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Introduction

Adaptation—the progressive desensitization to prolonged, 
suprathreshold stimulation—is a ubiquitous phenomenon 
in the nervous system, one that has been extensively docu-
mented in all sensory systems. For example, vision is far more 

sensitive in the dark than it is in daylight (Hecht 1920). The 
function of adaptation is to adjust sensitivity to reduce respon-
siveness to ambient stimulation levels and to promote respon-
siveness to changes in stimulation (Brenner et al 2000). Visual 
adaptation is a key reason why we can see across eight orders 
of magnitude of ambient illumination.

The sense of touch is also subject to adaptation, as evi-
denced by the progressive perceptual and neuronal desensi-
tization caused by prolonged vibrotactile stimulation of the 
skin. In psychophysical experiments, suprathreshold vibrotac-
tile stimulation results in an increase in detection threshold 
and a progressive decrease in the subjective magnitude of the 
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Abstract
Objective. Sensory systems adapt their sensitivity to ambient stimulation levels to improve their 
responsiveness to changes in stimulation. The sense of touch is also subject to adaptation, as 
evidenced by the desensitization produced by prolonged vibratory stimulation of the skin. Electrical 
stimulation of nerves elicits tactile sensations that can convey feedback for bionic limbs. In this 
study, we investigate whether artificial touch is also subject to adaptation, despite the fact that the 
peripheral mechanotransducers are bypassed. Approach. Using well-established psychophysical 
paradigms, we characterize the time course and magnitude of sensory adaptation caused by extended 
electrical stimulation of the residual somatosensory nerves in three human amputees implanted 
with cuff electrodes. Main results. We find that electrical stimulation of the nerve also induces 
perceptual adaptation that recovers after cessation of the stimulus. The time course and magnitude 
of electrically-induced adaptation are equivalent to their mechanically-induced counterparts. 
Significance. We conclude that, in natural touch, the process of mechanotransduction is not required 
for adaptation, and artificial touch naturally experiences adaptation-induced adjustments of the 
dynamic range of sensations. Further, as it does for native hands, adaptation confers to bionic hands 
enhanced sensitivity to changes in stimulation and thus a more natural sensory experience.

Keywords: electrical stimulation, sensory adaptation, psychophysics, neuroprosthetics, sensory 
neuroscience, peripheral nerve stimulation, somatosensation
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stimulus (Hahn 1966, Gescheider and Wright 1968, Berglund 
and Berglund 1970, Verrillo and Gescheider 1977, Hollins 
et al 1990). The degree of adaptation increases as the ampl-
itude of the conditioning stimulus increases and also depends 
on its frequency (Verrillo and Gescheider 1977, Hollins et al 
1990). The frequency-dependence of adaptation reflects, in 
part, the frequency-sensitivity profiles of the different classes 
of tactile nerve fibers: fibers that are more sensitive to a stim-
ulus will tend to be more desensitized by it. Higher frequen-
cies also tend to adapt nerve fibers more strongly (Hollins 
et al 1990, Bensmaïa et al 2005).

Vibrotactile adaptation is caused in part by changes in skin 
elasticity that impact the transmission of vibrations through 
the skin (Hahn 1966). However, a major contributor to vibro-
tactile adaptation is a desensitization of the nerve fibers 
themselves, caused by a progressive increase in their spike-
generation threshold (Ribot-Ciscar et al 1996, Bensmaïa et al 
2005). Finally, central desensitization also plays a role in the 
observed perceptual adaptation as evidenced by the fact that 
the latter operates on a slower time scale than does its neu-
ronal counterpart at the periphery (Leung et al 2005).

While adaptation has been extensively documented for 
natural tactile stimulation, less is known about whether 
direct activation of neurons through electrical stimulation 
also leads to adaptation. Indeed, sensory adaptation has been 
shown to occur with electrocutaneous stimulation (Szeto and 
Saunders 1982, Kaczmarek et  al 1991, Kaczmarek 2000, 
Buma et  al 2007), but this effect may be, at least in part, 
mediated by a desensitization of the mechanotransduction 
sites. Characterizing adaptation when mechanoreceptors are 
bypassed is important for understanding the mechanism of 
adaptation and for the development of bionic limbs for ampu-
tees that provide artificial tactile feedback by electrically 
stimulating the nerve through chronically implanted neural 
interfaces. Patterned electrical stimulation of the nerve has 
been shown to evoke tactile percepts and improve the per-
formance of hand prosthesis users on functional tasks (Clark 
et al 2014, Raspopovic et al 2014, Tan et al 2014, Graczyk 
et  al 2016, Oddo et  al 2016, Schiefer et  al 2016). Having 
previously observed that extraneural stimulation of the nerve 
seems to cause adaptation (Graczyk et al 2016), we sought 
in the present study to assess its magnitude, its dependence 
on stimulation parameters, and its time course using well-
established psychophysical exper imental paradigms. We then 
compare the effects of adaptation on artificial touch to those 
observed with natural tactile stimulation and discuss the 
implications of our results on the design of sensory encoding 
algorithms for bionic hands.

Methods

Subjects

Three male human volunteers with unilateral, upper limb loss 
(two right arm and one left arm) participated in this study. 
Subject 1 has a right trans-radial amputation due to a trau-
matic injury in 2010 and was implanted with two 8-contact 

flat interface nerve electrodes (FINEs) around his median and 
ulnar nerves and a 4-contact CWRU spiral electrode around his 
radial nerve in 2012. Subject 2 has a right trans-radial amputa-
tion due to a traumatic injury in 2004 and was implanted with 
three 8-contact FINEs around his median, ulnar, and radial 
nerves in 2013. Subject 3 has a left trans-radial amputation 
due to a traumatic injury in 2013 and was implanted with two 
16-contact FINEs around his median and ulnar nerves in 2016. 
The subjects came to the laboratory for 6 h testing sessions 
every 2–6 weeks, depending on their availability. The present 
study took place in months 47 to 62 post-implantation for sub-
ject 1, months 38 to 54 post-implantation for subject 2, and 
month 15 post-implantation for subject 3. All study devices 
and procedures were reviewed and governed by the U.S. Food 
and Drug Administration Investigational Device Exemption, 
the Cleveland Department of Veterans Affairs Medical Center 
Institutional Review Board, and the Department of the Navy 
Human Research Protection Program. Informed consent was 
obtained from all subjects.

Electrical stimuli

Trains of square, bi-phasic, current-controlled, cathode-
first stimulation pulses were delivered to individual contacts 
on the electrodes. The projected location and quality of the 
sensations evoked by the stimulation paradigms used in this 
study have been previously described in detail (Tan et al 2014, 
Graczyk et  al 2016). In brief, subjects reported tactile and 
proprioceptive sensations and used words such as ‘pressure’, 
‘vibration’, ‘touch’, ‘tingling’, ‘contraction’, or ‘movement’ 
to describe them.

Detection thresholds

Before starting the experiment, a rough estimate of the sub-
ject’s detection threshold was obtained. Pulse frequency (PF) 
was set to 100 Hz, pulse width (PW) to 255 µs, and pulse 
amplitude (PA) to 0.3 mA, and each stimulation train lasted 
for 5 s. Because the PA resolution of our stimulator was fairly 
coarse and we aimed to operate stimulation on the right side 
of the strength-duration curve, we first increased PA until 
sensation was reported, then decreased PW to find the detec-
tion threshold. PA was increased in steps of 0.1 mA in suc-
cessive trials until sensation was reported. A two-alternative 
forced-choice tracking paradigm was used to find the min-
imum detectable PW at this PA: starting at 130 µs, PW was 
decremented by 130/2n when the subject reported sensation 
or incremented by this same amount when the subject did 
not (where n is the number of reversals). To allow a sufficient 
range of PWs above threshold for the conditioning stimulus 
(described below), if the minimum detectable PW was greater 
than 150 µs, the PA was increased again by 0.1 mA and the 
tracking paradigm was repeated to find the minimum detect-
able PW at this new PA. This process was repeated until the 
minimum detectable PW was below 150 µs. This threshold 
estimation served as an initial starting point for the experi-
ments described below. In addition, PWs in the experimental 
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range were briefly tested to ensure that all sensations were 
comfortable.

A single experimental block consisted of first finding the 
unadapted detection threshold, then administering a suprath-
reshold conditioning stimulus for 2 min, then finding the adapted 
threshold (figure 1(A)). Thresholds in the exper imental block 
were measured by the method of constant stimuli (Gescheider 
1997), with each threshold measurement consisting of 70 trials. 
On each trial, two sequential stimulus intervals were indicated 
by a visual display, each lasting 1 s with a 1-s inter-stimulus 
interval. One of the intervals contained a stimulus and the sub-
ject’s task was to indicate which one by pressing one of two 
keys. A 4-s inter-trial interval was enforced, which included the 
response time. Seven PWs spaced over a broad range were each 
tested ten times in pseudo-random order. Whether the stimulus 
was presented in the first or second interval was randomized. 
The same set of PWs was tested for both the unadapted and 
adapted thresholds. On adapted trials, the conditioning stimulus 
was presented during the first three seconds of the 4-s inter-trial 
interval to maintain the level of adaptation. Each experimental 
block lasted approximately 30 min.

This procedure was repeated for twelve electrode con-
tacts in two subjects (subjects 1 and 2) and in six different 
experimental sessions (two contacts per session). Four to 
six experimental blocks were administered per session, with 
the electrode contacts interleaved to allow for recovery from 
adaptation between successive blocks. To determine the effect 
of the conditioning stimulus intensity on threshold shift, one 
parameter of the conditioning stimulus (either PW or PF) 
was systematically varied across three different levels within 
a single experimental session, while the other conditioning 
stimulus parameters were held constant. When PW was varied 
(eight contacts), the PF was fixed at 100 Hz and the condi-
tioning stimuli took on one of three values of PW: low (~10–
50 µs above detection threshold), mid (~50–100 µs above 
detection threshold), or high (~100–150 µs above detection 
threshold). When PF was varied (four contacts), the PW was 
fixed at a suprathreshold value and the PF of the conditioning 
stimulus was 25, 50, or 200 Hz.

The proportion of correct detections as a function of PW 
was described by a normal cumulative density function, 
fit using Bayesian inference methods (psignifit 3.0 Matlab 
toolbox, see Fründ et al (2011). The detection threshold is the 
PW corresponding to 75% correct performance. The adapta-
tion effect for each block is the magnitude of the threshold ele-
vation caused by the conditioning stimulus. For the purposes 
of inference testing, we computed the z-score of the adapta-
tion effects obtained from each lead to pool data across leads.

Intensity tracking

First, a rough estimate of the detection threshold was found as 
described above and a comfortable range of supra-threshold 
test PWs was chosen. Then, the test (supra-threshold) stim-
ulus was presented to the subject with constant PW, PA, and 
PF for 3 min without interruption (figure 1(B)). Every ten 
seconds, an auditory cue signaled the subject to indicate the 
perceived magnitude of the sensation on a visual-analog scale 
presented on a computer screen. Each stimulus was presented 
three times. In a single experimental session, four electrode 
contacts were tested in interleaved order, to allow for recovery 
from adaptation between successive tests of the same lead. 
The contacts tested within a session were selected to be as far 
apart in the cuff as possible and such that the projected fields 
did not overlap to minimize the likelihood that overlapping 
fiber populations were activated in consecutive test blocks. 
To test the effect of PW and PF on adaptation, several dif-
ferent supra-threshold PWs (2–4 suprathreshold PWs) or PFs 
(25, 50, 100 and/or 200 Hz) were presented on separate trials 
within a single experimental session. A total of 24 contacts 
were tested in 14 sessions across three subjects, yielding a 
total of 295 trials.

Perceived intensity, tracked every ten seconds during 
3 min, was expressed as a percentage of initial perceived 
intensity. The percent intensity as a function of time was fit 
with a piecewise function, using lsqcurvefit in Matlab. In the 
first part of the function, the intensity is a constant set to 100% 
for a variable duration, typically lasting around 10 s, as this is 

Figure 1. Experimental protocols. (A) The detection threshold experiment: the detection threshold was measured before and after a 2 min 
conditioning stimulus. In each trial sequence, two 1-s stimulus intervals were presented with a 1-s intervening period. Only one interval 
contained a stimulus and the location of the stimulus in interval 1 or 2 was randomized. The response interval was 4 s long and contained a 
3-s ‘boost’ of the conditioning stimulus in the adapted threshold trials, but not in the unadapted threshold trials. (B) The intensity tracking 
experiment: the intensity of a constant stimulus was rated every 10 s for 3 min.

J. Neural Eng. 15 (2018) 046002
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the period characterized by no discernible adaptation. In the 
second part, the intensity follows an exponential decay, cap-
tured by the following function:

I (t) =

{
100%, t < d

A ∗ e(
−(t−d)

τ ) + (100 − A) , t � d

where A is the magnitude of the intensity decay (in %), τ 
is the time constant (in seconds) and d is a delay that cap-
tures the duration of the first part (in seconds). A, τ, and d 
are free parameters. Time constant estimates are highly sensi-
tive to noisy data. With this in mind, we discarded trials in 
which traces were poorly fit by an exponential (R2  <  0.7). We 
also discarded trials where decay was extreme (A  <  10% or 
A  >  95%) because these also yielded poor estimates of the 
time constants. Time constants were transformed logarithmi-
cally for the purposes of inference testing because they were 
log-normally distributed.

Experimental design and statistical analysis

For the detection threshold experiments, adapted thresholds 
were compared to unadapted thresholds using paired t-tests. 
Pearson’s correlation coefficients were used to determine the 
impact of conditioning stimulation levels on threshold eleva-
tion. For the intensity tracking experiments, perceived inten-
sity at the end of the trials was compared to initial intensity 
using a one-sample t-test. Pearson’s correlation coefficients 
were used to determine the impact of stimulation PW and PF 
on decay rate and decay amplitude. Within-trial compariso ns 
between stimulation levels were performed using paired 
t-tests. All statistical tests were performed in Matlab with 
alpha level set to 0.05.

Results

Detection thresholds

First, we examined the degree to which perceptual sensitivity 
to electrical stimulation of the nerve is affected by extended 
supra-threshold electrical stimulation. Sensitivity was 
quantified by the detection threshold using a standard two-
alternative forced choice paradigm (figure 1(A)). Threshold 
estimates obtained before the application of a conditioning 
stimulus were consistent across blocks (figure 2, black traces). 
This confirms that the approach provided reliable threshold 
estimates and that thresholds recover to baseline following 
periods of no stimulation. The same threshold paradigm was 
then repeated after administering a conditioning stimulus for 
2 min. In all cases, the conditioning stimulus reduced percep-
tual sensitivity to electrical stimulation, as shown by a sys-
tematic rightward shift in the psychometric functions and an 
increase in detection thresholds (see figure 2, red traces, and 
figure 3(A)). The adapted threshold was significantly greater 
than the corresponding unadapted threshold in 33 of 36 exper-
imental blocks, and this effect was highly significant (pooled 
data across sessions and subjects, paired t-test, t(35)  =  10.21,  

p � 0.001). The magnitude of the threshold elevation 
increased as the PW or PF of the conditioning stimulus 
increased, as evidenced by a significant correlation between 
the PW or PF of the conditioning stimulus and threshold shift 
(r  =  0.76, p � 0.001, n  =  25, for the PW manipulations, see 
figure 3(B); r  =  0.89, p  <  0.001, n  =  11, for the PF manipula-
tions, see figure 3(C)).

Intensity tracking

Next, we examined the time course of adaptation. Subjects 
rated the perceived intensity of a constant stimulus every 
ten seconds for the duration of the stimulus, which lasted 
180 s (figure 1(B)). The perceived intensity decreased sig-
nificantly over the duration of the stimulus (figure 4, mean 
decay  =  65.01%, t(203)  =  41.39, p � 0.001). Indeed, after a 
short delay (median of 11 s), intensity decayed approximately 
exponentially with a median time constant of 30 s (figure 
5(A)). Fitted time constants were consistent across contacts 
within subject, but varied across subjects (figure 5(A)). From 
examination of the aggregate data, time constants seemed to 
be only weakly dependent on stimulus intensity: τ increased 
slightly with increases in PW (r  =  0.20, p  =  0.007, n  =  174, 
figure  5(B)) but was nearly independent of PF (r  =  −0.04, 
p  =  0.53, n  =  204, figure  5(C)). However, on sessions that 
included trials at different stimulation intensity levels (varying 
either PW or PF, with all other parameters kept constant), no 
trends were observed (paired t-test, t(9)  =  −0.81, p  =  0.44 
for PW; t(20)  =  0.16, p  =  0.88 for PF, 25 Hz compared to  
200 Hz, see lines in figures 5(B) and (C)), suggesting that the 
effect observed in the aggregate data is artefactual. Furthermore, 
there was no correlation between stimulation parameters and 
the degree of decay (r  =  0.04, p  =  0.612 67, n  =  174, for PW 
and r  =  −0.13, p  =  0.06579, n  =  204, for PF).

Figure 2. Detection thresholds: top, two typical psychometric 
functions showing the subject’s detection performance as a 
function of PW (for two different subjects and contacts, indicated 
at the bottom right of each plot). Black traces indicate unadapted 
threshold measurements and colored traces indicate adapted 
threshold measurements. Red traces show the shifted psychometric 
function for the highest conditioning stimulus intensity. Bottom, 
the subjects’ detection thresholds for three different conditioning 
intensities (light to dark for low to high conditioning stimulus 
intensities, respectively). Error bars show 95% confidence intervals.
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Discussion

Comparison with natural vibrotactile adaptation

Time course of adaptation. When the skin is subjected to pro-
longed vibrotactile stimulation, tactile fibers become desensi-
tized over an exponential time course with a time constant 
of about 10 s (Leung et al 2005). In contrast, the decay time 
constant for vibrotactile perception is slower, ranging from 
60 to 200 s based on threshold measurements (Hahn 1966, 
1968, Hollins et al 1990, 1991) and 20–400 s based on mea-
surements of perceived intensity (Hahn 1966, Berglund and 
Berglund 1970). The time course of electrically induced sen-
sory adaptation reported here, ranging from 10 to 100 s, thus 
spans the same range as its vibrotactile counterpart. Compa-
rable time constants, spanning 30 to 200 s, have been observed 
for electrocutaneous adaptation (Buma et al 2007). Although 
there were subject-specific differences in time constants, these 
differences did not correspond with time since electrode-
implant or with location of electrode contacts relative to the 
nerve. Furthermore, the observed across-subjects variability 
in time course has also been reported in the vibrotactile lit-
erature (Berglund and Berglund 1970). Therefore, electrically 
induced adaptation operates over a similar time course as its 
mechanically induced counterpart.

Effect of adapting amplitude. For vibrotactile stimulation, 
threshold shift is a power function of conditioning stimu-
lus intensity relative to threshold, with an exponent ranging 
from 0.5 to 0.7 (Hahn 1966, Verrillo and Gescheider 1977, 
Hollins et  al 1990). Similarly, we observed a power func-
tion relating threshold and conditioning stimulus intensity 
(PW), as evidenced by a linear relationship plotted in log-
log coordinates, with a slope of 0.55 (see also figure 5(B)). 
Increasing the amplitude of a vibratory stimulus applied to 
the skin and increasing the width of electrical pulses in a 
stimulation train both result primarily in the recruitment of 
additional nerve fibers (Johnson 1974, Muniak et al 2007), 
which explains why these two manipulations have similar 
adaptation effects.

Effect of adapting frequency. For vibrotactile stimulation, 
the dependence of adaptation effects on frequency can be 
explained in terms of the frequency sensitivity of the different 
afferent populations, determined primarily by their mechano-
receptors (Cauna et al 1966, Loewenstein and Skalak 1966, 
Iggo and Ogawa 1977). The extent to which a conditioning 
stimulus activates a given population of afferents determines 
the extent to which these will become adapted (Gescheider 
and Wright 1968, Verrillo and Gescheider 1977, Hollins et al 
1990). For example, high-frequency stimulation (~250 Hz) 
selectively desensitizes PC fibers whereas low-frequency 
stimulation (~10 Hz) primarily desensitizes SA1 and RA 
fibers. However, higher vibrotactile frequencies also tend to 
result in greater adaptation effects on individual nerve fibers, 
over the range of frequencies to which the fiber is sensitive 
(Bensmaïa et al 2005). In contrast, increasing the frequency of 
an electrical pulse train leads to an increase in the firing rate 
of all stimulated fibers, regardless of submodality. As a result, 
increased PF leads to increased thresholds across the entire 
range of frequencies. Differences in the effect of frequency on 
electrically and mechanically induced adaptation can thus be 

Figure 3. Conditioning stimuli caused an increase in subjects’ detection thresholds. (A) Adapted detection threshold as a function of 
unadapted threshold. Horizontal and vertical bars indicate 95% confidence intervals. (B) Detection threshold elevation as a function of 
conditioning PW above unadapted threshold (in dB). (C) Detection threshold elevation as a function of conditioning PF (in Hz). Colors 
indicate different contacts and correspond across (A)–(C); symbols indicate different subjects (circle for S01 and diamond for S02) and 
filled symbols correspond to examples shown in figure 1.

Figure 4. Intensity tracking: two typical experimental data sets for 
two different subjects (S01 and S02, indicated in upper right of each 
plot). Perceived intensity with respect to initial perceived intensity 
as a function of time for three successive trials. Colors indicate the 
sequence of trials (bright first, dark last). Dots are raw data, dashed 
lines show exponential fits.

J. Neural Eng. 15 (2018) 046002
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explained by the different ways in which frequency impacts 
the evoked neural response in the two modalities.

Implications for the mechanism of adaptation

The parsimonious explanation for the remarkable similarity 
in the time courses and action spectra of mechanically and 
electrically induced adaptation is that they are mediated by 
the same neural mechanisms. Given that electrical stimulation 
of the nerve bypasses the mechanoreceptors, we can conclude 
that the process of mechanotransduction is not necessary 
for perceptual adaptation to occur. Thus, both electrically-
induced and mechanically-induced adaptation are not gov-
erned by the process of mechanotransduction, but rather by 
a downstream mechanism, for example an increase in spike 
generation threshold or synaptic mechanisms in the central 
nervous system, consistent with previous conjecture (O’Mara 
et al 1988, Bensmaïa et al 2005, Whitsel et al 2003).

Implications for neuroprosthetics

During sustained grasp with a bionic hand, the nerve may 
be electrically stimulated for extended periods of time. The 
resulting progressive desensitization to stimulation may be 
interpreted as a result of stimulation-induced injury of neural 
fibers. However, as with its mechanically-induced counter-
part, electrically-induced adaptation is reversible and sensi-
tivity returns to its unadapted state minutes after stimulation 
ceases, as demonstrated by the close similarity in unadapted 
detection thresholds across successive blocks of threshold 
measurements (see figure 2). Furthermore, one might decide 
to compensate for the resulting desensitization by progres-
sively increasing the gain of the stimulator in a stimulation-
dependent manner. However, adaptation to natural stimulation 
is adaptive in the sense that it diminishes the response to con-
stant and therefore uninformative stimulation and renders the 
nervous system more responsive to changes in stimulation, 
which are more informative (Brenner et al 2000). The remark-
able similarities between electrically-induced adaptation and 
its mechanical counterpart suggest that no compensation in 

electrical stimulation is necessary: the dynamic range of the 
nerve response will shift according to mean level of stimula-
tion in the same way with electrical stimulation as it would 
with mechanical stimulation, thereby maximizing the useful-
ness and naturalness of this artificial somatosensory input. 
Electrically induced adaptation thus invokes similar neural 
mechanisms as natural adaptation and closely mimics the 
function of natural adaptation, enabling more responsive and 
functional sensory prostheses.

Conclusions

Our study is the first to systematically investigate sensory adap-
tation for direct electrical stimulation of the peripheral nerve. 
We find that electrical adaptation of artificial touch shares the 
same magnitude and time course as vibrotactile adaptation 
of natural touch. This result has two important implications: 
from a basic science perspective, it demonstrates that mecha-
notransduction is not required for tactile adaptation, which 
means that a downstream mechanism governs adaptation in 
both natural and artificial touch, a result that will guide future 
investigations of the cellular mechanisms of adaptation in the 
nervous system. From a neuroprosthetics standpoint, it shows 
that adaptation caused by electrical stimulation is beneficial 
to bionic touch through peripheral interfaces. Indeed, since 
artificial touch is subject to the same adaptation as is natural 
touch, the former will benefit from the same enhanced sen-
sitivity to changes in stimulation as does the latter. Neural 
engineers can thus embrace this phenomenon rather than 
counteracting it by, for example, dynamically modulating the 
gain of the stimulator. Further, these parallels between natural 
and artificial touch contribute to the growing body of evidence 
that electrical stimulation activates neural pathways in a way 
that is broadly similar to natural stimulation.
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