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�
Abstract—Sensory feedback is crucial for dexterous 

manipulation and sense of ownership. Electrical stimulation of 
severed afferent fibers due to an amputation elicits referred 
sensations in the missing limb. However, these sensations are
commonly reported with a concurrent� “electric”� or� “tingling”�
character (paresthesia). In this study, we examined the effect of 
modulating different pulse parameters on the quality of perceived 
sensations. Three subjects with above-elbow amputation were 
implanted with cuff electrodes and stimulated with a train of 
pulses modulated in either amplitude, width, or frequency
(“patterned� stimulation”). Pulses were shaped using a slower 
carrier wave or via quasi-random generation. Subjects were asked 
to evaluate the natural quality of the resulting sensations using a 
numeric rating scale. We found that the location of the percepts 
was distally referred and somatotopically congruent, but their 
quality remained largely perceived as artificial despite employing 
patterned modulation. Sensations perceived as arising from the 
missing limb are intuitive and natural with respect to their 
location, and therefore useful for functional restoration. However, 
our results indicate that sensory transformation from paresthesia 
to natural qualia seems to require more than patterned 
stimulation.

Index Terms—neurostimulation, patterned stimulation, 
peripheral nerve stimulation, neuromusculoskeletal prostheses, 
cuff electrodes, prosthetic limbs, sensory feedback.

I. INTRODUCTION

IRECT nerve stimulation has the potential for providing 
intuitive, modality-matched, physiologically appropriate 

sensory feedback from artificial limbs. In 2014, two research 
groups provided the first demonstrations of the long-term 
viability of this approach [1], [2]. Tan et al. reported the 
stability of percepts using extraneural electrodes in two subjects
for two years [1]. Independently, our group reported long-term 
stable percepts in one subject for over a year [2]. These studies 
provided supporting evidence for the safety and long-term 
stability of extraneural interfaces, as well as the physiologically 
appropriate location of percepts over time.

Extraneural [1]–[6] and intraneural [7]–[12] electrical 
stimulation of severed afferent nerves elicit sensations 
perceived as originating in the missing limb of amputees. Their 

This study was funded by the Promobilia foundation, Swedish Research 
Council (Vetenskapsrådet), the Swedish Innovation Agency (VINNOVA), and 
the European Commission under the DeTOP project (LEIT-ICT-24-2015, 
Grant no. 687905).

M. Ortiz-Catalan, E. Mastinu, and A. Naber are with the Biomechatronics 
and Neurorehabilitation Laboratory (@ChalmersBNL), Department of 

distally referred localization, as well as their intuitive nature, 
makes these somatic sensations functionally valuable in 
prosthetic systems and natural in this regard. Sensations such as 
touch, pressure, and joint position (proprioception) have been 
reported by different groups [1], [2], [11], [3]–[10]. However, 
these� familiar�sensations�are�accompanied�by�an�“electric”�or�
“tingling”�feeling,�which� turns� their� recognizable�quality� into�
an unnatural experience (paresthesia) [13]. Tan et al. remarked 
that delivering a train of pulses with fixed parameters does not 
correspond to the more natural, time-variant pulses a brain 
normally receives from biological sensors, and this may be the 
cause for a brain to deliver an experience qualitatively artificial 
in nature. They proposed to pattern the train of pulses by 
varying the width of each pulse in proportion to the amplitude 
of a slower modulating sinusoidal wave (Fig 1.A). This pulse 
width modulation (PWM) strategy was reported to transform
the�perception�from�“tingly”�to�“as�natural�as�can�be” [1]. They 
found this remarkable sensory transformation in two subjects 
implanted with five extraneural electrodes (two in the median 
and radial nerves, and one in the ulnar nerve). Percepts were 
elicited in different locations using up to 34 electrode contacts. 
Their subjects reported different sensations such as pulsing and 
constant pressure, vibration, tapping, and running on a texture
[1].

Here,� we� report� the� use� of� such� “patterned� stimulation”�
technique in three transhumeral amputees implanted with a total 
of five cuff electrodes in median and ulnar nerves. We 
expanded our investigation to include pulse amplitude and 
frequency modulation, as well as quasi-random modulation on 
each stimulation modality. Whereas our findings are congruent 
with long-term stable distally referred sensations, our subjects 
reported that the percepts remained largely artificial in quality 
above perception threshold regardless of patterned stimulation.

II. METHODS

A. Subjects

Three unilateral, above-elbow amputees were recruited for 
this study. The subjects were implanted with cuff electrodes: 
three stimulation contacts per electrode; two and three 
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electrodes in median and ulnar nerves, respectively; 15 
stimulation contacts in total. Communication with the cuff 
electrodes was enabled via an osseointegrated interface that 
also provided direct skeletal attachment of the prosthesis [2]. 
Tests were conducted in subject 1 at 49-73 months post-
implantation, and 5-25 months post-implantation in subjects 2 
& 3. Subjects were blinded to the different stimulation 
paradigms, and these were presented in randomized order. This 
study was approved by the Västra Götalandsregionen ethical 
committee, and informed consent was obtained prior 
experimentation from all subjects.

B. Patterned stimulation

In the study by Tan et al., modulation of pulse width started 
from zero to peak amplitude in half the period of the modulating 
wave. We investigated PWM starting at 0% and 100% of the 
modulating wave (Fig 1.A-B). We utilized modulating 
frequencies of 1 and 4 Hz (fmod), and stimulation frequencies of
30 and 95 Hz (fstim). We utilized the same square, charge-
balanced, cathodic-first stimulation pulses as reported by Tan 
et al. [1]. Subjects received stimulations lasting two seconds 
and then reported the resulting perception.

In�order�to�verify�the�concept�of�“patterned�stimulation”, we 
further investigated if modulation of pulse amplitude (PAM) or 
frequency (PFM) could achieve sensory transformation (Fig 
1.B-C). We used stimulation parameters at magnitudes of the 
perception threshold of each condition, as any further increase 
of the modulated parameter resulted in sensation of higher 
intensity and more artificial quality. The peak (maximum)
values for the modulated parameter were 100 μs�and�200�μA�for�
PWM and PAM, respectively. Perception threshold were found 
by fixing the peak value of the modulated parameter and 
conducting an ascending staircase with the non-modulated 
parameter (steps of 10�μs�or μA). Stimulation parameters are 
summarized using the standard suggested by Günter et al. [14]
in TABLE I.

One can argue that modulation of a deterministic sinusoidal 
signal still provides a deterministic output. We therefore 
examined if arbitrary variations of pulse width, amplitude, or 
frequency led to a more natural sensation. The initial resolution 
of our neurostimulator (minimum step of�10�μs�and�μA [15]) 
allowed us to construct quasi-random train pulses at higher fmod. 
We evaluate fmod from 5 to 9 Hz in steps of 1 Hz with fstim = 30 
Hz, and fmod from 10 to 100 Hz in steps of 10 Hz with fstim = 95 

Fig. 1. Patterned stimulation. Modulating waves starting at 0% (sine), 100% (cosine), and 50% of maximal amplitude. The amplitude of the modulating 
wave dictates the width (A), amplitude (B), or frequency (C) of the stimulation pulses delivered to three amputees implanted with extraneural electrodes. A 
color code on the modulating waves and pulses illustrates how the peak value for the stimulation parameters is reached at the peak amplitude of the modulating 
wave. For illustration purposes, each modulating wave is presented patterning a different pulse parameter. The three modulating waves were used to pattern 
each of the stimulation parameters in the experiment (pulse width modulation – PWM, pulse amplitude modulation – PAM, and pulse frequency modulation 
– PFM).

Fig. 2. Quasi-random stimulation pulses. Examples of quasi-random stimulation patterns used in this study. Quasi-random variations of pulse amplitude 
only are presented in the illustrations for clarity. These variations equally applied to pulse width and frequency.
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Hz. Examples of the resulting waveforms are shown in Fig. 2 
for PAM. The variations in magnitude illustrated with PAM are 
analogous to the waveforms for PWM and PFM also employed 
in this study.

Sensory transformation from artificial to natural qualia was
reported in ranges of up to 30 µS using PWM [1], and therefore 
our original stimulation resolution of 10 µS should suffice to 
achieve the effect. We nevertheless conducted an additional test 
using every PWM stimulation modality with a resolution of 1 
µS as in the study by Tan et al. [1]. 

TABLE I
STIMULATION PARAMETERS [14]

Label Parameter Value Unit
A Electrode surface area 1.6 mm2

D
Duration of stimulating phase of a 
stimulus pulse

0-100 µs

D´
Duration of reversal phase of a 
stimulus pulse

10*D µs

F Stimulation pulse frequency 1-100 Hz
I Current of stimulating phase 0-200 µA
I´ Current of reversal phase I / 10 µA
N Number of pulses per train 2-200 -
R Train rate - Hz
W Inter-phase delay 50 µs
P Total application time (per day) 6-8 Hours

S
Effective stimulation time (per 
day)

2-3 Hours

Y Implantation time 2.1-6.1 Years

C. Evaluation of naturalness

Whereas Tan et al. reported a qualitative dichotomy 
(artificial or natural), we asked our subjects to rate the natural 
quality of the resulting sensation using a numeric rating scale 
(NRSnat). The NRSnat lowest�value�“0”�represented�a�completely�
artificial perception (such as�“tingling/electric”,�or�“touching�a�
9�V�battery�with�the�tongue”),�and�its�highest�value�was�“10”,�
representing a sensation identically as felt in their contralateral 
healthy�hand�or�“as natural as can be”.�We defined “natural”�to 
the subjects as a perceptual experience that could be elicited in 
their impaired contralateral hand, passively or actively 
interacting with an object or while freely moving (i.e., pressure, 
vibration, movement, etc.). Subjects also reported the intensity 
of the sensation using an NRS (0 no perception and 10 as strong 
as possible).

III. RESULTS

Subjects reported no change in the quality of the sensation 
from�“artificial”�to�“natural” using patterned stimulation (Fig. 
3A-C). Interestingly, a single pulse elicited the most natural 
sensation. This is arguably because the quality of the elicited 
sensations is difficult to discern at perception threshold due to 
its low intensity and brevity (a single pulse). However, as soon 
as a train of pulses was delivered, modulated or not, the 
sensations had a more electric character. As with sinusoidal 
modulation, the quality of the sensation with quasi-random 
pulse trains remained artificial in nature (Fig. 4).

At least in one occasion per subject, we found the same 
negative results by delivering simulation pulses with: fmod

starting at 50% (Fig.1.C); fmod at 0.5, 2, and 3 Hz; restricted 
modulation�ranges�(“small-scale�modulation” [1]) at 20% and 
80%; and stimulation resolution of 1 µS.

All percepts were reported in the expected areas innervated 
by the median and ulnar nerves. The quality of sensations was 
reported as “gentle touch” with an “electric” character. Such 
tactile quality has been reported in direct nerve stimulation at 
perception thresholds [6]. Subjects were able to track the 
intensity variations resulting from the modulating waveform by 
pressing on a force sensor as reported by Tan et al. [1]. In 
addition, we were able to confirm that 60 seconds of continuous 
stimulation do not result in a natural sensation as reported by 
Tan et al. [1], and contrary to the findings of Dhillon et al. [7].

IV. DISCUSSION

Stimulation parameters varied for different electrode 
contacts in the experiments by Tan et al. [1]. The peak pulse 
width (PW) increased until the subjects reported perception 
(PWth). Increasing PWth increased the intensity of the sensation 
until a given PWtingle,� where� a� “tingling”� sensation� appeared�
along with the original sensation. Beyond PWtingle, the sensation 
was eventually dominated by complete paresthesia at a given 
PWmask. They found variable working ranges for PW that 
produced natural perception (PWth < PWnatural < PWtingle), and 
these ranges were reported to be up�to�approximately�30�μs.�Our�
neurostimulator resolution was initially 10�μs,�and�therefore�we�
expected to find the sensory transformation phenomena at least 
once. In addition, we monitored the intensity of each 
stimulation, which was reported at 1 (91.5%) and 2 (8.5%) 

Fig. 3. Nature of elicited responses from pattern stimulation. Subjects�evaluation�on�how�“natural”�the�elicited�sensations�were�perceived�(Numeric�Rating�
Scale: 0-artificial and 10-natural). Stimulation was delivered by a single pulse, and a two-second train of pulses at 30 Hz and 95 Hz (fstim) with no modulation, 
and PWM (A), PAM (B), and PFM (C) (modulation frequency fmod = 1 Hz and 4 Hz). Central markers represent the mean, and errors bars represent the 
standard deviation. 
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NRS, which confirmed that we were at the lowest intensity 
levels where the sensory transformation was reported to appear
(PWth). Furthermore, we further verified our findings on at least 
one occasion, with each subject, using a resolution of 1 µS in 
PWM, which resulted in the same outcome.

The highest fstim at which we could achieve fully reliable 
pattern stimulation in our hardware setup was 95 Hz, whereas 
Tan et al. used predominantly 100 Hz. Although relatively 
small, this difference could be a cause of the discrepancy. While 
capable of stimulating at higher fixed frequencies, our 
neurostimulator skipped 1 out of 10 pulses during pattern 
stimulation at 100 Hz. We nevertheless tested this condition at 
least once on each subject, and we did not achieve sensory 
transformation to a more natural sensation either.

Whereas Tan et al. [1] used flat interface nerve electrodes
(FINE) [16], we utilized spiral cuff electrodes [17]. These are 
both extraneural interfaces [18], and thus functionally 
equivalent at perception threshold for a single percept. FINE 
allows for higher selectivity by reshaping the nerve to bring all 
fascicles closer to the periphery. The difference with cuff 
electrodes is in the number of distinct percepts that can be 
achieved, not necessarily in the path followed by electric 
charges to elicit the smallest and weakest percepts (perception 
threshold). At perception threshold, the smallest possible 
amount of charge is used to elicit action potentials in one or a 
few afferent fibers. The closer the electrode is to the fibers, the 
smaller the amount of charge needed. The result is nevertheless 
the same; action potentials elicited in one or a few fibers. This 
rationale extends to intraneural electrodes as well, as we have 
confirmed that single percepts using cuff electrodes are 
equivalent to those found using single-unit intraneural 
stimulation [19].

A. Implications on restoring function

When an intact hand handles or touches an object, four 
different classes of mechanoreceptors are activated in different 
patterns and to varying degrees, depending on the contact 
location, shape, and structure (texture) of the object. Ideally, if 

we were to bypass the biological sensors and directly stimulate 
their corresponding afferent nerve fibers, we would need to 
interface each of those fibers, and be able to stimulate them 
differentially. For instance, in a steady grasp, mechanoreceptors 
with receptive fields at the highest-pressure points would be 
stimulated at higher frequencies than those in lower-pressure 
areas. This is technologically impossible at present, as we do 
not possess neural interfaces with such resolution. We are then 
left to blunt stimulation of a couple of neighboring fibers, which 
do not necessarily correspond to the same type of 
mechanoreceptor, thus making a truly biomimetic approach 
practically impossible at present. This lack of selectively is a 
fundamental problem in neural engineering that has not been 
addressed with enough resolution by current neural interfaces, 
including intraneural ones. Using multiple contacts could allow 
for steering current to stimulate different fiber populations [20], 
but these different populations would still be a mix of different 
physiological fiber types, and therefore such approach does not 
solve the selectivity problem with enough resolution. 
Okorokova et al. recognized the selectivity problem and 
proposed a neurostimulation model that simplifies the 
complexity of the tactile system when lacking selective 
stimulation [21]. Whereas such model increases sensory 
integration as intended [22], its admittedly simplified nature 
does not ensure that it would produce a natural experience.
Fortunately, an exact replica of the biological system might not 
be necessary to restore function, as suggested by the success of 
cochlear implants.

One nevertheless must consider the complexity of the 
somatosensory system when contemplating that a substitute 
would produce numerically equivalent experiences (i.e., 
diversity of mechanoreceptors and their responses through 
different afferent fiber types). This complexity makes unlikely 
that patterned stimulation without discriminating fiber types, as 
employed here and by others [22], [23], would be capable to 
elicit a perceptual experience considered natural in the broader 
sense, that is, as an experience reproducible in an intact 
biological limb (obviously excluding artificial means such as 
direct nerve stimulation). The complexity of the somatosensory 
system seems to demand a solution for the aforementioned 
selectivity problem, which is arguably impossible to overcome 
using electrical stimulation [24]. In science, conservative 
hypotheses or explanations agree with the current state of 
knowledge. Our reasoning is therefore conservative, as it 
follows current knowledge of neurophysiology, laying out what 
would be require for true biomimicry (i.e., selective activation 
of different fiber types). 

Regardless of the degree of qualitative “naturalness”,�
sensations elicited via direct nerve stimulation still appear in 
somatotopically appropriate referred locations, and at variable 
intensities, which for example, could be used to mediate force 
during grasping without additional cognitive burden. Therefore, 
one can still argue in favor of direct nerve stimulation as means 
to restore functional sensory feedback to amputees. Using 
osseointegration as means of direct skeletal attachment, and as 
a gateway for bidirectional communication between implanted 
neuromuscular electrodes and the prosthetic limb [2], we are 

Fig. 4. Nature of elicited responses from quasi-random stimulation.
Quasi-random variations were equally applied to pulse amplitude, width, 
and frequency. Quasi-random�stimulation�did�not�elicit�a�more�“natural”�
perception. The only statistically significant differences were between a 
single pulse and the other conditions (Wilcoxon signed-rank test, p<0.01).
Central markers represent the mean, and errors bars represent the standard 
deviation.



IEEE Transactions on Medical Robotics and Bionics, TMRB-06-19-SA-0000 5

currently investigating the functional benefits of sensory 
feedback via direct nerve stimulation in daily life [25], and 
whether daily use changes the location and quality of the 
percepts. How stimulation must be performed in order to 
achieve a fully natural sensory experience is still an open 
question that requires further investigation and most likely, 
novel neural interfacing technologies.

V. CONCLUSION

Somatosensory feedback is relevant to the function and 
embodiment of an artificial device serving as replacement of a 
lost limb. Direct neural stimulation has been shown to be 
beneficial to both, although the qualitative experience does not 
yet equal those produced by a biological limb. We found that 
patterned stimulation did not produce a natural qualitative 
experience, arguably because fiber indiscriminate stimulation 
does not approach the biological mechanisms of sensory 
transfer. Lack of selectivity is a fundamental problem of neural 
interfaces preventing the differential stimulation of different 
afferent fiber types at appropriate resolution. Nevertheless, 
equaling qualia is not a prerequisite to equaling or enhancing 
function. Direct neural stimulation does produce long-term and 
intuitive distally referred sensation at graded intensities, which 
is theoretically enough to restore or enhance function.
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