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ABSTRACT

This study focused on testing different non-invasive electrical stimulations for their perceived intensity, naturalness, and
pleasantness. The eventual goal is to develop natural feeling, non-invasive electrical stimulation for prostheses. We found no
difference between naturalness and pleasantness ratings; however, the 1* order biomimetic algorithms (amplitude or
frequency modulation) felt stronger than the 2" order (frequency modulation) stimulus while keeping the total charge
constant.

INTRODUCTION

Limb-loss is a lifelong challenge with high-medical costs and often includes life-long use of painkillers, antidepressants,
and other drugs. Up to 50% of upper limb amputees do not use their prosthetic [1], with their reasoning including high cost
[2]-[4], ineffective controls [2], lack of sensory feedback [5], [6], and requires too much attention to control the prosthesis
properly [7]. Invasive neurostimulation can provide a sense of touch with surgically implanted electrodes, but also comes
with high-costs and surgical risks.

Electrocutaneous stimulation is similar to invasive neural stimulation in that it provides an intuitive form of sensory
feedback with high spatial and temporal resolution [8]-[15]. Electrocutaneous stimulation has the added benefit of being
inexpensive and compact; it can be readily implemented into commercial prosthetic sockets [14]. However, with traditional
encoding algorithms the sensations feel unnatural, numbing or ‘electrical’ [16], [17]. Sharp, prickly sensations can occur at
higher amplitude stimuli due to high electric field development at the edge of the electrode that are large enough to activate
small, unmyelinated pain and itch fibres [18], [19]. The purpose of this research is to test non-invasive, biomimetic
electrocutaneous stimuli and understand their effect on perceived intensity, pleasantness, and naturalness.

MATERIALS AND METHODS

Four different types of stimuli were tested: linear (i.e., amplitude proportional to applied force), 1** order biomimetic
(amplitude modulation) [20], 2" order biomimetic (frequency modulation) [20]-[22], and a combination of both amplitude and
frequency modulation with 1% order biomimetic. Biphasic, pulsed stimuli were delivered using a MATLAB GUI and a custom
high-compliance voltage constant current stimulator with updates to stimulation parameters occurring every 33 ms [23].
Participants first wet a small patch of skin on the upper arm where an electrode pad (1-cm diameter active electrode with a
0.75-cm diameter return electrode at each corner of a 9cm”2 quincunx pattern) was taped in place using Transpore™. A small
dab of electro-gel was also applied to each electrode to ensure low-impedance connection.

Once connected the threshold of detection was identified using the method of ascending limits (2 second pulse train with
50us pulse width at 150Hz). For the actual experiment, a 1.5-second force profile experienced during natural touch was played
through each of the four algorithms. To ensure a fair comparison of intensity, the total charge for each type of stimuli was held
the same using the 1% order, amplitude and frequency modulation algorithm as a reference (total charge depended on the
individual threshold of detection and ranged from 12700 to 30700). For this algorithm, the amplitude varied between the
threshold of detection and 6mA above the threshold, and frequency varied between 80Hz and 150Hz (all stimuli used biphasic
pulses with 50us for each phase). Using the total charge of this algorithm, the other stimulation parameters were modified to
deliver a similar total charge. Linear had the frequency locked at 80Hz but amplitude varied from the detection threshold to the
amplitude where the total charge equalled the reference. 1% order biomimetic set the amplitude range from detection to 6mA
above and set frequency to the value that matched the total charge of the reference. The 2" order biomimetic set the frequency
range from 80Hz to 150Hz and set the max amplitude to the value that matched the total reference charge.

Each stimulation type was given three times in a randomized order. Participants were asked to rate each stimulation type
on a scale of 1 to 10 for naturalness (0-“not natural” and 10-“very natural”), pleasantness (0-“I did not like this at all” and 10-
“I really liked this”), and strength (0-“T did not feel the stimulation” and 10-“very intense”). The medians of the three ratings
were normalized and then averaged across all participants and compared using a 1-way ANOVA and the Tukey-Kramer post
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hoc comparison (p < 0.05 for significance). Participants also selected from a list of descriptor words to describe how each
stimulation felt. All procedures were approved by the Elizabethtown Institutional Review Board and consent obtained for each
participant (5 individuals with intact limbs).

RESULTS

This data can be seen in Figure 1. Figure 1 shows the ratings for naturalness, pleasantness and strength of each type of
stimuli. There was no statistical difference between stimulation types for naturalness and pleasantness. However, the 2" order
(frequency modulation) was significantly weaker than the 1% order (amplitude modulation) and 1% order (frequency and
amplitude modulation). A heat map showing how frequently each descriptor word was used by the five participants can be seen
in Figure 2. Linear and 1% order (frequency and amplitude modulation) appeared to have the most unnatural/electrical
descriptors listed while 1t order (amplitude modulation) and 2™ order (frequency modulation) appear to have a wide spread of
both natural/physical and unnatural/electrical descriptors depending on the individual.
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Figure 1: Normalized participant ratings for stimulus (a) naturalness, (b) pleasantness, and (c) strength for each stimulation
type: linear (L, amplitude modulation); 1% order amplitude modulation (A); 2" order frequency modulation (F); 1% order
amplitude and frequency modulation (A+F). * Indicates statical significance indicated by 1-way ANOVA with Tukey-
Kramer comparison, p < 0.05. Data are presented as the mean and standard deviation (both of which happened to be 0 for the
normalized linear strength ratings).

DISCUSSION

We found that the 1°t order biomimetic algorithms were perceived as stronger than the 2" order algorithm even though the
total charge delivered was the same. However, because the 2" order algorithm only modulated frequency, it could also be
that amplitude modulation feels stronger than frequency for the prototypical force profile played through each algorithm.
Additionally, Likert data for naturalness and pleasantry show no statistically significant data that there is a difference
between stimulation type. We expected that biomimetic algorithms might feel more natural than a traditional linear profile—
however, the prototypical force profile included some elements of biomimicry (i.e., initial rapid rise on contact followed by a
drop to a lower constant force during sustained contact) so the linear algorithm, which is proportional to the force, would
have had some biomimicry as well. There may also be a trade-off between naturalness and strength as the 2" order
(frequency modulation) was the least strong and participants also used more natural descriptor words.
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Figure 2: Number of times each descriptor word was used by participants for each stimulation algorithm. 2" order algorithm
had fewer unnatural and more natural descriptions.

References

[1] E. A. Biddiss and T. T. Chau, “Upper limb prosthesis use and abandonment: A survey of the last 25 years,” Prosthet.
Orthot. Int., vol. 31, no. 3, pp. 236-257, 2007, doi: 10.1080/03093640600994581.

[2] E. Biddiss and T. Chau, “Upper-limb prosthetics: critical factors in device abandonment,” Am J Phys Med Rehabil,
vol. 86, no. 12, pp. 977-987, 2007, doi: 10.1097/PHM.0b013e3181587f6¢.

[3] P. F. Pasquina, A. J. Carvalho, and T. P. Sheehan, “Ethics in rehabilitation: Access to prosthetics and quality care
following  amputation,” AMA J.  Ethics, vol. 17, mno. 6, pp. 535546, Jun. 2015, doi:
10.1001/journalofethics.2015.17.6.stas1-1506.

[4] L. Resnik et al., Advanced upper limb prosthetic devices: Implications for upper limb prosthetic rehabilitation, vol.
93, no. 4. 2012, pp. 710-717.

[5] K. A. Raichle et al., “Prosthesis use in persons with lower- and upper-limb amputation,” J. Rehabil. Res. Dev., vol. 45,
no. 7, pp. 961-972, 2008.

[6] S. Lewis, M. F. Russold, H. Dietl, and E. Kaniusas, “User demands for sensory feedback in upper extremity prostheses,”
in 2012 IEEFE International Symposium on Medical Measurements and Applications Proceedings, 2012, pp. 1-4, doi:
10.1109/MeMeA.2012.6226669.

[7] D. Atkins, D. Heard, and W. Donovan, “Epidemiologic Overview of Individuals with Upper-Limb Loss and Their
Reported Research Priorities,” J. Prosthetics, vol. 8, no. 1, pp. 2—11, 1996.

[8] J. A. George, M. R. Brinton, P. C. Colgan, G. K. Colvin, S. J. Bensmaia, and G. A. Clark, “Intensity Discriminability
of Electrocutaneous and Intraneural Stimulation Pulse Frequency in Intact Individuals and Amputees,” in Proceedings
of the Annual International Conference of the IEEE Engineering in Medicine and Biology Society, EMBS, Jan. 2020,
vol. 2020-July, pp. 3893-3896, doi: 10.1109/EMBC44109.2020.9176720.

[9] J. L. Dideriksen, I. U. Mercader, and S. Dosen, “Closed-loop Control using Electrotactile Feedback Encoded in
Frequency and Pulse Width,” [EEE Trans. Haptics, vol. 13, no. 4, pp. 818-824, 2020, doi:
10.1109/TOH.2020.2985962.



[12]

[13]

[14]

[15]

[16]

MEC24

J. Dideriksen, M. Markovic, S. Lemling, D. Farina, and S. Dosen, “Electrotactile and Vibrotactile Feedback Enable
Similar Performance in Psychometric Tests and Closed-loop Control,” [EEE Trans. Haptics, p. 1, 2021, doi:
10.1109/TOH.2021.3117628.

M. A. Garenfeld, C. K. Mortensen, M. Strbac, J. L. Dideriksen, and S. Dosen, “Amplitude versus spatially modulated
electrotactile feedback for myoelectric control of two degrees of freedom,” J. Neural Eng., vol. 17, no. 4, p. 046034,
Aug. 2020, doi: 10.1088/1741-2552/aba4dfd.

T. Boljani¢ et al., “Design of multi-pad electrotactile system envisioned as a feedback channel for supernumerary
robotic limbs,” Artif. Organs, vol. 00, pp. 1-10, Jun. 2022, doi: 10.1111/aor.14339.

M. Strbac et al., “Integrated and flexible multichannel interface for electrotactile stimulation,” J. Neural Eng., vol. 13,
no. 4, 2016, doi: 10.1088/1741-2560/13/4/046014.

Y. Abbass, M. Saleh, S. Dosen, and M. Valle, “Embedded Electrotactile Feedback System for Hand Prostheses Using
Matrix Electrode and Electronic Skin,” I[EEE Trans. Biomed. Circuits Syst., vol. 15, no. 5, pp. 912-925, 2021, doi:
10.1109/TBCAS.2021.3107723.

E. M. Doélker, S. Lau, M. A. Bernhard, and J. Haueisen, “Perception thresholds and qualitative perceptions for
electrocutaneous stimulation,” Sci. Rep., vol. 12, no. 1, 2022, doi: 10.1038/s41598-022-10708-9.

D. W. Tan, M. A. Schiefer, M. W. Keith, J. R. Anderson, J. Tyler, and D. J. Tyler, “A neural interface provides long-
term stable natural touch perception,” Sci. Transl. Med., vol. 6, no. 257, p. 257ral38, 2014, doi:
10.1126/scitranslmed.3008669.

S. J. Bensmaia, D. J. Tyler, and S. Micera, “Restoration of sensory information via bionic hands,” Nat. Biomed. Eng.,
pp- 1-13, Nov. 2020, doi: 10.1038/s41551-020-00630-8.

B. Wang, A. Petrossians, and J. D. Weiland, “Reduction of Edge Effect on Disk Electrodes by Optimized Current
Waveform,” IEEE Trans. Biomed. Eng., vol. 61, no. 8, p. 2254, 2014, doi: 10.1109/TBME.2014.2300860.

X. F. Wei and W. M. Grill, “Current density distributions, field distributions and impedance analysis of segmented
deep brain stimulation electrodes,” J. Neural Eng., vol. 2, no. 4, p. 139, Nov. 2005, doi: 10.1088/1741-2560/2/4/010.

J. A. George et al., “Biomimetic sensory feedback through peripheral nerve stimulation improves dexterous use of a
bionic hand,” Sci. Robot., vol. 4, no. 32, p. eaax2352, Jul. 2019, doi: 10.1126/scirobotics.aax2352.

H. P. Saal and S. J. Bensmaia, “Biomimetic approaches to bionic touch through a peripheral nerve interface,”
Neuropsychologia, vol. 79, pp. 344-353, Dec. 2015, doi: 10.1016/j.neuropsychologia.2015.06.010.

E. V. Okorokova, Q. He, and S. J. Bensmaia, “Biomimetic encoding model for restoring touch in bionic hands through
a nerve interface,” J. Neural Eng., vol. 15, no. 6, p. 66033, Oct. 2018, doi: 10.1088/1741-2552/aae398.

M. A. Trout, A. T. Harrison, M. R. Brinton, and J. A. George, “A portable, programmable, multichannel stimulator
with high compliance voltage for noninvasive neural stimulation of motor and sensory nerves in humans,” Sci. Rep.,
vol. 13, no. 1, p. 3469, Mar. 2023, doi: 10.1038/s41598-023-30545-8.



	EFFECT OF BIOMIMICRY ON perceived intensity, Naturalness, and pleasantness using non-invasive electrical stimulation

