50 Hz.
The frequency of 90 Hz resulted in more vivid and greater
movement illusions than with 50 Hz but the illusions did
not last longer. There was no significant difference found
between 70 Hz to any other frequency.

The means and the standard deviations for the variables
are visualised in Fig. 5. It can be seen that the arm position
has a higher effect on the PT and the MB than on the DT.
The illusions after the DT were experienced similar in the
hanging position and in the frame, whereas the illusions,
after the PT and MB were vibrated, led to lower rankings
when the arm was in the frame compared to the hanging
position. The illusions after the stimulation of the MB with
50 Hz in the frame were ranked lowest and the effect of the
arm position was higher than for the other frequencies and
stimulation sites.

The participants reported that the felt movements started
from the stimulation site, e.g. a stimulation of the DT
involved only the forearm while a stimulation of the PT led to
a movement of the whole arm. The experienced movements
varied across the participants. The participants even reported
the opposite direction of movement after the same type of
stimulation, e.g. some reported an elbow flexion while others
felt their elbow extending. Even a sequence of multiple
movements were reported.

The illusions comprised small and large movements. Some
felt their arm only moving few degrees in the elbow joint
or rotating in small circles while others felt a full flex-
ion/extension. Few participants even reported an overexten-
sion of their elbow or shoulder which is not anatomically
possible. Some participants could not clearly describe the felt
movements because it was rather circles or erratic shapes.

The illusions could result in repeated movements or were
felt only once. Some participants felt one single movement
and the arm stayed in the final position until the end of
the vibration. Others reported cyclic movements. Their arm
moved in one direction, came back to the initial position and
this was repeated as long as the arm was stimulated. When
the arm was stabilised in the frame, some participants felt
not only their arm moving but rather their arm was changing
its position, so that the frame or the table moved (similar to
the Pinocchio effect).

The onset of the illusions varied in the participants and
across the parameters. Some participants reported the feeling

of a movement as soon as the stimulation started and
sometimes the illusion started only after few seconds of
vibration or at the end. When an illusion started, they lasted
as long as the motor was running and did not stop before,
regardless of the type of movement.

There was also no correlation found between the vibration
parameters and the measured angles from the third experi-
mental block. Individually, the measurements were consistent
as the three repetitions resulted in the same extension.

V. DISCUSSION

In this experiment only one participant did not experience
any illusion during the session which is a success rate of
96% and slightly higher compared to other studies. There the
success rate was between 56 and 94% [5], [8], [17]. Higher
rates, up to 100%, could also be achieved [5], [10], [11].
Increasing the success rate could be achieved by recruiting
exclusively participants who have experienced movement il-
lusions before, by supplying more information about possible
illusions or by controlling the vibration parameters. This
means, that not only the parameters were varied across the
participants but an electromagnetic shaker was used, so that
both, frequency and amplitude, can be modified.

This study presents a novel contribution with the addition
of the hanging arm position. With the arm hanging besides
the body, the participants experienced more illusions than
with the arm in the frame. It is already known that tactile
sensations affect the movement illusions and this experiment
underlines this [4].

The hanging arm position could also explain why multiple
movements were reported across the participants. In other
studies, one specific movement could be induced across
all participants. The variation of the movements should be
investigated in more detail as it is crucial to induce one
particular movement when applying this method as feedback
for prostheses. Furthermore, it is not clear how the illusions
would be affected if an object (e.g. a prosthesis) is attached to
the arm. The weight and the tactile sensation of the artificial
arm could decrease the illusion. It is crucial to investigate
these questions for further applications.

In this study, a DC motor with an offset mass was used
that does not allow to control the frequency and amplitude
dependently. Other studies with high success rates used
electromagnetic shakers where both parameters could be
changed independently. It has been demonstrated that the
amplitude affects the illusion, so it is worth to use different
devices with more sophisticated control mechanisms [5]. The
size, mass and price of the stimulator are also important
factors to consider when installed into artificial limbs.

In this study, only the closed loop control of the frequency
was tested on the participants. So we cannot imply that
the closed loop control contributes to the increase in the
success rate. But we know that the frequency did not vary
between the participants. Pilot studies have shown that the
frequency decreases when the coupling between the arm and
the vibrator increases. This suggests that the frequency may
not be well controlled between participants and occasions.
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Fig. 5: Means and standard deviation for the ranked factors (vividness, duration, range of movement) of the illusion across
all frequencies for the different stimulation sites and both arm positions

It is not clear what influences the start time of the illusion.
Our results suggest this is an individual factor. Other studies
have already reported that some illusions start with the
onset of the vibration and some only after 15 s or more of
stimulation [4]. Clearly a late start time is not practical for
an application in daily-life activities. Also the reversal affect
of the illusion has to be studied in more detail to control the
duration of the stimulation accurately to prevent an undesired
change of the movement.

It is encouraging for the intended application to prosthetic
limbs that the illusions were experienced as often or even
more often at the PT side than on the MB. This means it
may be possible to generate the illusion in people with limb

differences when only one stimulation point is available.

VI. CONCLUSION

In this study we investigated the creation of proprioceptive
illusions in the upper arm. A closed loop control for the
frequency was used to ensure the desired frequency over
time and across different participants. Three parameters of
the vibration were varied to meet individual differences in ex-
periencing the illusion and to investigate their effect. Higher
frequencies induced more illusions than lower frequencies.
Three stimulation sites were studied and the distal tendon
site was the most effective. The arm was stimulated in two
positions; stabilised in a frame and freely hanging besides the



body. The free arm position clearly facilitated illusions but
might contribute to variability in the directions of movements
felt.
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