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ABSTRACT

Finger motor tasks often need high manipulation accuracy because the fingers are
frequently used in sophisticated tasks. Finger aperture control (the gap between a pair of
fingers e.g., thumb and index) in a finger reaching task is one of the critical maneuvers for
surgical operation, to grab and manipulate the tissue structures. The planning and
execution of such a finger reaching task to control the finger aperture is based on the visual
and proprioceptive feedback. The visual and proprioceptive feedback is integrated
optimally to provide a minimum-variance estimation of the position of the fingers i.e.,
each estimate of the sensory feedback is combined as their weighted averages where the
weights are inversely proportional to the variance of the estimates. However, the visual-
proprioceptive mapping error due to the mismatch between an allocentric visual feedback,
specialized to perceive the body position relative to the target, and an egocentric
proprioceptive feedback, specialized to perceive the intrinsic spatial representation of the
body, limits the sense of distance perception between our hand and an object accurately
before touching it, resulting in an error in the motor output. To adjust the visual-
proprioceptive mapping error and truly improve the control accuracy of the finger
aperture, we introduce distance-based electrotactile feedback which works as the new
sensory reference optimally combining with the original visual and proprioceptive
feedbacks. The electrotactile stimulation was applied with a frequency inversely
proportional to the finger aperture distance. We tested the efficacy of the distance-based

E-stim against conventional visual sensory feedback method, on enhancing the accuracy
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of the interactive finger reaching. We observed that the control accuracy of the finger
aperture significantly improved on application of the stimulation (p < 0.0001) compared
to the baseline value. Moreover, on removal of the stimulation, the control accuracy
decreased slightly but still significantly improved compared to its baseline value (p <
0.0001) indicating a retention of the finger aperture accuracy even after the removal of
stimulation. We believe that the new electrotactile method generates a new schema of
representing visual target in the tactile working memory of the brain resulting in a longer

retention.
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1. INTRODUCTION

1.1. Problem: Humans have limited accuracy in translating visual distance to finger
aperture distance, which limits the control accuracy at approach

In many cases of our day-to-day finger activities, such as grabbing a bottle or
opening a door, the first step of motor control is visually perceiving the locations of a
target and an end effector (e.g., fingertip.) The visually perceived locational information
is processed by the brain, which, then, delivers command to each muscle based on the

internal mapping established by prior experience, as a feedforward solution [1], [2].

Figure 1: Finger manipulation task in tele-robotic surgery. The figure shows a surgeon
operating remotely on a patient with brain tumor using a robotic surgical tool. The brain
tumor is nurtured by several blood vessels. The surgeon expects to approach the tumor
without damaging the nearby blood vessels. However, due to limited perception of how
close the surgical tool is from the tissue structure, the surgeon applies a high initial contact
force on the tumor, unintentionally, rupturing the blood vessels and resulting in bleeding
into the surrounding tissue structures. This demonstrates the dexterity required in a finger
reaching task.
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However, the feedforward solution is often inaccurate and the motor command is tuned in
real-time by sensory feedback (i.e., visual and proprioception), especially when the
manipulation requires high accuracy. In this real-time tuning process, visual-
proprioceptive mapping [3]-[5] plays an important role because the nervous system
reduces error by the process of integration of visual and proprioceptive feedback in an

optimal fashion.

1.2. Example: Telerobotic surgery

Finger motor tasks often need high manipulation accuracy because the fingers are
frequently used in sophisticated tasks. Tele-robotic surgery is one such challenging finger
motor task [6]—[8], because surgeons operate on a delicate tissue structure remotely using
a robot and a single unintended touch can cause serious damage [9]-[11]. The problem
becomes more critical if the visual feedback is obstructed by the robotic tool or the surgical
environment, which is often the case during the surgery. Without an accurate perception
of the finger movement, it is challenging to delicately manipulate the tool and hence, a
surgeon may reach to a target tissue structure with a high initial contact force causing
permanent tissue damage [10] as shown in Fig. 1. This initial touch can be extremely
important when surgical tools access sensitive nerves or sophisticated tissues like brain

and cornea [12]-[15].

1.3. Visual-proprioceptive mapping error in motor planning and execution
Finger aperture control (the gap between a pair of fingers e.g., thumb and index)
in a finger reaching task is one of the critical maneuvers [16] for surgical operation, to

grab and manipulate the tissue structures. Not to apply excessive amount of force and to
2



protect the tissue structure, finger aperture should be controlled with minimal error. The
planning and execution of such a finger reaching task to control the finger aperture is based
on the visual and proprioceptive feedback, and largely composed of the following steps as
shown in Fig. 2: 1) The visual system perceives a desired target distance and the actual
distance between the two fingers (the finger aperture) as the extrinsic coordinates Ey and
Eyr, respectively. The brain converts the distance perceived in extrinsic coordinates to the
one in intrinsic coordinates I, and I,g[17]. Similarly, the proprioceptive feedback [18]
from the muscles, tendons and tactile afferents, i.e., skin stretch of the hand [4], [19], is
represented in intrinsic coordinates as Ip. Note that, the sensory inputs are also fed back

to their corresponding memory systems which can provide an estimate of these intrinsic
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Figure 2: Planning and execution of a finger reaching task to control the finger
aperture. The figure illustrates how a target distance and finger aperture distance is
mapped from extrinsic coordinates, Eyr and Eyp, to intrinsic coordinates, Iyt and Iy,
respectively. Similarly, the proprioceptive feedback from the hand is encoded as intrinsic
coordinates [p. The feedforward solution for a desired target distance based on the past
experience (inverse model) provides the motor command for the hand which is tuned in
real time by an optimal combination of visual and proprioceptive feedback. The
combination is a weighted average of each sensory estimate where the weight is
proportional to the reliability (or inverse of variance) of that sensory modality.
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coordinates in the absence of one or more sensory inputs. 2) Based on experience and
desired target distance (I 1), the brain brings a feedforward solution and issues a motor
command to the muscles and tendons of the hand to control the finger aperture distance.
3) The visual and proprioceptive feedback is integrated optimally to provide a minimum-
variance estimation [20]-[22] of the position of the fingers i.e.,, each estimate of the
sensory modality is combined as their weighted averages where the weights are inversely
proportional to the variance of the estimates [3] 4) The estimated distance is compared
with the desired target distance to provide a motor corrective feedback which adjusts the

feedforward solution to control the motor output of the fingers.

However, this process results in a residual error caused by the incompleteness of
the sensory perception and processing. The visual feedback may have an error, Ay, (e.g.,
parallax effect) which may result in misperception of the target distance and the finger
aperture. Furthermore, the extrinsic-to-intrinsic conversion error, A., is added in the
conversion process from extrinsic to intrinsic coordinates i.e. conversion of visually
perceived information of the target distance and the finger aperture distance based on
external objects into neural encodings in the brain based on the body schema [23].
Consequently, the brain might have this systematic error A, in the visual perception of
distance (e.g., 4 mm might be perceived as 10 mm). Similarly, the proprioceptive
feedback, which brings the intrinsic coordinate I to the brain, may have an error, Ap, in
perceiving the kinematic changes in the limbs; it is perhaps because proprioceptive
feedback is not designed to measure the body position relative to the target (i.e., allocentric

distance) but designed to update the egocentric spatial representation of the body. The
4



overall error caused by the all three steps are called visual-proprioceptive mapping error.
Note that, the visual-proprioceptive mapping error is intrinsic as visual feedback is
specialized to perceive the body position relative to the target while proprioceptive
feedback is specialized to perceive the intrinsic spatial representation of the body [17],
[18]. This visual-proprioceptive mapping error, as a combination of Ay, A and Ap, limits
the sense of distance perception between our hand and an object accurately before

touching it, resulting in an error in the motor output, A, [24], [25].

1.4. Conventional Solutions to compensate for the limited visual-proprioceptive
mapping accuracy
1.4.1. Visual/Auditory assistance and their limitations

To compensate for the limited visual-proprioceptive mapping accuracy and
distance estimation, researchers have employed sensory substitution methods such as
auditory and visual assistance to provide additional sensory information to the fingertip.
For instance, an auditory feedback system could augment the interaction force or distance
to the target, by changing the intensity or frequency of sound [26], [27]. Visual assistance
is another popular approach, providing necessary information as a form of graphical
representation [28] or color tone [29]. Such an abstract representation of data in the form
of curves and colors reveal only the necessary details required for the user to sense the

distance [30].

Although auditory or visual compensatory approaches can provide information
effectively with user-friendly interface, auditory and visual channels are often occupied

during the surgery for other communication and surgical planning tasks. Therefore, the
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engagement of these senses results in a heavy cognitive load that can distract the surgeon
[29]. Moreover, the intrinsic mapping error between the auditory/visual feedback and

proprioception further limits the efficacy of those approaches [24].

1.4.2. Haptic assistance

Haptic feedback is another sensory modality to provide better distance estimation
while requiring lower cognitive load in finger manipulation tasks [30]-[32]. For instance,
Martin Culjat et al. [33] had implemented a pneumatic balloon actuator which produces
haptic feedback on the user’s fingers based on the contact force. Tavakoli et al. [34]
proposed an alternative force feedback system that reflects the force experienced by the
robotic gripper to the surgeon’s fingers to minimize the excessive grasping force of the

fingers reaching delicate tissue structures.

1.4.3. Missing Gap - Current haptic approaches cannot address the error in the
approach phase

However, the haptic approach has limitations as it is usually given as a repulsive
force to avoid the risky area [35]. Since haptic feedback depends on the kinesthetic
sensation of the repulsive force (in addition to tactile sensation), it distorts the hand-motor
output, and reduces the motor control accuracy of finger manipulation tasks. Further,
haptic feedback is mostly given after the end effector touches the object [36], and therefore
it does not improve control accuracy of interactive finger reaching. Indeed, we need a new
approach to compensate for the limited control accuracy during the interactive finger
reaching before the physical contact on the fingertip and to remove the distortive effect of

kinesthetic component.



1.4.4. Tactile feedback as a solution: Electrotactile feedback is flexible than
vibrotactile feedback

Tactile feedback is a promising method for improving the motor control accuracy
of finger manipulation tasks as it requires no kinesthetic component like haptic feedback.
It can be evoked by physical vibrations (i.e., vibrotactile feedback) [37], [38] where the
mechanoreceptors on the skin respond to the wide frequency of mechanical vibrations
[39]. However, vibrotactile feedback has limitations due to mechanical disturbances near
the area where the stimulus is applied and slow response time with mechanical time
constant. On the other hand, tactile feedback evoked by alternating electrical current (i.e.,
electrotactile feedback) can effectively deliver the information with its fast and flexible
parameter modulation capability and a mechanically robust implementation with surface

electrodes.

1.5. Summary of Experimental Procedure

In this study, we selected electrotactile feedback as a modality to deliver distance
information to the fingertip (i.e., distance-based E-stim). The E-stim was applied with a
frequency inversely proportional to the distance between the fingertip and the target. We
tested the efficacy of the distance-based E-stim against conventional visual sensory

feedback method, on enhancing the accuracy of the interactive finger reaching.

1.6. Hypothesis
1.6.1. Electrotactile distance feedback will reduce the visual-proprioceptive mapping

error and increase retention



First, we hypothesize that the visual-proprioceptive mapping accuracy in
interactive finger reaching will optimally improve after training with visual feedback of
the fingers and will come back to its baseline value over time, idiosyncratically for each
subject. Prior works in arm matching with visual training support this hypothesis [20],
[24], [40]. Second, we hypothesize that the introduction of the distance-based electrotactile
feedback through the E-stim applied on the fingertip, with stimulation frequency inversely
proportional to the distance, will enhance the control accuracy of the finger aperture in an
interactive finger reaching task [41]. Finally, we hypothesize that the increased accuracy
of interactive finger reaching, with the distance-based E-stim, will be retained even after

turning off the E-stim.

1.6.2. Electrotactile feedback bridges between intrinsic and extrinsic representation

We expect the newly established sensorimotor relationship, between the
electrotactile feedback and the motor output, will condition the original sensorimotor
operation during the approach phase because electrotactile feedback can be uniquely
positioned to bridge the gap between the visual and proprioceptive feedback. While
proprioceptive feedback represents the spatial information in intrinsic coordinate and
visual feedback in extrinsic coordinate, electrotactile feedback will provide the spatial
information in both extrinsic and intrinsic coordinates because the body (represented by
intrinsic coordinate) contacts with the external target (represented by extrinsic coordinate).
We expect that the E-stim will activate the voltage-gated ion channels in cutaneous nerves
innervated on the fingertip. This tactile sensation will generate a new schema of

representing visual target in the working memory of the brain as a set of intrinsic
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coordinates, Ir. We expect that this new electrotactile representation will combine
optimally with the visual and proprioceptive feedback to decrease the error in motor output
A, Since the frequency of stimulation is related to the target visual distance, we expect
that the corrective feedback due to Ir compensates for the inaccuracy of the distance
perceived by proprioception. Therefore, electrotactile feedback may be a promising way

to decrease the visual-proprioceptive mapping error.



2. METHODOLOGY

2.1. Methods
2.1.1. Human subject recruitment

The study was performed in accordance with the relevant guidelines and
regulations described in the protocol approved by the Institutional Review Board of Texas
A&M University (IRB ID: IRB2020-0481). Sixteen healthy human subjects participated
in the study. The number of subjects was chosen based on the previous studies of agency
and embodiment [42]. The subjects consisted of 7 females and 9 males over the age of 18.
All the subjects gave informed consent to their participation in this study. Subjects who
had problems in using their hands, history of neurological disease or disorder, and
electronic implantable medical devices were excluded from the study.
2.1.2. Experiment Materials

Tapes were wrapped around the thumb and index finger to keep the electrodes in
position. Furthermore, black and red markings were made on the tapes of the index finger

and thumb, respectively, to optically track the locations of each fingertip.

Image Processing Unit Microcontroller (Arduino Board)
—————————————————————————————————————————
! | ! i i ! .
Camera Distance (d) | R | Distance (d) to H | Biphasic Square H H-Bridge Transcutaneous

H - [ wave signal | [ % Circuit 1 Electrod
| Ieasurement 1 1 frequency (f) ] . ircui ectrodes
| | | H ! , modulator with !
| between fingers |, conversion ! !
H H frequency /!

] ]

Figure 3: Block Diagram of Experimental Setup. Image sequences of hand captured by
a camera were image processed to measure the distance between the index and thumb
fingers. The microcontroller board produced a biphasic square wave signal whose
frequency was proportional to the distance measured. The biphasic signal drove an H-
bridge circuit which produced a biphasic electrical stimulation to the fingers affixed with
transcutaneous electrodes.
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2.1.2.1. Camera

An 8 Mega Pixel USB document camera with adjustable stand was used to procure
sequence of images of the subjects’ hand at ~25 frames per second.

2.1.2.2. Image Processing Unit

OpenCV (Python library) was used to process the sequence of input images with the black
and red markings on the respective index and thumb fingers to measure the distance
between them.

2.1.2.3. Microcontroller

Arduino DUE with SAM3X8E (Microchip) microcontroller was used to control the
frequency of electrical stimulation, f, to be inversely proportional to the measured
distance, d (see Eq. 1). The image processing unit transmitted the measured distance
serially to Arduino board via Universal Asynchronous Receive-Transmit bus. The
Arduino board produced a biphasic signal with a frequency proportional to d given by the

below relation,

Amax=Amin

ftouch ifd < dmin Eq'l
fmin if d = dmax

Sfmax—fmin .
fmax —dx "f dmin <d< dmax
f =

here fpar and fi, are the maximum and minimum frequencies of stimulation,
respectively. fioucn 1S the frequency of stimulation applied after the contact. fp,cn Was
set as 30 Hz higher than the maximum frequency so that the electrical stimulation can be
easily distinguished from the maximum frequency as a touch sensation. The maximum
and minimum distances of the approach phase were set as d,,4,, = 25 mm and d,;;,, = 0

mm, respectively. The biphasic signal has a constant width positive and negative pulses
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each of 20 ms duration followed by a low output period with varying duration depending
on f.

2.1.2.4. Stimulator Circuit

2N3904 transistors and resistors were used to build an H-bridge circuit to convert the
control signal to the alternating current between the two electrodes. The circuit was
powered by an adjustable DC power supply of 0-30V/0-2mA with an over-voltage and
over-current protection. The biphasic signal from the Arduino board drives the H-bridge
circuit to produce biphasic electrical stimulation which has a positive pulse of constant
amplitude + V. for 2 ms and a negative pulse of voltage —V;,,,. for 2 ms followed by
a 0 V period with varying duration 1/f; where the voltage at which the frequency of
stimulation can be discriminated comfortablly without any pain for a given subject is
Vsense- Biphasic stimulation was chosen to miminize the potential charge imbalance at the
area of application of E-stim [43], [44].

2.1.2.5. Transcutaneous Electrodes

Square-shaped gel electrodes of 10 mm x 10 mm dimensions were custom made using a
sheet of conductive carbon fiber with adhesive hydrogel. Multi-threaded 36-AWG wire
was attached to the carbon layer using silver conductive epoxy to provide electrical
contact. The electrodes were fixed on the thumb and index finger of the palm in the distal
phalangeal region where the median nerves innervate as shown in Fig. 4. Conductive gel
was applied at the site of electrode to reduce the skin impedance. The biphasic voltage
from the H-bridge driver circuit provides electrical stimulation to the subjects via these

electrodes.
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Figure 4: Electrical stimulation applied to the thumb and index finger. The
stimulation electrodes were attached in the regions of thumb and index fingers (shown in
red) where the medial nerves (shown in yellow) innervate.
2.2. Experiment procedure

Sixteen subjects in total were split into two groups with 8 subjects each. One group
received the conventional visual training while the other group received distance-based
electrotactile and visual feedback training. The experiment was carried out for two days

with a series of trials where subjects were asked to reproduce a target line on a screen as

a gap between their fingers (see Fig. 7), with or without electrotactile feedback. All

(a) Visual Training Group

Baseline Accuracy . .. After effect on visual- Measurement of retained
i Visual Training - . 24 hours
Measurement proprioception accuracy on Day 2

:QBEX”iDX & X :s%x

(b) Electrotactile Training Group

Baseline Accuracy Electrotactile Electrotactile accuracy After effect on visual- 24 hours Measurement of retained
Measurement Training measurement proprioception accuracy on Day 2
, i 1k i | I i
Visual feedback of Electrotactile
fingers feedback on fingers

Figure 5: Experimental protocol. The experiment was divided into 3 trial sessions (+1
training session) and 4 trial sessions (+ 1 training session) for visual and electrotactile
group, respectively. The feedback given to a human subject from a group during each
session is shown below the session line.
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subjects were asked to visit the experimental site twice with exactly one day gap between
each visit. The experiment overview and timeline are shown in Fig. 5 and 6, respectively.
2.2.1. Experiment 1 — Baselining visual-proprioceptive mapping error

Initially, subjects were asked to keep their index and thumb fingers away from
each other. Subjects were, then, asked to look at the monitor screen where different lines
representing the target distance was displayed. The length of the lines changed between 2

and 20 mm, in steps of 2 mm, and was displayed in random order, one at a time. Without

(a) Visual Training Group

12 min Smin 5 min 24 hr 12 min

& \|H||H|IHIHHI||||HH||\||H|H||\

A session with 10 min Electrotactile feedback 5 min 1 block/10 trials
5 blocks/50 trials l!]]]:l]]]l
—
10s 30s 2s
Legend
. ial D .. iod Establish electrode locations
Tria Training perio and stimulation parameters

D Rest between trials - Rest between sessions

Figure 6: Timeline of the visual and electrotactile group experiment. Visual and
electrotactile group has 3 and 4 trial sessions, respectively. Each session has 5 blocks of
10 trials totaling to 50 trials per session and in each block, 10 target lines of 2 — 20 mm in
steps of 2 are displayed on the screen in random order. Each trial lasts for 10 seconds with
2 seconds gap between them to reset the fingers to the initial stretched position. Between
each block, there is a 30 second gap to avoid finger fatigue. Visual feedback of the fingers
is given only during the training period. In electrotactile group, before the training period,
10 minutes is used to establish the electrode location on the index and thumb fingers, the
frequency range (fmin to fmax) and the stimulation voltage (Vsense) for the subject. The
sessions with the electrotactile feedback are marked in red. In both the groups, after
establishing the after-effect of visual and electrotactile feedback on visual-proprioception,
there is a 24-hour gap before the final session. The final session on the second day is used
to establish the retained motor-control accuracy even after resting.
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looking at the hands, the subjects moved their fingers to adjust the gap between them to
match the target line length. Subjects were given 10 seconds to position their fingers before
the next target line was displayed. After the 10 seconds, the distance between the fingertips
was measured and recorded using the camera over the subject's hands and the subjects
were, then, asked to return their fingers to the initial position. Hence, 10 target lines of
different lengths were displayed with 10 seconds positioning time for each. The
experiment was repeated for 5 times to obtain sufficient data to test the three hypotheses.
A baseline value of visual-proprioceptive mapping error before the introduction of

electrotactile feedback was obtained using this experiment in both the groups.

Monitor

8 seconds

Camera

Standard Marker for __
Vision obstructed image processing

below this level

Tape wrapped
around finger

Perspective of Camera

Figure 7: A subject performing experiment 3. The camera processes the finger aperture
and the experimental hardware controls the stimulation frequency. The subject feels that
the stimulation frequency increases as the gap between the fingers decreases. (Inset -
Screen during the training) During the training period, the subject sees his hand on the
screen with a virtual line overlaid on the gap between the fingers. He maps the line
between the fingers with corresponding electrical stimulation frequency and memorizes
them. (Left - After training) The subject is mapping the target line on the screen with the
stimulation frequency felt on the fingers based on the learning from the training period.
The camera processes the error in the mapping.
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2.2.2. Experiment 2 — Visual-proprioceptive/Electrotactile training and its effect
For one group, biphasic electric stimulation was applied, and voltage was

gradually increased to determine Vienge and Vgiscomfore, Where subjects start to feel

electrotactile feedback and feel any discomfort, respectively. Finally, the average of these
two voltage levels was set as the E-stim amplitude throughout this experiment as shown
in Fig. 8(a). The frequency range of the applied E-stim was also determined based on the
verbal reports of the subjects. Initially, the maximum frequency was set as 80 Hz and the
minimum frequency as 10 Hz. The subjects were asked to vary the finger aperture between
25 mm and 0 mm and to report each finger aperture gap at which they felt the difference.
If they felt a difference in E-stim sensation (pulsating or pinching) in decrements of at
most 2.5 mm, the corresponding minimum and maximum frequency was used; if not, the
maximum frequency was reduced in decrements of 5 Hz until an aperture gap decrement

of less than or equal to 2.5 mm was achieved for the differential sense of E-stim. The

(a) (b)

Voltage Plot Frequency Plot
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Frequency
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Figure 8: (a) Voltage and (b) Frequency range for each subject in the electrotactile
group. (a) The top and bottom line indicates the discomfort and minimum sensible volage
level for each subject. The middle line indicates the actual applied voltage. (b) The bar
graphs indicate the frequency range for each subject. The maximum frequency
corresponds to dmin = 0 mm and the minimum frequency corresponds to dmax= 25 mm.
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frequency range for each subject in the electrotactile group is shown in Fig. 8(b). The

above initial setup was performed only for subjects from the electrotactile group.

A top view of the subjects’ hand captured by a camera was displayed on the
monitor screen for both the group. A virtual line was overlaid between the gap of their
fingers on the screen. The subjects were then asked to move their fingers closer and further
apart in steps of varying distances between the fingers. For each step, subjects were asked
to map the corresponding virtual line between the fingers and the stimulation frequency
in their memory. This experiment constituted the training period for visual-electrotactile

mapping. For the other group, an identical training session was carried out without E-stim.

2.2.3. Experiment 3 — Establishing the post-training mapping error

Once the training was completed, with the E-stim applied to one group and not
applied to the other group, experiment 1 was repeated to determine the corresponding
mapping error. Subjects were asked to use their learning in training period to replicate the
target distance by their fingers. Fig. 7 describes the detailed procedure of the training and
post training sessions. For the group trained with E-stim, experiment 1 was repeated again
with E-stim turned off, to identify the after-effect of the E-stim on visual-proprioceptive

mapping accuracy.

2.2.4. Experiment 4 — Determining the learning effect of day 1 training on mapping
error on day 2
On the day 2 visit, with no E-stim applied, experiment 1 was repeated to determine

whether the motor learning of visual-proprioceptive mapping on day 1 is retained.
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3. RESULTS

The standard error plots from the subjects of each group are shown in Fig. 9. The
relative error along the y-axis of the figure represents the ratio of finger aperture error (i.e.,
target distance — actual finger aperture distance) to target distance for each experiment
represented along the x-axis. The statistical significance between each experiment for a
group is determined via unpaired t-test with 95% confidence interval. The baseline visual-
proprioceptive mapping has a standard error mean, SEM = 0.062 and mean, m = 1.06 for
the visual group and SEM = 0.051 and m = 1.22 for the group trained with E-stim. The
corresponding values after training for groups without and with E-stim are SEM = 0.053

and m = 0.84 and SEM = 0.035 and m = 0.43, respectively.

The after effect of E-stim on visual-proprioceptive mapping is SEM = 0.052 and

m = (.87 for the E-stim group. Furthermore, the visual-proprioceptive mapping values on
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Figure 9: A standard error plot of (a) visual and (b) electrotactile group. The crosses
represent the mean error while the bars represent the corresponding standard error. The
value on the y-axis is the relative error ratio (error distance/ actual distance) where 0
indicates no error and 1 indicates 100% increase in error from its true value. The asterisk
(*) indicates statistical difference with 95% confidence interval via unpaired t-test.
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day 2 for groups without and with E-stim are SEM = 0.060 and m = 1.05 and SEM =

0.044 and m = 0.84, respectively.

For the visual group, the relative error has significantly improved in day 1 after
effect test compared to day 1 baseline test (p < 0.0071.) The error in day 2 after effect test
is statistically insignificant compared to the baseline error value (p = 0.9108) indicating

that the finger aperture accuracy comes back to the baseline value.

For the electrotactile group, the relative error for day 1 test with electrotactile
feedback is extremely significant compared to the day 1 baseline test (p < 0.0001)
indicating that the E-stim has produced significant improvement in the control accuracy.
After removing the E-stim in the day 1 after effect test, the relative error has increased
compared to the feedback case (p < 0.0001). However, the relative error of day 1 after
effect test has significantly improved compared to its baseline value (p < 0.0001).
Moreover, the error values of day 1 and day 2 after effect test are statistically not
significant (p = 0.7019) indicating a retention of the control accuracy even after the

removal of E-stim.
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4. DISCUSSIONS

4.1. The effect of visual-proprioceptive training on finger aperture accuracy in
finger reaching task degrades quickly

During the baseline test of the visual group, where no visual feedback of the fingers
was provided, subjects had to solely rely on their proprioceptive feedback to map the target
visual distance, which formed the baseline visual-proprioceptive mapping error, as in Fig.
10(a). Note that, a visual estimate with zero offset from the visually perceived distance
arises as a result of visual memory due to the absence of the visual feedback; this visual
estimate is extremely unreliable, as shown with a smaller sensory weight in Fig. 11(a),

compared to the proprioceptive estimate.

As the visual feedback has A, and A as errors, it perceives the target distance as
intrinsic coordinates with a systematic error [24]. However, it still represents the exact
same target distance in the extrinsic coordinates. For instance, the visual system may
perceive the target distance of 10 mm, 12 mm and so on as 12 mm, 14 mm and so on,
internally. However, if the visual system were to map this internally perceived distance
with a target distance, it would do so with zero error as the intrinsic encodings can be
transformed back to the extrinsic coordinates e.g., 12 mm internally is indeed 10 mm in
extrinsic coordinates indicating zero offset. Also, we believe that proprioceptive estimate
has positive offset from the visually perceived distance due to the mismatch between the

two sensory modalities in representation of the target distance i.e., proprioceptive
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feedback is not with respect to the target (allocentric) but rather with respect to the body

(egocentric) resulting in a systematic error of Ap.

It can be observed from the results of the visual group that visual-proprioceptive
mapping accuracy improved from the baseline accuracy after training with the visual
feedback of fingers but drifted back to the baseline value on the second day of the
experiment. Smeets et al [20] explained this “no improvement in hand positioning error
after training” by the different strategies of the nervous system in estimating the positions
of the hand. With the vision of subject’s own fingers, the nervous system depends on both
the visual and proprioceptive feedback of the fingers, and therefore the resulting error is
in between the visual and proprioceptive errors, as in Figs. 10(b1) and 11(b:). However, in
the absence of the visual feedback, the uncertainty in the actual position of the fingers will
be amplified over the trials and the effect of visual estimate fades out. Therefore, without
the visual feedback, the nervous system mainly depends on the proprioception from the
fingers, which would increase the finger aperture estimate closer to the proprioceptive
estimate (see Figs. 10(d1) and 11(d1)) and eventually, returns to the baseline value, as in
Figs. 10(e1) and 11(e1), due to extremely low precision visual estimate. The important
point here is that, based on current knowledge, the nervous system simply changes the
dependency on each sensory feedback during and after the training, instead of renovating

its process to decrease the error.

4.2. Distance-based electrotactile feedback improves the interactive finger reaching

accuracy
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Figure 10: Error estimates of different sensory modalities and their combinations.
The discontinuous curves represent the Gaussian distribution of distance estimate for
different sensory modalities whereas the continuous curves indicate the optimum
combination of individual sensations to produce the final error estimate. The x-axis
indicates the offset from the visually perceived target distance by the brain. Visual group:
The green curve in (a) indicates the optimal combination of visual and proprioceptive
estimates to produce combined baseline error estimate. The visual estimate in (a) is less
precise which after training in (bi) becomes more precise, reducing the baseline error.
However, immediately after training, in the absence of feedback, due to uncertainty, visual
estimate becomes less precise causing the combined estimate to drift towards the
proprioceptive estimate on day 1 after effect test (di) and completely return to its baseline
value on day 2 after effect test (e1). Electrotactile group: As in visual experiment, the green
curve in (a) indicates the optimal error estimate in the baseline experiment. However,
during training as in (b2), the presence of very precise electrotactile estimate (due to direct
representation of distance as frequency of electrical stimulus) causes the optimum error
estimate to shift greatly towards the more precise electrotactile estimate improving the
finger aperture accuracy. After training, when visual feedback is removed in (c2), the
visual estimate becomes less precise due to uncertainty shifting the combined estimate
slightly towards the right. When the electrotactile stimulus is removed as in (d2), its
corresponding tactile sensation updated in the tactile working memory of brain during
previous session, becomes less precise shifting the combined estimate a bit more to the
right. Finally, as in (e2), the uncertainty in visual estimate and the act of forgetting in tactile
memory causes the combined estimate to drift slightly to the right; however, more precise
than the baseline estimate.
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One important fact in the positioning estimate of the fingers is that, both visual and
proprioceptive feedback have an intrinsic error in reporting the finger position,
respectively. Even though we reduce the visual-proprioceptive mapping error, those
intrinsic errors cannot be addressed. In other words, we need a new “sensory reference”
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Figure 11: Sensory weights of different sensory modalities and their combinations.
The y-axis indicates the sensory weight or contribution of each modality. The x-axis
indicates the offset of that modality from the visually perceived target distance by the
brain. The optimum sensory weights shown as a combination of different modalities is
obtained as a weighted average of each of the feedback with the weight proportional to the
sensory weight or to the inverse of the variance. Refer to Fig. 10 for a detailed description.
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that can deliver the position information to the nervous system with higher accuracy. We
speculate that the distance-based electrotactile feedback would work as a new sensory
reference for interactive finger reaching. Indeed, when subjects were trained using
distance-based electrotactile feedback in repeated trials, the accuracy of interactive finger
reaching increased significantly. This result suggests that distance-based electrotactile
feedback provided accurate positioning information to the subjects. This result also
indicates that distance-based electrotactile feedback somehow dominated both visual and

proprioceptive feedback in positioning the fingertip.

We posit that the E-stim applied on the skin surface causes excitation of the nerve
fibers attached to mechanoreceptors, especially Meissner corpuscles and Merkel cells due
to their closer proximity to skin surface and slow-adapting nature to the applied low
frequency range of stimulation (i.e. electrotactile feedback) [45]. We believe that the
oscillatory tactile sensation, due to excitation of the cutaneous afferents, created a new
tactile working memory in the brain consisting of an encoding of the perceived
electrotactile frequency [46]. This has been represented as a more precise electrotactile
estimate, compared to visual or proprioceptive estimate, as shown in Figs. 10(b2) and
11(b2) depicting the training period estimates. Since the E-stim accurately represents the
error between the allocentric target distance and the egocentric finger aperture, the
electrotactile estimate has a zero offset from the visually perceived distance. Thus, the
optimal combination of electrotactile, visual and proprioceptive estimate causes the
combined estimate to be shifted towards the highly precise E-stim estimate resulting in

improved accuracy compared to the baseline experiment. As in Figs. 10(c2) and 11(c2),

24



during day 1 test with E-stim, the absence of visual feedback reduces the precision of
visual estimate causing the combined optimal estimate to drift slightly towards the

proprioceptive estimate.

4.3. Training with distance-based electrotactile feedback has a strong aftereffect

To adjust the visual-proprioceptive mapping error and truly improve the
positioning accuracy of the hand or the finger, we need a new sensory reference that can
condition the mapping between the visual and proprioceptive feedback. Based on our
experimental result, it seems like the distance-based electrotactile feedback works as the

new sensory reference, which conditions the original visual-proprioceptive mapping.

This notion is supported by the observation that, even after turning off the
electrotactile feedback, the accuracy error did not completely drift back to its baseline
value. The tactile working memory formed by the E-stim persisted even after it is removed
[47]-[49], which has an improved finger aperture accuracy compared to the baseline
value. However, the absence of E-stim causes an uncertainty in the tactile estimate in the
working memory which results in a less precise electrotactile estimate as shown in Figs.
10(d2) and 11(d2). This may have caused an increase in the finger aperture error after
removing the electrotactile feedback (i.e., change from Figs. 10(c2) to 10(d2) or 11(c2) to
11(d2)). We believe that the tactile working memory for the E-stim persists as a long-term
memory resulting in less drift compared to the visual estimate. This explains the reason
for the lasting effect of the E-stim on the visual-proprioceptive mapping. Even a day post
the electrotactile training, the interactive finger reaching accuracy stays almost at the same

level as the one right after the training (Figs. 10(e2) and 11(e2)). Note that, the finger
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aperture accuracy on a day after the electrotactile training was statistically same as the
accuracy right after turning off the E-stim. In fact, it can be observed that E-stim provides
significant improvement in control accuracy of the finger aperture and longer retention

even when it is not present.

4.4. Enhanced accuracy in interactive finger reaching will improve the surgical
performance, telerobotic control, and virtual-reality behavior

Providing distance-based E-stim on the fingertip may improve the performance of
surgeons in surgical tasks requiring complex finger movements with high control accuracy
(i.e., assistive effect). Furthermore, the training with distance-based E-stim may form a
new sensory reference, which will enhance the finger control accuracy even after the
training (i.e., learning effect). We believe that these assistive and learning effects of
distance-based E-stim will be helpful especially for the novice surgeons who are
struggling with the novel surgical systems. Electrotactile stimulation may also find
applications in virtual-reality operations where a tactile sensation of virtual objects would

help the users to be completely engaged in the virtual environment [50].

4.5. Limitations in our approach and future plan

This study is limited in the duration of the trial period, as we observed after-effect
only till one day post training. In the follow-up study, we plan to extend the trial period to
one week and identify any changes in the visual-proprioceptive mapping error with any
potential drift in the electrotactile reference. We also plan to increase the number of

subjects to confirm the results over the biological variation.
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5. CONCLUSIONS

Our study supports the hypothesis that the distance-based E-stim on the fingertip
improves the interactive finger reaching accuracy, both during and after the application of
the E-stim. The distance-based electrotactile sensation discussed in our study would
improve surgeons’ intuition on the relative position between end effectors or between end
effector and target object. We conclude that the electrotactile feedback has a great
potential to improve the dexterity of surgeon’s hands in tele-robotic maneuvering and

reduce the potential damage on the tissue during the surgical procedure.

27



[1]

[2]

[3]

[4]

[5]

[6]

[7]

REFERENCES

M. Kawato, “Internal models for motor control and trajectory planning,” Curr.
Opin. Neurobiol., vol. 9, no. 6, pp. 718-727, 1999, doi: 10.1016/S0959-
4388(99)00028-8.

J. S. Albus, “A Theory of Cerebellar Function,” Math. Biosci., vol. 10, pp. 25-61,
1971.

R. J. Van Beers, A. C. Sittig, and J. J. Denier Van Der Gon, “Integration of
proprioceptive and visual position-information: An experimentally supported
model,” J. Neurophysiol., vol. 81, no. 3, pp. 1355-1364, 1999, doi:
10.1152/jn.1999.81.3.1355.

C. Blanchard, R. Roll, J.-P. Roll, and A. Kavounoudias, “Differential Contributions
of Vision, Touch and Muscle Proprioception to the Coding of Hand Movements,”
PLoS One, vol. 8, no. 4, pp. 1-11, Apr. 2013, doi: 10.1371/journal.pone.0062475.

A. Plooy, J. R. Tresilian, M. Mon-Williams, and J. P. Wann, “The contribution of
vision and proprioception to judgements of finger proximity,” Exp. Brain Res., vol.
118, no. 3, pp. 415420, 1998, doi: 10.1007/s002210050295.

G. H. Ballantyne, “The future of telerobotic surgery,” in Robotic Urologic Surgery,
2007, pp. 199-207.

S. Avgousti et al., “Medical telerobotic systems: current status and future trends,”
Biomed. Eng. Online, vol. 15, no. 96, pp. 1-44, Dec. 2016, doi: 10.1186/s12938-

016-0217-7.

28



[8]

[9]

[10]

[11]

[12]

[13]

[14]

G. H. Ballantyne and F. Moll, “The da Vinci telerobotic surgical system: The virtual
operative field and telepresence surgery,” Surg. Clin. North Am., vol. 83, no. 6, pp.
1293-1304, 2003, doi: 10.1016/S0039-6109(03)00164-6.

R. Nayyar and N. P. Gupta, “Critical appraisal of technical problems with robotic
urological surgery,” BJU Int., vol. 105, no. 12, pp. 1710-1713, 2010, doi:
10.1111/j.1464-410X.2009.09039.x.

J. T. Mills, M. B. Burris, D. J. Warburton, M. R. Conaway, N. S. Schenkman, and
T. L. Krupski, “Positioning Injuries Associated with Robotic Assisted Urological
Surgery,” J. Urol, vol. 190, no. 2, pp. 580-584, Aug. 2013, doi:
10.1016/j.juro.2013.02.3185.

E. P. W. van der Putten, R. H. M. Goossens, J. J. Jakimowicz, and J. Dankelman,
“Haptics in minimally invasive surgery - A review,” Minim. Invasive Ther. Allied
Technol., vol. 17, no. 1, pp. 3—16, 2008, doi: 10.1080/13645700701820242.

L. S. Gan, K. Zareinia, S. Lama, Y. Maddahi, F. W. Yang, and G. R. Sutherland,
“Quantification of Forces during a Neurosurgical Procedure: A Pilot Study,” World
Neurosurg., vol. 84, no. 2, pp. 537-548, 2015, doi: 10.1016/j.wneu.2015.04.001.
H. Azarnoush et al., “The force pyramid: A spatial analysis of force application
during virtual reality brain tumor resection,” J. Neurosurg.,vol. 127,no. 1, pp. 171—
181, 2017, doi: 10.3171/2016.7.JNS16322.

P. K. Gupta, P. S. Jensen, and E. de Juan, “Surgical Forces and Tactile Perception
During Retinal Microsurgery,” in Medical Image Computing and Computer-

Assisted Intervention -- MICCAI'99, 1999, pp. 1218-1225.

29



[15]

[16]

[17]

[18]

[19]

[20]

[21]

S. Sunshine et al., “A force-sensing microsurgical instrument that detects forces
below human tactile sensation,” Retina, vol. 33, no. 1, pp. 200-206, 2013, doi:
10.1097/1AE.0b013e3182625d2b.

A. Yahya, T. von Behren, S. Levine, and M. dos Santos, “Pinch aperture
proprioception: reliability and feasibility study,” J. Phys. Ther. Sci., vol. 30, no. 5,
pp. 734740, 2018, doi: 10.1589/jpts.30.734.

J. Blouin et al., “Reference systems for coding spatial information in normal
subjects and a deafferented patient,” Exp. Brain Res., vol. 93, no. 2, pp. 1104-1104,
May 1993, doi: 10.1007/BF00228401.

A. G. Renault, M. Auvray, G. Parseihian, R. C. Miall, J. Cole, and F. R. Sarlegna,
“Does Proprioception Influence Human Spatial Cognition? A Study on Individuals
With Massive Deafferentation,” Front. Psychol., vol. 9, no. 1322, pp. 1-17, Aug.
2018, doi: 10.3389/fpsyg.2018.01322.

R. E. Burke, “Sir Charles Sherrington’s the integrative action of the nervous
system: A centenary appreciation,” Brain, vol. 130, no. 4, pp. 887-894, 2007, doi:
10.1093/brain/awm022.

J. B. J. Smeets, J. J. Van Den Dobbelsteen, D. D. J. De Grave, R. J. Van Beers, and
E. Brenner, “Sensory integration does not lead to sensory calibration,” Proc. Natl.
Acad. Sci. U. S. A., vol. 103, no. 49, pp. 18781-18786, 2006, doi:
10.1073/pnas.0607687103.

M. C. Dadarlat, J. E. O’Doherty, and P. N. Sabes, “A learning-based approach to

artificial sensory feedback leads to optimal integration,” Nat. Neurosci., vol. 18, no.

30



[22]

[23]

[24]

[25]

[26]

[27]

[28]

1, pp. 138-144, 2015, doi: 10.1038/nn.3883.

M. O. Ernst and M. S. Banks, “Humans integrate visual and haptic information in
a statistically optimal fashion,” Nature, vol. 415, no. 6870, pp. 429—433, Jan. 2002,
doi: 10.1038/415429a.

N. P. Holmes and C. Spence, “The body schema and multisensory representation(s)
of peripersonal space,” Cogn. Process., vol. 5, no. 2, pp. 94—105, Jun. 2004, doi:
10.1007/s10339-004-0013-3.

[. A. Kuling, W. J. de Bruijne, K. Burgering, E. Brenner, and J. B. J. Smeets,
“Visuo-Proprioceptive Matching Errors Are Consistent with Biases in Distance
Judgments,” J. Mot. Behav., vol. 51, no. 5, pp. 572-579, 2019, doi:
10.1080/00222895.2018.1528435.

B. Dandu, I. A. Kuling, and Y. Visell, “Where are my fingers? Assessing multi-
digit proprioceptive localization,” in 2018 IEEE Haptics Symposium (HAPTICS),
Mar. 2018, pp. 133-138, doi: 10.1109/HAPTICS.2018.8357165.

M. J. Massimino, “Improved force perception through sensory substitution,”
Control Eng. Pract., vol. 3, no. 2, pp. 215-222, 1995, doi: 10.1016/0967-
0661(94)00079-V.

B. N. Walker and D. M. Lane, “Psychophysical scaling of sonification mappings:
a comparison of visually impaired and sighted listeners,” Proc. ICAD 2001, no. 2,
pp- 90-94, 2001.

M. Kitagawa, D. Dokko, A. M. Okamura, and D. D. Yuh, “Effect of sensory

substitution on suture-manipulation forces for robotic surgical systems,” J. Thorac.

31



[29]

[30]

[31]

[32]

[33]

[34]

[35]

Cardiovasc.  Surg., vol. 129, no. 1, pp. 151-158, 2005, doi:
10.1016/j.jtcvs.2004.05.029.

B. Petzold et al., “A Study on Visual, Auditory, and Haptic Feedback for Assembly
Tasks,” Presence Teleoperators Virtual Environ., vol. 13, no. 1, pp. 16-21, Feb.
2004, doi: 10.1162/105474604774048207.

R. Sigrist, G. Rauter, R. Riener, and P. Wolf, “Augmented visual, auditory, haptic,
and multimodal feedback in motor learning: A review,” Psychon. Bull. Rev., vol.
20, no. 1, pp. 21-53, 2013, doi: 10.3758/s13423-012-0333-8.

A. M. Okamura, “Haptic feedback in robot-assisted minimally invasive surgery,”
Curr. Opin. Urol., vol. 19, no. 1, pp. 102-107, 2009, doi:
10.1097/MOU.0b013e32831a478c.

M. Bergamasco, “Haptic interfaces: the study of force and tactile feedback
systems,” in Proceedings 4th IEEE International Workshop on Robot and Human
Communication, 1995, pp. 15-20, doi: 10.1109/ROMAN.1995.531929.

M. Culjat, C. H. King, M. Franco, J. Bisley, W. Grundfest, and E. Dutson,
“Pneumatic balloon actuators for tactile feedback in robotic surgery,” Ind. Rob.,
vol. 35, no. 5, pp. 449455, 2008, doi: 10.1108/01439910810893617.

M. Tavakoli, R. V. Patel, and M. Moallem, “A Force Reflective Master-Slave
System for Minimally Invasive Surgery,” IEEE Int. Conf. Intell. Robot. Syst., vol.
4, no. October, pp. 3077-3082, 2003, doi: 10.1109/ir0s.2003.1249629.

M. Nakao, T. Kuroda, and H. Oyama, “A Haptic Navigation System for Supporting

Master-Slave Robotic Surgery.,” Int. Conf. Artif. Real. Tele-Existence, no. January,

32



[36]

[37]

[38]

[39]

[40]

[41]

[42]

2003.

A. Abiri et al., “Multi-Modal Haptic Feedback for Grip Force Reduction in Robotic
Surgery,” Sci. Rep., vol. 9, no. 1, pp. 1-10, 2019, doi: 10.1038/s41598-019-40821-
1.

M. D’Alonzo, S. Dosen, C. Cipriani, and D. Farina, “HyVE: Hybrid vibro-
electrotactile stimulation for sensory feedback and substitution in rehabilitation,”
IEEE Trans. Neural Syst. Rehabil. Eng., vol. 22, no. 2, pp. 290-301, 2014, doi:
10.1109/TNSRE.2013.2266482.

K. A. Kaczmarek, J. G. Webster, P. Bach-y-Rita, and W. J. Tompkins,
“Electrotactile and vibrotactile displays for sensory substitution systems,” /EEE
Trans. Biomed. Eng., vol. 38, no. 1, pp. 1-16, 1991, doi: 10.1109/10.68204.

S. Gilman, “Joint position sense and vibration sense: anatomical organisation and
assessment,” J. Neurol. Neurosurg. Psychiatry, vol. 73, no. 5, pp. 473—477, Nov.
2002, doi: 10.1136/jnnp.73.5.473.

I. A. Kuling, A. J. de Brouwer, J. B. J. Smeets, and J. R. Flanagan, “Correcting for
natural visuo-proprioceptive matching errors based on reward as opposed to error
feedback does not lead to higher retention,” Exp. Brain Res., vol. 237, no. 3, pp.
735-741, 2019, doi: 10.1007/s00221-018-5456-3.

Z. Zhao, M. Yeo, S. Manoharan, S. C. Ryu, and H. Park, “Electrically-Evoked
Proximity Sensation Can Enhance Fine Finger Control in Telerobotic Pinch,” Sci.
Rep., vol. 10, no. 163, pp. 1-12, 2020, doi: 10.1038/s41598-019-56985-9.

E. A. Caspar, A. Cleeremans, and P. Haggard, “The relationship between human

33



[43]

[44]

[45]

[46]

[47]

[48]

[49]

agency and embodiment,” Conscious. Cogn., vol. 33, pp. 226-236, 2015, doi:
10.1016/j.concog.2015.01.007.

H. Zhu, “Electrotactile Stimulation,” in Tactile Sensors for Robotics and Medicine,
1988, pp. 341-354.

L. L. Baker and B. R. Bowman, “Effects of waveform on comfort during
transcutaneous neuromuscular electrical stimulation,” Ann. Biomed. Eng., vol. 13,
pp. 59-74, 1985, doi: 10.1097/00003086-198808000-00010.

K. Sato and S. Tachi, “Design of electrotactile stimulation to represent distribution
of force vectors,” 2010 IEEE Haptics Symp. HAPTICS 2010, no. June 2014, pp.
121-128, 2010, doi: 10.1109/HAPTIC.2010.5444666.

B. Spitzer, E. Wacker, and F. Blankenburg, “Oscillatory Correlates of Vibrotactile
Frequency Processing in Human Working Memory,” J. Neurosci., vol. 30, no. 12,
pp. 4496-4502, Mar. 2010, doi: 10.1523/JINEUROSCI.6041-09.2010.

B. Spitzer and F. Blankenburg, “Stimulus-dependent EEG activity reflects internal
updating of tactile working memory in humans,” Proc. Natl. Acad. Sci. U. S. A.,
vol. 108, no. 20, pp. 84448449, 2011, doi: 10.1073/pnas.1104189108.

H. Burton and R. J. Sinclair, “Attending to and Remembering Tactile Stimuli,” J.
Clin. Neurophysiol., vol. 17, no. 6, pp. 575-591, 2000, doi: 10.1097/00004691-
200011000-00004.

A. Gallace and C. Spence, “The Cognitive and Neural Correlates of Tactile
Memory,” Psychol. Bull., vol. 135, no. 3, pp. 380406, 2009, doi:

10.1037/a0015325.

34



[50] M. Mangalam, M. Yarossi, M. P. Furmanek, and E. Tunik, “Control of aperture
closure during reach-to-grasp movements in immersive haptic-free virtual reality,”

Exp. Brain Res., 2021, doi: 10.1007/s00221-021-06079-8.

35



	Abstract
	Dedication
	Acknowledgements
	Contributors and Funding Sources
	Nomenclature
	Table of Contents
	List of Figures
	1. INTRODUCTION
	1.1. Problem: Humans have limited accuracy in translating visual distance to finger aperture distance, which limits the control accuracy at approach
	1.2. Example: Telerobotic surgery
	1.3. Visual-proprioceptive mapping error in motor planning and execution
	1.4. Conventional Solutions to compensate for the limited visual-proprioceptive mapping accuracy
	1.4.1. Visual/Auditory assistance and their limitations
	1.4.2. Haptic assistance
	1.4.3. Missing Gap - Current haptic approaches cannot address the error in the approach phase
	1.4.4. Tactile feedback as a solution: Electrotactile feedback is flexible than vibrotactile feedback

	1.5. Summary of Experimental Procedure
	1.6. Hypothesis
	1.6.1. Electrotactile distance feedback will reduce the visual-proprioceptive mapping error and increase retention
	1.6.2. Electrotactile feedback bridges between intrinsic and extrinsic representation


	2. METHODOLOGY
	2.1. Methods
	2.1.1. Human subject recruitment
	2.1.2. Experiment Materials
	2.1.2.1. Camera
	2.1.2.2. Image Processing Unit
	2.1.2.3. Microcontroller
	2.1.2.4. Stimulator Circuit
	2.1.2.5. Transcutaneous Electrodes


	2.2. Experiment procedure
	2.2.1. Experiment 1 – Baselining visual-proprioceptive mapping error
	2.2.2. Experiment 2 – Visual-proprioceptive/Electrotactile training and its effect
	2.2.3. Experiment 3 – Establishing the post-training mapping error
	2.2.4. Experiment 4 – Determining the learning effect of day 1 training on mapping error on day 2


	3. RESULTS
	4. DISCUSSIONS
	4.1. The effect of visual-proprioceptive training on finger aperture accuracy in finger reaching task degrades quickly
	4.2. Distance-based electrotactile feedback improves the interactive finger reaching accuracy
	4.3. Training with distance-based electrotactile feedback has a strong aftereffect
	4.4. Enhanced accuracy in interactive finger reaching will improve the surgical performance, telerobotic control, and virtual-reality behavior
	4.5. Limitations in our approach and future plan

	5. CONCLUSIONS
	REFERENCES

