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Abstract. Understanding the response of Pacinian Corpuscle (PC) for
an electrical stimulus through a computational model can give better
insight into the physiology. Although there are simpler models avail-
able in the literature, models simulating spike-rate and threshold char-
acterizations are still missing. These characterizations may lead to the
development of tactile displays combining both electrical and mechan-
ical stimuli, especially high-frequency vibrations. We developed a PC
model with equivalent circuits of the electrode-skin interface, PC’s neu-
rite, and the first Ranvier node. The input electrical stimulus is a cur-
rent pulse with varying amplitude (0 to 2 mA) and varying frequency
(5 Hz to 1600 Hz). The model is characterized initially for the frequency
response, and then the spike-rate and threshold characteristics were sim-
ulated. The spike-rate traces for electrical stimuli show the phase-locking
phenomenon similar to the mechanical stimuli responses of PC, however
the plateau lengths are larger for the spike-rate traces with electrical
stimuli compared to that of the mechanical stimuli. This is reflected as a
large difference in the threshold characteristics for one and two impulses-
per-cycle. Moreover, threshold characteristics are little influenced by the
neural noise. This model can be extended to study the combination of
electrical and mechanical stimuli.

Keywords: Electrical stimulation · Neurite · Ranvier node ·
Spike-rate · Threshold.

1 Introduction

The electrical stimulus applied over the skin elicits different sensations such as
continuous or intermittent touch depending on the frequency, phase, and ampli-
tude of the stimulus [14]. The variations in the electrical stimulus can induce the
receptors of various modalities such as mechano-, chemo-, and thermoreceptors.
These variations are then decoded by the CNS to perceive various aspects of
touch and other sensations [15]. Pacinian corpuscle (PC) being the most sen-
sitive mechanoreceptor in the human body is responsible for the sensation of
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high-frequency vibrations. PC neurite and the axon can be selectively stimulated
by an electrical stimulus to induce the sensation of high-frequency vibration. To
understand the physiology of a PC for mechanical or electrical stimuli, it is nec-
essary to understand the morphology of a PC in finer details [6,6,7,11,22,25]
and the computational models [3,19,23,26,27].

The PC is made of an onion-like lamellar structure filled with interlamellar
fluid [22]. The lamellar structure of the capsule acts as a mechanical band-pass
filter [9,19], which is the main reason for the rapid adaptiveness of the PC for
a mechanical stimulus. Although the lamellar structure of the PC helps it to
be the most rapidly adaptive mechanoreceptor, the neurite membrane and inner
core also contribute to its rapid adaptiveness [1]. Due to the presence of stretch-
activated and voltage-activated ion channels (SAICs and VAICs) in PC neurite
[21], the applied mechanical stimulus gets converted into electrical spikes. Since
lamellae are attached to each other by tight junctions, fluid in the inner core is
considered to be electrically isolated from that in the outer core [12]. Moreover,
the outer core is electrically isolated from the transductive portion of the neurite
[1].

The exact location of action potential generation is still in controversy. It
was believed that the core of the PC is rigid [17,19], however, it was discovered
later that the neurite of the PC contains SAICs and VAICs [1]. Models were
developed, assuming that the action potential spikes from the first Ranvier node
[14]. The controversy related to the site of initiation of action potential inside
the PC capsule started from the discovery of the generator or local potential of
PC inside the capsule [10]. Based on the majority of the evidence, it appears
that the action potential at 1st Ranvier’s node can be generated by the direct
electrical stimulation at the nerve fiber [1].

1.1 Motivation and Objective

From the literature, it is clear that the characterization of a PC model for elec-
trical stimuli in terms of spike-rate and threshold characteristics is still missing.
Neural spikes encode different features of the stimulus which include amplitude,
frequency and even the location of the stimulus over the skin [27]. Spike rate and
threshold characteristics of a neural spike train help in understanding how the
stimulus features are conveyed to the CNS. Such characterizations would be use-
ful in comparing the physiological characteristics of a PC stimulated electrically,
and that of a PC stimulated mechanically. Our objective in this work is to model
and characterize the response of a PC for an electrical stimulus applied over the
skin. We characterize our model based on frequency response, spike-rate, and
threshold characteristics.

2 Method

The computational model of a Pacinian corpuscle excited by electrical stimuli is
described in this section. This model is an extension of our previous modeling
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work (BMS model) [2–4] for an isolated PC excited by mechanical stimuli into
a PC model excited by electrical stimuli. The model includes the electrode-skin
interface, neurite, and the first Ranvier node of a PC. The simulation involves the
application of electrical stimuli of various frequencies and the characterization
of the model for frequency response, spike-rate and threshold characteristics.

Fig. 1. Electrical stimulation of a Pacinian nerve through the skin surface. The stim-
ulus current pulse is applied through a two-electrode electrical circuit. The axon of
PC located deep within the skin gets excited by the current stimulus applied perpen-
dicular to it. The frequency and amplitude of the current pulse can be varied for the
measurement of a threshold of sensation.

2.1 Model Description

The electrode-skin interface, PC’s neurite, and the first Ranvier node are mod-
eled using electrical parameters available from Chan [8], Saadi et al. [24], Khor-
shid et al. [16] and Biswas et al. [2]. The conceptual depiction of the proposed
model is shown in Fig. 1. The electrical current pulse is applied over the skin
through active and reference electrodes. PC has a myelinated axon and it is
located deep within the skin compared to other mechanoreceptors [6]. In our
model, we assume that the axon of the PC is perpendicular to the application
of an electrical stimulus. The applied electrical stimulus gets filtered by the skin
layers, and then the filtered stimulus undergoes two-stage non-linear neural-spike
generation. This spike generation process is modeled as an Adaptive Relaxation
Pulse Frequency Modulator (ARPFM) which was introduced by Biswas et al.
[4]. The ARPFM is similar to the integrate-and-fire neuron model except that
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Fig. 2. (a) Equivalent circuit model of the electrode-skin interface, PC’s neurite, and
the first Ranvier node. The values of potential and impedance are adapted from [2,8,
16,24]. (b) Current pulse with variable amplitude and frequency, and with fixed duty
cycle (50%). (c) Block diagram of a PC model with a representation of signals at each
level.

the integrator is lossy, and the threshold is adaptive. The neural noise for the
ARPFM stage is modeled as an additive random noise and multiplied with the
adaptive threshold for the spike generation.

The proposed model of a PC for electrical stimulation is shown in Fig. 2.
It consists of three stages, as shown in Fig. 2c, electrode-skin interface model,
PC’s neurite model, and the first Ranvier node model. Each of them is modeled
with electrical components whose parametric values are adapted from Chan [8],
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Saadi et al. [24], Khorshid et al. [16] and Biswas et al. [2]. The electrode-skin
interface model, as shown in Fig. 2a (I), consists of tissue impedance RT , skin
resistance Rs, double layer impedance Rd, Cd, and half cell potential. Since there
are two electrodes, active and reference, the same model is mimicked for both.
That is, the electrical properties and parameters of both electrode-skin interfaces
are assumed to be identical. The skin impedance measurement reviewed in Lu
et al. [20] explains that the electrical impedance of the skin is mainly due to
stratum corneum (the uppermost layer of the epidermis) and the impedance of
the other layers is comparatively low. The impedance function is given as

K(s) =
0.0259s + 1859
0.01858s + 1

(1)

The second stage of the model contains a circuit equivalent of the PC’s neurite
as shown in Fig. 2a (II). This stage introduces non-linearity in the generation
of the receptor potential. It consists of a non-linear dependent charge source
qVAIC2 and its impedance ZVAIC2. The impedances of extra-cellular ZEC and
intra-cellular ZIC matrices are also included in the model along with impedance
of axolemma membrane ZM. The PC’s neurite parameters and the values of
impedances are the same as given in Biswas et al. [2]. The output of the second
stage is the receptor potential. It is assumed that the receptor potential from the
second stage is the input to the third stage. The third stage of the model includes
the equivalent circuit of the first Ranvier node, as shown in Fig. 2a (III). This
circuit contains a non-linear dependent charge source qVAIC1 and the impedance
parameter ZVAIC1, both models the VAIC located in the first Ranvier node.
The ARPFM threshold is actually a measure of the refractoriness of the VAICs
to go for the next avalanche opening. In comparison to the model of VAIC, as
ARPFM, the threshold is adaptive and amplified by the threshold amplification
factor in the refractory period, as found in Loewenstein and Altamirano-Orrego
[18]. It is observed that after the time (t) = 2.5 ms, the experimental data have an
exponential decay with a time constant of 0.56 ms. The threshold amplification
factor (TAF) considered for the ARPFM [4] is given as

TAF = 1 + (7.75 ∗ t−0.16 ∗ exp(−0.56t)) (2)

The electrical stimulus is shown in Fig. 2b, which has variable amplitude from
0 to 2 mA and variable frequency from 5 Hz to 1600 Hz. The duty cycle of the
applied electrical stimulus is always 50%.

Model Parameters: The model parameters for the PC model are same as
given in [3,19] and also the parameters and approximations for the electrode-
skin interface model are same as given [8,16,24].

Ri, Rd, Rs, RT : Resistance of electrical stimulation circuit, double layer, skin
and tissue, respectively

Cd : Double layer capacitance
qVAIC2, qVAIC1 : Voltage activated ion channels in neurite (2) and 1st Ranvier

node (1) are modeled as voltage dependent charge sources.
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ZEC , ZIC , ZM : Impedance of extracellular matrix, intracellular matrix and
membrane of axolemma, respectively.

K(s) : Transfer function of electrode-skin interface model in Laplace
domain.

Model Approximations: The following are the approximations assumed for
the developed model,

a) We consider only one type of mechanoreceptor under the skin, the PC,
although the Meissner is also a rapidly adaptive receptor.

b) The axon of a PC is perpendicular to the direction of the electrical stimulus.
c) The half cell potential of the electrode-skin interface model is assumed to be

identical. Moreover, elements of the electrode-skin interface model for both
the electrodes are identical, according to [8].

d) All the simulations are limited to only the vibrotactile stimulus with the
frequency ranging from 5 Hz to 2000 Hz with 50% duty cycle.

3 Results and Discussion

The objective of this work is to develop a PC model for an electrical stimu-
lus and characterize the model for frequency response, spike-rate and threshold
characteristics.

3.1 Frequency Response

Figure 3a shows the bode plot of the electrode-skin-PC model, including the
electrode-skin interface, PC’s neurite, and the first Ranvier node. It may be
observed that the overall model is a typical high-pass filter. The slope of the
magnitude plot changes significantly; from 1 Hz to 10 Hz it is ≈10 dB/decade,
from 10 Hz to 10 kHz it is ≈20 dB/decade and from 20 kHz the slope approaches
zero. On the other hand, the phase difference is found to be within 90 to 45◦ for
the frequencies from 1 Hz to 10 kHz, reaching its peak phase shift of ≈90◦.

The bode plot shown here can be compared to that of the PC model with a
mechanical stimulus [3]. Although the magnitude plot is almost the same as that
of the PC model with a mechanical stimulus, the phase plot differs slightly for
frequencies lesser than 5 Hz. Since the present model focuses on frequencies of
more than 5 Hz, this small difference may be ignored. Also, at this low frequency
other mechanoreceptors respond better than the PC [15].
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Fig. 3. (a) Magnitude response (top) and phase response (bottom) of the PC model
for electrical stimuli. The magnitude in (a) indicates the gain in dB with respect to
1 mA electrical stimulus. (b) The response of the electrode-skin interface model (top),
the spike response at the output of the first Ranvier node (bottom). The dashed lines
in (b) indicate the applied electric stimulus as shown in Fig. 2b. All the amplitudes are
normalized for the representation. The ordinate unit for dashed lines is mA and that
for the solid lines is in µV .

3.2 Spike-Rate Characteristics

The spike response of the developed model is shown in Fig. 3b. The electrical
stimulus that gets filtered by the electrode-skin interface model reaches the PC’s
neurite then the first Ranvier node to fire the neural spikes, as shown in Fig. 3b.
The response shown here is the typical one impulse-per-cycle (ipc) response for
the applied electrical stimulus.

The spike-rate versus stimulus amplitude plots for various stimulus frequen-
cies are shown in Fig. 4a and 4c. We have also shown the spike-rate plots gener-
ated by a PC model for a mechanical stimulus in Fig. 4b and 4d (images adapted
from Biswas et al. [4]), which are given adjacently for comparison. For each
stimulus frequency of Fig. 4a, the spike-rate is zero until the stimulus reaches a
certain threshold. Once the threshold is reached, it increases steeply and reaches
a series of plateaus at spike-rates that are multiples of stimulus frequency. This
phenomenon is known as phase-locking [5]. For instance, a 50 Hz stimulus gets
plateaued during 50 Spikes Per Second (sps), 100 sps, 150 sps and 200 sps
which are consistent with one, two, three and four impulse-per-cycles respectively
according to Johnson [13] who recorded the population response from median
nerves of 26 monkeys. This phase-locking, non-linear jumps, and plateau of the
spike-rates depend on the stimulus frequency, as mentioned in [5]. The spike-rate
gets saturated for 800 Hz and 1600 Hz at around 1000 sps.

Unlike the spike-rate plot for mechanical stimulus as given in Fig. 4b which
contains short plateau lengths, the spike rate plot for electrical stimulus con-
tains longer plateaus. These longer plateaus are reflected in the threshold char-
acteristics as well which we are discussing subsequently in the next subsection.
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Fig. 4. (a) and (c) represents the Spike-rate (sps - number of spikes per second) char-
acteristics plotted for the variation in stimulus amplitude (0 to 2 mA) with various
constant stimulus frequencies. (b) and (d) represents the same for mechanical stimuli
(image adapted from Biswas et al. [4]). Although the spike-rate characteristics for elec-
trical stimuli exhibit a phase-locking phenomenon [5], the plateau lengths are larger
compared to that of the characteristics in the mechanical stimuli model.
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Fig. 5. (a) Stimulus amplitude versus stimulus frequency, for various noise weights.
Except for NW = 10, we can observe that there is only little influence of noise weights in
the threshold. (b) Minimum stimulus amplitude required to elicit one and two impulse-
per-cycle (ipc) for varying stimulus frequency. This plot can be compared with the
plataeu lengths of Fig. 4a to understand the shift in 2 ipc from 1 ipc curve here.
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Physiologically, longer plateaus may be due to the various levels of saturation
in the VAIC characteristics of the first Ranvier node induced by the electrical
stimuli. Moreover, both the electrical and mechanical stimuli spike rate plots in
Fig. 4 contain varying thresholds for each stimulus frequency to initiate spikes.
This can be correlated with the increasing magnitude response of the model, as
shown in Fig. 3a. Moreover, we can observe the saturation of spike-rate traces for
the stimulus frequencies greater than 400 Hz as shown in Fig. 4d around 600 sps,
whereas in Fig. 4c the saturation occurs only after 1000 sps.

3.3 Threshold Characteristics

The threshold characteristics simulated in this model are for one impulse-per-
cycle (ipc) for various neural noises, which is shown in Fig. 5a. We can observe
that the model response is not much influenced by the neural noise, except for
noise weight (NW) of 10. The threshold characteristics simulated here may be
considered as consistent with the well known psychophysical VPT curve [28] and
the lowermost threshold is achieved for 200 Hz electrical stimulus. Moreover, the
minimum stimulus amplitude required to elicit one and two impulse-per-cycle
(ipc) for varying stimulus frequency is plotted and shown in Fig. 5b. We can
observe that each trace of the threshold curve is unique and further away. This
may be due to the longer plateaus as shown in Fig. 4.

3.4 Possible Extensions

In this paper, we assumed that the electrical stimulus reaches the first Ravier
node only through the PC neurite, not directly. A special case can be considered
for this model in which the applied electrical stimulus reaches both PC’s neurite
and the first Ranvier node simultaneously. In this case, input to the first Ranvier
node will be the sum of the output from PC’s neurite (receptor potentials) and
the electrical stimulus itself, both acting together to reach the threshold in the
Ranvier node. Although this special case is not explicitly shown in the model
figures, it can also be simulated from the same model by simple addition, as
mentioned here. The model can also be simulated for various duty cycles of
electrical stimuli whereas in the present work we have considered a fixed duty
cycle of 50%.

4 Summary

We developed a model for the response of Pacinian Corpuscle excited by an elec-
trical stimulus. We adapted and combined the models of the electrode-skin inter-
face, PC’s neurite, and the first Ranvier node, and characterize them together
for frequency response, spike-rate, and threshold characteristics. Although there
are models known for the electrical stimulus to a PC, none of them explain
in terms of the aforementioned characteristics. We have shown the frequency
response using a bode plot, which shows constant gain after 10 kHz. The spike-
rate plots for varying stimulus amplitudes were simulated and the plateaus were
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observed for each stimulus frequencies. The threshold characteristics were sim-
ulated for one and two impulses-per-cycle (ipc). Furthermore, for a 1 ipc, the
threshold characteristics were simulated for various noise weights. We compared
our results with the existing models of PC for mechanical stimulus. The future
work may include developing a PC model 1) for the combination of electrical and
mechanical stimuli (hybrid stimuli) and perform psychophysical experiments to
validate the model responses, and 2) for two different electrical stimuli of varying
amplitude, frequency, and phase applied in two different locations over the skin
to elicit various sensations.
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