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Abstract

The present study aimed to identify the mechanism of tactile sensation by analyzing the regularity of the firing pattern of
Merkel cell-neurite complex (MCNC) under the stimulation of different compression depths. The fingertips were exposed
to the contact pressure of a spherical object to sense external stimuli in this study. The distribution structure of slowly
adapting type I (SAI) mechanoreceptors was considered for analyzing the neural coding of tactile stimuli, especially the
firing pattern of SAI neural network for perceiving the external stimulation. The numerical simulation results showed that
(1) when the skin was pressed by the same sphere and the depth of the pressing finger skin and position of the force
application point remained unchanged, the firing rate of the neuron depended on the synergistic effect of the number of
receptors connected with the neuron and the distance between the neuron and the force application point. (2) When the
fingertip was pressed by the same sphere at a constant depth and the different contact position, the overall firing rate of the
MCNC neural network increased with the number of SAI mechanoreceptors in the area where the force application point

was located.
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Introduction

Hand touching external objects is the major method of
tactile sense generation, because there are rich cutaneous
mechanoreceptors in hands that can provide physical
information of contacted objects to brain. From a biome-
chanical point of view, when a finger comes into contact
with an external object and produces relative motion, the
finger skin produces mechanical deformation such as
compression and stretching, and the mechanical stimula-
tion receptor located in the deep layer of the skin induces a
corresponding action potential. By activating internal ion
channel, neurons of the involved mechanoreceptors trans-
fer external physical stimuli into electric signal (Johnson
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2001; Maeno et al. 1998). The electric signal is further
delivered to nervous system of somatosensory cortex,
generating mental health with tactual perception. Human
cutaneous mechanoreceptors can be classified as slowly
adapting type and rapidly adapting type according to their
rates of adaptation. The former corresponds to fast and
transient variation of stimulus, and the later corresponds to
slow change (Johnson 2001).

A study on tactile receptor neurons (Johansson et al.
1982) found that the firing rates of Merkel cell-neurite
complexes (MCNCs) belonged to SAI mechanoreceptors
because the mechanoreceptors were sensitive to the fea-
tures of objects (surface texture and curvature) and had a
high spatial resolution. Based on Iggo and Muir’s findings,
Merkel cell-neurite complexes are thought to be the touch
receptors that initiate SAI responses of off afferents for
encoding the details of objects (Iggo and Muir 1969)
(surface texture and curvature). When the fingertip touched
the outline of the object, the SAI mechanoreceptors
responded to the skin deformation. Srinivasan and Lamotte
(1996) stimulated macaque monkeys (fingertips with a
variety of regular geometric objects) and analyzed the
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relationship between the induced firing rate and the
deformation components of soft tissue so as to simulate the
firing rate of SAI mechanoreceptors to this kind of
mechanical stimuli. It was found that the induced firing rate
of this tactile receptor was proportional to the maximum
tensile strain of the soft tissue in itself and its vicinity.
Gerling et al. proposed a combined model of skin
mechanics (finite element model, FEM), current transduc-
tion and neurodynamics (leaky integrate-and-fire model,
LIF) to analyze the evoked firing rate of these tactile
receptors (Kim et al. 2010; Gerling and Thomas 2008;
Wang et al. 2016). According to Abraira and Ginty (2013),
a single neuron could not encode accurate information
about the characteristics of external stimuli, but the tactile
information could be encoded through a cluster network.
Most of the recent studies used the finite element model to
transform indentation on the skin’s surface into distribu-
tions of stress and strain. The corresponding receptor cur-
rent was calculated using the current transduction model to
analyze the firing rate of a single mechanoreceptor neuron
under external stimuli. However, the mathematical model
could not be used to analyze the other mechanical and
physical properties of external stimuli, the spatial distri-
bution of skin tactile receptors, and the dynamic process of
neural networks.

The present study focused on the energy transfer and
neurodynamics of skin MCNCs under the pressure of
spherical objects. Not only the curvature and pressing
depth of the force-applying object but also the effect of the
number of MCNCs at different locations should be taken
into account for encoding an external stimulus to analyze
the neural response of fingertip skin to sustained normal
compression stimulation. Therefore, based on the findings
of Kim et al. (2010), Gerling and Thomas (2008), this
paper presented a combined model composed of the model
of contact mechanics (Sripati et al. 2006; Hodgkin and
Huxley 1990), improved current transduction model,
Hodgkin—Huxley model (Phillips and Johnson 1981) of
single MCNC, and structural neural network model of
MCNC cluster to analyze the neural activity model of SAI
mechanoreceptor neuron network. Based on MCNCs
cluster, this study investigated mainly two problems: (1)
The firing rates of receptor neurons at different locations
without changing the indention depth of the skin at the
fingertips were related to the shape of the force-applying
object and the position of the force application point. (2)
The overall distribution of the MCNC network by changing
the force application point and not changing the indention
depth of the skin at the fingertips and the shape of the
force-applying object.
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Four kinds of models and methods
Contact mechanics model

The contact mechanics model proposed by Phillips and
Johnson is suitable for one-dimensional stimulation (Phil-
lips and Johnson 1981; Shimawaki and Sakai 2007) (for
example, grating). In reality, external stimuli should not be
limited to one-dimensional. Therefore, the model was
extended in this study, where a rigid sphere was pinched at
the fingertips as an example. The contact area is generally
spatial ellipse, here it is simplified as a concave geomet-
rical shape (Johansson and Vallbo 1980). The deformation
and stress distributions of the skin after external stimula-
tion were first calculated to understand the encoding of the
external stimuli on the skin.

According to the contact mechanics theory (Sripati et al.
2006), the contact pressure between two objects is shown
in Eq. (1). By studying this kind of contact deformation,
Johnson obtained the vertical displacement of the surface
of the body, namely the closed-form solution of the shape
variable (Sripati et al. 2006; Phillips and Johnson 1981), as
shown in Eq. (2).
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is the equivalent radius, ay = v/ R*d is the contact radius,
F =4a*E*/3 is the force acting on the sphere, py =
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Tay R*
tance from the force point, U(r) is a skin shape variable at

a distance of r mm from the force application point, and

is the pressure of the contact center, r is the dis-

E* = (1 - V?ki")/Eskin + (1 - V’Z"“’)/Ema,

is the equivalent Young’s modulus of two contact objects.

Gigli et al. (2008) showed that the area of the first
knuckle skin was about 4.7 cm?. On this basis, the first
knuckle skin of the index finger was modeled mathemati-
cally. For saving calculation cost, in this study the com-
putational area for skin contact was set as 6 cm?, and the
length and width of the calculated area were 30 mm and
20 mm, respectively. Then, the stress and strain of the soft
tissue in the area were calculated. MCNCs were located at
the epidermal-dermal junction (Maksimovic et al. 2014;
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Montagna et al. 1993). The epidermis had the Young’s
modulus of 1.36 x 10> Pa and Poisson’s ratio of 0.48, and
the dermis had the Young’s modulus of 8.00 x 10* Pa and
Poisson’s ratio of 0.48 (Briggaman and Wheeler 1975;
Munger and Ide 2011). The equivalent Young’s modulus of
skin was calculated based on the Young’s modulus and
Poisson’s ratio of the epidermis and dermis.

Current transduction model

When the fingertip touched the outline or edge of an
external object and the receptor under the skin was stim-
ulated by pressure, a membrane potential change occurred.
The process of converting the change in pressure stimula-
tion into the change in membrane potential was not only a
kind of energy transduction but also a process of nerve
signal transduction. According to the function of the four
kinds of low-threshold mechanoreceptors in tactile dis-
crimination (Johnson 2001; Johnson et al. 2000), slowly
adapting type I mechanoreceptor (SAI) was a MCNC
located at the epidermal-dermal junction and mainly dis-
tributed at the fingertip. It was sensitive to sustained
indention (Johansson et al. 1982). Therefore, how the SAI
mechanoreceptor converts the external physical stimulus
calculated by the contact mechanics model into an elec-
trical signal was the reason for the establishment of the
present transduction model.

Previous researchers studied the properties of coded
stimuli by recording their neural firing rates by direct
mechanical stimulation of the rapidly adapting Pacinian
corpuscles (Gii¢li and Bolanowski 2002). In contrast,
MCNCs were embedded in skin tissue because they were
not similar to Pacinian corpuscles. Therefore, no indepen-
dent MCNC force transduction mechanism existed. Dan-
dekar and Srinivasan expressed the transformation of
external physical stimulation by strain energy density in
1997 to better understand the mechanism of force trans-
duction in MCNCs, which had a good prediction for the
response of neural activity (Srinivasan and Lamotte 1996).
That is, the strain energy density is proportional to the
firing rate of the MCNCs. A previous study (Kim et al.
2010) showed that the strain energy density of MCNCs
under pressure was closely related to the firing rate of SAI
mechanoreceptors. Their skin was stimulated by external
stimuli, and the external stimulus properties were studied
by means of energy transformation (Kim et al. 2010;
Gerling and Thomas 2008; Wang et al. 2016). The formula
for calculating the strain energy density follows as:

> 2 (1) (3)

= E Toct
where Up(r) represents the strain energy density with the
skin squeezed within a unit volume of r from the force

Uo(r)

application point, G represents shear modulus of elasticity,
and 7,.(r) represents the octahedral shear stress at the
point, where 6., 0,,, and o, are normal stresses and where
Tyys Txz» and Ty, are shear stresses.
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where R = vr2 + 22, z=U(r), 0 = 45°.
The formula for calculating shear Young’s modulus G is
shown in Eq. (6), where E is the skin’s Young’s modulus
and v is the Poisson’s ratio of the skin.
_E
S+

(6)

Previous studies Iggo and Muir (1969, Srinivasan and
Lamotte (1996) found that the sigmoidal function could be
used to transfer strain energy density (SED) generated by
the external stimulation of the fingertip skin into the
induced current of MCNCs. The formula for converting
SED into induced current is shown in Eq. (7) (Gerling and
Thomas 2008). Among them, o, A, and 7y are
adjustable parameters whose values are adjusted to fit the
typical response of SAI mechanoreceptors.

1
I(r) = o T e7(—Uo(r) )

The distribution of SAI mechanoreceptors and the
minimum threshold of induced displacement were of great
importance to the neural coding of external stimuli to
describe the transduction current of SAI at different loca-
tions of the force point precisely (Gerling 2010). The dis-
placement threshold of SAI afferent nerve stimulation was
1-5 pm (Abraira and Ginty 2013). Therefore, the minimum
induced displacement threshold was 5 pm in this study.
Giigli et al. supposed that rapidly adapting (RA)
mechanoreceptors followed the uniform, random, and
semi-Gaussian distributions from the fingertips to the first
knuckles so as to study the coding of skin sensory nerves in
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vibration perception (Wheat and Goodwin 2000). The
vibration frequency and amplitude of the original stimulus
were mostly reproduced using Gaussian distribution.
Goodwin et al. observed that SAls and RAs had similar
distribution characteristics (Goodwin and Wheat 1999;
Woo et al. 2015). In this study, the Giiclii’s method was
used to describe the distribution of SAls in the range of
20 x 30 mm? using the Gaussian function.

In the Cartesian orthogonal coordinate system shown in
Fig. 1, the direction of the fingertip was x, and the direction
perpendicular to the fingertip was y. The anatomical
observation of SAI mechanoreceptors by Goodwin showed
that the SAI mechanoreceptors were randomly distributed
in the y direction. The distribution density is shown in

Eq. (8).
1
L) = {20
0

In the x direction, the SAI mechanoreceptors satisfied
the semi-Gaussian distribution, and the distribution func-
tion increased to the fingertip, which could be expressed as
follows:

0<y<20 mm (8)

Other conditions
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Here, d(= 0.75) was the number of SAI mechanore-
ceptors per square millimeter; dpu. (= 1.29) and
din(= 0.143) were the maximum and minimum numbers
of SAI mechanoreceptors per unit square millimeter,
respectively; /(=30 mm) and w(=20 mm) were the
length and width of the skin area of the fingertips,
respectively; and o, 5, and ¢ were three basic parameters;
all parameters were solved in the Matlab software. The
minimum induced displacement threshold of SAI
mechanoreceptor was found to be 5 pm, and the trans-
duction current formula could be rewritten as follows:

1

I(x,y) = {“W U(x,y) >5 pm
0

U(x,y) <5 um

(10)

where (x,y) were the mechanoreceptor coordinates calcu-
lated in accordance with the SAI mechanoreceptor distri-
bution. The coordinates of the applied force point were set
to (xo,Y0), and the distance between the SAI mechanore-
ceptors and the force application point was expressed as

r= \/(x — x0)2+(y — yo)*. I(x,y) was the inductive cur-
rent of each MCNC.

H-H model of a single MCNC

For single MCNC, leaky integrate and firing model was
often used in the previous studies (Wang et al. 2016) to
calculate its firing rate which could predict the strength of
external stimulation. However, LIF model could not
describe the signal transduction mechanism in molecular
level. Lumpkin et al. found that the mechanical conduction
channels in MCNCs could convert external stimuli into
electrical signals, and the electrical currents could activate
sodium, potassium, and calcium channels (Kim et al. 2010;
Woo et al. 2014, 2015; Marshall and Lumpkin 2012).
Then, action potentials were triggered to transmit tactile

Fingertip
%l
Contact Area
—
¥
> Body 1
y

Fig. 1 A simplified model diagram of fingertip contact objects
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information to the brain and eventually produce a tactile
sensation. Therefore, based on the structure and working
principle of MCNCs, an influx of Ca®" ions occurred
besides the transport of Na™ and K* ions and leakage
current (Reid et al. 2003; Tazaki and Suzuki 1998; Chan
et al. 1996), as described in the classical H-H model
(Phillips and Johnson 1981) when the epidermis was
exposed to external stimulation, the stimulated current of
this model I(x, y) was calculated using the second model.

Therefore, the differential equations of the H-H model
established in this study were modified to the following
forms:

de
Cmi = gl(El - Vm) + gNam3h(ENa - Vm)

dt
+ gKn4<EK - Vm) + gC¢1Lmh<ECaL - Vm) + 1
(11)

where C,, is the membrane capacitance; V,, is membrane
potential; Ey,, Ex, and E¢,. were the Nernst potentials of
sodium, potassium, and calcium, respectively; E; was the
potential with zero leakage current. g;, g, and gc,. were
the variable conductance of leakage channel, sodium
channel, potassium channel, and calcium channel, respec-
tively (Maio et al. 2016; Wei et al. 2017). The variable
conductance of three sample channels was described by a
set of nonlinear differential equations:

ig—adﬁfw By
%:cxm(l —m)—pf, (12)
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0.01(10 + V,, — V,) <m—w>
y = . B, = 0.125
ey 1 T e (g

01254+ Vu—V,)

2, = - D B =
exp () — 1]
Vm - Vr . _ 1
o = 0.07exp< 20 )7 By = exp[(%) + 1}

where V, was resting potential.
Network structure model of MCNC cluster

Giiclii et al. observed the distribution of SAI mechanore-
ceptors in the fingertips of cats and monkeys (Maksimovic
et al. 2014) and found that each MCNC was connected with
only one SAI fiber, but one SAI nerve fiber was connected
with 28 MCNCs on average. The center of the SAI
mechanoreceptor or receptive field was distributed parallel

to the skin surface. According to Abraira and Ginty (2013),
MCNCs did not appear in a single individual form at the
epidermal-dermal junction. They were always clustered
under the epidermis to receive external stimuli, which were
converted into electrical signals. It was transmitted to the
cerebral somatosensory cortex via off fibers (Woo et al.
2015; Bessou and Perl 1969; Burgess et al. 1974).There-
fore, it was of great significance to construct a network
model of MCNC clusters in accordance with the distribu-
tion of SAI mechanoreceptors to study the encoding of
external stimuli.

The anatomical structure of SAI mechanoreceptors and
experimental data showed that the fingertip 20 x 30 mm?
computing area was divided into 20 subregions of equal
area with the length and width of 6 mm and 5 mm,
respectively, as shown in Fig. 2. It was assumed that the
MCNCs in each subregion were connected to the one end
of the same SAI nerve fiber. According to the second
model, the number of receptors was not the same for each
subregion with the same area.

The other end of the SAI nerve fiber was connected to a
neuron, and the neurons in each subregion were labeled
with 1-20. Each neuron was connected only with the
neurons in the adjacent subregion. Orange lines are used in
Fig. 2 to indicate the existence of the connection. The
connection between the two neurons meant that the two
neurons were coupled and bidirectional, and the coupling
intensity between the two neurons was assumed to be
equal. In a statistical sense, the range of synaptic coupling
strength between neurons was from the random value of
uniform distribution (Rubinov et al. 2011; Aouiti 2016;
Peters et al. 2017; Manivannan et al. 2016; Mizraji and Lin
2017). Based on the data provided in a large number of
published studies, it was assumed that the values were
randomly distributed in the range of 0.1-0.3. The final

20mm

|_.5mm,_|

!
{2
g |
E
.

* 30mm+ ‘

Fig. 2 Schematic diagram of a structural network of the Merkel cell-
neurite complex of glabrous skin
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value of the connection weight between neurons is deter-
mined by the overall firing rate of the network. In this
study, a network structure consisting of 20 neurons was
constructed. The stimulation current of the ith neuron was
equal to the sum of the transduction currents generated by
all MCNCs in the subregion, as shown in Eq. (14). The
average distance between the MCNCs connected by the ith
neuron and the force application point was calculated,
which was used as the distance between the ith neuron in
the region and the force application point, as shown in

Eq. (15).
Ni
L= (xigyi) (i = 1,2,...,20) (14)
=1
N; 2 2
z ik — + ik —
Ri:Zkfl\/(ch %) +(vix = yo) (i=1,2,...,20)
N;
(15)

where N;(i =1,2,...,20) was the number of MCNCs
connected by the ith neuron.

Simulation and result analysis

Based on the neural dynamic combination of contact
mechanics, current conversion, and skin mechanoreceptor-
induced response, the coding method for the overall firing
rate of MCNC cluster network and the position of appli-
cation points of objects was further studied. As a prelimi-
nary exploration, the evoked neural response model of the
neural network under the same stimulus intensity and dif-
ferent force application points was calculated.

Modeling verification

First, the same one-dimensional stimulation (grating) as in
Phillips and Johnson experiments was used to squeeze the
skin, as shown in Fig. 3b, to verify the combined model
proposed in this study. The depth of squeezing skin was
1000 pm. The grating width used in model validation was
5 mm, the first adjacent grating spacing was 3 mm, and the
second adjacent grating spacing was 5 mm, as shown in

Bepth=1000um
= 3mmree Smm > Smm Smm "

* Smm

Fig. 3 Firing rates of SAI mechanoreceptors at different locations
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Fig. 3b. By combining the first three models to calculate
the firing rate of SAI mechanoreceptors at different loca-
tions, the simulation results shown in Fig. 4 indicated that
the firing rate of the mechanoreceptor neuron in the edge
area pressed into the grating was obviously higher than that
in the nonedge area. This was because SAI mechanore-
ceptors were sensitive to external stimuli, consistent with
the experimental results in Fig. 3a (Phillips and Johnson
1981).

Diagram stimulation of strain energy density
and distance

As shown in Fig. 5, sphere with 5 mm radius is used to
squeeze skin, and the pressed depth is changed to perform
numerical simulation and obtain corresponding correlation
diagram between strain energy density(SED) and the force
application point. For the same calculation area, the
external stimuli in Fig. 5 are 1, 2, 3, 4, and 5 mm. It could
be observed that (1) the minimum value of SED increases
with external stimuli (pressed depth). When the vertical
deformation of skin is 0, the corresponding SED is 0. The
appearance of the second peak in SED attributes to the
elasticity of skin. When the skin is squeezed, the skin will
sink. However, the skin not contact with external stimuli
will show bump. Therefore, in the range beyond contact
radius, the SED is still higher than 0 within a small range.
(2) The pressed volume of sphere increases with pressed
depth. It means that the external stimuli width becomes
wide, and the curve of SED also changes. Relative to radius
of applied sphere, when the pressed depth is smaller, the
highest point of SED is in the largest deformation quantity.
When the pressed depth gradually increases, the SED in the
largest deformation quantity gradually decreases. The
curve of SED changes from sharp peak into sunk shape,
which is in line with Johanson’s result (Phillips and
Johnson 1981).

The firing pattern of SAl mechanoreceptor
neurons under the same sustained pressure
and same force point

The force application point used in this simulation study
was located at the center of the calculation area of
20 x 30 mm? to simplify the model. Also, the skin was
squeezed with a sphere of 2 mm radius, and the extrusion
depth was 1.5 mm. The firing rate of neurons in different
subregions, the average distance from the force application
point, and the number of Merkel cells connected by each
neuron were calculated. The relationship between the
response of SAI receptors neurons in different subregions
and the average distance of the force application point was
analyzed to explore the effect of these two factors on the
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Fig. 4 Firing rates of MCNCs at different locations
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Fig. 5 Strain energy density distribution under different pressed depths in skin

encoding of SAI mechanoreceptor neurons, as shown in
Fig. 6. Further, the relationship between the response of
SAI mechanoreceptor neurons and the number of Merkel
cells connected by each neuron was analyzed in different
subregions, as shown in Fig. 7. All raw data were stan-
dardized within the range of [0, 1] to analyze the firing rate
of SAI mechanoreceptor neurons, the distance between the
neurons and the force application points, and the number of
Merkel cells connected by SAI mechanoreceptor neurons
in the same range. The division of the subregions in Fig. 2
indicated that the force application point was closer to the
number 8 and 13 neurons than the neurons in the other
subregions. Figure 6 shows that the firing rate of the
number 13 neuron was the highest, but the firing rate of the
number 8 neuron was not the second highest. Although the
average distance from the points of number 18 neuron to
the force application point was greater than the average

distance from the points of number 8 neuron, the firing rate
of the former was greater than that of the latter, indicating
that the distance from the point of action to the force
application point was not the only factor affecting the firing
rate. Figure 7 shows that the number of Merkel cells con-
nected by number 18 neuron was greater than the number
of Merkel cells connected by number 8 neuron. Conse-
quently, the firing rate of number 18 neuron far away from
the force application point was slightly higher than that of
number 8 neuron. These findings suggested that the firing
rate of neurons depended on the combination of the number
of mechanoreceptors and the distance from the stimuli,
explaining the difference in the discriminative ability of
different regions of the finger under the same stimulus.
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Fig. 6 Relationship between the firing rate and different neurons under the same stimulus
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Fig. 7 Relationship between firing rates of different neurons and the number of connected receptors under the same stimulus

Firing pattern of SAl mechanoreceptor neural
network under the same sustained pressure
and different force points

The experience of external stimulation on touching objects
in different positions of fingertips was different. To explore
this difference, the geometric center points of 20 different
subregions in Fig. 2 were selected as 20 different positions
of force points for the simulation experiment. The number
was consistent with the number of neurons in the subre-
gion. A sphere with a radius of 2 mm was still used to
squeeze the skin with a depth of 1.5 mm. The relationship
between the response of the MCNC neural network and the
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number of receptors in the subregion of the force point was
analyzed according to different force application points.
Figure 8 shows that the number of Merkel cells in the
subregion of the force application point directly affected
the response of the neural network. The firing rate of the
whole neural network increased with the number of Merkel
cells in the subregion of the force application point. On the
contrary, the firing rates of the whole neural network
decreased with the number of Merkel cells in the subregion
of the force application point.
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Conclusions

The relationship between the deformation of the anterior
fingertip under the spherical normal force and the firing
rates was quantitatively analyzed and calculated by
numerical simulation in this study based on the neural
network model of the Merkel cell-neurite complexes at the
fingertip. The conclusions were as follows:

1. Due to the elastic properties of fingertip skin, the strain
energy density curve obtained by numerical calcula-
tion accorded with the curve model of skin deforma-
tion obtained by measurement. The comparison
revealed that the amplitude of strain energy density
increased when the force sphere with a smaller radius
and the force sphere with a larger radius acted on the
same indentation depth under different stimuli.

2.  When the skin was pressed by the same sphere, and the
depth of the pressing finger skin and the position of the
force application point remained unchanged, the firing
rate of the neuron depended on the number of receptors
connected by the neuron and the synergistic effect of
the distance between the neuron and the force appli-
cation point. The model proposed in this paper
considers the distribution of fingertips of MCNC, so
the discharge rate of neurons is not only affected by the
physical properties of external stimuli, but also by the
distribution of subcutaneous receptors. The combina-
tion of these two effects can have a nonlinear effect on
the discharge rate of neurons.

3. When the skin was pressed by the same sphere, the
depth of the pressing finger skin was constant, and the
position of the force application point changed, the
overall firing rate of the SAI mechanoreceptor neurons

increased with the number of the SAI mechanorecep-
tors in the area where the force application point was
located.
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