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Abstract

Tactile information about an object can only be extracted from population responses of tactile
receptors and their afferents. Thus, to best control tactile information in robots, neuroprostheses or
haptic devices, inputs should represent responses from full populations of afferents. Here, we
describe a simplified model that recreates afferent population responses of thousands of tactile
afferents in a personal computer. The whole model includes a resistance network model to
simplify the skin mechanics and an improved version of a single unit model that we have
previously described. The whole model was implemented by short and efficient python code. The
parameters of the model were fit based on a simple vibrating stimulus, but the simulated outputs
generalize to match receptive field sizes, edge enhancement, and neurophysiological responses to
dot textures, embossed letters and curved surfaces. We discuss how to use this work to model
haptic perception and provide guidance in designing and controlling highly realistic tactile
interfaces in robots, neural prostheses and haptic devices.
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.  INTRODUCTION

Tactile information is conveyed from the skin via 5 main afferent fiber types: the slowly
adapting type 1 (SAL), the slowly adapting type 2 (SA2), the rapidly adapting type 1 (RAL),
the Pacinian corpuscle (PC) and the C tactile (CT) [1]. Each afferent is associated with a
different class of tactile receptor. There is strong evidence suggesting that discrimination of
object properties such as edge orientation [2], shape [3], roughness [4], and texture [5], is
based on the population responses of 3 of these afferent types: SA1, RAl and PC [6, 7].
Present electrophysiological techniques limit our ability to record the responses of
populations of tactile afferents, so a rapid and accurate model of afferent population
responses would be an invaluable tool for controlling tactile devices, such as neural
prostheses or robots, and to investigate the mechanisms underlying the tactile perception.
The goal of the current work was to produce a model to recreate an afferent population
response based on the response data of single afferents, which could generalize to recreate
most response properties observed in the neurophysiological literature, while being simple
enough to allow for fast computation, thus being appropriate for real-time control of neural
prostheses or haptic devices.

Several studies have shown the viability of modeling single tactile afferents [8, 9], but there
are very few studies that have simulated population responses [10-12]. Using an integrate-
and-fire (IF) model and a continuum skin mechanic model, Saal et al developed a systematic
model called TouchSim to simulate population responses [13]. It successfully reproduced
afferent population responses to stimuli such as vibrating probes and tactile texture. The
parameters of the TouchSim model were optimized manually using pattern search and
genetic algorithms in Matlab [13]. The advantage of the TouchSim model is that it is able to
reproduce precise temporal patterns of afferent activity, in part due to the complexity of the
skin mechanics model. However, that complexity leads to slower processing with more
complex stimuli. Indeed, while previous studies have adopted skin mechanics models [11,
12] or combined them with single-unit models to reproduce the population response [13—
15], a precise model of skin mechanics requires many measured parameters and is time
consuming. As such, a main aim of this work was to create a simplified skin mechanics
model that would allow for fast processing even with complex stimuli.

Population responses of tactile afferents can be attributed to external factors (e.g. the
stimulus or contact force) and internal factors (e.g., the mechanics of the skin and the
arrangement of tactile receptors and their afferents). From the standpoint of internal factors,
a stimulus applied to the skin will cause skin deformation around the stimulus site. We
hypothesized that the pattern of indentation around a stimulus could be efficiently recreated
by the pattern of node voltages in a resistance network. Based on this, we proposed that the
skin can be treated as multiple nodes connected in a resistance network.
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Histological studies have also revealed that afferents branch, with single afferent fibers
innervating multiple receptors [16], which can yield complex receptive field with multiple
hotpot [17]. We propose that to simulate afferent population responses, we only need to
calculate indentation depths at sites of the tactile afferents, rather than for each receptor.
Indeed, our model treats the combination of the receptors and associated afferent as a single
unit for simplification.

Our resultant model utilized a skin contact model to generate input currents for the
resistance network model. Single unit activity was generated using an improved version of
our two channel-filter (TCF) model, and an IF neuron model converted the output to action
potentials. The model was fitted automatically using neural data recorded from single
afferents to vibrating probes and then tested with an array of tactile stimuli. The resultant
model replicates neurophysiological response properties to many forms of tactile stimuli and
runs in real time with about 2700 units at sampling rate of 300 Hz in Python.

[I. MetHops

The whole model is comprised of a simplified skin contact model (Fig 1a), a resistance
network model (Fig. 1b) and models of single tactile afferents (Fig 1c). As guided by the
green arrows, the stimulus was constructed into an equivalent probe array (EPA). The part of
the EPA in contact with the skin was defined as the SC (skin contact) image, which was then
down-sampled into a receptor image. To generate the currents inputted into the resistance
network, we covered a fixed area in the receptor image for each afferent as shown in the blue
dotted box in Fig. 1b. Then we constructed the impedance matrix (G) of the resistance
network to compute the node voltages. Finally, a single unit model was implemented to
convert the node voltages to action potentials.

The quantifying interaction between the EPA and skin (section 2A2), computing input
currents and output voltages of the resistance network (section 2B3), and the filter model of
single-unit (section 2C) are treated as the running model since they are changing when
interacting with objects. Other parts of model (described in section 2A1, 2B1 and 2B2
below) were set in the initial stage in simulation since they can be treated as constant when
interacting with hard stimuli. The core code of simulation model, all the variables and a link
to the code on GitHub can be found in the supplementary Methods.

A. A simplified skin contact model

1) Constructing the EPA—AnN objective stimulus can be defined as a set of probes
indented into the skin, orthogonal to the skin surface [13]. In this model, each probe has a
diameter (Dyp) of 0.2 mm. We create each stimulus by setting probe heights (which will be
converted to depth of indentation) across the EPA. Because the probes create a continuous
array, a flat surface can be created by having neighboring probes of the same height.
Supposed that Lgand Wgis length and width of the external rectangle of a stimulus surface.
The EPA is characterized as a matrix with dimension of mxn:

EPA = (hj)pyn i €112, ...m], jE€[1,2,...,n] N

mXxn
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Where m = int(W / Dyp), n = int(Lg/ Dy,). As noted above, Dy, is the diameter of the probe. In

order to ensure that all positions in the stimuli can be scanned by the skin area, we expand
the EPA image with a distance equivalent to the width of the skin contact area (L) on the
medial and lateral sides and by the length of the skin contact area (I4¢) on the distal and
proximal sides. Across this expanded area, probe height (/) is set to zero, as shown by the
grey blank area in Fig 1a. The resultant larger image is called the extended EPA (EEPA).

The model is also able to create a tactile representation from a visual image, which can be
used to construct natural texture EPAS. In this case, we extract height information according
to the pixel value from the image after gray-scaling and normalizing. The image is then
resized to a lower resolution to create the EPA image.

2) Quantifying the interaction between stimuli and skin—We directly computed
skin indentation depths as input for the resistance network. After constructing the EEPA and
the image, the indentation depths vector for inputs of the resistance network can be easily
calculated by scanning the SC image across the EEPA image frame by frame as illustrated in
Fig 1a. To characterize the scanning process between the SC image and the EEPA image, we
defined a vector to quantify the input interaction vector (1V) parameters:

IV = (x; yo Dp) 2
Where the x;, ;. (mm) is the contact position skin area center relative to EPA. The third

parameter in the vector 1V is D, (the depth that the stimulus indents into the skin), which is
the equivalent of £, (the force that the stimulus applies to the skin).

The final receptor image was down sampled by a factor (V) times from the SC image. Ny
was set to 1 for SAL, 1 for RAL, and 2 for PC afferents.

B. Resistance network model

1) Characterizing the distribution of tactile afferents and their coverage area
in the receptor image—To characterize the distribution of tactile afferents, the locations
of all the tactile afferents in the skin were arranged evenly over the sampled area according
to afferent densities (o, units/cm?). The p, of the three classes of afferents were taken from
[18], as shown in Fig. 2. To ensure that stimuli at any site on the finger can activate at least
one tactile afferent, we attributed each pixel in the receptor image to a tactile afferent
according to the its closest distance relative to the afferent site. ES;, ES,, listed in table 1, is
the Ak \j; matrixes of row and column entries of covering pixels in the receptor image for all
tactile afferents respectively. A, can be estimated according to the afferent density and Dy
(100/(pa><Dbp2)). As illustrated in Fig 2b, using the two matrixes we create a clear diamond
area in the receptor image for each of the tactile afferents in the fingertip.

2) Constructing the impedance matrix of the resistance network—As described
above, we chose to simplify the skin mechanics by treating the afferent population as a set of
tactile afferents of the same class connected in a resistance network. Here we describe how
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we constructed the impedance matrix to generate input voltages for the single-unit model
shown in next section.

The template resistance network is illustrated in Fig. 1b. The evoked activity from the
targeted unit is conducted to adjacent tactile afferents of same type through 4 identical
resistors, with A as the resistance of each resistor. According to the Thevenin node voltage

equation, the connection voltage u{*- V) of entry (w; V) is given as:

14 (w’U)_(u[(lw—l,v)+u((1w+1,v))_(u((lw,v—l)+ut(lw,v+l))
Cqy Rc ™ R. R, ®)
=i woe(.. -2, -1,01,2,..)

Where Cy is the conductivity of the resistance network Cy (<2), which can be used to
characterize the different RF sizes for different afferent types. The connection voltages (¢5)
of all nodes in the two-dimensional network were converted to a column vector (Ug). The
impendence matrix (G) was determined from the left side of equation (3). This results in the
Nx N matrix shown in Fig. 3, where Nis the number of tactile afferents.

3) Generating input currents and output voltages of the resistance network
—The input current for each tactile afferent was computed from pixels values in its covered
area resulting in a vector of depths indented into the skin at all afferent sites (D,). D, is
computed from receptor image using the matrix ES,, ES,, and D) as illustrated in step 5 in
the supplementary Methods. If the third parameter in 1V is force signal, O, (The depth that
the stimulus indents into the skin) can also be calculated as a function of the contact force
(Fp) according to elasticity theory

(1-&)-F, n-x-(Dop- Nas/2)’ @
by="mp P e

Where nis the total number of pixels in receptor image with values higher than 0. £and e is
the Young’s module and Poisson constant respectively.

As illustrated in Fig. 1a, the inputting node current vector (1, = [l;lg za{V]) for all the

tactile afferents connected in the resistance network was obtained by:

I,=Cs-D,+ E,

E,=C,- D, - var_r(RI[ESy, ES3]) ©
Where G is a constant coefficient of converting D, to current. The vector E; was used to
emulate edge enhancement and G, is the coefficient of edge enhancement. “var_n)”
represents the function of computing variance of a matrix by rows. E, was obtained by
computing the variation of the matrix after substituting the ES; and ES;, to RI by rows.
Previous studies have indicated that the receptive field (RF) is strongly related to afferent
branching. By incorporating ES; and ES; in the E;, we may improve the performance of
simulating afferent response properties such as RF size.
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The node voltage vector for all the tactile afferents connected in each resistance network
(Uyp) can be calculated by substituting the current vector (1) in following equation.

Uu,=G6""'-1, ®)

Where G™1 is the inverse matrix of G. According to equations (5), (6) and Fig. 3, the
response of the AN tactile afferent to the probe are positively related by R, - G~ (i, i) - iL.

Therefore the parameters of the resistance network are strongly reflected in the responses of
the single units. That is why the parameters of resistance network can be fitted by response
data of single units to vibrating probe.

C. Modelling single-unit

In the single unit model, the voltage of each node in the resistance network is processed by a
two-channel filter, in which the low-pass and band pass fitters were designed to mimic the
static and dynamic aspects of stimulus indentation respectively. Three afferent types are
modeled using a common circuit shown in Fig 1c. In our previous work [9], we showed that
the selective responses of RAL, SA1 and PC afferents can be modeled using a two-channel
filter (TCF) model. Here, we simplified our previous TCF model to quantitatively replicate
the selective responses of the tactile afferents, then constructed an IF neuron model to output
action potentials. The Laplace transfer function of the TCF model is given as below.

27 - fp 2
" om(S) Kot —5—S+Kp-S 27 - f +Ku-27r-f1
)= = - ’ . .
u,(S) 24 zfobS+ Ar2 . fl% S+2x-f, S +L2Pi; fi (7

« - ’

BPF

Where ¢, and vy, are the input and output signals of the TCF model, respectively. £, (Hz), Q
and # (Hz) are the center frequency of the BPF, the quality factor of the BPF and the cutoff
frequency of the LPF, respectively. The above transfer function can be discreetly solved by a
differential equation as shown in in step 5 in the supplementary Methods. Because afferents
tend to respond differently to stimulus onsets and offsets [19], we incorporated a weighted
rectifier (¢p) that was set to 0 for SAL afferents and to a value between 0 and 1 for RAL and
PC afferents.

There are several commonly used spiking neuron models, such as the Hodgkin-Huxley
model [20] and other more simplified models: Morris-Lecar model, and Integrate-and-fire
(IF) [21, 22]. We used a leaky IF neuron model which has computational simplicity and
applicability to simulate SA1, RA and PC afferents [23, 24]. The mean firing rate of the
neuron changes with the input voltage of the IF neuron model and can be given as follows
according to the literature [25].
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To reflect the saturation of the single afferent response, we limit vs to a range with an upper
limit of Viy = frmax - Vin * - frmax 1S the maximum firing rate, and was set to 120, 200, 300

for SA1, RA1 and PC units respectively.

D. Model fitting

We designed two steps for fitting the parameters automatically using response data of single-
units to sinusoidal vibration. The first step mainly focused on fitting the single-unit
parameters (e.g., %, Ky, Kp1) using a neural threshold (O, um)-frequency (#)
electrophysiological data (extracted from Figure 7 in reference [26]). The second stage
mainly focused on fitting the parameters of the resistance network model (e.g., Cs R, ¢p)
using firing-rate (#)-depth amplitude (ap,, vm) electrophysiological data (extracted from the
first column of Figure 4 in reference [7]) The objective function for fitting parameters of the
single-unit model is illustrated in the following equation.

_ Vth
Ky |H(j-2x- f)

Dy, (C)]

Where Dy, is the minimum indentation depth to activate a single tactile afferent.

Since the frequency characteristics of the model were determined after the fitting in the first
stage, we can fit the population parameters with neural data of firing-rates as a function of
depth under a single frequency. We select neural data under near the central frequencies (50,
100, 300Hz) for fitting the SA1, RAL and PC models respectively. The firing rate of each
tactile afferent is almost linear with the input voltage of the IF model as illustrated in
equation (8). The variance value in equation (5) for each afferent type can be computed by
the area of the probe in the reference [7] (0.25 mm?), and afferent density. Therefore the
function of fitting the population parameters using firing-rate data changed as a function of
depth can be evaluated as follows:

1

1 14+w
ch.RC.?.

—(Cs+ C, - var) - dp,
fr(dm) = Ky - Dip(f)
fr(dm) = frmax fr(dm) > frmax

f €150, 100, 300Hz] (10)

Where £ is the firing rate (spikes/s) The lower boundaries of all the parameters were set to
zero. We adopted a typical least squares fitting method using the Curve_fit module in the
Scipy.optimize library. In order to visualize whether the model parameters were correctly
fitted to match with original neural data, we present fitting curves for the first fitting step
(Fig. 4, top panels) and the second fitting step (Fig. 4, bottom panels), which show the Dy,
under different frequencies and f-under different depths respectively. The gray points show
the original neural data and the colored lines show the fitted output. Note that the data are
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very well fit, with R2s greater than 0.95 for the first fitting step and greater than 0.92 for the
second fitting step.

The conductivity of the resistance network (Cy; listed in the lower panels of Fig 4), which
can be used to get a rough estimate of receptive field size, is smallest for SA1s, greater for
RA1s, and greatest for PCs. For SA1s, Kp; is much high than Kj,, which is in accordance
with a previous conclusion that SA1 afferents respond about ten times more during dynamic
stimulation than during static stimulation [27]. Opc) > Qral) > Q(sal), and

foPc) > foRA1) > foesAl, indicate that our PC units are more sensitive to the stimulus

frequency than our RAL and SA1 units, which also matches well with the characteristics of
the 3 afferent types. The non-free parameters: fimax, £, and D, were set based on the
literature [7, 12, 18].

[1l.  SimuLaTion ExPERIMENTS

In order to identify whether our model is effective in predicting afferent responses to
different mechanical stimuli, we systematically compare simulated responses with recorded
neuronal data from the literature across a variety of well-established response properties. In
order to quantify how the output of our model compares to previously recorded neural data,
we plot the simulation data against the neuronal data and use linear regression to see if the
two data sets are correlated.

We present /2, which shows how much of the variance in the neural data is explained by the
simulation data, and the p-value from the regression using Pearson’s correlation method.
Because all previous neurophysiological studies have recorded neuronal data from only
single afferents, we test our model in the same way: recording responses of single units
localized at the center of the skin area. We do not present the simulation results of single-
units for sensory adaptation and frequency of neural threshold, since they are identical with
those shown in our previously published work [9]. Data from previous studies were
extracted from figures using GetData Graph Digitizer 2.25. Simulations were performed on
a personal laptop with an Intel Processor i7 7700HQ and 8 GB of memory. The sampling
rate for all simulations was set to about 1 kHz.

A. Responses to a vibrating probe

Our model was fit using sinusoidal data from Muniak et al [7]. We first ask whether the units
in our model generalize to other vibration stimuli used in that study. This includes
sinusoidal, diharmonic and band pass noise stimulation (probe diameter: 1 mm) at different
frequencies and different depths. To best test our model, we use the same metric of neural
activity used in that study: mean firing rate that a unit would be respond as a function of
indentation depth [7]. Since the simulated firing rates are identical across repetitions, the
simulated mean firing rate of single-unit was calculated as the number of spikes recorded
from one tactile afferent over a duration of 1 second.

Figure 5a plots the predicted responses (colored data) and the measured neural responses
(gray data) for the three stimuli (rows) and for the three afferent classes (columns). While
most of the predicted responses do not appear to mimic the neural responses, the model does
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a good job of replicating the trends of firing rate changes. This can be seen in Fig 5b, which
plots the observed responses against the predicted responses at 20 Hz for each of the afferent
units. For frequencies below 300 Hz, the A2s are almost all higher than 0.9 (listed in Fig 5a).
Only at the highest frequencies do the /2 start to drop, often because the observed neural
data approach zero, yet even then the model explains more than 50% of the variance. The
high correlations mean that our model does a good job of predicating the changes in
response. Note that neural responses of single afferents vary greatly [7], so the model’s
inability to precisely match the mean firing rate of the populations would not hamper any
control functions for operations for prosthetic devices.

B. Receptive field sizes

A well-known difference across afferent classes is in the size of their receptive field (RF)
[28], which is a basic property of single tactile afferents. The receptive field of any unit is
not a fixed area but its extent depends on the intensity and the kind of mechanical stimulus
used [29]. The next test of our model is to compare the RFs from the two classes of tactile
afferents in response to different indentations with published data from the literature [30].
Note that the model was not fit with RF size data, it was just fit based on the response to a
vibrating probe over the center of the RF combined with the implemented conductivity of
the resistance network.

To get an estimate of RF size as a function of indentation depth, we followed the underlying
protocol from Vega-Bermudez and Johnson [30]. Specifically, we simulated responses from
single-units by orderly indenting a probe (diameter: 0.5 mm) at each location shown in Fig
6a. Individual probes were indented over 200 ms and then withdrawn for 200 ms. Probes
were indented 50, 100, 200, 350 and 500 um. RF size was defined as the number of probe
positions where the response exceeded 2% of the peak response of that afferent when
stimulated at the center of the RF with the same indentation amplitude, divided by the probe
density (1.15 probes/mm?). Figure 6b shows the change in RF size as a function of
indentation depth for our model (green and blue lines), from Touchsim [13] (black lines) and
from the neural data [30] (gray lines). To compare the predicted RF sizes from the models,
we plot the observed against the predicted sizes in Fig 6¢. The RF sizes from our model
were well correlated with the actual RF sizes (R2>0.91, p<0.02); this strong relationship
suggests that our resistance network may be a good model of skin mechanics.

C. Responses to dot texture and embossed form

Texture and form perception at the fingertip is a critical component of sensory and motor
function in the hand [31]. Here we ask whether single units in our population model can
replicate responses to texture and form. In neurophysiological experiments, the single
afferent activity has been recorded by repeatedly scanning the texture or form over the single
unit, translating the stimulus in a perpendicular direction (typically by about 0.2 mm)
between scans. Since the resolution of the resulting spatial event plots (SEPs) depends on
the distance of this translation, rather than the space between units, we use the same method
to test our model. In an SEP, each small dot represents the occurrence of one action
potential. The time of occurrence of each action potential was assigned to a spatial location
relative to the stimulus surface by multiplying it by the scanning speed.
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In texture simulation, we first compared our model output to single unit responses (Fig 7a)
to embossed dot textures from reference [32]. The dot pattern is shown in the top panel of
Fig 7b. Each dot had a diameter of 1 mm and the center-to-center dot spacing decreased
linearly from 6.4 to 0.87 mm (from left to right) with the exception of a 10 mm patch at the
right, within which the dot spacing remained constant at 0.87 mm. Responses to the whole
pattern are shown in the lower panels of Fig 7b, which are equivalent to the SEPs from the
single unit data. To summarize the data, we calculated the same two metrics used in the
original study [32]. First, we calculated the mean impulses per second (MIPS), by averaging
within a window defined by the mean dot-spacing in that region of the pattern. The window
extended across the full height of the SEP, but only along the width of the SEP (i.e. the long
axis) by an amount equal to three times the local dot spacing. The second metric measured
the mean impulses per dot (MIPD), which is calculated as the total number of impulses in
the window divided by number of dots in the window.

Fig 7c shows the neural data (gray) and the output from our model (colored lines). With the
exception of the PC data, the model does a good job of replicating the responses. This is
illustrated in Fig 7d, in which we plot the observed data against the output of the model. We
show that the MIPS from the model for both the SA1 and the RA1 were well correlated with
the measured data (R? = 0.622 and 0.930, p=2.31x1073 and 4.16x1077, respectively). The
PC model MIPS outputs were not well correlated with the measured data, but still explains
more than 43% of the variance (p=0.020). The model MIPD outputs were even better
correlated with the measured data, with all RZ values greater than 0.94 (p<1.6x10~7). These
data show that a model fitted only on sinusoidal vibration is able to mimic response to dot
textures exceedingly well.

For form simulation, we simulated tactile afferent responses to scanned embossed letters
[33]. We selected 4 pairs of letters B-D, M-W, R-N, and Q-O, in which the first letter is
commonly perceived as the second letter. As with the texture analysis, we tested these data
using a single unit approach creating SEPs as the stimulus was moved along the input array.
As illustrated in Fig 8, we also observe letter similarity in the SEPs of our simulated SALs,
which look very similar to the raw data. The SEPs of our simulated RA1s and PCs looked
very similar to the raw data (from Figure 2 in reference [34]). In all simulations of scanning
the texture and form spatial representations carried by SAL units are sharper than those
carried by RA1 units, while PC responses are insensitive to the spatial structure of the
stimulus, which is consistent with results from previous neurophysiological experiments
[35].

D. Responses to static shape

All the simulations above and previous modeling studies [7, 32, 36] have dealt with dynamic
stimuli, such as texture or vibrating probes, but a major part of tactile perception deals with
shape, which is predominantly encoded during static grasping. Here we present a simulation
dealing with static responses to spherical surfaces with different curvatures based on refs
[37, 38], and to a 3-mm bar based on ref [39].

The spherical surfaces, with radii ranging from 1.44 mm (694.0 m™1) to 12.4 mm (80.6 m
~1), were constructed using multiple probes as shown in Fig 9a. Given that SA1 afferents are
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thought to encode shape [3, 37, 40], we focus only on this class of tactile afferent. We first
simulate how the firing rate of these afferents changes with the stimulus applied directly
over the tactile afferent under 3 different pressing forces (Fig. 9b). As is clear from the upper
panel, the output of our model has a different firing rate than the mean response of the actual
afferents, but, as noted above, this is not surprising as the model output is a single value and
individual afferents in the human [38] and non-human primate [37] have a range of
sensitives. What matters is the tight correlation shown in the lower panel (all R2>0.90, and
p<1.4x10~%), showing that the model output, which was trained on a vibrating probe, has the
same response function to a static shaped stimulus as the measured responses. Similarly, as
we move the center of the spherical surface from the center of the simulated tactile afferent,
in steps of 0.5 mm with a force of 0.15N, the shape continues to be encoded in the response
(Fig 9c). Across the 6 curved surfaces, R%s ranged from 0.839 to 0.957 (all ps<7.4x107°),
showing that the model does an excellent job of recreating the afferent responses as a
function of shape. Thus, the resistance network and the simulated SA1 tactile afferents are
able to mimic shape responses to static stimuli, even when the stimuli are placed remote to
the RF center and even though the model was fit with responses to vibrating probes.

A well-known property of SA1 afferent responses is edge enhancement [41]. This is best
seen when a flat stimulus with defined edges (such as in Fig 9d, upper panel) is indented into
the skin: responses to the edges are enhanced compared to the response of the plateau (gray
data in Fig 9d, middle panel), even though the indentation depth is the same. In order to test
this, we used the same strategy as in ref [41]. We created a 3 mm wide, 8 mm height, and 15
mm long bar as illustrated in Fig. 9d upper. The bar was indented into the skin to a depth of
1 mm for 1000 ms (rise and fall time equaled 50 ms). The firing rate was calculated from the
static phase of the response (600-950 ms) and compared to the observed response recorded
in the same window. The bar was repeatedly indented moving in steps of 0.2 mm parallel
with the width of the bar across a total distance of 8 mm, such that the bar started well away
from the RF center, moved across it and ended away from it. As illustrated in the green data
in the middle plot of Fig 9d, the edges of the bar evoked a higher firing rate for the simulated
afferents in a manner similar to that of the actual data, albeit with a different gain. The
bottom plot of Fig 9d shows the predicted firing rates as a function of the observed firing
rates. Although the predicted responses were correlated with the actual firing rates
(R2=0.856, and p=1.43x10717), they were not as well correlated as for the curved stimuli.
This is likely because our simplified model of skin mechanics does not perfectly mimic the
complexities of glabrous skin.

V. COMPUTATION EFFICIENCY EVALUATION

To evaluate the computational efficiency of simulating massive numbers of tactile afferents,
we present the maximum number of tactile afferents that allow real-time simulation
(MNTARS, as defined in [9]) at different sampling rates for each afferent type. We first
show the simulation time as a function of the number of tactile afferents (x-axis), number of
probe stimuli and sampling rate for the SA1 (Fig 10a), RA1 (Fig 10b) and PC (Fig 10c)
tactile afferents. MNTARS (Fig 10d) was then calculated from the x value at the point where
each curve crosses the line of y=1, i.e. where the simulation time takes 1 s. The code of
evaluating computation efficiency runs under the condition of keeping about 60% of the
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physical memory free. Independent of probe number, the current model runs in real time
with about 2700 units at a sampling rate of 0.3 kHz, at 1 kHz can handle about 900 units and
at 3 kHz can handle about 400 units.

V. Discussion

In the present work, we have simulated the responses of a large cutaneous afferent
population and have tested our model on a range of afferent responses as they were recorded
from the periphery. Although the model was only fit using a subset of data from probe
vibration, it did an excellent job of reproducing responses to texture, a wide range of probe
vibrations and statically presented shapes. In addition, it produced relatively realistic
receptive field sizes. This suggests that our model does a good job of simulating the neural
and mechanical processes going on in the periphery. It also suggests that most properties that
influence tactile perception are driven by the basic properties of the end organs in the skin: if
this were not true, then features such as shape or receptive field size would not be modeled
well by a simulation fit only based on the temporal response properties of vibration data.

A. Comparison with previous work

There are several models attempting to replicate tactile afferent responses in the literature.
Among these, the model designed by saal et al may be the most systematic one: it
successfully reproduced many properties of single units and population responses [13]. The
work of [8] may be most precise model to replicate the evoked action potential of PC
afferent, but is limited to just that class of afferent.

Afferent branching is not implemented in previous models and while we did not model it
here, we incorporated the idea of branching by covering a certain area for each tactile
afferent and connecting tactile afferents using resistance network. This gives us the potential
to simulate the afferent population response of the whole hand. In addition, the current work
can be implemented as a biomimetic model in electronic skin, as the model adopted in the
neuro-inspired e-skin [42], to convert signals of pressure sensor array into biologically
accurate tactile responses. A drawback of this approach is that our resistance network must
be a symmetrical grid, so the resolution of the system is limited by the grid, and not by the
size or arrangement of probes in the EPA.

The model in [12] and TouchSim [13] allows resolution to be set arbitrarily, but requires an
iterative operation to compute skin deformation. The benefits of this approach are that it can
more accurately mimic skin mechanics and provides more biologically realistic spike timing.
The down side is that as stimuli get more complex, the models slow down. By moving to a
simplified model of skin mechanics, we were able to run in real time with about 2700 units
at a sampling rate of 300 Hz in Python on a laptop independent of stimulus complexity.
Indeed, the computational efficiency of our model did not decrease as the number of probe
stimuli increased (Fig 10). Nonetheless, the computational efficiency of our model could be
further improved by decreasing the density of tactile afferents and /or increasing the
diameter of the basic probe.
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An additional benefit of our model is that it is relatively easy to fit the all the free parameters
using only single-unit responses to vibrating probes. After we have run the fitting code once,
we can copy the fitted parameters to the full network.

All of our tests of the model simulated a single-unit by repeatedly exploring (pressing or
scanning) the stimulus at or near the center of the tactile afferent. However, the model allows
us to record the responses of entire populations of afferents to multiple stimuli and recreate
response properties of dot textures, embossed letters, static shapes and other more complex
textures and shapes with a single presentation. Running such tests on this model will open
up a window into understanding how peripheral afferent populations encode stimuli. Perhaps
the most important benefit of the model described here is that the circuit network consisted
of resistor elements, which has the potential of being built on a real integrated circuit. such a
circuit would further enhance the model’s ability to simulation large populations of afferents
in real time.

B. Applications

Having an efficient and accurate mathematical model to quantitatively simulate tactile
afferents is useful in many ways. From a basic science standpoint, the proposed model can
be a powerful tool to investigate the sense of touch. Recording responses of human or
monkey afferents is technically challenging and only yields responses from a single afferent
at a time. Even multi-electrode arrays only yield responses from a sparse sample of afferents
[43], or the aggregate activity of a large number of fibers [44, 45].

There are also many practical implementations. As illustrated in Fig 11a, an exciting use of
this model is in brain-machine interfaces such as prosthesis. Like the Touchsim model
adopted in a recent prosthetic application [46], this model can also be used to converted
signals detected by sensors installed on the prosthetic hand into desired patterns of action
potentials, which can then be implemented in the peripheral nerve of amputated patients to
restore natural sensation of touch when contacting with an object.

Another application of the current model is in haptic devices which provide remote human
operators (such as in robot-assisted surgery [47, 48]) with a sense of touch. Despite
extensive research done in the field of haptics, current feedback technologies are far from
replicating the natural sense of touch. Implementing a model that can control haptic
feedback, by rapidly reproducing an afferent population response, benefits the efficiency of
presenting natural feedback for haptic devices. As illustrated in Fig. 11b, we can set several
stimulus levels for each actuator and record the population spiking trains for each level.
Then each actuator was controlled with stimulus level whose spiking train is most
approximate to the output spiking trains evoked by sensor signals.

As shown in Fig. 11c, the model of afferent population responses also provides a valuable
tool to investigate tactile perception properties such as roughness, and softness or vibration
intensity in response to different stimuli. Neurophysiological studies have shown that the
relation between our perceptions of these properties and population responses of the 3 tactile
afferents is clear. For instance, afferent responses are even better predictors of perceived
roughness accounting for 95% of the variance than is vibratory power [5]. Perceived
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vibration intensity is perfectly predicted by the weighted firing rate evoked in afferents
located under or near the locus of stimulation of 3 afferent types [7]. This work also lays the
foundation to implement spiking neural network of deep learning algorithm for predicting
tactile perception as shown in Fig 11c.

A frequently forgotten role of RA1 afferents is in the fine control of precision grip force:
local slips on the finger pad generate a slight increase in grip force [49]. An accurate model
of RA1 afferents, as in our model, would thus enable the automatic correction of precision
grip force in robots with haptic feedback implemented in this way.

C. Limitations

In this study, we present a simplified model to recreate key properties of an afferent
population response with the aim of being able to simulate the responses of large numbers of
afferents in real time. As noted above, there are significant trade-offs that we have made to
allow for this high processing speed. First, our model has a symmetrical grid and does not
have the flexibility to mimic the actual arrangement of afferent RFs on the skin. Second,
while the spike timing from our model is precise when tested with oscillating stimuli [9], the
spiking is not biologically realistic. As such, we have analyzed responses in terms of mean
firing rate. We think this is a reasonable trade off as many peripheral nerve recording studies
use mean firing rate as a metric, particularly for stimuli that do not move across the skin.
And while it is likely that spike timing precision is critical for dynamic stimuli [50], our
previous work shows similar phase locking to recorded responses [9].

Our model also shares similar limitations with other state-of-the-art tactile models. We chose
to only simulate responses for SA1, RA, and PC afferents. Given that SA2 afferents, since
they lack a clear response profile to vibrating stimuli, are predominantly responsive to
stretch and are not present in non-human primate glabrous skin, where most of the data in
the field has been recorded [16]. In addition, our model does not take into account the
curvature of the skin, however our EPA system supports simulating more complex stimuli in
3D coordinates while working within a two dimensional matrix. As such, we could
potentially incorporate the curvature of the skin by these means. However, it is unclear
whether the resulting outputs would accurately mimic responses of afferents on the side of
the finger [51]. Finally, like previous models, ours was also limited to solid stimuli indenting
directly into the skin.

VI. ConcLusion

The present work describes a model, which combines a skin contact model, a resistance
network model and single unit models to rapidly reproduce the responses of large numbers
of mechanoreceptive afferents. The model was fit with a simple vibrating probe stimulus
placed over the tactile afferent, but reproduces receptive field size and responses to texture,
embossed letters and statically presented shaped stimuli. Our model may provide ways to
control advanced neuroprostheses and robots and can be implemented to enhance the realism
of haptic displays of virtual tactile stimuli, or to design highly realistic prostheses with
tactile feedback.
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Fig. 1.
Schematic of the whole model. (a) Simplified skin contact (SC) model based on image. (b)

The resistance network model of connecting all sampled tactile afferents in fingertip skin
area shown as yellow curve box. In the skin area of fingertip, each red dot represents an
afferent (node) and was connected by 4 resistors. The white dotted lines in skin area
represent the boundaries for dividing the receptor image into several a small area for each
tactile afferent in skin area. (c) Model of the single-unit.
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Fig. 2.
(a) The sampled skin area in fingertip selected from a real human hand of a man. (b)

Distribution of tactile afferents and their covering areas (colored blocks) in receptor image.
The black dot localizing at the center of each covering area represent the site of each tactile
afferent.

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2022 February 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ouyang et al.

Fig. 3.
Matrix of resistance network of 164 SA1 tactile afferents in fingertip area
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Fig. 4.
Results of fitting parameters of single-unit (top) and population (bottom). Data points show

the recorded data and the colored lines show the fit of the model.
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Fig. 5.

(a) Mean firing rates from the 3 afferent units for the three types of stimuli. Open gray and
colored markers correspond to the measured neural data (adapted from ref. [8]) and model
outputs respectively. Numbers in square brackets represent frequencies tested in Hz. (b)
Relationship between the observed and predicted firing rates from the 3 afferent units for
sinusoidal vibration of 20 Hz. Dashed lines denote best fits.
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(a) Probe presentation locations relative to the tactile afferent location. (b) Receptive field
size as a function of the relative indentation amplitude for SA1 and RAL afferents from the
current model (green & blue lines), from a recent model (black lines, adapted from [13]) and
from the observed data (gray dashed lines, adapted from [30]). (c) Relationship between the
observed and predicted RF sizes using the TouchSim model [13] (left panel) and our model
(right panel). Dashed lines denote best fits.

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ouyang et al. Page 24

Distance [mm])

Distance [mm)]

(C) MIPS MIDP

-

Sovrdeed

o
owobhowoon

Mean impulses per dots

21 42 63 84 105 126 147 168 189 210
Position [mm]

Dot spacing [mm]

15.23

7.61 4

0.00
1523
7.61 4

0.00

15.23 4

761 4

0.00 <4
15.23 4

761 4

0.00 -

(d) MIPS MIDP
150 9 — 400+
A SAL R'=0622 A SAL Ri=0966
O RAL R?=0.930 O RAL R?=0.942
o PC. R'=0.431 200 [0 PG N=0904
£ 100 4 8
= =] =
970 o o
3 o o o7 = T 200 4 °
= 2 a e —‘b o 2 -
2 o ] @ ~
g 2 o] A0 B/U 2 -
= , 8 © 100 -
’ @a
S s o5
s b g e P ’ 2
v R il g od g7 f
T T T L T T R T
0.0 211 422 63.2 843 1054 1265 1475 1686 189.7 2108 “ S:redicte;wMIPS = - “:,ored“::; MI;:’O =0

Postion [mm]

Fig. 7.

Rgsponse to doted texture. (a) Observed SEPs reconstructed from single-unit responses of 3
tactile afferent types by repeatedly scanning the dot pattern across the skin at scanning speed
of 60 mm/s and pressing force of 0.6N. From [32], Copyright 1992 Society for
Neuroscience. (b) The top panel shows the EPS (probe height 0.5mm). The remaining panels
show the stimulated SEPs for the three classes of tactile afferents. (c) Observed (gray,
adapted from [32]) and simulated (colored) MIPS and MIPD plotted as a function of dot
spacing. (d) Relationship between the observed and predicted MIPS and MIDP.
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Response to embossed letters. (a) Observed SEPs reconstructed from single SAL units

T
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evoked by repeatedly scanning the letter with shift distance of 0.2 mm at the velocity of 20
mm/s and pressing force of 0.35 N (adapted from [33]). (b) Simulated SEPs reconstructed
from single units of the 3 afferent types. The top panel shows the EPS (probe height 1.0

mm).
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SA1 responses to surface curvature. (a) The EPS to emulate spherical surface with different
curvature. (b) Upper panel shows the recorded (gray, adapted from [37]) and simulated
(colored) firing rates as function of the curvature for SA1 afferents under different forces.
Lower panel shows the relationship between the two for each force. (c) Upper panel shows
the firing responses of single SA1 afferents (gray adapted from [37]) and simulated SAI
units (green) to the seven curvatures as a function of distance from the tactile afferent center.
Lower panel shows the relationship between the two for each curvature. (d) Upper panel
shows the EPA to emulate the 3-mm bar. Middle panel show firing rates during the static
phase of the response for observed (gray) and simulated (green) SA1 afferents as function of
the location with respect to bar stimuli. Lower panel shows the relationship between the
observed and simulated and firing rate.
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Fig. 10.
Evaluation of computation efficiency. (a), (b), (¢) Simulation time is plotted as a function of

the number of tactile afferents and as a function of the number of probe stimuli (9, 100, 400)
and the sampling rate (0.3, 1, 2 or 3 Hz) for simulating each afferent type. The number of
tactile afferents was adjusted by changing density (d) MNTARS changing with sampling
rates under different numbers of probe stimuli for each type.
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Schematic diagram of controlling haptic device and prosthesis and modelling tactile

perception using current model.
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