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Abstract 

Background:  Neurotraumas or neurodegenerative diseases often result in proprioceptive deficits, which makes it 
challenging for the nervous system to adapt to the compromised sensorimotor conditions. Also, in human machine 
interactions, such as prosthesis control and teleoperation, proprioceptive mismatch limits accuracy and intuitiveness 
of controlling active joints in robotic agents. To address these proprioceptive deficits, several invasive and non-inva-
sive approaches like vibration, electrical nerve stimulation, and skin stretch have been introduced. However, proprio-
ceptive modulation is still challenging as the current solutions have limitations in terms of effectiveness, usability, 
and consistency. In this paper, we propose a new way of modulating proprioception using transcutaneous electrical 
stimulation. We hypothesized that transcutaneous electrical stimulation on elbow flexor muscles will induce illusion 
of elbow joint extension.

Method:  Eight healthy human subjects participated in the study to test the hypothesis. Transcutaneous electrodes 
were placed on different locations targeting elbow flexor muscles on human subjects and experiments were con-
ducted to identify the best locations for electrode placement, and best electrical stimulation parameters, to maximize 
induced proprioceptive effect. Arm matching experiments and Pinocchio illusion test were performed for quantitative 
and qualitative analysis of the observed effects. One-way repeated ANOVA test was performed on the data collected 
in arm matching experiment for statistical analysis.

Results:  We identified the best location for transcutaneous electrodes to induce the proprioceptive illusion, as 
one electrode on the muscle belly of biceps brachii short head and the other on the distal myotendinous junction 
of brachioradialis. The results for arm-matching and Pinocchio illusion tests showed that transcutaneous electrical 
stimulation using identified electrode location and electrical stimulation parameters evoked the illusion of elbow joint 
extension for all eight subjects, which supports our hypothesis. On average, subjects reported 6.81° angular illusion of 
elbow joint extension in arm-matching tests and nose elongated to 1.78 × height in Pinocchio illusion test.

Conclusions:  Transcutaneous electrical stimulation, applied between the the synergistic elbow flexor muscles, 
consistently modulated elbow joint proprioception with the illusion of elbow joint extension, which has immense 
potential to be translated into various real-world applications, including neuroprosthesis, rehabilitation, teleoperation, 
mixed reality, and etc.

Keywords:  Transcutaneous electrical stimulation, Proprioception, Proprioceptive illusion, Kinesthetic illusion, 
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Background
Proprioception is a perception or awareness of the posi-
tion or movement of one’s own body [1]. It includes 
both the sense of body position in space and the sense of 
force applied to each joint, as the somatosensory cortex 
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processes a combination of evoked action potentials from 
sensory receptors in muscles, tendon, and skin [1–6]. 
Proprioception also includes dynamic perception of the 
body, i.e., sense of body movement, along with the sta-
tionary perception, and it is called as dynamic proprio-
ception or kinesthesia [1, 4]. Proprioception plays an 
important role in our daily lives, as it provides us sen-
sory information necessary to complete motor tasks with 
minimal reliance on vision. For example, we can walk 
on the street or step on car pedals without looking at 
our legs and feet. Indeed, we rely on proprioception for 
most of our motor activities throughout the day without 
even recognizing it. Proprioceptive deficit can cause seri-
ous deficits in motor control, as seen in several human 
and animal experiments [7, 8]. Proprioceptive deficit in 
the arm muscles can easily disrupt the inter-joint coor-
dination and degrade following control accuracy in arm 
reaching for human subject [7]. In animal locomotion 
study, a local deficit of proprioception in one of the leg 
muscles induced the cats to select inefficient locomotor 
strategy [8].

Proprioceptive deficit is generally caused by injuries or 
diseases [9–12] which affect central and peripheral nerv-
ous system. These deficits affect motor learning and are 
critical in progression of rehabilitation [13, 14]. We also 
observe similar deficits in man-made interface likes pros-
thetic limbs and telerobotic systems, where propriocep-
tive feedback of end effectors is not available to users. 
Even in the research field, artificially-generated proprio-
ceptive feedback has been demonstrated in a very lim-
ited way, while artificially-generated tactile feedback has 
made some strides recently [15–20]. To address the pro-
prioceptive deficit in the above applications, especially 
for the fine and sophisticated motor tasks [21–23], poten-
tial of neuromodulation has been actively investigated.

Invasive methods like intraneural stimulation tech-
niques using high-resolution electrodes [24–31] have 
shown great potential in providing users with proprio-
ceptive feedback. However, the amount of propriocep-
tive modulation is hardly consistent over time and across 
subjects [28, 30] and the chronic usage needs further 
validation before adaptation [32]. Further, the entry bar-
rier for users, in accepting the surgical procedures and 
associated risks, makes these invasive approaches less 
attractive for non-desperate applications like rehabili-
tation in chronic conditions, human–robot interfaces, 
etc. Non-invasive methods using mechanical vibration 
have also been investigated to modulate propriocep-
tion, and successfully induced proprioceptive illusions 
[1–4]. Vibration onto the tendon, myotendinous junc-
tion, or muscle belly elicited illusions of stretch/exten-
sion of the associated muscle [33–35]. However, the 
vibration-induced illusions are still hard to be elicited in a 

consistent manner [35–40], because this approach is sen-
sitive to the location of vibrators, vibration parameters, 
quality of contact, and fatigue of target muscle [33]. The 
direction of vibration-induced illusions sometimes can 
be even opposite [21, 35] and application of subthreshold 
vibrations with random frequencies can augment joint 
proprioception for both extension and flexion [38]. Skin 
stretch is another non-invasive approach of providing 
proprioceptive information [41, 42], as the skin stretch 
is an important contributing factor to the perception of 
joint extension/flexion. This approach can also be used 
together with other proprioceptive modulations as a 
compensatory approach. However, skin stretch system is 
hard to be implemented, because rotational skin-stretch 
devices need to be well attached onto the skin with 
proper friction [41].

Multiple indirect approaches have also been investi-
gated for providing proprioceptive information with-
out directly modulating proprioceptive feedback. For 
example, tactile augmentation and proximity feedback 
have been used to deliver proprioceptive information 
[23, 43]. As tactile feedback and proprioception usually 
work together as an ensemble to deliver the static and 
dynamic information of the body parts, tactile augmenta-
tion or haptic feedback can help the nervous system to 
make a better decision under the lack of proprioception 
[41]. However, the efficacy of this ensemble drops sig-
nificantly if the motor task does not involve any physical 
interaction with the object. Proximity feedback has been 
introduced recently to enjoy the power of tactile augmen-
tation at limb movement without any physical interaction 
[23], but the quality of information and intuitiveness is 
limited.

In the presented study, we tested a novel approach 
of transcutaneous electrical stimulation for proprio-
ceptive modulation. Success of invasive approaches 
of electrical nerve stimulation [24–31] and transcu-
taneous muscle vibration, in generating and modulat-
ing the proprioception, suggest that transcutaneous 
electrical stimulation might be also an effective way 
to generate or modulate the proprioception. Till now, 
transcutaneous electrical stimulation has been mostly 
targeted to provide tactile feedback or sensory cue [44, 
45], mainly because of the limited accessibility to the 
nerves from the skin. However, we expect that, similar 
to the approach of mechanical vibration, transcutane-
ous electrical stimulation can also excite the muscle 
spindle or Golgi tendon organ [46, 47] to induce pro-
prioceptive illusions, as described in Fig.  1. Although 
transcutaneous electrical stimulation will induce 
mixed perception of tactile feedback and propriocep-
tion, by stimulating skin receptors or cutaneous nerves 
[48, 49] as well as muscle spindle or Golgi tendon 



Page 3 of 16Rangwani and Park ﻿J NeuroEngineering Rehabil           (2021) 18:73 	

organ [46, 47], this non-invasive electrical stimula-
tion approach has so many advantages over its invasive 
counterpart, such as high user acceptability with easy 
and safe non-invasive interface. It also provides advan-
tages over muscle vibration approach, by providing 
small form factor, robust contact interface with sur-
face electrode, and high controllability with electrical 
signals.

As a proof of concept, we hypothesize that transcuta-
neous electrical stimulation on biceps brachii and bra-
chioradialis, with appropriate stimulation parameters 
at appropriate location, will augment the perception of 
the elbow extension. Because biceps brachii short head 
and brachioradialis [47] are synergistic muscles for 
elbow flexion, the augmented afferent feedback from 
the muscle spindles is expected to augment the per-
ception of elbow extension. In this study, we developed 
and validated the efficacy of transcutaneous electrical 
stimulation on inducing proprioceptive illusion of the 
elbow joint.

Methods
Human subject recruitment
All experiments were performed adhering to relevant 
guidelines and regulations, in accordance with the proce-
dure described in the protocol approved by Institutional 
Review Board, Texas A&M University (IRB2018-1583D). 
Eight healthy human subjects in age 22–35 (with average 
of 26.1), one female and 7 males participated in the study. 
All subjects were right-handed. Subjects with neurologi-
cal disorder, cognitive impairment, upper limb deform-
ity, and any known allergic problem to skin adhesive 
were excluded from the study. All subjects provided their 
informed consent for the experimentation according to 
the approved IRB protocol.

System implementation
A biphasic voltage-controlled electrical stimulator was 
designed for providing transcutaneous electrical stimula-
tion to subjects. Voltage-controlled stimulator provides 
an effective and easy way to generate electrical stimuli. 

Fig. 1  Concept figure. Transcutaneous electrical stimulation using surface electrodes targeting biceps brachii muscle to augment muscle spindle 
afferents to induce proprioceptive illusion of arm extension
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The system consisted of a microcontroller (Particle Pho-
ton with STM32 ARM Cortex M3) to generate input 
pulse-width-modulated (PWM) waveforms followed by 
a level shifter to increase the voltage level and convert it 
into biphasic square-wave output. Microcontroller was 
programmed to generate biphasic square-wave output 
with frequency ranging over 0–10  kHz and duty factor 
over 0–100%, according to the operator input. A small 
signal NPN transistor (MMBT3904, On Semiconductor, 
AZ) was used for voltage level shifting to generate the 
actual voltage stimulus ranging over 3–30 V. The bipha-
sic voltage stimuli were generated by an H-bridge circuit, 
composed of CMOS n-channel and p-channel FET (field 
effect transistor) pairs (CD4007UE, Texas Instrument, 
TX) [48]. The system was powered by a rechargeable 
Li-Po battery. A step-up voltage converter was used for 
converting 3–4 V from Li-Po battery to high voltage lev-
els up to 30 V.

Custom designed transcutaneous gel electrodes were 
used to deliver the electrical stimulus to the skin over 
the target muscle. The custom designed electrodes were 
made using the reusable self-adhesive electrode. These 
reusable electrodes were customized in size and mul-
tithreaded connecting wires were stacked on top using 
silver conductive epoxy [23, 48]. Electrodes were cus-
tomized with a small footprint (approx. 1.2 × 0.8 cm2), 
to ensure high localization of the electrical stimulation 
and identify the appropriate electrode locations with 
maximum effect. The self-adhesive hydrogel was pasted 
on the electrodes and additional latex-free adhesive tape 
was taped over the electrodes, to ensure stable contact of 
electrodes onto the skin during arm movements.

Two gyroscope sensors (MPU9250) were strapped onto 
both left and right forearms, one for each arm, to record 
the angular data for both elbow joints. An elastic strap 
with Velcro was used to fasten the gyroscope sensors on 
subjects’ arms to allow for minimum perturbations. The 
sensitivity scale factor of 131 (LSB)/°/s and a full-scale 
range of ± 250°/s is used for the selected gyroscope sen-
sors. The gyroscope data was digitized using a built-in 
16-bit ADC in MPU9250 to provide high-resolution data, 
and then sampled at 10 Hz by the microcontroller. Gyro-
scopes were calibrated every time before the experiment, 
for data integrity. The gyroscope data was delivered to 
the microcontroller via SPI interface and saved to the 
computer via USB interface. As gyroscope provides the 
derivative of an angle, the desired angle values were cal-
culated by integrating the gyroscope data over time.

Experiment procedure
Parameter selection for electrical stimulus
For the all experiments, we selected biphasic square-
wave electrical stimulus for charge balancing. 50% duty 

factor and 10-ms inter-pulse interval (i.e., 100 Hz) were 
also selected as default stimulation parameters, based on 
previous successful experiments that showed the effect 
of electrical stimulation on proprioceptive modulation 
[28, 47]. The amplitude range of the stimulation was 
determined per subject based on subjective perception, 
between perception and discomfort thresholds. As the 
stimulation was continuously applied during the given 
“stimulation-on” duration, determined by each experi-
mental condition, we didn’t specify the stimulus train 
duration and Inter-stimulus interval.

Experiment I: identification of electrode placement
The first experiment was designed to identify the location 
of electrodes for transcutaneous electrical stimulation. 
We selected four different locations of bipolar electrodes, 
on biceps brachii short head and brachioradialis. Spin-
dle afferent feedback from these two muscles, across the 
elbow joint, contributes to the perception of the elbow 
joint angle [50]. As it is hard to determine the accessibil-
ity of transcutaneous current to reach the muscle spin-
dle via the muscle belly and the myotendinous junction 
areas, we targeted both of those areas for two synergis-
tic elbow flexor muscles. Figure 2 shows all four identi-
fied electrode locations and combination of these four 
locations resulted in 10 different locations for a pair of 
electrodes.

With a pair of electrodes placed on selected locations, 
we set the stimulation voltage amplitude as 5 V. No sub-
ject reported any sensation at 5  V stimulation voltage. 
The voltage was then gradually increased and the voltage 
amplitude at which subjects first reported some pares-
thesia or any stimulation-based sensation was recorded 
as perception threshold. The voltage amplitude was fur-
ther increased to a level until subjects reported any dis-
comfort. We set the stimulation voltage right below this 
discomfort level where subjects were comfortable to be 
stimulated for long duration. Once the required voltage 
for proprioceptive illusion was identified, the electri-
cal stimulation was turned on and subjects were asked 
to report the subjective feeling of arm flexion or exten-
sion (i.e., proprioceptive illusion) by 1–5 subjective rat-
ing while providing stimulation for 5-s duration. This was 
repeated two times in series. The 1–5 scale was defined 
to evaluate the intensity of proprioceptive illusion, as 1 
represents no illusion and 5 represents very strong illu-
sion (1—nothing, 2—barely perceivable, 3—perceivable, 
4—strong, 5—very strong).

Stimulation frequency was fixed at 100 Hz for the Exp. 
I and the duty factor of the biphasic stimulus was fixed 
as 50%, according to the previously successful parameters 
for evoking electrotactile feedback [51]. Subjects were 
asked to maintain elbow joint angle at 90˚, where 180˚ 
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means fully extended elbow joint. The selected voltage 
level and the corresponding subjective rating of propri-
oceptive illusion were recorded. Based on this subjec-
tive rating, we intended to select the best electrode pair 
location to be used for the following experiments to test 
proprioceptive illusion. Note that the experiment I was 
executed only for the first three subjects. It is because 
the location for the strongest proprioceptive illusion was 
clear and consistent for the first three subjects. To mini-
mize potential aftereffect of the stimulation, experiments 
for the other five subjects used the selected electrode 
location based on the result of the first three subjects.

Experiment II: characterization of electrical stimulation 
parameters
The second experiment was designed to identify the best 
amplitude and frequency of electrical stimulation for 
the maximal proprioceptive illusion, with positioning 
electrodes on the best location found at the first experi-
ment. Subjects were asked to place their arm at rest with 

their elbow firmly placed onto the 90° armrest for refer-
ence [21]. Although the armrest stays at the location dur-
ing the experiment to guide the joint angle of the right 
arm, subjects were asked to actively maintain the guided 
elbow joint angle and not to rest on the armrest. In other 
words, subjects were barely touching it instead of resting 
on it. Subjects were then blindfolded, and voltage level 
was gradually increased. Subjects were asked to report 
when the electrotactile feedback, generally described 
as tingling, started to set the perception threshold (Vth). 
The voltage level was further increased, until the sub-
ject reported any discomfort. The maximum stimula-
tion voltage right below the discomfort range was set as 
the maximum voltage level (Vmax). The amplitude of the 
stimulation used for the experiment was determined per 
subject based on subjects’ report of the maximal proprio-
ceptive illusion, by slowly increasing the amplitude from 
Vth to Vmax. Note that, standard psychophysics methods 
were not used for measurement of the thresholds and the 
amplitude of the stimulation used, which is a limitation 
of this study.

We also identified the appropriate frequency of electri-
cal stimulation for the proprioceptive modulation, with 
the same procedure of arm resting and blindfold. For 
this part, the voltage was fixed to the Vmax found earlier 
with the frequency fixed at 100 Hz. Subjects were asked 
to report the effect when the stimulation frequency was 
changed from 100  Hz. Subjects were provided stimula-
tion with a set of frequencies of 30, 100, 300, 1000, and 
3000 (Hz) and asked to rate the proprioceptive illusion 
from 1–5 for each frequency.

Experiment III: arm matching experiment
The third experiment was designed to quantify the angu-
lar displacement induced by transcutaneous electrical 
stimulation. Arm-matching test was selected for quantifi-
cation of the illusory flexion/extension of the elbow joint, 
as it has been proved as a reliable way to evaluate pro-
prioceptive illusion in prior works [1, 4, 5]. As shown in 
Fig. 3, subjects were asked to place their arm at rest with 
their elbow firmly placed onto the 90° or 135° armrest 
for reference. Subjects were clearly instructed to actively 
maintain the guided elbow joint angle and not to rest on 
the armrest. To ensure consistent muscle pre-condition-
ing, the subjects were instructed to bring their right arm 
close to shoulder before maintaining it at reference angle 
at start of each trial. Note that, such muscle condition-
ing/thixotropy maximizes the illusory effect of elbow 
extension, as shown in previous vibration-based proprio-
ceptive modulation studies [1, 33].

Subjects were also asked to relax their arm muscles 
and keep their right arm stationary. Subjects were 
blindfolded during the experiment to avoid any bias 

Fig. 2  Representation of the identified relevant electrode locations. 
Representation of the relevant electrode locations identified in 
the first experiment, (1) muscle belly of biceps brachii short head, 
(2) distal myotendinous junction of brachii short head, (3) muscle 
belly of brachioradialis, and (4) distal myotendinous junction of 
brachioradialis (* the image of the arm muscles was adapted from the 
image downloaded from bilderriese © 123RF.com)
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from the visual feedback. Each session was composed 
of baseline measurement, stimulation test, and after-
effect test. First, for baseline measure, subjects were 
asked to do arm matching without any stimulation pro-
vided. Initially, subjects were asked to keep their right 
arm stationary at specified reference angle and keep 
their left arm in fully extended posture. When they 
hear the audio command, “Flex”, they were asked to use 
their left arm to match the right arm elbow joint angle. 
When they hear the audio command “Go back”, they 
were asked to return their left arm to the fully extended 
posture resting their arm on the desk. A constant time 
delay of 4 s was provided between each audio command 
for subjects to complete the required arm movement 

and keep the elbow joint angle at that angle. This arm-
matching test was repeated for four times in series to 
ensure that the baseline value was consistent. The gyro-
scope data for this arm matching sequence was saved to 
a computer. Second, to measure the effect of electrical 
stimulation, electrical stimulation was applied on the 
best identified location with best identified parame-
ters. Subjects were then asked to move their left arm to 
match the elbow joint angle between the left and right 
elbow joint. According to the audio commands, the 
arm-matching test was repeated for two times in series. 
Third, to measure the aftereffect of electrical stimula-
tion, the arm-matching test was repeated for two times 
in series, as shown in Fig.  4. The gyroscope data for 

Fig. 3  Proprioceptive illusion intensity and electrical stimulation parameters. a Intensity of proprioceptive illusion for 10 pairs of electrode locations, 
obtained with 3 initial subjects (Bi: Biceps brachii, Br: Brachioradialis, M: Muscle belly, and T: Distal myoTendinous junction; e.g., BiM: Biceps brachii 
muscle belly); b Intensity of proprioceptive illusion for different stimulation frequencies with the best electrode location (BiM-BrT), averaged for all 
subjects; c Perception threshold (Vth) and maximum applicable voltage (Vmax) for each subject, with the best electrode location (BiM-BrT); and (d) 
percentage voltage activation with respect to Vth (Vmax/ Vth*100) for each subject. Values in (b) are represented as mean ± standard error (SEM)
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stimulation on/off sequences was saved to a computer. 
The same procedure (2 consecutive sessions) was con-
ducted for two different reference joint angles: 90° and 
135°, with a minimum of 1-min interval between ses-
sions for each reference joint angle. The session order 
was counterbalanced among subjects with randomi-
zation (in a random order, 4 subjects conducted 90° 
first and the other 4 subjects conducted 135° first). In 
summary, two sessions for two different reference tar-
get elbow joint angles were conducted for all the sub-
jects following the above-mentioned procedure. Within 

the single session, arm matching test was repeated for 
four times to measure a baseline, repeated for another 
two times with stimulation applied, and repeated for 
another two times after stimulation was turned off (see 
Fig. 3b).

At the end of the arm matching experiment, we col-
lected subjective descriptions about the propriocep-
tive illusion, from all eight subjects, to get more insight 
about the principle of the proprioceptive illusion. In 
addition, we also collected subjective description of the 
accompanying unnatural sensation for all eight subjects 

Fig. 4  Proprioceptive illusion data in arm matching experiment and Pinocchio illusion experiment for all 8 subjects. a Individual data of left elbow 
joint angle in arm matching experiment with 135° right elbow joint angle (reference); b Individual data of left elbow joint angle in arm matching 
experiment with 90° right elbow joint angle (reference), c Subjective perception of nose elongation when the stimulation is turned on (black circle) 
and subjective perception of nose shrink when the stimulation is turned off (white circle), in Pinocchio illusion experiment; d Average left elbow 
joint angle in arm matching experiment with 135° right elbow joint angle (reference); e Average left elbow joint angle in arm matching experiment 
with 90° right elbow joint angle (reference); f Perception of nose height change from the previous height; g Standard deviation of right elbow joint 
angle while the stimulation was applied; h Net change of left elbow joint angle; and i Relative change of left elbow joint angle with respect to the 
initial angle. *Represents statistical significance (p < 0.05) by one-way repeated ANOVA test with 95% confidence level. Overall value in the very left 
side of (c), and values in (d), (e), (f), (h), (i) are represented as mean ± standard error (SEM)
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as we know that transcutaneous electrical stimulation 
often evokes unnatural sensation, referred to as tingling 
or paresthesia.

Experiment IV: Pinocchio illusion experiment
The fourth experiment was designed to confirm that 
the induced illusion is proprioceptive in nature. Pinoc-
chio illusion experiment has been used in past [52, 53], 
to establish and understand the proprioceptive illusion. 
This classical experiment involves the subject touching 
their nose with a fingertip of the same arm on which 
the stimulus for inducing proprioceptive illusion is 
applied. Subjects were blindfolded for this experiment 
and we used the best electrode location and stimula-
tion parameters identified in Exps. I and II, to induce 
the maximum proprioceptive illusion while minimizing 
potential bias caused by visual feedback. Based on the 
direction of illusion, subjects perceived their nose tip 
elongated or shrunk.

Subjects were instructed to touch their nose tip using 
their right index fingertip after being blindfolded. The 
biphasic electrical stimulation was provided for a dura-
tion of 10 s on their right arm with electrodes placed on 
previously identified locations. Subjects were asked to 
keep their index fingertip on the nose tip for 10 s after 
the stimulation was turned off, to report any aftereffect. 
Subjects were asked to select the pictorial representa-
tion of nose (on a scale of 1–5 for both elongation and 
shrinkage) from a series of nose representations that 
best describes their feeling (as shown in Fig. 5).

Data analysis and statistics
For the subjects’ data in the arm-matching test, elbow 
angles of the left arm were calculated as the average value 
within effective duration of each measure. To define the 
effective duration, we first defined both the start and end 
of the arm-matching period, as the times when the elbow 
angle is crossing the value 30° larger than the target 
elbow angle (165° for 135° target and 120° for 90° target), 
as shown in Fig. 4. We then excluded 1.5 s from the start 
of the arm-matching period, to minimize the transient 
response. We additionally excluded 0.5 s at the end of the 
arm-matching period, as shown in Fig. 4, to minimize the 
effect of undershoot before movement. As a result, the 
effective duration for each measure is around 2 s, and the 
average of data for this effective duration was calculated 
and used. As shown in Fig. 4, in each subject, the aver-
age of the first four arm-matching periods (#1 to #4) was 
used as a baseline value before applying stimulation, the 
average of the next two measures (#5, #6) was used as a 
value for evaluating stimulation effect, and the average 
of the last two measures (#7, #8) was used as a value for 
evaluating stimulation aftereffect.

For statistical analysis of the data, one-way repeated 
ANOVA test was performed at the 95% confidence level, 
to conduct a robust statistical test not to be falsified by 
any small difference in variances. We selected one-way 
repeated ANOVA with having just time (before, dur-
ing, and after stimulation) as an independent variable, 
instead of two-way ANOVA with having time and the 
reference elbow joint angle as two independent variables. 
It is because different reference elbow joint angles may 
set different conditions of muscle spindle and the result 

Fig. 5  Pinocchio illusion experiment nose illustrations. Illustrations of nose for subjects to select from for Pinocchio illusion experiment for illusion 
of nose elongation (corresponding to illusion of arm extension; E1–E4) and for illusion of nose shrinkage (corresponding to illusion of arm flexion; 
S1–S4)
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for one reference joint angle may be under- or overrep-
resented by the result for the other reference joint angle. 
To verify that the data satisfies the prerequisites for the 
ANOVA test, we tested normality of data distribution 
using the Kolmogorov–Smirnov test of normality. All 
datasets satisfied the condition of p > 0.05 and normality 
could be assumed. We also applied Bonferroni correc-
tion, and then used p < 0.05 as the condition for statistical 
significance. IBM SPSS Statistics was used as a statistical 
software.

Results
Experiment I
Stimulation across the two synergistic elbow flexor muscles 
was found as most effective in evoking proprioceptive illusion 
of the elbow joint angle
In the experiment for identifying the best location of 
electrodes, subjects were asked to report the strength of 
proprioceptive illusion when electrical stimulation was 
applied across the pairs of four different locations on the 
elbow flexor muscles of the right arm (ten different com-
binations; see Fig. 2). Figure 6a shows the proprioceptive 
illusion for ten combinations of selected electrode loca-
tions, reported by the first three subjects, on a scale of 

1–5. The result suggests that the electrode pair, with one 
electrode on the belly of biceps brachii short head and 
another on the distal myotendinous junction of brachio-
radialis, could consistently evoke the maximum proprio-
ceptive illusion of the elbow joint angle for each subject.

Experiment II
In terms of stimulation amplitude, proprioceptive 
illusion was strongest with stimulation voltage just 
below the discomfort threshold, in the range of 15–20 V
In the experiment for the characterization of perception 
evoked by transcutaneous electrical stimulation, stimu-
lation frequency was fixed at 100 Hz in accordance with 
previous studies on electrotactile feedback [54] for iden-
tifying the optimal stimulation amplitudes (i.e., abso-
lute value of positive/negative peak voltage for biphasic 
square-wave stimulus). All subjects reported propriocep-
tive illusion above a perception threshold (Vth), and the 
proprioceptive illusion became stronger as the stimula-
tion amplitude increased, before subjects felt discomfort 
along with strong tingling and paresthesia (see Table 1). 
The strongest proprioceptive illusion was observed at the 
maximum stimulation amplitude just below the stimu-
lation amplitude evoking discomfort (Vmax; discomfort 

Fig. 6  Arm matching experiment setup. a Schematic representation for arm-matching experiment and b detailed experimental procedure of the 
arm-matching experiment. Right arm elbow angle is maintained at a specified reference angle with help of armrests and subjects use their left arm 
to match the left elbow angle to the perceived right arm angle, with or without electrical stimulation applied. Gyroscopes were strapped onto both 
the arms, to measure the elbow joint angles
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threshold), according to the subjects’ report of percep-
tion. Figure 6c shows the Vth and Vmax for all eight sub-
jects. The optimal stimulation voltages were found as 
15–20 V for all subjects, as shown in Fig. 6c. In Fig. 6d, 
the voltage level providing strongest proprioceptive illu-
sion was represented as a ratio with respect to Vth, which 
is Vmax/Vth*100.

In terms of stimulation frequency, 100 Hz was most effective 
in evoking proprioceptive illusion with minimal paresthesia
After the optimal voltage values were identified in the 
above experiment, we also identified the best suitable fre-
quency for electrical stimulation to induce the maximum 
proprioceptive illusions, using the stimulation voltage 
identified for each subject. In the range of 30–3000 Hz, 
100  Hz provided the strongest proprioceptive illu-
sion with an average of 3.38 at 1–5 subjective scale (see 
footnote of Table 1 for details of the scale), as shown in 
Fig.  6b, and therefore 100  Hz was selected as stimula-
tion frequency for the following experiments. Subjects 
commonly reported that a tingling sensation accompa-
nied the proprioceptive illusion, and the level of tingling 
became stronger as frequency increases, which may 
have lowered the effective level of proprioceptive illu-
sion. Therefore, we also identified the frequency range 
where subjects reported high intensity of tingling, with 
the number of subjects corresponding to the range, as 
depicted by grey shading of Fig. 6b. One subject did not 
report high intensity of tingling till 3000 Hz.

Proprioceptive illusion was accompanied with unnatural 
tingling sensation
All subjects reported unnatural electrotactile sensation 
accompanied the proprioceptive illusion, and this elec-
trotactile sensation was described as tingling, vibrating, 

pulsing, paresthesia, and itchiness. Table  1 summarizes 
the unnatural sensation accompanying proprioceptive 
illusion, reported by each subject.

Experiment III
Transcutaneous electrical stimulation on biceps brachii 
and brachioradialis evoked proprioceptive illusion of elbow 
joint extension, with no aftereffect
Transcutaneous electrical stimulation on biceps brachii 
and brachioradialis was effective in generating the pro-
prioceptive illusion of elbow joint extension, as left elbow 
joint angle was increased for both 135° and 90° reference 
angles (p = 0.002 and F(2,6) = 20.8 for 135° reference 
angle and p = 0.015 and F(2,6) = 9.16 for 90° reference 
angle). Figures 7d and 7e show the left elbow joint angle 
before any stimulation was applied (Baseline), when the 
stimulation was turned on (Stim.), and after stimulation 
was turned off (Aftereffect), for 135° and 90° reference 
angles, for all eight subjects. The data show that stimu-
lation caused 7.89° and 5.73° angular displacement on 
average (illusion of elbow joint extension), for 135° and 
90° reference angles, respectively. The strength of pro-
prioceptive illusion was reported as 3.25 on average at 
the scale of 1–5 (5 is strongest; see footnote of Table 1 for 
details of the scale). As shown in Figs. 7a and b, all eight 
subjects consistently reported proprioceptive illusion of 
their elbow joint angle in the direction of elbow exten-
sion. Subjects’ description of the proprioceptive illusion 
can be largely categorized as three: “Forearm is mov-
ing downward”, “Weight or external force is pushing the 
forearm down”, and “Something is vibrating or scratch-
ing on the skin”, as in Table 1. When the stimulation was 
turned off, left elbow joint angle was decreased for both 
135° and 90° reference angles (p = 0.003 and F(2,6) = 17.8 
for 135° reference angle and p = 0.004 and F(2,6) = 15.9 

Table 1  Subjective description of the proprioceptive illusion effect for all subjects

Intensity and subjects’ description of the proprioceptive illusion, along with subjects’ description of the unnatural electrotactile sensation accompanied with the 
proprioceptive illusion

*Intensity of proprioceptive illusion on 1–5 scale (1—nothing, 2-—barely perceivable, 3—perceivable, 4—strong, 5—very strong)

Subject Intensity* Description of proprioceptive illusion Description of unnatural sensation

#1 3 Forearm is pushed down by external force Tingling, vibrating, paresthesia

#2 3 Forearm is moving downward
Vibrating/scratching on the skin

Tingling, vibrating, pulsing, paresthesia

#3 3 Forearm is moving downward
Vibrating on the skin

Tingling, vibrating

#4 3 Forearm is pushed down by external force Tingling

#5 3 Forearm is pushed down by external weight Vibrating/
scratching on the skin

Tingling, itchiness

#6 4 Forearm is moving downward Tingling

#7 4 Forearm is pushed down by external force Tingling

#8 3 Forearm is moving downward Tingling, pulsing
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for 90° reference angle). No aftereffect was detected, as 
the baseline values and the values after stimulation were 
not different for both 135° and 90° reference angles. Also, 
as shown in Fig. 7g, the standard deviation for the right 
arm elbow angle during the stimulation for both 135° 
and 90° reference angles are less than 0.6° for all the sub-
jects indicating the subjects’ right arm were stable during 
the stimulation period. We also calculated and repre-
sented net change and relative change of the replicated 
elbow joint angle, as in Figs.  7h and i. The net changes 
of the replicated elbow joint angle were 7.89 ± 1.16° and 
5.73 ± 1.43° for 135° and 90° reference angles, respec-
tively. The relative changes of the replicated elbow joint 
angle were 5.90 ± 0.82% and 6.26 ± 1.62% for 135° and 90° 
reference angles, respectively.

Experiment IV
Pinocchio illusion was experienced by all subjects, 
in the direction of elongation of nose
All subjects reported Pinocchio illusion upon application 
of the electrical stimulation with the electrodes placed 
one at muscle belly of biceps brachii and the other at dis-
tal myotendinous junction of the brachioradialis. Sub-
jects reported illusion of elongation or shrinkage of nose, 
with stimulation-on and stimulation-off, respectively. 

Subjects were asked to select the most appropriate 
graphical representation of nose-height change among 
the ones shown in Fig.  5. As in Fig.  7c, all subjects 
reported nose elongation when stimulation was turned 
on (to 1.78 × on average, in the middle of E2 and E3). 
When the stimulation was turned off, subjects reported 
nose shrinkage or no change (to 0.9 × on average, in the 
middle of Baseline and S1). The change in perception of 
the nose height was statistically significant for the nose 
elongation when the stimulation was turned on (p < 0.001 
and F(2,6) = 45.8). Subjects also felt nose shrinkage (from 
the normal nose height) when the stimulation was turned 
off (p = 0.019 and F(2,6) = 8.24), which suggests afteref-
fect of the stimulation.

Discussion
Transcutaneous electrical stimulation induced 
proprioceptive illusion in the direction of augmenting 
muscle spindle afferent feedback
Transcutaneous electrical stimulation resulted in the 
proprioceptive illusion in the direction of augmenting 
the muscle spindle afferent feedback. In our experiment, 
stimulation across biceps brachii short head and brachio-
radialis (synergistic elbow flexors) evoked proprioceptive 
illusion in the direction of elbow extension. This result 

Fig. 7  Data processing and analysis representation. The graphical representation of the exemplary temporal change of the left elbow joint 
angle, during the arm matching task with right elbow joint at reference angle of 90°. Horizontal dashed line in graph represents the average of 
the baseline measures of the left elbow angle, which was used as a reference to evaluate the extent of proprioceptive illusion. Bottom window, 
magnified from the first waveform, shows how we minimized potential errors during the transition phase in calculation of the elbow joint angle
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suggests that the stimulation augmented the muscle spin-
dle afferent feedback from both biceps brachii short head 
and brachioradialis. We expect that the identified elec-
trode locations on the biceps belly and tendinous area 
of brachioradialis provided a proper current pathway to 
activate muscle spindle of both muscles.

This result agrees with the general observations of 
vibration-induced proprioceptive illusions, causing 
stretch/extension illusion of the muscle on which the 
vibration is applied [1–4, 33]. In case of the vibration-
induced proprioceptive illusion, vibrating elbow flexor 
muscle resulted in the illusion of elbow joint extension 
and vibrating elbow extensor muscles resulted in the 
illusion of elbow joint flexion. We expect that the trans-
cutaneous electrical stimulation works in similar way to 
the vibration-induced proprioceptive illusion. However, 
note that, other studies have reported an opposite effect 
of vibration-induced proprioceptive illusion, as suppress-
ing the effect of muscle spindle afferent feedback based 
on the stimulation parameters [21, 35–39, 55, 56]. In the 
follow-up studies, it would be important to investigate 
the consistency of the electrically-induced proprioceptive 
illusion.

Stimulating muscle spindles in two synergistic elbow 
flexors together seems critical in proprioceptive illusion 
by transcutaneous electrical stimulation
As seen in prior works, the location of application was 
a critical factor for inducing proprioceptive illusion by 
applying vibration or electrical stimulus on muscles and 
tendons [1, 2, 31, 33, 34, 44]. In the examples of vibro-
tactile proprioceptive illusion applied on muscle, vibra-
tion on one agonist muscle (e.g., biceps) for elbow joint 
flexion was enough to evoke proprioceptive illusion in 
the direction of elbow joint extension. However, based on 
our experiment, we found that transcutaneous electrical 
stimulation applied across two synergistic elbow flexor 
muscles together evoked the strongest proprioceptive 
illusion of elbow joint extension. Figure 6a shows that the 
electrode pair across two synergistic elbow flexor mus-
cles, biceps brachii and brachioradialis, provided much 
stronger proprioceptive illusion than stimulating one of 
the two muscles. We speculate that it is because elbow 
extension usually causes change in length of both mus-
cles, and contradictory information between two mus-
cle spindles may suppress the gain of the proprioceptive 
feedback.

The intensity of proprioceptive illusion depends 
on the voltage level of transcutaneous electrical 
stimulation, as well as the site of stimulation
We found that the intensity of the proprioceptive illusion 
was the strongest at the level just below the discomfort 

threshold, consistently for all eight subjects. Our inter-
pretation of this phenomenon is that transcutaneous 
electrical stimulation activates voltage-gated ion chan-
nels in dermis as well as the ones in sensory fibers, and 
therefore evokes discomfort on the skin. Indeed, all eight 
subjects reported tingling as a main unnatural electro-
tactile sensation potentially causing discomfort at high 
intensity (see Table  1). There is also a possibility that 
involuntary muscle activation by stimulation contributed 
to the proprioceptive illusion. Although we selected the 
stimulation intensity as the value below the discomfort 
threshold, we cannot exclude the possibility of muscle 
activation. Therefore, we checked the standard deviation 
of the right elbow joint angle, and minimal standard devi-
ation (< 0.6°) suggests that the right arm was not moved 
involuntary or unconsciously by the stimulation (Fig. 7g). 
We also investigated the voltage level providing strongest 
proprioceptive illusion, with respect to the voltage level 
of the perception threshold. As shown in Fig. 6d, the volt-
age level providing the strongest proprioceptive illusion 
was 50–200% higher than the voltage level of the percep-
tion threshold.

The stimulation frequency on proprioceptive illusion 
seems not as critical as vibration‑induced illusion, 
but needs to be further investigated
Vibration-induced proprioceptive illusion has been 
reported as being highly dependent on the frequency. 
According to the current understanding, vibration can 
selectively activate muscle spindle afferents according 
to the vibration frequency. For example, vibration with 
higher frequencies activates secondary (II) spindle affer-
ent, and vibration with lower frequencies activates pri-
mary (Ia) spindle afferents [33, 40]. Cordo et al. reported 
that the direction of proprioceptive illusion was opposite 
according to the frequency of vibration, even at the same 
subjects [39]. Our previous work also suggests that the 
proprioceptive illusion could be evoked with very narrow 
range of vibration frequency [21]. For electrical stimula-
tion, on the other hand, frequency seems not as critical 
as in the case of vibration in evoking the proprioceptive 
illusion. Although we found the optimal stimulation fre-
quency as 100  Hz to maximize the proprioceptive illu-
sion, other frequencies such as 300 Hz and 1000 Hz also 
evoked the proprioceptive illusion in the same direction 
with comparable intensity. However, there is a possibil-
ity that induced paresthesia may have overrode proprio-
ceptive illusion, considering that a few subjects reported 
tingling sensation at frequency of 300  Hz or higher. In 
the follow-up study, we will investigate further about the 
optimal frequency with lowering the stimulation inten-
sity and minimizing the tingling sensation. The combined 
effect between stimulation frequency and amplitude 
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should be further investigated too, as vibration studies 
showed that both vibration amplitudes and frequency are 
co-dependent on evoking the proprioceptive illusion [33, 
39, 40].

We cannot exclude the potential effect of cutaneous 
electrotactile feedback on proprioceptive illusion, which 
should be investigated in depth in future studies
Previous studies on skin stretch showed that stretch of 
the skin near the joint evoked proprioceptive illusion, 
which was further amplified when skin stretch was used 
along with the vibration [1, 38, 51, 57]. These results 
suggest that cutaneous electrotactile feedback may con-
tribute to the proprioceptive illusion [53], by potential 
coordination with the muscle spindle afferent feedback. 
However, as electrotactile feedback evokes unnatural 
cutaneous sensations (e.g., tingling, vibrating, pulsing, 
paresthesia) instead of skin stretch or contraction, it is 
hard to interpret the contribution of cutaneous electro-
tactile feedback on proprioceptive illusion. In the future 
studies, the effect of cutaneous electrotactile feedback 
and its coordination with the muscle spindle afferent 
feedback, on proprioceptive illusion, needs to be investi-
gated in depth.

Follow‑up research is needed to investigate the effect 
of other factors on proprioceptive illusion
Studies on vibration-induced illusion suggest that both 
static and dynamic states of associated muscle (e.g., mus-
cle pre-conditioning, initial joint angle, muscle thixot-
ropy) have strong effects on proprioceptive illusions [1, 
33, 39]. Therefore, we expect that the effect of transcu-
taneous electrical stimulation on proprioceptive illusion 
will also depend on the static and dynamic states of mus-
cle spindle. Indeed, to apply the proprioceptive illusion 
using transcutaneous electrical stimulation in the real-
life applications, it is important to understand the effect 
of both the past and current states of the muscles, along 
with its dynamics, on the proprioceptive illusion. We 
cannot also exclude the possibility that visual feedback 
of the associated muscles and joints may have affected 
the proprioceptive illusion, as multisensory processing 
with both visual and proprioceptive feedback is known 
to affect the sensory perception [58]. Note that, although 
the subjects were blindfolded during the experiment, 
they could see the initial arm angle when they positioned 
the arm to the armrest. Further, we cannot exclude the 
psychological factors influencing the proprioceptive illu-
sion. As subjects were asked about illusory feelings of 
elbow flexion/extension in the first and/or second experi-
ments, subject may have unconsciously adjusted their 
responses in experiments three and four to match those 
expectations. Future studies are needed to investigate the 

effects of static and dynamic states of associated muscles, 
the effect of visual feedback, and the psychological effect 
to match the expectations of questionnaires, on the pro-
prioceptive illusion.

We also observed that relative increase in the replicated 
elbow joint angle at arm matching test was not different 
between the one at 135° elbow joint angle and the one at 
90° elbow joint angle (5.90 ± 0.82% and 6.26 ± 1.62% for 
135° and 90° reference angles, respectively) (p = 0.846). 
Absolute increase of the replicated elbow joint angle at 
arm matching test was not different either between the 
two elbow joint angles (p = 0.26). Perhaps different length 
of the sarcomere did not affect the sensitivity of muscle 
spindle to the electrical stimulation. Note that the change 
in sensitivity of muscle spindle have been reported in 
past studies where the static and dynamic state of muscle 
and muscle thixotropy affected proprioception [1–4, 33]. 
It would be important to further investigate the effect of 
the elbow joint angle on the intensity of proprioceptive 
illusion evoked by transcutaneous electrical stimulation.

Transcutaneous electrical stimulation has advantages 
over the vibration‑induced proprioceptive modulation, 
in terms of latency, consistency, and implementation
Transcutaneous electrical stimulation has several advan-
tages over the vibration-induced proprioceptive illusion, 
which is currently the most widely accepted non-invasive 
method for inducing proprioceptive illusion. First, the 
latency issue observed in vibration-induced propriocep-
tive illusion [1, 32] can be addressed by using the trans-
cutaneous electrical stimulation. All subjects reported 
that the transcutaneous electrical stimulation caused 
proprioceptive illusion with minimal latency that they 
were not able to recognize. Second, the consistency of 
proprioceptive illusion can be improved by employing 
the transcutaneous electrical stimulation. Note that the 
biggest challenge for the vibration-induced propriocep-
tive illusion is the variation of the effect [1, 32]. Research 
studies in the past, using vibration, found that vibration 
did not induce proprioceptive illusion for part of the 
subjects [1, 32, 48, 56, 59]. Fuentes et  al. reported that 
10–20% of subjects did not feel proprioceptive illusion by 
the vibration [55] and Roll et al. also assumed the limited 
efficacy and restricted the subjects as previously success-
ful participants who reported proprioceptive illusion by 
vibratory intervention [59]. We observed that the effect 
of transcutaneous electrical stimulation was consist-
ent for all eight subjects who participated in the experi-
ment, and the effect was consistent per subjects over the 
two sessions with two reference elbow joint angles (see 
Figs. 7a–c). However, note that, this study was conducted 
with a limited number of subjects (8) and sessions per 
subject (2), and therefore the inter- and intra-subject 
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variability needs to be tested further in the future studies. 
Third, electrical stimulation allows for easy and simple 
system implementation, compared to the vibration-based 
approach. Fixation of the vibrator motor on a specific 
location of the arm is not easy because of the inherent 
properties of mechanical vibration resulting in mechani-
cal deviation from the targeted location, and vibration 
reaching neighboring muscle groups. Also, the bulki-
ness of the mechanical vibration system makes it hard to 
implement the whole system as a small wearable device. 
On the other hand, electrical stimulation based approach 
can result in an easy-to-design, small-sized, highly local-
ized, and consistent system without any mechanical devi-
ation. Such electrical system will minimally disturb the 
natural arm and hand movements, and allow easy trans-
lation of such approach to real-world applications.

No aftereffect in proprioceptive illusion could be another 
advantage of transcutaneous electrical stimulation 
for real‑time proprioceptive modulation
Based on statistical tests regarding the results of arm 
matching experiment in both 90° and 135° joint angles 
(Figs.  7d and e), we concluded that there is no stimula-
tion aftereffect (i.e., no difference between the baseline 
value and the value after the stimulation is turned off). 
In other words, proprioceptive illusion, initially gener-
ated by turning on the stimulation, could be cancelled 
without lasting effect. This feature of no aftereffect would 
be beneficial for modulating proprioception in real time, 
to evoke sequential proprioceptive illusion. The effect of 
stimulation on proprioceptive illusion will not be affected 
by the history of stimulation. Note that, results of Pinoc-
chio illusion experiment (Fig. 7f ) were not considered for 
the discussion of stimulation aftereffect, as there is no 
way to directly compare between the baseline value and 
the value after the stimulation is turned off.

Conclusions
This study tested the novel approach of transcutaneous 
electrical stimulation to induce proprioceptive illusion on 
perceiving the elbow joint angle. Transcutaneous electri-
cal stimulation on the synergistic elbow flexor muscles 
could evoke proprioceptive illusion in the direction of aug-
menting the spindle afferent feedback. The observation 
and results strongly suggest that transcutaneous electrical 
stimulation is not just a viable option for proprioceptive 
modulation but a strong candidate to enhance the user-
acceptability and consistency of proprioceptive modula-
tion. However, for practical use of this new approach, there 
are still many challenges to be addressed. We need to fur-
ther clarify operating principles of transcutaneous electri-
cal stimulation in inducing proprioceptive illusion, such as 
the contribution of cutaneous component of electrotactile 

feedback, the effect of static and dynamic states of associ-
ated muscle, the effect of visual feedback and multisen-
sory processing, and the involvement of muscle spindle 
and Golgi tendon organ. Upon the robust establishment 
of effective parameters of transcutaneous electrical stimu-
lation and understanding of its operating principle, on 
inducing proprioceptive illusion, the transcutaneous elec-
trical stimulation has immense potential to be applied in 
proprioceptive modulation for neuroprosthesis, teleop-
erations, neurorehabilitation, and virtual reality. Another 
important limitation of this study is that all subjects were 
healthy and able-bodied. For this approach to be applied to 
people in need, having disability and/or sensorimotor defi-
cits, follow-up studies are needed to show the efficacy of 
this approach on target population.

Abbreviations
PWM: Pulse width modulation; FET: Field-effect transistor; IRB: Institutional 
Review Board.

Acknowledgement
Not applicable.

Authors’ contributions
HP and RR conceptualized the idea and designed experiment. RR prepared 
electrical system and electrodes for experiments. RR and HP got the experi-
mental protocol approved for human subject experiments. RR recruited 
human subjects and collected experimental data. RR and HP analyzed experi-
mental data. RR and HP wrote the manuscript. All authors read and approved 
the final manuscript.

Funding
This work was supported by The Institute for Rehabilitation and Research 
Foundation (TIRR Foundation), Grant number 019-119.

Availability of data and materials
The datasets generated during and analyzed during the current study are 
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All experiments were performed adhering to relevant guidelines and regula-
tions, in accordance with the procedure described in the protocol approved 
by Institutional Review Board, Texas A&M University (IRB2018-1583D). All 
subjects provided their informed consent for the experimentation according 
to the approved IRB protocol.

Consent for publication
Consent form was obtained from each participants of the experiments.

Competing interests
All authors have no conflict of interest.

Received: 9 November 2020   Accepted: 26 April 2021

References
	1.	 Proske U, Gandevia SC. The proprioceptive senses: their roles in signaling 

body shape, body position and movement, and muscle force. Physiol 
Rev. 2012;92(4):1651–97.



Page 15 of 16Rangwani and Park ﻿J NeuroEngineering Rehabil           (2021) 18:73 	

	2.	 Proske U, Gandevia SC. Kinesthetic senses. Compr Physiol. 
2018;8:1157–83.

	3.	 McCloskey DI. Kinesthetic sensibility. Physiol Rev. 1978;58:763–820.
	4.	 Proske U. Kinesthesia: the role of muscle receptors. Muscle Nerve. 

2006;34:545–58.
	5.	 Hillier S, Immink M, Thewlis D. Assessing proprioception: a systematic 

review of possibilities. Neurorehabil Neural Repair. 2015;29(10):933–49.
	6.	 Han J, Waddington G, Adams R, Anson J, Liu Y. Assessing proprioception: 

a critical review of methods. J Sport Health Sci. 2016;5(1):80–90.
	7.	 Sainburg RL, Poizner H, Ghez C. Loss of proprioception produces deficits 

in interjoint coordination. J Neurophysiol. 1993;70(5):2136–47.
	8.	 Abelew TA, Miller MD, Cope TC, Nichols TR. Local loss of proprioception 

results in disruption of interjoint coordination during locomotion in the 
cat. J Neurophysiol. 2000;84(5):2709–14.

	9.	 Prigatano GP, Schacter DL, editors. Awareness of deficit after brain injury: 
Clinical and theoretical issues. Oxford University Press; 1991.

	10.	 Carey LM. Somatosensory loss after stroke. Crit Rev Phys Rehabil Med. 
1995;7(1).

	11.	 Konczak J, Corcos DM, Horak F, Poizner H, Shapiro M, Tuite P, Volkmann 
J, Maschke M. Proprioception and motor control in Parkinson’s disease. J 
Motor Behav. 2009;41(6):543–52.

	12.	 Fling BW, Dutta GG, Schlueter H, Cameron MH, Horak FB. Associations 
between proprioceptive neural pathway structural connectivity and bal-
ance in people with multiple sclerosis. Front Hum Neurosci. 2014;8:814.

	13.	 Ingemanson ML, Rowe JR, Chan V, Wolbrecht ET, Reinkensmeyer DJ, 
Cramer SC. Somatosensory system integrity explains differences in treat-
ment response after stroke. Neurology. 2019;92(10):e1098–108.

	14.	 Formento E, Minassian K, Wagner F, Mignardot JB, Le Goff-Mignardot CG, 
Rowald A, Bloch J, Micera S, Capogrosso M, Courtine G. Electrical spinal 
cord stimulation must preserve proprioception to enable locomotion in 
humans with spinal cord injury. Nat Neurosci. 2018;21(12):1728.

	15.	 Antfolk C, D’Alonzo M, Rosen B, Lundborg G, Sebelius F, Cipriani C. 
Sensory feedback in upper limb prosthetics. Expert Rev Med Devices. 
2013;10(1):45–54.

	16.	 Windrich M, Grimmer M, Christ O, Rinderknecht S, Beckerle P. Active lower 
limb prosthetics: a systematic review of design issues and solutions. 
Biomed Eng Online. 2016;15(3):140.

	17.	 Park H, Islam MS, Grover MA, Klishko AN, Prilutsky BI, DeWeerth SP. A pro-
totype of a neural, powered, transtibial prosthesis for the cat: benchtop 
characterization. Front Neurosci. 2018;12:471.

	18.	 Wolf EJ, Cruz TH, Emondi AA, Langhals NB, Naufel S, Peng GC, Schulz BW, 
Wolfson M. Advanced technologies for intuitive control and sensation of 
prosthetics. Biomed Eng Lett. 2020;10(1):119–28.

	19.	 Schiefer M, Tan D, Sidek SM, Tyler DJ. Sensory feedback by peripheral 
nerve stimulation improves task performance in individuals with upper 
limb loss using a myoelectric prosthesis. J Neural Eng. 2015;13(1):016001.

	20.	 Ortiz-Catalan M, Håkansson B, Brånemark R. An osseointegrated human-
machine gateway for long-term sensory feedback and motor control of 
artificial limbs. Sci Transl Med. 2014;6(257):257re6.

	21.	 Rangwani R, Park H. Vibration induced proprioceptive modulation in sur-
face-EMG based control of a robotic arm. In: 2019 9th International IEEE/
EMBS conference on neural engineering (NER) 2019 (pp. 1105–1108). 
IEEE.

	22.	 Pacchierotti C, Meli L, Chinello F, Malvezzi M, Prattichizzo D. Cutaneous 
haptic feedback to ensure the stability of robotic teleoperation systems. 
Int J Robot Res. 2015;34(14):1773–87.

	23.	 Zhao Z, Yeo M, Manoharan S, Ryu S, Park H. Electrically-evoked artificial 
proximity sensation enhanced fine finger control in telerobotic pinch. Sci 
Rep. 2019.

	24.	 Tan DW, Schiefer MA, Keith MW, Anderson JR, Tyler J, Tyler DJ. A neural 
interface provides long-term stable natural touch perception. Sci Transl 
Med. 2014;6(257):257138.

	25.	 Lertmanorat Z, Montague FW, Durand DM. A flat interface nerve elec-
trode with integrated multiplexer. IEEE Trans Neural Syst Rehabil Eng. 
2008;17(2):176–82.

	26.	 Boretius T, Badia J, Pascual-Font A, Schuettler M, Navarro X, Yoshida K, 
Stieglitz T. A transverse intrafascicular multichannel electrode (TIME) to 
interface with the peripheral nerve. Biosens Bioelectron. 2010;26(1):62–9.

	27.	 Clark GA, Ledbetter NM, Warren DJ, Harrison RR. Recording sensory and 
motor information from peripheral nerves with Utah Slanted Electrode 

Arrays. In: 2011 Annual international conference of the IEEE engineering 
in medicine and biology society 2011 (pp. 4641–4644). IEEE.

	28.	 D’Anna E, Valle G, Mazzoni A, Strauss I, Iberite F, Datton J, Pertini FM, 
Raspopovic S, Granata G, Di Iorio R, Controzzi M. A closed-loop hand 
prosthesis with simultaneous intraneural tactile and position feedback. 
Sci Robot. 2019;4(27):eaau8892.

	29.	 Horch K, Meek S, Taylor TG, Hutchinson DT. Object discrimination with 
an artificial hand using electrical stimulation of peripheral tactile and 
proprioceptive pathways with intrafascicular electrodes. IEEE Trans Neural 
Syst Rehabil Eng. 2011;19(5):483–9.

	30.	 Wendelken S, Page DM, Davis T, Wark HA, Kluger DT, Duncan C, Warren 
DJ, Hutchinson DT, Clark GA. Restoration of motor control and pro-
prioceptive and cutaneous sensation in humans with prior upper-limb 
amputation via multiple Utah Slanted Electrode Arrays (USEAs) implanted 
in residual peripheral arm nerves. J Neuroeng Rehabil. 2017;14(1):121.

	31.	 Schiefer MA, Graczyk EL, Sidik SM, Tan DW, Tyler DJ. Artificial tactile and 
proprioceptive feedback improves performance and confidence on 
object identification tasks. PLoS ONE. 2018;13(12):e0207659.

	32.	 Ghafoor U, Kim S, Hong KS. Selectivity and longevity of peripheral-nerve 
and machine interfaces: a review. Front Neurorobot. 2017;11:59.

	33.	 Taylor MW, Taylor JL, Seizova-Cajic T. Muscle vibration-induced illusions: 
review of contributing factors, taxonomy of illusions and user’s guide. 
Multisens Res. 2017;30(1):25–63.

	34.	 Goodwin GM, McCloskey DI, Matthews PB. Proprioceptive illusions 
induced by muscle vibration: contribution by muscle spindles to percep-
tion? Science. 1972;175(4028):1382–4.

	35.	 Tsay AJ, Giummarra MJ, Allen TJ, Proske U. The sensory origins of human 
position sense. J Physiol. 2016;594(4):1037–49.

	36.	 Seizova-Cajic T, Smith JL, Taylor JL, Gandevia SC. Proprioceptive move-
ment illusions due to prolonged stimulation: reversals and aftereffects. 
PLoS ONE. 2007;2(10):e1037.

	37.	 Borel L, Ribot-Ciscar E. Improving postural control by applying mechani-
cal noise to ankle muscle tendons. Exp Brain Res. 2016;234(8):2305–14.

	38.	 Roll JP, Vedel JP, Ribot E. Alteration of proprioceptive messages induced 
by tendon vibration in man: a microneurographic study. Exp Brain Res. 
1989;76(1):213–22.

	39.	 Cordo P, Gurfinkel VS, Bevan L, Kerr GK. Proprioceptive consequences of 
tendon vibration during movement. J Neurophysiol. 1995;74(4):1675–88.

	40.	 Izumizaki M, Tsuge M, Akai L, Proske U, Homma I. The illusion of changed 
position and movement from vibrating one arm is altered by vision or 
movement of the other arm. J Physiol. 2010;588:2789–800.

	41.	 Wheeler J, Bark K, Savall J, Cutkosky M. Investigation of rotational skin 
stretch for proprioceptive feedback with application to myoelectric 
systems. IEEE Trans Neural Syst Rehabil Eng. 2010;18(1):58–66.

	42.	 Bark K, Wheeler JW, Premakumar S, Cutkosky MR. Comparison of skin 
stretch and vibrotactile stimulation for feedback of proprioceptive infor-
mation. In: 2008 Symposium on haptic interfaces for virtual environment 
and teleoperator systems 2008 (pp. 71–78). IEEE.

	43.	 Bethea BT, Okamura AM, Kitagawa M, Fitton TP, Cattaneo SM, Gott VL, 
Baumgartner WA, Yuh DD. Application of haptic feedback to robotic 
surgery. J Laparoendosc Adv Surg Tech. 2004;14(3):191–5.

	44.	 Chai G, Sui X, Li S, He L, Lan N. Characterization of evoked tactile sensa-
tion in forearm amputees with transcutaneous electrical nerve stimula-
tion. J Neural Eng. 2015;12(6):066002.

	45.	 Kita K, Otaka Y, Takeda K, Sakata S, Ushiba J, Kondo K, Liu M, Osu R. A pilot 
study of sensory feedback by transcutaneous electrical nerve stimula-
tion to improve manipulation deficit caused by severe sensory loss after 
stroke. J Neuroeng Rehabil. 2013;10(1):55.

	46.	 Kajimoto H. Illusion of motion induced by tendon electrical stimulation. 
In 2013 World Haptics Conference (WHC) 2013 (pp. 555–558). IEEE.

	47.	 Takahashi A, Tanabe K, Kajimoto H. Relationship between force sensation 
and stimulaiton parameters in tendon electrical stimulation. In: Interna-
tional AsiaHaptics Conference 2016 (pp. 233–238). Springer, Singapore.

	48.	 Azbell J, Park JK, Chang SH, Engelen MP, Park H. Closed-loop tactile aug-
mentation by transcutaneous stimulation on either the foot sole or the 
palm to improve lateral postural balance. In: 2019 9th International IEEE/
EMBS conference on neural engineering (NER) 2019 (pp. 1072–1075). 
IEEE.

	49.	 Manoharan S, Park H. Supernumerary body schema extension to non-
corporeal object by adding artificial tactile feedback using electrical 



Page 16 of 16Rangwani and Park ﻿J NeuroEngineering Rehabil           (2021) 18:73 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

stimulation. In: 2019 9th International IEEE/EMBS conference on neural 
engineering (NER) 2019 (pp. 989–992). IEEE.

	50.	 Boland MR, Spigelman T, Uhl TL. The function of brachioradialis. J Hand 
Surg. 2008;33(10):1853–9.

	51.	 Collins DF, Prochazka A. Movement illusions evoked by ensemble 
cutaneous input from the dorsum of the human hand. J Physiol. 
1996;496(3):857–71.

	52.	 Lackner JR. Some proprioceptive influences on the perceptual represen-
tation of body shape and orientation. Brain. 1988;111(2):281–97.

	53.	 De Vignemont F, Ehrsson HH, Haggard P. Bodily illusions modulate tactile 
perception. Curr Biol. 2005;15(14):1286–90.

	54.	 Paredes LP, Dosen S, Rattay FG, Farina D. The impact of the stimulation 
frequency on closed-loop control with electrotactile feedback. J Neuero-
eng Rehabil. 2015;12(1):35.

	55.	 Fuentes CT, Gomi H, Haggard P. Temporal features of human tendon 
vibration illusions. Eur J Neurosci. 2012;36:3709–17.

	56.	 Lackner JR, Taublieb AB. Influence of vision on vibration-induced illusions 
of limb movement. Exp Neurol. 1984;85:97–106.

	57.	 Collins DF, Refshauge KM, Todd G, Gandevia SC. Cutaneous receptors 
contribute to kinesthesia at the index finger, elbow, and knee. J Neuro-
physiol. 2005;94(3):1699–706.

	58.	 Senkowski D, Schneider TR, Foxe JJ, Engel AK. Crossmodal binding 
through neural coherence: implications for multisensory processing. 
Trends Neurosci. 2008;31(8):401–9.

	59.	 Roll J-P, Albert F, Thyrion C, Ribot-Ciscar E, Bergenheim M, Mattei B. 
Inducing any virtual two-dimensional movement in humans by applying 
muscle tendon vibration. J Neurophysiol. 2009;101:816–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	A new approach of inducing proprioceptive illusion by transcutaneous electrical stimulation
	Abstract 
	Background: 
	Method: 
	Results: 
	Conclusions: 

	Background
	Methods
	Human subject recruitment
	System implementation
	Experiment procedure
	Parameter selection for electrical stimulus
	Experiment I: identification of electrode placement
	Experiment II: characterization of electrical stimulation parameters
	Experiment III: arm matching experiment
	Experiment IV: Pinocchio illusion experiment
	Data analysis and statistics


	Results
	Experiment I
	Stimulation across the two synergistic elbow flexor muscles was found as most effective in evoking proprioceptive illusion of the elbow joint angle

	Experiment II
	In terms of stimulation amplitude, proprioceptive illusion was strongest with stimulation voltage just below the discomfort threshold, in the range of 15–20 V
	In terms of stimulation frequency, 100 Hz was most effective in evoking proprioceptive illusion with minimal paresthesia
	Proprioceptive illusion was accompanied with unnatural tingling sensation

	Experiment III
	Transcutaneous electrical stimulation on biceps brachii and brachioradialis evoked proprioceptive illusion of elbow joint extension, with no aftereffect

	Experiment IV
	Pinocchio illusion was experienced by all subjects, in the direction of elongation of nose


	Discussion
	Transcutaneous electrical stimulation induced proprioceptive illusion in the direction of augmenting muscle spindle afferent feedback
	Stimulating muscle spindles in two synergistic elbow flexors together seems critical in proprioceptive illusion by transcutaneous electrical stimulation
	The intensity of proprioceptive illusion depends on the voltage level of transcutaneous electrical stimulation, as well as the site of stimulation
	The stimulation frequency on proprioceptive illusion seems not as critical as vibration-induced illusion, but needs to be further investigated
	We cannot exclude the potential effect of cutaneous electrotactile feedback on proprioceptive illusion, which should be investigated in depth in future studies
	Follow-up research is needed to investigate the effect of other factors on proprioceptive illusion
	Transcutaneous electrical stimulation has advantages over the vibration-induced proprioceptive modulation, in terms of latency, consistency, and implementation
	No aftereffect in proprioceptive illusion could be another advantage of transcutaneous electrical stimulation for real-time proprioceptive modulation

	Conclusions
	Acknowledgement
	References


