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Abstract

RA-I receptor plays an important role in human haptic perception, detecting the
stimuli that produce minute skin motion (fluttering, slipping, micro-geometric surface,
low-frequent vibration). The high-level understanding of human tactile sensing is
convinced to provide important hints for tactile sensor design by which raises the
level of tactile sensitivity and acuity of robots to human range. This study was
motivated by the idea to look for such hints through investigating the poorly known
generation process and spatial configuration of RA-I tactile receptors. We expect to
find the potential use of this knowledge in producing micro tactile sensors densely
and designing high-sensitive sensor cover effectively. However, both topics are not
well-investigated at the moment. In this study, we conducted a series of experiments
to discover these missing pieces. Our approach includes both anatomical method
for investigating the generation process of RA-I receptors and simulation method for

investigating the effect of spatial configuration on them.

Firstly, we observed the development of RA-I receptor in-vivo by using conven-
tional fluorescent observation on cross-sectioned samples. We confirmed the develop-
ment process of RA-I receptor in ICR mouse. Consider the limitations of conventional
method, we develop a novel method involved with two-photon microscopy and DiO
staining technique. The novel method allows us to repeatedly observe the develop-
ment of RA-I on the same living mouse, which is not possible in traditional methods.
Early result of the two-photon imaging of MC during development period leads us to
an idea that the development of MC might be triggered globally by the dermal events

(for instance, the growth of phalanx, extension of skin).

Secondly, we develop a finite-element model which mimic the three-dimensional
configuration of dermal papillae (the location where the RA-I receptor distributed).
The strain energy density tends to concentrate more at RA-I receptor, in comparison
with a model with two-dimensional configuration of dermal papillae. In addition,
this mechanical response at RA-I receptor also appears to help discerning the spatial

configuration of similar indenters. In term of tactile sensor design, this finding could
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help improve the elastic cover which usually reduces the spatial resolution of the
Sensor.

Thirdly, we seek an interpretation of the neurophysiological phenomena where the
RA-I afferent (innervated into RA-I receptor) fails to represents the stimulus with
the width less than 3 mm. We extended the previously developed model of skin with
a transduction layer and synthetic sub-model. The implementation of synthetic sub-
model is based on the fact that a single RA-I afferent usually innervates a number
of RA-I mechanoreceptors. The output of synthetic sub-model appears to be well-
fitted to the neurophysiological data. Therefore, the model can be used for further
investigating the mechanism underlying the population response of RA receptor to
many types of stimulus such as depressed patterns, gratings, slipping. This finding
also suggests the role of branching method in signal pre-processing process at the

receptor level.
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Chapter 1

Introduction

1.1 Motivation

Haptic perception is an essential cognitive activity for both human and robots to
explore the surrounding environment safely and effectively. The mechanoreceptors are
the end organs of the sensory system in human skin, which provide to us the tactile
feedback from the surrounding environment. One can consider tactile receptors as
haptics sensors that transduce the mechanical stimulus into the neural signals. The
high level understanding of human tactile sensing is convinced to provide important
hints for tactile sensor design by which raises the level of tactile sensitivity and acuity
of robots to human range. This study was motivated by the idea to look for such hints
through investigating the poorly known generation process and spatial configuration

of tactile receptors.

1.2 Background

The mechanoreceptors are located at different layers of skin (i.e. epidermis, dermis,
and subcutaneous tissue). They signalize physical properties, such as shape, size,
and texture, of an object that is touched and transmit the signal to the brain (Fig.
1-1a). There are four types of mechanoreceptors, namely Pacinian corpuscles, Ruffini

endings, Merkel cells, and Meissner corpuscles. Pacinian corpuscles, Ruffini endings,
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Figure 1-1: (a) Three layers of skin and their related mechanoreceptors. (b) Illustra-
tions and briefs of four types of mechanoreceptors .

Merkel cells, and Meissner corpuscles are the end organs of rapidly adapting type-
IT mechanoreceptors (RA-II) and slowly adapting type-II mechanoreceptors (SA-II)
that correspond to SA-I mechanoreceptors and RA-I mechanoreceptors, respectively.

Each type of mechanoreceptors perceives a different kind of sensations (see Fig. 1-1b).

Meissner corpuscles (MC) are located at the dermal papillae, i.e. the middle
concave-convex region between epidermis and dermis layers of skin. Meissner cor-
puscle vigorously responses to low-frequency vibration, and in charge of important
sensations such as fluttering and slipping. Among mechanoreceptors, the structure
of Meissner corpuscle is the most complex and unique, primarily consisting of spiral

axons (spring-like), lamellar cells and outer capsule fibrils (Fig. 1-2). Interestingly,
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Figure 1-2: (a) Observation of Meissner corpuscle by Confocal Laser Microscopy. (b)
[llustration of components of Meissner corpuscle.

despite the complex structure the density of Meissner corpuscle is extremely high in

the mammalian fingertip (from 10-24/mm?).

Various kinds of microscopy can be used for observation of Meissner corpuscle,
such as confocal microscopy, transmission electron microscopy (TEM) or scanning
electron microscopy (SEM). Although the anatomical shape, distribution, and com-
ponents of Meissner corpuscle are recognized, they have been mostly determined from
observations of fixed tissues. Therefore, knowledge of their development process is
limited by the lack of interactive environment and the individual differences among

samples.

The theoretical behavior of spring-like axons inside the Meissner corpuscle has
drawn interests from a number of authors. For instance, an apex of dermal papillae
containing MC can be assumed as a rubber model in which showing MC might be
fully stimulated by pressure coinciding with its axis. Meissner corpuscle was also
modeled as a spring for investigating the corpuscle characteristic frequency. Despite
being mathematically possible, these mechanical behaviors have not been observed

yet.

In addition, various simulation studies attempted to investigate the mechanical
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properties of skin microstructure and their effect on mechanoreceptors (i.e., RA-I,
SA-I, RA-II, and SA-II) by using finite element modeling. The models are usually
simplified as two-dimensional cross-sections of skin with elastic materials. As the
rapid development in computer technology, the number of three-dimensional complex
models which include viscoelasticity and hyper-elasticity of skin is growing in recent
years. Strangely enough, very few studies have focused on spatial configuration of
Meissner corpuscle. Therefore, the role of related surrounding environments (dermal

papillae) remains unclear.

1.3 Our objective and approach

Our objective of this study is to provide a deeper insight into the generation pro-
cess and spatial configuration of Meissner corpuscle, or in other words, RA-I (rapidly
adapting type-I) receptor. We expect to find the potential use of this knowledge
in producing micro tactile sensors densely and designing high-sensitive sensor cover
effectively. Our approach includes both anatomical method and simulation method.
Firstly, we use the conventional immunostaining method and confocal laser scanning
microscope for observing the in vivo generation process of the RA-I receptor. Con-
sidering the limitations of the conventional method, we develop a novel method for
observing RA-I receptors in a living mouse repeatedly. Secondly, we simulate the
three-dimensional microstructure of skin by finite-element method and estimate the
mechanical response at the position of RA-I receptor during indentation. The model
is then extended with computational layers to interpreting the neurophysiological

phenomena.

1.4 Organization of the Thesis

The thesis is organized as follows.
In Chapter 2, we introduce the related works in RA-I receptor researches. The

related works are categorized into three major approaches: anatomical approach, skin
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mechanics approach, and neurophysiological approach. Our previous work involved

with the proposal of tissue-engineering approach is also mentioned.

In Chapter 3, we observe the development of RA-I receptor in-vivo. By using fluo-
rescent observation on cross-sectioned samples, we confirmed the development process
of RA-I receptor in ICR mouse. Consider the limitations of conventional method, we
develop a novel observation method involved with two-photon microscopy and DiO
staining technique. The novel method allows us to repeatedly observe the RA-I re-
ceptor on the same living mouse, which is not possible in conventional methods. An
early result of the two-photon imaging of MC during development period leads us
to an idea that the development of MC might be triggered globally by the dermal
events (for instance, the growth of phalanx, the extension of skin). For discussion, we

provision the impact of development mechanisms of RA-I receptor in sensor design.

In Chapter 4, we develop a finite-element model which mimic the three-dimensional
configuration of dermal papillae (the location where the RA-I receptor distributed).
The strain energy density tends to concentrate more at RA-I receptor, in comparison
with a model with two-dimensional configuration of dermal papillae. In addition, this
mechanical response at RA-I receptor also appears to help discerning the spatial con-
figuration of similar indenters. In term of tactile sensor design, this finding could help

improve the elastic cover which usually reduces the spatial resolution of the sensor.

In Chapter 5, we seek an interpretation of the neurophysiological phenomena
where the RA-I afferent (innervated into RA-I receptor) fails to represents the stim-
ulus with the width less than 3 mm. We extended the previously developed model of
skin with a transduction layer and synthetic sub-model. The implementation of syn-
thetic sub-model is based on the fact that a single RA-I afferent usually innervates a
number of RA-I mechanoreceptors. While the mechanical response at RA-I receptor
is consistent with previous simulation, the output of synthetic sub-model appears to
be fit to the neurophysiological data. Therefore, the model can be used for further
investigating the mechanism underlying the population response of RA receptor to
many types of stimulus such as depressed patterns, gratings, slipping. This finding

also suggests the role of branching method in signal pre-processing process at the
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receptor level.

Finally, Chapter 6 presents conclusions and directions for future work.
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Chapter 2

Related works

We categorize the RA-I receptor related research into three major approaches, i.e.

anatomical approach, skin mechanical approach, and neurophysiological approach.

2.1 Anatomical approach

Rapid adapting type I (RA-I) mechanoreceptors, also called Meissner corpuscles
(MC), are one kind of fast adapting mechanoreceptor in glabrous skin. They dis-
tribute at the dermal papillae, the middle region between epidermis and dermis. The
receptors are oval in shape and have the most complex and unique structures among
mechanoreceptors, primarily consisting of neural axons, lamellar cells and outer cap-
sule fibrils.

The afferent axonal fibers are derived from dorsal root ganglion and oriented into
a spiral shape at the dermal papillae. These fibers are stacked between lamellar
cells and both of these structures are covered in a capsule of collagen fibrils [§],
[9], [10]. Our understanding of the architecture of the Meissner corpuscle (MC) has
followed advancements in microscopy technology. The observation usually involves a
combination of silver staining or immunolabelling techniques with microscopy, which
include light microscopy (LM) [11, 12, 8,9, 13, 14] , confocal laser scanning microscopy
(CLSM) [10, 15, 16, 17, 18], transmission electron microscopy (TEM) or scanning
electron microscopy (SEM) [19, 20, 21, 22] .
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Despite knowledge of the physiological and morphological functions of MC (for
reviews, see: Munger et al. [23]; Johansson and Vallbo [24]; Esther P. Gardner et al.
[25]; Amanda Zimmerman et al. [26]), mechanical transduction is still not understood.
Cauna [12] and Takahashi-Iwanaga and Shimoda [22] proposed a mechanism for the
response of the axon in MC to mechanical stimuli. Their hypothesis was extended
by Kuroki et al. [27] through numerical simulation. However, up to now there have

been no practical observations of MC performing work .

2.2 Skin Mechanical approach

Previous studies attempted to investigate the mechanical properties of skin microstruc-
ture and their effect on mechanoreceptors by using finite element modeling. Various
modeling techniques (from macrostructures to microstructures) were proposed in the
biomechanics literature.

In term of macrostructures, a significant model corresponds to the three-dimensional
(3D) model of a whole fingertip that was developed based on real human and monkey
fingertip geometry by Dandekar et al. [28|. The strain energy density (SED) calcu-
lated at the SA-I receptor location of this model was matched with neurophysiological
data reported by Phillips and Johnson [29]. A model of the same scale was devel-
oped by Gerling et al. [30] with extensive transduction and neural sub-models that
convert the SED into neural spikes. The model matched surface deflection in human
experiments conducted by Srinivasan [5] and exhibited a good correlation with single
afferent responses obtained by Johnson [29] as well as psychophysical results derived
by Goodwin [31]. However, fingerprints and other microstructures of skin, such as
intermediate ridges, dermal papillae, and fibril structures, were not included in the
fore-mentioned macro-structured 3D models.

Results indicate that the microstructures strongly affect the deformation of skin.
Hence, an important challenge involves the modeling of skin microstructure to inves-
tigate its effect on mechanoreceptors. Maeno et al. [32] developed a two-dimensional

(2D) plane strain model based on cross sections of a human fingertip as opposed to us-
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ing a whole-fingertip model. Their “intermediate ridges” and fingerprints (also called
“papillary ridges”) are based on a 2D model developed by Srinivasan [33]. Maeno et
al. found that the SED were more concentrated at the apexes and bases of inter-
mediate ridges. Gerling [4] developed a similar model without fingerprints because
fingerprints do not appear to affect the distribution of stress and strain at the tips
of intermediate ridges (SA-I locations). The model confirmed that the intermediate
ridges might focus SED at the location of SA-I receptors but do not affect the SED

distribution.

Meanwhile, scarce attention focused on RA-I receptors, which share the interme-
diate ridge with SA-I receptors. Current models with or without intermediate ridges
tend to focus on positions of the SA-I receptors. The 2D model [32] barely exhibited
any effect of the intermediate ridge with respect to the stress concentration at the

positions of the RA-I receptors.

2.3 Neurophysiological approach

The rapid adapting type-I (RA-I) receptors, type I (RA-IT) and slow adapting type-I
(SA-T), type-II (SA-II), each respond to different stimulus characteristics (For details,
see [34]).

Rapid adapting type-I (RA-I) receptors are believed to be responsible for the de-
tection of stimuli that produce minute skin motion (flutter, slip, microgeometric sur-
face features). The neurophysiological experiments on monkey (for instance, Phillips
et al. [35], Blake et al. [7]) showed that the RA-T afferents fail to represent the stim-
ulus with the width less than 3 mm. A recent study from Bensmaia et al.|3| reveals
the anisotropy in afferent response to grating orientation. It is unclear whether the
skin’s mechanics or the specific afferent branching of mechanoreceptors themselves

accounted for these phenomena.
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2.4 Proposal of tissue engineering approach

A novel approach involves an in vitro systems that approximate the biological activi-
ties of the sensory neuron would become the most sustainable method for investigating
the mechanical behavior of Meissner corpuscle. Researchers have already examined
two other types of mechanoreceptors: Merkel cells, Pacini corpuscles, and their af-
ferent axons in vitro for years (see review in [36]). So far as we know, the in vitro
protocol for Meissner corpuscle is not available.

In previous work [37]|, we proposed the basic concept of tactile sensor based on
tissue engineering and some hypotheses of approaching methods. The big idea is
to culture the axons which are derived from dorsal root ganglion in-vitro and then
make them transformation into Meissner Corpuscle before using them as sensing el-
ements. At present, researchers have found various factors which may change the
profile of axon in vitro. The topographical [38], chemical [39], electrical [40], opticals
[41, 42, 43, 44| cues and a wide variety of hybrid approaches such as electro-chemical
[45], optofluidic flow [46], photo-chemical [47] cues have been employed for the pur-
poses of axonal guidance. Most of these approaches are based on attractive guidance
principles. In our concept, the axon is expected to form RA-I receptors through the
generation process or the regeneration process. Even though the knowledge about
how the generation process occurs in-vivo was lacked, the concept of tactile sensor

based on tissue engineering has become the starting point of this presented study.
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Chapter 3

Explication of in-vivo development

process of RA-I receptor

In the first half of this chapter, we examine the development process of RA-I receptor
by using confocal laser scanning microscopy for a small time increment. In the second
half, we propose a novel less invasive imaging method that incorporates a staining
technique with lipophilic carbocyanine DiOCy4(3) and two-photon microscopy. This
combination allows us to repeatedly observe the Meissner corpuscle in a living mouse
which is impossible by the other conventional methods. The results demonstrate the
potential of this live-imaging technique as not only an effective alternative observation
method but also as a practical interactive approach for examining MC mechanical

behavior. The potential uses of our novel imaging method are discussed.

3.1 Introduction

In the conventional approach, sample tissues are sliced into thin serial sections and
then fixed before treating with specific antibodies to label individual components. For
example, the antibody against neurofilament (NF), protein gene product 9.5 (PGP
9.5), is widely used for immunolabelling axons while protein S-100 and vimentin are
reliable markers for lamellar cells, which are derived from Schwann cells [13, 20].

After these operations, the tissue may be deformed or even damaged. Cut sections
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are usually a few tens of micrometers in thickness and enclosed between a glass plate
and an overlaid thin film. Even though cut sections can reach around 70 pm in
thickness (thicker than MC dimensions) with a vibratome [18], they tend to contain
an entire MC. Furthermore, the inconsistency of samples in time-lapse observation
is a limitation of the conventional approach, which makes the analysis problematic.
Therefore, an in vivo observation method would be useful for gaining further insight

into MC function.

Herrmann [48] proposed noninvasive in vivo reflectance confocal microscopy of
MCs without using fluorophores. CLSM can penetrate into tissue to a depth of
approximately 50 pum, barely reaching MC locations. This technique shows the den-
sity of MCs as discoidal objects inside dermal papillae cavities, which is useful as a
neuropathological measurement in, e.g., Charcot-Marie-Tooth disease [49] and HIV
[48]. However, the resolution is relatively low and incapable of visualizing the axon

morphology inside an MC.

In recent years, two-photon imaging, developed by Denk et al. [50], has all but
replaced confocal imaging as the standard method for studying deep tissue. By using
near-infrared light, this technique has been shown to penetrate deeper in high scatter-
ing tissues such as in vivo skin with high resolution [51], [52]. The samples prepared
for two-photon imaging can be both fixed or alive, for imaging of labelled neurons,
microglia, astrocytes, blood vessels, dendritic spines and axonal varicosities in living
mouse brain [53], [54], [55], [56]. Amit [57] carried out two-photon microscopy of the

MC of transgenic mice in a study of diabetic neuropathy.

In the next section, we demonstrate an observation of the development of MC
by conventional approach. After that, we propose a in vivo imaging method for MC
in the normal living mouse fingertip. This method involves two-photon excitation
microscopy and injected DiOCy4(3) dyes for labelling the neuronal cells. The mice

survived after both the injection and observation processes.
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3.2 Confocal Laser Scanning Microscopic Observa-

tion of MC$ development in Mouse

3.2.1 Immunostaining and observation technique

Animal housing and experimental procedures complied with the ethical guideline of
the Miyata Laboratory, Department of Anatomy and Cell Biology, Nagoya University
Graduate School of Medicine. 8 ICR mice in their post-natal days (from PD4 to
PD13) were fixed by perfusion fixation through the heart. The hands were cut off
and preserved in 20% Sucrose for 1 day. Then the distal pulp was frozen in Optimal
Cutting Temperature (O.C.T) compound (Sakura Finetek USA, Inc.) and cut into
25-pm thick serial sections, parallel to the longitudinal axis of the finger. There were
60 cross-sections in total for each sample.

The primary antibodies PGP 9.5 (UltraClone Ltd., dilution 1:400) was used to
staining the MC-related axons. Fluorescence images were captured by a confocal laser
scanning microscope (Olympus FV-1000) using 10x, 20x, and 40x objective lens.
The laser wavelength was 473 nm. The captured images were post-processed using
ImageJ and Microsoft Powerpoint software so that the maximum labeling intensity

and contrast were comparable for each sample.

3.2.2 Results

Fig. 3-1 shows the typical development of MC from PD4 to PD13. The dermal
papillae were already presented before the development occurred. At PD4, a single
axon was found penetrating into an apex of dermal papillae. The tip of innervated
axon was already bent at this stage. After a few days (from PD5 to PD7), the
number of axons in one apex of dermal papillae increased. It is hard to distinguish
which axon was the firstly penetrated one. At PD12, the axons began to gather
together, indicating the formation of outer collagen capsule. The egg-like shape of

MC was found at PD13 with the width of 15-20 +1 pm and the length of 20-30 £1

.
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Figure 3-1: Development of Meissner Corpuscle in CLSM observation. The thick
green profiles are PGP-9.5 labelled axons. Scale bar = 50 pm.

The development process is consistent with those observed by [13, 19, 58, 11]. The
drastically change of MC-like profile is expected because the sample was not the same
between stages (one of the limitations of CLSM mentioned in Section 3.1). As the
result suggested, the lateral innervated axons appear to rather follow the course of
first innervated axon than deform by themselves. Therefore, the deformation of the

first innervated axon should be the key point in the whole development of MC.

3.3 The Axonal Origin of Mechanoreceptors and The
Concept of Lipophilic Dye Staining

The afferent axons of mechanoreceptors are derived from the sensory neuron body in
the dorsal root ganglion (DRG). From the DRG, axons extend down the full length
of the arm as a part of the brachial plexus, cross the armpit, elbow and palm, and
reach the third phalanx of the finger. The axons continue to branch extensively, and

the dividing axons then follow the left and right sides of the phalanges, presenting
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Figure 3-2: Illustration of sensory neural pathway and injection locations.

two parallel lines until the fingertip (for the detailed pathway in the human, see [59]).
The axonal pathway of the mouse is illustrated in Fig. 3-2.

A lipophilic dye is injected at one position on the neural pathway and then ob-
served at another distal position (here this is the fingertip where the density of MCs
is highest) as the dye diffuses. The lipophilic dyes are the standard neuronal tracers
for in vivo tissues and cell research in physicochemistry and biophysics [60], [61], [62],
[63]. They are nontoxic and highly fluorescent. After injecting, the lipophilic dye
enters the plasma membrane and diffuses laterally, labelling the neuronal projections
(axons). They can remain for weeks to allow time-lapse observation [62]. There are
many types of lipophilic dyes, e.g., Dil, DiA, DiO, DiD, and DiR. Each has unique
fluorescence excitation and emission characteristics. In this study we use DiOCy4(3),
3,3’- Dihexadecyloxacarbocyanine Perchlorate, which is excited by a 484-nm laser
with a green emission (501 nm).

The direct injection of lipophilic dye into the DRG was surgically examined by
Fischer [64]. However, to be as minimally invasive as possible, all injections in this
study were performed without surgery by using anatomical markers. The result of
injecting DiOC44(3) at different locations along the neural pathway is presented in

Section 3.4.3. The subjects observed with the two-photon microscope were injected
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at both sides of the third phalanx using a locating method described below.

3.4 Development of Two-photon Imaging Methods

3.4.1 Staining Technique

DiOCq4(3) crystals (Molecular Probes Inc., USA) were diluted in Ethanol 99.5 (10
mg/mL) solution by an ultrasound vibrator. Next, the container was centrifuged,
and then stored in a dark box at normal room temperature (23 °C).

All experiments were conducted with ICR mouse fetuses (from 2 to 33 days post-
natal).At 2 postnatal days (PD2), 12 mice were injected simultaneously. The mouse
movement during injection was restricted by putting them into an icebox for 3—4 min.
The injection device was a Narishige Electric Microinjector IM-31, which consists of
three main parts: gas compressor, foot switch and pulled glass capillary injection tip.
By adjusting the gas pressure, the device can supply a small amount of dye in each
step. In this study, the pressure was set at 40 kPa, equivalent to 2-3 uL/step. The
capillary tip was 50-60 pm in diameter and beveled at 65°. Injection was performed
manually.

DiOCi4(3) dye was injected directly into both sides of the third phalanx of the
point, middle and ring fingers (the thumb and small finger were each only a few
millimeters in length and not injected); see Fig. 3-2. Because blood vessels and
neural axons track together throughout the body, including in the fingers [59], [65],
the closer the injection to the blood vessel, the greater chance that the associated
axons will be stained. A halogen backlight was used to expose the position of the
blood vessels. The light passed through the almost transparent skin of the mice,
displaying parallel red lines on both sides of the phalanx. These lines indicated the
position of the blood vessels where the injection should be made.

The mice were then returned to their mothers and monitored until the observation
date. The injected mice were left 2 days before pre-checking by a fluorescent stere-

omicroscope (Leica M165FC). At PD4, they were observed through a 10X ocular lens
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Figure 3-3: Components of the fixation device.
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and a 1.6X objective lens to determine whether the DiOCy4(3) had diffused to the

fingertip.

3.4.2 Two-photon Observation Procedure
Mouse anesthesia operation

The mouse was treated with Somnopentyl (diluted in phosphate buffered saline (PBS)
solution, 1:10, 510 pL), which caused anesthesia. While anesthetized, the heartbeat
still caused micro-vibrations, which were visible under the high-magnification mi-
croscope. A fixation device was developed to reduce the influence of these micro-
vibrations (Fig. 3-3).

The mouse finger was laid on a thick square base at the center of a dish, surrounded
by a rubber ring (22 mm in diameter), and 5 g of Agarose S Gel powder mixed in
100 mL of PBS solution was heated up to 80 °C in a microwave oven. The Agarose
S cooled down to around 40-50 °C at room temperature, and was then dropped into
the rubber ring. A thin glass film and steel weight (5.25 g) were placed on top, lightly
pushing the hand downward. When the Agarose S reached 36 °C, it began solidifying
and thus restricted the movement of the finger. Since the objective lens was of water
immersion type, a layer of pure water was added on top. The surface tension kept

this layer from leaking out during observation.
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Microscope Setting Up

In this study, we captured images using a two-photon microscope and lasers of 900
nm wavelength. The laser power was approximately 2.8 mW, controlled to +10%.
The images were collected from the skin surface to a depth of 150 pm. The image
resolution was set at 512 x 512 pixels (0.16 pum pixel width). The stacks of two-photon
images were produced from 1 pm serial optical sections.

The image sequence was post-processed by Imagel] software (ver. 2.0, FLJI dis-
tribution) [66] for stacking and three-dimensional reconstruction. Axonal tracing in
three-dimensional space is performed with the Simple Neurite Tracer plug-in [67].

The observation lasted approximately 1 hour, excluding preparation. We visually
checked the mices respiration and body temperature after observation and warmed
the mice up, if necessary, before returning them back to the cage. There were neither
signs of burns nor apparent behavioral problems; the mice recovered after a few hours

without incident.

Identification of Meissner corpuscles

A profile was identified as an MC by the following criteria: a location within the
tips of dermal papillae (at a depth of 100-150 pm from the surface); the long axis
approximately perpendicular to the dermal-epidermal junction; the presence of an
encapsulated spiral structure; and dimensions in the range of those reported for MCs
in mouse specimens (10-30 pm in diameter and less than 35 pm in length [13], [14]).
These criteria were adapted from [48] with modification of depth and dimensions for
a mouse.

For further examining the observed profiles, we fixed the mice by perfusion fix-
ation through the heart. The distal pulp was frozen in Optimal Cutting Temper-
ature (O.C.T) compound (Sakura Finetek USA, Inc.) and immediately cut with a
vibratome into 25-pm thick serial sections, parallel to the longitudinal axis of the
finger. The sections were treated with the primary antibodies PGP 9.5 (UltraClone
Ltd., dilution 1:400) and S-100B (ProteinTech Ltd., dilution 1:700), separately. Flu-
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Figure 3-4: DiOCy4(3) injected mouse fingertip at PD4. Light fluorescent microscopy
(488-nm filter). The stained afferent axon of the middle finger shows a white fluo-
rescent line, extending from the base of the finger to the fingertip (arrowhead). The
white dots at the base of the fingers (arrows) are the injection locations. The distal
pulp of the middle finger is glowing, in contrast to the other fingers.

orescence images were captured by a confocal laser scanning microscope (Olympus
FV-1000) using a 40x objective lens with 4x digital zoom). Because the label in-
tensities often differed between the antibodies, the images compiled for illustrative
purposes in Fig. 3-9, Fig. 3-10, Fig. 3-13, and Fig. 3-14 were adjusted using Im-
ageJ and Microsoft Powerpoint software so that the maximum labelling intensity and

contrast were comparable for each antibody.

3.4.3 Results

Success rate of DiOC;4(3) staining technique at different positions of sen-

sory neural pathway

This experiment involved 87 PD2 mice. The DiOCi4(3) dye was injected into the
DRG, armpit, elbow, middle palm, and the third phalanx separately.

Fig. 3-4 demonstrates a successful injection, observed at the middle finger of PD4.
As the stained axons run in parallel on both sides of the phalanxes, the diffusion of
DiOCy4(3) resulted in two white fluorescent lines, extending from the base to the

fingertip of the middle finger (Fig. 3-4). The concentrated dot at the base of the
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Table 3.1: Success rate at different injection locations

Position Number of individuals | Success Rate (%)
DRG 31 0
Armpit 5 0
Middle palm 31 22
The third phalanx 20 80
(with lamp support)

finger is where DiOC4(3) was injected. The fluorescent intensity is graduated from
the base to the fingertip. Unsuccessful injections produced a fluorescent concentration
at the base of the fingers only (the other fingers in Fig. 3-4).

Table. 3.1 presents the success rate at each position of the neural pathway, defined
as the percentage of fluorescent individuals in one attempt, regardless of the number
of fluorescent fingertips per mouse. The only acceptable success rate (80%) was found

in the case of injection in the third phalanx.

Two-photon imaging of Meissner corpuscle in living mouse

In mice, the MC attains its mature form at PD22 [19], [13], thus the two-photon
imaging was performed at PD33 (the 31st day after injection). This experiment was
performed with a Nikon A1TRMP microscope and a high magnification lens, Nikon
Fluor 40x DIC 0.8W (Nikon Corporation, Tokyo, Japan).

The MC-like profiles were found arranged in a row in dermal papillae (Fig. 3-5)
at a depth of 150 pum from the surface, with their long axis oriented vertically. In a
dermal papilla, the corpuscle presented alone (Fig. 3-6) or grouped (Fig. 3-7) with
a complex spiral shape. Fig. 3-7 demonstrates a single afferent axon branching into
several corpuscles. The dividing axon penetrated through the base of the corpuscle
and presented discoidal fringed regions along the trajectory (Fig. 3-8a). A corpuscle
was selected for further examination by neural tracing image analysis and a three-

dimensional reconstruction of 30 serial optical sections (z step of 1 um; Fig. 3-

40



Figure 3-5: A row of Meissner corpuscles (dotted line) in a living PD33 mouse fingertip
at a depth of 100 pum from the surface, acquired by a two-photon microscope and 40 x
water-immersed lens. Scale bar = 20 pm.

8b, 3-8¢). Two axons, with diameter varying from 2-4 pum, penetrated into the
corpuscle. The corpuscles varied from 20-30 +1 pm in length and from 10-16 £1
pm in diameter. These measurements satisfied the criteria described in Section 3.4.2.

Fig. 3-8d demonstrates a 60 degrees rotation to the right of the reconstructed MC.

Fig. 3-9a—c show a stack of 46 confocal optical sections (z step of 1 um) of an MC,
post-stained by antibody PGP9.5. The cross section was derived from a DiOCy4(3)
injected mouse at PD19. The DiOCi4(3) dyes remained after fixation but much
less intense as in live observation (Fig. 3-9a). The overlaid image revealed the co-
expression of the remained DiOCi4(3) and post-stained PGP9.5 at the observed MC
(Fig. 3-9c).

The other post-stains at PD24 (with S100B) showed that S100B stained profiles
also co-existed at the position of DiOCjy¢(3) labelled profiles under low magnification
(Fig. 3-10a—c). However, the higher magnification (2x digital zoom) revealed that
the S100B profiles associated but not overlapped the DiOCj¢(3) labelled profiles (Fig.
3-10d-1).
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Figure 3-6: Detailed profile of a single Meissner corpuscle (dotted line) labelled with
DiOC4(3), acquired by 40x water-immersed lens and 4x digital zoom. PD33. Z-
stack of 20 serial optical sections (z step of 1 pm), two-photon microscopy. The
afferent axon penetrates through the base and tortuous course toward the apex (ar-
row). Scale bar = 20 pm.

Repeated observation of a Meissner corpuscle in a short period

Two mice were repeatedly observed over a short period using an Olympus FV-
1200MPE microscope and an Olympus XLPNL25XWMP2 lens (Olympus Corpora-
tion, Tokyo, Japan). A type FV10-MRV/G (Olympus) filter was used for capturing
the fluorescence of both the collagen (autofluorescence at 440 nm) and the injected
DiOCy4(3) (emission at 501 nm). In Fig. 3-11, the autofluorescence of collagen was
rendered as red for better contrasting with DiOC;4(3) (green). As a result, the dermal

papillae and the other landmarks became recognizable.

Fig. 3-11a-c represents the same fingertip of the same mouse at PD19, PD20 and
PD24, respectively. During this period, the size of the fingertip gradually increased
while the fluorescent intensity slowly decreased. The location of targeting MC also
shifted distally from the position in the first observation (PD19); however, the pat-

tern of DiOCy4(3) and the surrounding landmarks remained. This pattern and the
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Figure 3-7: Detail profile of grouped Meissner corpuscles (dotted lines) labelled with
DiOC4(3), acquired by 40x water-immersed lens and 4x digital zoom. PD33. Z-
stack of 20 serial optical sections (z step of 1 um), two-photon microscopy. One
afferent axon branches into several corpuscles (arrow). The morphology of the neigh-
boring corpuscle is varied. Scale bar = 20 pm.

landmarks helped to track the single MC-like profile (Fig. 3-11d), which appeared to
satisfy all the criteria described in Section 3.4.2. The three black circles, which acted

as the landmarks, are the cross sections of the tips of dermal papillae.

3.5 Early results of Two-Photon Imaging of MC in

development period

In this section, we attempt to use the two-photon imaging methods in observing the
development of MC in-vivo. One mouse was observed repeatedly at PD9 and PD16.
The procedure is the same as described in Section 3.4. The images were captured
by using the Nikon-A1RMP microscope with Nikon Fluor 40x DIC 0.8W lens. The

default settings of microscope render the autofluorescence of collagen fiber as blue.

Fig. 3-12a-b represent the axonal profiles at PD9 and PD16, respectively. In-
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(c) (d)

Figure 3-8: Analysis of a single Meissner corpuscle labelled with DiOCy4(3). (a) An
axonal profile of MC. There are two discoids along the course (arrowhead). (b) Ax-
onal course of (a) in three dimensions by ImageJ demonstrates two separate axons
penetrating into MC. (c,d) Three-dimensional reconstruction from traced axons con-
firms the spiral shape of MC. (d) is rotated 60 degrees to the right with respect to
(c). Scale bar = 10 pm.

evitably, the two-photon axonal profile highly resembles those observed at the same
period in CLSM (from PD7 to PD13 in Section 3.2). The similar profiles at PD16
suggested that the neighbor MCs may mature simultaneously. Even though the devel-
opment of MC required a more detailed two-photon imaging in small time increments,
this result leads us to an idea where dermal events (for instance, the growth of pha-

lanx, the extension of skin) trigger the development of MC globally.

3.6 Discussion

3.6.1 The multiple mechanisms theory of the development of

MC

The development of the MC has been extensively investigated in primates and mice
[13, 19, 20, 58, 11|. The development period for these two species is different: from 17—

24 weeks estimated gestational age to newborn in primates [58], and from newborn to
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Figure 3-9: Immunofluorescence labelling of MCs in 25 pm thick sections. (a) A
remained DiOCy4(3) profile (dotted line) after fixation was revealed by green filter.
In cut-section, the intensity of background of DiOCi(3) labelling was higher than
PGP9.5 labelling. For illustration purpose, the background was suppressed by in-
creasing the contrast and digitally remove lower signals by using Despeckle filter of
ImageJ. (b)The PGP9.5 labelled profile was revealed by red filter. (c¢) Overlaid image,
yellow indicate the observed profile was definitively labelled with both DiOCy4(3) and
primary antibody PGP9.5. Scale bar = 20 pm.

approximately 25 days after birth in mice [19]. The first axon is believed to penetrate
into the tip of the dermal papilla, perpendicular to the skin surface. After a period
of time, the axon at the tip of the dermal papilla orients parallel to the skin surface,
and then becomes spiral. Our observation by both confocal laser scanning method

(Fig. 3-1) and two-photon imaging method (Fig. 3-12) confirms this process.

Our observations lead to the thought that the development of MC involves three
sequent mechanisms. The first mechanism is for transforming the firstly penetrated
straight axon into spiral-like shape (from PD1 to PD4). The second mechanism is
for penetration of lateral axons (from PD5 to PD9). The third mechanism is for
encapsulating the MC (from PD12 until maturation). Although the details of these
three mechanisms are not understood, we would like to discuss their potentials in

both technological aspect and scientific aspect as follows.

The first and second mechanisms suggest that the axonal connection (wires) has
been established before the formation of tactile receptors (sensing elements). And

the formation of tactile receptors should be derived from global dermal events. Ap-
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Figure 3-10: A fingertip of PD19 mouse expressed double fluorescence of (a)
DiOC16(3) and (b) antibody S100B. (c) is the overlaid image of (a) and (b). The
images were acquired with a 40x lens. (d-f) are the 2x digital zoom of the dashed
square region in (a-c) respectively. The S100B profile closely associates with the DiO
profile.

parently, the first and second mechanism could be the key point to achieve high-
density of receptors, reminding that the density of MCs in fingertip is from 12 to
38 receptors/mm? [24, 17]. On the other hand, the available tactile sensors usually
achieve high-density by producing and implementing every single sensing element be-
fore wiring (for instance, [68]), which in contrast to our observations. Therefore, the
understanding of the first and second mechanisms of MC development would lead to

an efficient way to producing tactile sensor densely.

The third mechanism governs the encapsulation of MC. No one knows precisely
why the MC is encapsulated at the first place. While in the case of Pacini corpuscle,
it is known that the encapsulation helps improve the receptor sensitivity to dynamic
stimulation. Here, we suggest that the encapsulation may tighten the inner of MC,
brings the spiral axons closer to each other. Since the computational neuroscience
considers the axons (in particular, their neuronal membrane) as equivalent RC cir-

cuits, the higher influence between axons is expected. Thus, the axonal response of
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Figure 3-11: Repeated observations of the same mouse fingertip, stained with
DiOCy4(3). The images were obtained with a 25x lens. The white dashed square
indicates the tracking range, the white triangle indicates the targeted MC and the
white dashed circle indicates the landmarks, which are the cross sections of dermal
papillae. (a) presents the fingertip at PD19 with strong fluorescence of DiOCy4(3)
as green, and autofluorescence of collagen as red. (b) presents the same fingertip at
PD20. (c) presents the same fingertip at PD24. (d) presents the 3x digital magnifi-
cation of the dashed square in (c) shows an MC, satisfying the criteria described in
Section 3.4.2. Scale bar = 50 pm.

MC would be more vigorous.

3.6.2 The use of novel two-photon imaging method

We have developed a novel less-invasive imaging method with lipophilic dye (DiOCj4(3))
and two-photon microscopy for capturing the MCs in living mice. The advantage of
this method is that the subjects were survived during the operation while display-
ing the MC profiles. These MCs are more detailed than those acquired by the CLSM
method [48]. The 3D reconstruction was additionally demonstrated in Fig. 3-8c, 3-8d.
The mice showed no abnormal behavior after injection or observation processes.

The MC-like profiles were consistent with those in previous reports 9], [10]. The
axons were innervated from the lower base and branched repeatedly inside the cor-
puscle without interconnections. The nerve course was tortuous toward the apex with
some discoidal portions as reported by Castano et al. [10] and Guinard et al. [18].

Pare et al.[17] described the spatial population of MCs in humans as rows along the
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Figure 3-12: Two-photon Imaging of MC at (a) PD9 and (b) PD16. The thin green
profiles with asterisks are DiOCi4(3) labelled axons. The blue profiles are auto-
fluorescent collagen. The white arrows denote the tips of axon. The white rounds are
unknown objects. Scale bar = 20 pm.

fingerprints (epidermal ridges). Surprisingly, the MCs in mice were arranged in a

similar manner, although the mouse toe pad is smooth (Fig. 3-5).

The DiOCy4(3) labelled profiles were shown positive to antibodies PGP 9.5 (Fig.
3-9), which is standard for labelling axons. The DiOCi4(3) dye consistently remained
after fixation though the maximum intensity is lower than in live observation. We
suggest the alcoholic component of O.C.T compound used in the post-stain process
might have diluted the DiOCy4(3) dyes. The existence of S100B profiles near the
DiOCq4(3) labelled profiles also strengthens the evidence that they are afferent axons
of MC. The S100B profiles did not overlap the DiOCy4(3) profiles because S100B is
mainly found in Schwann cells [69] which usually associated with axons.

To determine whether the neural axon is the only contributor to the observed
profiles, we additionally treated the cut sections with primary antibodies for other
components, such as the blood vessels (Fig. 3-13). The blood vessels could be ac-
cidentally labelled because they were sometimes grazed or possibly impaled during

the injection process. Li et al. [70] have demonstrated a method where the direct
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Figure 3-13: Fluorescence of DiOC16(3) and Collagen IV (a-c), and DiOC16(3) and
APB5 (d-f) at MC positions, acquired by 40x lens and 4x digital zoom. The DiO
profiles are not overlapped both Collagen IV and APBb5 profiles.

injection of lipophilic carbocyanine dye labelled the blood vessels. We used two pri-
mary antibodies, a rabbit polyclonal antibody collagen IV (Abcam plc., Japan) and
a rat monoclonal antibody APB5. The antibody collagen IV labelled the basement
membrane of blood vessels while the APB5 labelled the inner smooth muscle of the
blood vessels [71]. However, the DiOCy4(3) stained profiles were negative to both
antibodies (Fig. 3-13), indicating that the blood vessels did not contribute to the

observed profiles in this study.

From our findings we submit that lipophilic dye is useful for labelling the afferent
axons in mechanoreceptor research. The injection procedure is simple because the
transparent skin of mice reveals the blood vessels with the aid of a halogen lamp
backlight. The blood vessels work as indicators for locating the relative position of
the associated axon. An injection position closer to the fingertip provides a higher
chance of success (Table. 3.1). Injection at a remote position would require more
effort (e.g., training with surgery beforehand [64]) and a greater quantity of dye. The

dye would also need a longer time to reach the fingertip, because the lateral diffusion
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rate of dyes was shown as about 6 mm per day in living tissue [62], [72].

We also found that an injected mouse can be repeatedly observed over a period of
time. Fig. 3-11 demonstrates 3 observations in 5 days. The development of dimen-
sional and structural aspects of the fingertip can be observed, and a high magnification
lens (such as 60x or 100x) can enhance the image details. The capture time should
be monitored at regular intervals because the mouse may wake up (anesthesia effect
weakened) or die during the observation.

The present study has some limitations. First, the lipophilic dye was shown to
only label the neural profiles of MC in living tissue. The other components (lamel-
lar cells and collagen capsule) require different markers or labelling methods, which
remain unknown. Second, the injection procedure depends on the skill level of the
operator. The glass capillary is fragile and easily clogged as DiOC;4(3) crystals are
not completely soluble.

In addition to ethical and cost benefits, our less invasive imaging method also has

the following features, which cannot be realized by the cut-section approach.

Observing the development of Meissner corpuscle on the same living mouse

The cut-section approach implies that each observation involves with one different in-
dividual. This interchange raises the issue of the consistency of information attributed
to individual differences, which can be overcome with our method. The MC can be
re-observed in its entirety in small time increments, providing the sequence images
at each development state. Neural profiles stained by DiOCj¢(3)could preserve the
fluorescent state for 5 weeks (as injected in PD2 and observable until PD33) in this
study (Fig. 3-5-3-7).

There are also a few other issues worth considering. As a mouse grows, the finger
becomes larger and the dermis also extends broadly, which is observable even in a
single day (Fig. 3-1la, b). Given that the newborn mouse develops rapidly, it is
difficult to locate the same MC over time, as both the MCs and their surrounding
basement pattern are continuously changing. A different strategy, perhaps involv-

ing a new marker, would be required to locate the same MC in each observation.
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Figure 3-14: Reserve labelling (arrowhead) at (a) the palm and (b) the arm of a PD14
mouse.

Nonetheless, we succeeded in locating the same MC from PD19 to PD24 (Fig. 3-11)
because the mouse had almost reached maturity during that period. The surrounding

pattern was similar in PD20 and PD24.

Providing mechanical interactive environment during observation

The samples of cut-section approach are usually a few tens of micrometer in thickness
and enclosed between a glass plate and an overlaid thin film. The samples are fragile
and incapable of mechanical interaction. In our less-invasive imaging method, all
the components and the overall form of the finger were preserved (Fig. 3-4, Fig.
3-14). This characteristic allows the subject to receive stimuli for live-observing the
transformation of the dermal components. For example, the weight of the metal
ring (here 5.25 g) that pushes the fingertip to the base, could be varied, resulting
different skin deformations. As MCs mainly respond to dynamic stimuli, stimulation
with ramp-and-hold or vibration is challenging. The stimulation might shift the MC
targeting position out of the focal plane. In summary, we expect to observe in vivo
the three phases of the MC mechanical response, namely the basal, dynamic phase

and static phases [22].
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Extendable for other subjects and applications

The AS nerve fibers from the DRG penetrate not only the MC, but all types of
mechanoreceptors, including the Pacini corpuscle, Ruffini corpuscle and Merkel cell.
These mechanoreceptors are theoretically observable with our labeling method. This
paper focused on the MC because they lie at the shallowest skin position (about
50-150 pm from the surface). Their spiral structure (approximately 10 pum diam-
eter in mice) is also recognizable. The other mechanoreceptors are either located
deeper (Pacini corpuscle) or have a nonspecific neural structure (Merkel cell). Cri-
teria based on their own histologic and immunohistochemical characteristics need to
be established.

Furthermore, our method can be used on the living monkey and possibly on hu-
mans, as the lipophilic dye is nontoxic. This is an advantage over ex vivo methods and
transgenic subject methods [57], which cannot be performed on humans for ethical
reasons. Previous studies demonstrated changes in shape, size and density of MCs
consistent with nervous system diseases, such as HIV neuropathy [48], Charcot-Marie-
Tooth disease [49], diabetic neuropathy [57] and Parkinson’s disease |73]. Therefore,
the present in vivo imaging method could be useful for assisting diagnosis in from
laboratory assays.

Another application of in vivo imaging is in microneurography experiments [74].
Microneurography has largely been used in the haptic field for obtaining the neural
response of mechanoreceptors. The distinguishing of nerves from other tissues (such as
blood vessels) is needed for safer procedures [75]. Our light microscopy observations of
mice injected with lipophilic dye revealed that the axons in palmar barely fluoresced
(Fig. 3-4, Fig. 3-14), indicating a reserve labeling. The DiOCi4(3) could trace
back to the neutral body in the DRG. Although the mechanisms underlying the
reserve and forward labelling are unknown, the reserve labeling is expected to benefit

microneurography experiments as a fiber marking technique.

52



Chapter 4

FE Analysis of the effect of 3D
configuration on skin mechanics at

RA-I receptor

Previous studies attempted to investigate the mechanical properties of skin microstruc-
ture and their effect on mechanoreceptors by using finite element modeling. However,
very few studies have focused on the three-dimensional microstructure of dermal papil-
lae, and this is related to that of RA-I receptors. A gap exists between conventional
2D models of dermal papillae and the natural configuration, which corresponds to
a complex and uneven structure with depth. In this chapter, we model the three-
dimensional microstructure of dermal papillae, and examine the differences between
two-dimensional and three-dimensional aspects of dermal papillae on the strain energy
density at receptor positions. The three-dimensional microstructure has a focalizing
effect and a localizing effect. Results also reveal the potential usefulness of these

effects for tactile sensor design, and this may improve edge discrimination.

4.1 Introduction

Pacinian corpuscles, Ruffini endings, Merkel cells, and Meissner corpuscles are the

end organs of rapidly adapting type-II mechanoreceptors (RA-II) and slowly adapt-
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ing type-II mechanoreceptors (SA-II) that correspond to SA-I mechanoreceptors and
RA-I mechanoreceptors, respectively. They are positioned at different depths of the
skin (Fig 4-1a). Specifically, SA-I and RA-I receptors share the intermediate region
between the epidermis and dermis. As shown in Fig 4-1, the microstructure of the
intermediate region between the epidermis and dermis is separated into the following
two terms: intermediate ridges that correspond to a typical aspect perpendicular to
fingerprints, and dermal papillae that correspond to an aspect parallel to fingerprints.
The anatomical components of skin and geometry of ridges are described in |76] and

12].

Meissner Papillary ridges

corpuscle

Merkel cells

FA-I receptor’s
location

Ruffini e
endings P

Dermis

Subcutaneous
tissue

SA-I receptor’s
location

Dermal papillae

Pacinian
corpuscle

(a) (b) (c)

Figure 4-1: (a) Illustration of the skin cross-section and its mechanoreceptors. (b)
Depth assumption of a 2D microstructure and (c) Natural configuration of a 3D
microstructure according to [1].

There is a paucity of research on the mechanotransduction mechanism by which a
tactile stimulus is transformed into a neural signal. Finite-element modeling (FEM)
is a reliable method for investigating the mechanical properties of skin components

and the manner in which they affect mechanoreceptors.

A potential explanation corresponds to the lack of anatomically detailed dermal

papillae in the model.
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4.2 The microstructure of skin in three dimensions

A gap exists between the natural geometry and conventional FE models because 2D
models assume identical geometry along the depth direction (Fig 4-1b). In contrast,
Cauna’s observation [12][1] revealed the convex-concave structure of dermal papillae.
Additionally, RA-I receptors are located at common apexes of both dermal papillae
and the intermediate ridge (Fig 4-1c), and thus, a 3D model with both intermedi-
ate ridges and dermal papillae (3D microstructure) is required to investigate their
mechanotransduction.

Vodlak [77] developed a full-scale fingertip with a single representative volume of
dermal papillae (containing one RA-I receptor) that focused on the anatomical detail
of the RA-I receptor and its transduction method. This model is potentially useful
in investigating 3D microstructure although modeling the 3D microstructure at the
macro-scale is complex and computationally expensive.

This paper presents a small-scale model that includes the 3D microstructure of
dermal papillae. The proposed model is validated with a standard line-load method.
This is followed by comparing the 3D model with a model with a 2D microstructure to
demonstrate how the 3D microstructure affects the SED concentration at mechanore-
ceptor positions, i.e., at the base of intermediate ridges (SA-I receptor position) and
especially at the tips of dermal papillae (RA-I receptor position). The results indicate
that the SED is high at the RA-I receptors near the edge of the indenter in dynamic
experiments. During vibrating experiments, the response of SED at a single RA-I

location increases when the frequency of vibration increases to 80 Hz.

4.3 Methods

4.3.1 FE models

The model was considered as a cut-away cube of a fingertip and contained six fin-
gerprints along with 12 intermediate ridges with exterior measurements as shown in

Fig 4-2. The configuration of the limiting ridges is excluded. The model is relatively
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small, and the fingerprints are arranged evenly. The depth of skin calculated from the
surface of the epidermis to the center of bone typically approximately corresponds to
11.55 mm while the convex of the surface is less than 0.121 mm. The difference ratio
approximately corresponds to 1.04%, and thus it is reasonable to assume that the
surface is flat in this case. This assumption is also supported by anatomical observa-
tions [78]. A thin layer of subcutaneous tissue is used as a buffer, and its thickness
is determined through a line-load validation as described in the next section. This
modeling method reduces the calculation cost while allowing the model to have a

sufficient thickness for deformation in three dimensions.

0.44 mm

0.22 mm

~
Epidermis > 7] 0.055mm

0.75 mm

Subcutaneous tissue

0.165 mm

Figure 4-2: A simplified elastic model mimicking a cut-away cube of the human
fingertip. Inset: exterior measurements and measurement of a single intermediate
ridge.

Two models were created for the simulation, namely 2D and 3D ridged models.

The 2D ridged model includes intermediate ridges, which are concave-convex struc-

56



tures with trapezoid apexes. The dermal papillae are considered to possess even
geometry (Fig 4-3a). The 3D ridged model includes the same intermediate ridges and
the concave-convex dermal papillae along the depth (144 tips in total). The dermal
papillae are simplified into trapezoid apexes and bases with the same width as those
of the intermediate ridge. The length of dermal papillae is set at 0.15 mm, and this
is equivalent to the average length of an RA-I receptor in humans (Fig 4-3b).

0.15 mm 0.4 mm

Intermediate ridges Dermal papillae

(a) (b)

Figure 4-3: Depth configuration of (a) the 2D ridged model and (b) the 3D ridged
model. The epidermis, dermis, and subcutaneous layers are shown in white, green,
and blue colors, respectively. The gray plane represents an example of a solid in-
denter (2x2mm?). The apexes of dermal papillae exhibit the same structure and
measurements as those of intermediate ridges.

The models are multi-layered and include the epidermis, dermis, and subcutaneous
tissue (Fig 4-2) with elastic properties as adapted from previous studies [32]. The
Young’s modulus corresponds to 0.136 MPa for the epidermis, 0.08 MPa for the
dermis, and 0.034 MPa for the subcutaneous tissue. The Poisson’s ratio corresponds
to 0.48 for each layer [32] [4] [79]. In this study, we focus on the mechanical response
at RA-I location under small displacement loads, and thus the model is assumed as
linearly viscoelastic. Sophisticated hyperelastic models [80] are excluded as [81] [2]
suggested that a non-linearity model is necessary for large displacement loads. As
suggested by [2], the outer most layer is linear elastic and the others are viscoelastic.

The total stress is as follows:

57



o(t) = oo(t) + /Ot g(T)oo(t — T)dr (4.1)

where t denotes time, g(t) denotes the stress relaxation function, and o (t) denotes

the instantaneous stress. We define g(t) as a two-term Prony series.

2

g(t) =1 - ;gi(l —e ) (4.2)
where g; and 7; denote the stress relaxation parameters that are obtained by fitting
the net force response of the model to the experimental data as adopted from [2].
The fitting program is developed and implemented in Python with the support of the
Scipy (v0.19.0) library.

The finite element software ANSYS release 16.0 (ANSYS Co.) is used to mesh
and analyze the responses. The mesh uses 20-node solid brick elements for surface-
to-surface contact. The coefficient of friction between the models and indenters is
assumed as zero due to small indentations. The numbers of nodes and elements in 3D
ridged models correspond to 267,156 and 88,482, respectively. The numbers of nodes
and elements in 2D ridged models correspond to 114,879 and 34,131, respectively.
The differences in numbers are due to the complexity of dermal papillae structures
in the 3D ridged model. The experiments are conducted in dynamic conditions.
Restraint conditions are assumed based on validation experiments that employ various

restrained circumstances.

4.3.2 Viscous parameters calibration for dynamic experiments

We simulate the indentation experiments with a cylindrical indenter as performed in
[2]. The indenter is circular with a diameter of 0.5 mm. The indenter is ramped up to
0.2 mm (0.5 mm/s) and held for 3 s and then completely retracted. We calculate the
contact force at the surface of the fingerprints as a function of time. Fig 4-4a describes
the displacement history of indenter, and Fig 4-4b shows the predicted contact force
when compared with the experimental data. A difference in magnitude is expected

due to the lack of rigid fixed parts such as bones and nails. Fig 4-4c shows that the
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decay of normalized force in our model is similar to that observed by [2].
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Figure 4-4: Viscous parameters calibration. (a) The displacement history of an in-
denter. (b) Profiles of the absolute contact force from the model and experimental
data from [2]. (c) Profiles of normalized contact force in relaxation periods showing
a good match between the model results and experimental data.

4.3.3 Experiments
Model validation

The displacement at the surface of model (in response to 50 pym line load indenter)
is compared to experimental data from [5] to validate the mechanical response of the
model. The line-load indenter results in a displacement of 1 mm that is perpendicular
from the surface of the models (at the rate of 1 mm/s) and is held for 2 s. The surface
deflection is computed at t=2 s to allow the model to reach its stable condition.

Three restraint conditions are tested to determine the boundary condition that best
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Figure 4-5: Top view of dermis part of the 3D ridged model during ramp-and-hold
experiment. (a) Displacement profile of solid bar indenter. Distribution of SED at
RA-I locations at (b) t=0.01 s, (c¢) t=0.1 s, and (d)t=2 s. The white square is the
range of indenter.

approximates the observed displacement behavior, namely full-restrained (bottom and
surrounds), bottom-faces-restrained, and bottom-edges-restrained conditions (Fig 4-
6a). The models used for the three boundary conditions are denoted as 1x020s,
1x020f, and 1x020e.

Another boundary test focuses on the thickness of the subcutaneous layer. The
thickness of the subcutaneous layer varies in range of 0.2 mm, 0.4 mm, 0.6 mm,
0.7 mm, 0.8 mm, and 1 mm and the six conditions are as denoted 1x020e, 1x040e,
1x060e, 1x070e, 1x080e, and 1x100e, respectively). All the models were bottom-

edges-restrained.

Ramp-and-hold experiments

In order to investigate the effect of a 3D microstructure, a 2.0x2.0 mm? bar provides
displacement to a depth of 0.5 mm from the model surface at the rate of 5 mm/s and
is held for 2 s (Fig. 4-5). The displayed time point is the first time that the indenter
reaches its deepest position (t=0.1 s).

Two 3D distributions of stress are plotted to address the effect in the population.
The SED at the position of RA-I receptor was measured at the tips of intermediate
ridges (in the 2D ridged model) and the common tips of intermediate ridges and

dermal papillae (in the 3D ridged model). The strain rate is constant during the
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ramp phase, and thus the stress-strain curves are non-linear. For the purpose of
convenience, the concept of equivalent strain energy density is used [82]. The convex-
concave shape of dermal papillae is considered, and the stress-strain behavior at their
tips is similar to the elastic-plastic behavior at a notch tip. The Glinka’s concept
relates equivalent strain energy density for an elastic fictitious material as well the
real elastic-plastic material during a low strain. Hence, the SED is estimated as
follows

1
U= /ade R~ 50666 (4.3)

where ¢¢ denotes equivalent stress and e¢® denotes equivalent strain. The equivalent
stress and equivalent strain is related to the principal stresses and strains as given by

the following equations
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where v denotes the material Poisson’s ratio.

The SED distribution at 10 specific x-axis-crossed surfaces, namely eight in-range
and two out-of-range from the indenter for comparison, are recorded and then super-
imposed.

In order to examine whether the 3D microstructure can help in discerning a similar
indenter, we additionally analyze the normalized SED distribution of the following
three indenters: a gap indenter (comprising two 0.5x2 mm? indenters with a 1.0x2.0
mm? gap between inside edges), a 90-degree-rotated gap indenter, and a solid circle
indenter (with a diameter of 2 mm). The normalized SED (g;) at the i'* sample of

data is as follows
A; — min(A)
mazx(A) — min(A)

where A represents the dataset of SED, and A; denotes the absolute value of SED
at the i" sample. The normalized SED is contoured into a 10 x 10 table with each

cell relating to a specific tip of dermal papillae (i.e., 100 tips in total). Only “hot-
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spots” that correspond to the positions that fall into the right side of the scale bar
are plotted; i.e., the threshold corresponds to 0.6. The size is adjusted for better

visualization of the distribution as opposed to considering the absolute value.

Vibration experiments

The RA-I is sensitive to stimulus in range of 20 to 50 Hz, and thus indentation
experiments with four vibrating stimuli (with different frequencies corresponding to
20 Hz, 30 Hz, 50 Hz, and 80 Hz) are conducted. The indenter is a 2x2 mm? plane. The
amplitude is maintained at 0.5 mm. Previous studies [83] indicated the highest spike
rates of RA-I when indenters reached their deepest position. Thus, the frequency-
dependent SED response is plotted at a single RA-I near the edge of the indenter at
the following time point(e.g., t=0.005 s for 50 Hz stimuli).

4.4 Results

4.4.1 Model validation results

Fig 4-6 shows the predicted surface deflection of skin fitted relative to the experi-
mental data for a human finger. Only half of the profiles are shown due to reasons
of symmetry. The maximum displacement of the line-load in the cases of the full-
restrained and bottom-face-restrained models is as low as 0.25 mm. The model with
the bottom-edge-restrained condition better fits the experimental data as shown in
Fig 4-6b.

The thickness of the subcutaneous layer appears to strongly affect the result of
line-load validation. The models with a thickness of the subcutaneous layer ranging
from 0.6 mm to 1 mm well fit both the experimental data [5] and the linear-elastic
model from [4] as shown in Fig 4-6¢. Each set of 2D and 3D ridged models were
treated equally, and thus, the elastic characteristics are similar in both conditions.
The 1x100e model (that includes original dimensions with a 1-mm-thick subcutaneous

layer; bottom-edge restrained) fit experimental data [5] the most. Hence, the 1x100e
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Figure 4-6: Line load validation test, 50 micrometers. (a) Illustration of three tested
restraint conditions. Black triangles represent fixed boundary conditions (an assump-
tion). (b) Surface deflection of the models under each restraint condition when com-
pared with experimental data from Srinivasan et al. (1989). (c) Surface deflection of
the models with different thicknesses of cutaneous tissue.

model was used in ramp-and-hold experiments and vibration experiments.

4.4.2 Ramp-and-hold experiment results

Fig 4-7 illustrates the SED distribution along the z-axis of an intermediate ridge in
the case of the bar indenter. The centers of both models only contained the bases
of the intermediate ridges, and thus, the observed surface is shifted along the x-axis
to the cross section where the SED is highest. The SED is high at the corners of
indenters in the 2D ridged model (Fig 4-7a) although it diffuses separately into the
dermal papillae in the 3D ridged model (Fig 4-7b). A high SED is observed at each
tip of the dermal papillae.

The 3D distribution of SED at the tips of dermal papillae after pressing by the

solid bar indenter is shown in Fig 4-8. The vertical axis presents the magnitude of
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Figure 4-7: SED distributions along the z-axis of an intermediate ridge. (a) the 2D
ridged model and (b) the 3D ridged model. The white square denotes the range of
the indenter. Only the dermis is shown. The maximum SED of the scale bar at the
left is set at 0.00019 MPa.

SED, the horizontal axis presents the distance along the z-axis from the center, and
the depth axis presents the distance along the x-axis from the center. The peak value
of SED in the 3D ridged model exceeds that in 2D ridged model. A valley is observed
at the center of the apex and indicates an interchange zone (peak-valley-peak) in
both models. The contour of the normalized SED in the case of solid bar indenter
reveals that the interchange zone of the 3D ridged model along the z-direction is more
significant than that of the 2D ridged model (Fig 4-9). Along the x-direction, the
interchange zone is equally noticeable in the two models.

A summary of the normalized dataset is shown in Fig 4-9. In the 2D ridged
model, the SED is mostly high at the four corners of the indenters (for example,
solid bar indenter and 90-degree-rotated gap indenter) while it mostly high at the
edges of the indenters (and especially along the z-axis) in the 3D ridged model. The
3D ridged model produces distributions of the normalized SED at the RA-I receptor
location that differentiate the indenters. Furthermore, the 2D ridged model shows
little difference between the normalized SED distributions of the solid bar indenter

and gap indenter. It is evident that the 3D microstructure significantly influences
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Figure 4-8: 3D distribution of SED at the tips of dermal papillaec underlying the
indenter. (a) the 2D ridged model and (b) the 3D ridged model.

encoding spatial differences among the indenters.

4.4.3 Vibration experiment results

Fig 4-10b, ¢, d show the SED distribution at a population of RA-I location during
vibration by 50 Hz stimuli. The displayed time-points correspond to 0.001 s, 0.005
s, and 0.01 s. The observed model is a 3D ridged model. The localizing effect in
which the SED is high near the edges of the indenter is observed at t=0.005 s. The
localizing effect is unlikely to be observed at the other time-points,.

In order to examine the change of SED when the frequency increases, the SED at
a RA-I location (with the maximum SED value) is plotted and compared with the
following position in the 2D ridged model (Fig 4-11). In the 3D ridged model, the

SED increases when the frequency increases to 80 Hz while it remains constant in the

2D ridged model.

4.5 Discussion

Previous studies showed the effect of microstructure on stress/strain behavior at the

position of mechanoreceptors (SA-I and RA-I) where the microstructure amplifies
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Figure 4-9: Summary of the normalized SED distribution at the SA-I receptor location
and RA-I receptor location, corresponding to the indenter. The indenters are as
follows (from left to right): a solid bar indenter, a gap indenter, a 90-degree-rotated
gap indenter, and a solid circle indenter. The scale bar shows a gradient from white
to red as the normalized SED increases from 0.6 to 1.0. Values under 0.6 are not
plotted.

the SED concentration at the SA-I receptor’s location. However, most studies were
conducted in two dimensions since they lack the depth configuration of dermal papillae
and overlooked the effect of the RA-I receptor positions. The present study involved
proposing and developing a model that presents the 3D microstructure of skin in
significant detail (i.e., a 3D ridged model). The boundary conditions were determined
through a validation experiment with a standard line load method (Fig 4-6). The
viscous parameters were determined by fitting the normalized contact force on the

circular indenter to the experimental data reported by [2]. The approach reduces the
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Figure 4-10: Top view of the dermis part of the 3D ridged model during vibration by
a 50-Hz stimuli. (a) Displacement profile of a 50 Hz vibratory indenter. Distribution
of SED at RA-I locations at (b) t=0.001 s, (c¢) t=0.005 s, and (d)t=0.1 s. The white
square depicts the range of the indenter.
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Figure 4-11: SED response at a RA-I location as a function of frequency, and a
comparison of the 3D model and the 2D model.

calculation cost while ensuring that the performance of the model is comparable to
that of other models. The limitations of the model will be discussed in the final part
of this section.

Our main finding indicates that the 3D microstructure appears to modify the
distribution of SED at RA-I receptor’s positions such that it helps in discerning the
spatial configuration of similar indenters (Fig 4-9). This finding agrees and interprets

the conclusion of a recent study by Harih et al. [84] in which the 2D and 3D fingertip
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FE models were justified during static contact simulation. Although the results of the
2D and 3D model in 84| were similar (possibly due to the lack of microstructure), the
3D model provides additional insights into the third dimension. The results suggest
that the 3D microstructure provides focalizing effects and especially localizing effects

as described below.

4.5.1 The diffusion of SED and the focalizing effect

The focalizing effect describes the trend of SED concentration at the tips of der-
mal papillae (RA-I receptor’s positions). The effect occurs when the contact surface
exhibits uneven geometry and the stiffness of the epidermis and dermis are signifi-
cantly different. Gerling [85] demonstrated the lensing effect of ridged geometry in a
2D model of a microstructure and concluded that stress is more concentrated at the
bases of intermediate ridges. In the 3D model of the microstructure, we confirmed a
similar effect given that a high concentration of SED was present. at the tips of the

dermal papillae in Fig 4-7.

4.5.2 Localizing effect of 3D microstructure and its potential

roles in spatial discrimination

The localizing effect describes the peaks of the 3D distribution of SED located at the
tips of dermal papillae near the edges of the indenter (Fig 4-8). The contrast between
these positions and others produced a specific pattern that reflects the shape and the
size of the indenter (Fig 4-9). The localizing effect was confirmed in both ramp-and-
hold experiments (Fig 4-9 and Fig 4-5) and vibration experiments (Fig 4-10) at the
moment when the indenters reached their deepest positions.

The 3D ridged model appears to be sensitive to the edges of the indenter with a
valley of SED values at the center. In the case of the solid bar indenter, the interchange
zone in the x-axis (peak—valley—peak) is more noticeable than that in the z-axis (Fig
4-9). This behavior may be related to the presence of fingerprints along the x-axis

given that the fingerprints are believed to affect the stress/strain concentration at the
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dermal papillae as shown in [32].

Interestingly, the normalized SED distributions at the RA-I receptor location were
sensitive to the edges of indenters in most experiments (see Fig 4-9). This finding
does not contradict the hypothesis that the SA-I receptors are more sensitive than
RA-I receptors in terms of shape discrimination (for details, see [29, 7]). However,
it indicates that the mechanical response at RA-I receptor location might provide

complementary information for better discrimination under dynamic conditions.

4.5.3 Effect of 3D microstructure in vibratory conditions

In the 3D model of the microstructure, the SED response at a RA-I location increased
when the vibratory frequency increased from 20 Hz to 80 Hz (Fig 4-11), irrespective
of the widely-known maximum sensitive frequency of the RA-I receptor (50 Hz).
The increase is understandable since the viscous force is proportional to velocity. In
this study, the amplitude was kept constant in all experiments, and thus the higher

frequency stimulus is displaced at a higher velocity.

Interestingly, the SED response at a RA-I location in the 2D ridged model re-
mained unchanged (Fig 4-11). Evidently, either the increase was extremely small in
the 2D ridged model or the energy was further concentrated at other positions, e.g.
SA-I locations. Meanwhile, in the 3D ridged model, the increase in SED response
at a RA-I location was high due to the focalizing effect. This result indicates the
requirement for a 3D model of microstructure for RA-I related analysis in vibratory

conditions.

An electrophysiological report published by Bensmaia [3] showed that the spike
rates also gradually increased from 20 Hz to 80 Hz, and this was similar to the SED
behavior observed in our study (Fig 4-12). This result is in agreement with the results
obtained by previous studies that suggested a relationship between the dynamic spike
rate and local SED at a mechanoreceptor’s location [2] (in this case, this is at the

RA-I location).
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Figure 4-12: Comparison of 3D model and the mean spike rates of RA-I, adapted
from [3].

4.5.4 The potential use of 3D microstructure in tactile sensor

design

In terms of tactile sensor design, the elastic cover is highly essential to protect the
sensor from being damaged by external forces [86]. However, Shimojo [87] demon-
strated that the elastic cover significantly reduced the spatial resolution of the sensor
even if the cover thickness is only 0.2 mm. Various studies mimicked the natural
geometry of human finger microstructure in sensor design to improve tactile sensing
ability while retaining protection such as studies that indicated that artificial epider-
mal ridges enhanced strain gage sensitivity by 1.8 times when compared with tactile
sensors without ridges [88] or enhanced tactile shape discrimination [89, 90]. An opti-
cal tactile sensor developed by Chorley et al. [91| with an array of identical urethane

pins as artificial dermal papillae were capable of encoding edge information.

Here, we propose the potential use of a 3D microstructure in tactile sensor design.
Given the assumption that the sensing elements respond equally, placing the same at
different positions of 3D microstructure allows us to achieve different effects intention-
ally. The positions at the tips of dermal papillae enhance the spatial discrimination

of the tactile sensor (our finding) while the positions at the bases of the intermediate
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ridges enhance the sensitivity (as suggested in [4]). The contour of the 3D ridged
model in Fig 4-9 implies the tactile image obtained by embedding sensing elements

at the tips of dermal papillae under the following circumstances.

4.5.5 The limitations of proposed model and future works

The limitation of the model is that the model is small, and this restricts the size
of the indenters. The current model cannot be used to show the response at sides
(left-right) of the fingertip. It is necessary to develop a large-scale model with respect
to the complexity and computational cost to facilitate comparisons with physiological
or electrophysiological experiments. Physiological or electrophysiological experiments
are usually conducted with indenters larger than 2 mm. In this study, the neuronal
responses of RA-I mechanoreceptors were not examined due to the lack of a neuronal
model. Additionally, the neuronal response of RA-I mechanoreceptor is suggested
as a combination of population activities 3, 17|. It is unknown as to precisely how
the RA-I mechanoreceptor modifies responses during the combination. Hence, the
determination of the manner in which the RA-I mechanoreceptor processes the popu-
lation mechanical responses into neural responses is an interesting challenge for future
work. To investigate the neuronal responses of RA-I mechanoreceptors, one could use
a transduction function to transform the SED into neural current. The transduction
function was assumed as a sigmoidal stimulus-current curves in [92], and as a two
linear function in [30]. Then the spike times could be obtained by using the leaky

integrate-and-fire model.
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Chapter 5

Analysis of the transduction layer and
synthetic sub-model for investigating

the RA-I afferent response

Rapid adapting type-I (RA-I) receptor is believed to be responsible for the detec-
tion of stimuli that produce minute skin motion (flutter, slip, microgeometric surface
features). The neurophysiological experiments raise a question about why the RA-
I afferent (innervated into RA-I receptor) fails to represents the stimulus with the
width less than 3 mm and why their response is anisotropy. It is unclear whether the
skin’s mechanics or the specific afferent branching of mechanoreceptors themselves
are accounted for these phenomena. The present work seeks an interpretation of the
neurophysiological phenomena, using a biomechanical FE model with a transduction
sub-layer and synthetic sub-model for afferent current. The predicted afferent current
matched well with the neural recordings in previous reports. This result suggests a

major role of afferent branching in regard to the neurophysiological phenomena.

5.1 Introduction

There has been a number of publications using solid mechanics technique to study

the mechanics of touch. Srinivasan [33], Maeno [32], Wu [80], Gerling [4] have estab-
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lished a popular use of the 2D finite-element (FE) model of cross-sectioned fingertip,
involving with fingerprint ridges and/or dermal papillae. In these works, the distri-
bution of stress and strain in the skin’s tissues are computed and compared to the
in vivo neural recordings. So far, the focus has been on SA-I receptor (with Merkel
cells as endings organ), a little attention has been given to the RA-I receptors. The
2D model assumes an unrealistic identical geometry along the depth direction, thus
it is insufficient for investigating the population response of RA-I receptors. Some
recent 3D models [77, 93| attempted to implement the realistic morphology of Meiss-
ner corpuscle (ending organ of RA-I afferents). Because of the extreme complexity
of Meissner corpuscle, i.e. the spirals shape axons sandwiched between lamella cells
(for details, see [22]), neither the population response nor the afferent branching were

examined.

The present work seeks an interpretation of the tactile neurophysiological phe-
nomena, using a biomechanical FE model. We have investigated a 3D FE model of
skin for the analysis of mechanical response [94]. This work presents the population
response of RA-I by using the 3D FE model. Three dependent variables, i.e. strain
energy density (SED), receptor current, and afferent current are used to predicts the
population response of RA-I. In this paper, we describes design of transduction sub-
layer for transforming SED response into receptor current and a synthetic model for
afferent current. Although the relative contribution of stress, strain to RA-I recep-
tor current is not fully known, SED at RA-I receptor position was used as a proxy
measure. The predicted afferent current which was the summation of receptor cur-
rent in longitudinal sections, showed a good fit to neural recordings in regard to the

neurophysiological phenomena mentioned above.
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5.2 Method

5.2.1 FE-Model of skin mechanics

A 3D Finite Element model of skin was used, including three homogeneous layers,
i.e. epidermis, dermis, and subcutaneous layer (Fig. 5-1). The model was developed
previously in [94]. Two microstructures, fingerprint and dermal papillae (the mid-
dle region between epidermis and dermis) were included. The dermal papillae were
developed based on the description of Cauna et al.[1] with uneven structure in both
z-axis and x-axis. In nature, the RA-I receptors are positioned within the apexes
of dermal papillae. Therefore, this configuration allows us to precisely locate the
RA-I-population, and examine their response in three dimensions. The dimensions
of components like fingerprints and thickness of each layers are similar to Maeno et
al.[32], except the thickness of subcutaneous was 1 mm. In front view, the thickness
of the epidermis and the dermis is 0.75 mm and 1.35 mm, respectively. The interval
between the protuberances in the fingerprints is 0.44 mm and the interval between
the protuberances in the dermal papillae is 0.22 mm. The length of dermal papillae
tips along x-axis is 2-times longer than those along z-axis in respect to their natural
dimensions.

Table 5.1 shows the assigned material properties. The model is linear elastic.

Table 5.1: Material properties of skin’s components

Epidermis | Dermis Subcutaneous
layer
Young 0.136 0.08 0.034
modulus
(MPa)
Possion ra- | 0.48 0.48 0.48
tio

All analyses were performed using Abaqus Standard (version 6.15) software in
implicit mode. The ten-node tetrahedral elements (C3D10) were used for surface-to-
surface contact. The bottom edges of subcutaneous layer were restrained while the

other surfaces (i.e, the surrounding surfaces, the top surfaces of the epidermis) were
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Figure 5-1: Finite Element model of skin. The upper plane illustrates the position
and the shape of indenters. The tiny white squares at the right indicates the positions
of RA-I receptor.

unrestrained. This restraint condition allows the model to deform freely as the real
skin. Since the indentation was small, the coefficient of friction between the skin and
indenters was assumed as zero. The result of the validation with line-load method

is described in section 3.1. The total nodes and elements were 207,154 and 131,769,

respectively.

The model also included a transduction sub-layer which transforms the SED at
RA receptor into receptor current (7). The stimulus-current curves at receptors such
as hair cells and pain receptors have been shown to be sigmoidal in previous works
[95, 96]. Therefore, this work employs a sigmoidal function (Eq.5.1). «, v, A are the
model parameters obtained through model fitting when the difference between model

predictions and in vivo firing rates is minimized.

1

I(SED) =

The model fitting at this layer is achieved through response surface methodology
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(RSM) [97] as in [92]. The RSM was designed with three parameters (a, v, A) and
two levels (coded values: 1 and -1) for each. This yielded 8 factorial runs and one
supplement run where all parameters take the coded value 0, in each iteration. The
RSM process repeated until little or no decrease in sum of squared deviations (ssd)
between predicted response and observed response (total 3 iterations). Both predicted
response and observed response were normalized beforehand (Eq. 5.6). The RSM
processing was developed and conducted in Python with support of PyDOE and

Scikit-Learn libraries.

One iteration of RSM process consists of five subsequent steps. First, the model

parameters are coded into i (for & = a, 7, \) by Eq. 5.2.

_ gk - ékbase

A (5.2)

where A&, are code increments, &ppese are start value of parameters. As suggested in
[92], the code increments were set at 5% of the associated pase. The start values
of parameters and code increments were estimated initially through trial and error
(Table 5.2). In the subsequent RSM iterations, they are the values that minimized

the ssd in previous iteration.

In the second step, the coded parameters yj are varied in each factorial run. The
model parameters &, are calculated for each coded parameters then the receptors
current at each locations is obtained by Eq.5.1. The ssd between each dataset of

receptors current and experimental data is calculated.

In the third step, first order approximation of the relationship between the coded

parameters is obtained by linear regression, given as Eq.5.3.

ssd =~ By + BaXa + ByXy + Brxa (5.3)

In the fourth step, the change in the coded variable, Ay is calculated to most
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significantly decrease the ssd as follows

_ b
I/Bmaa:’

AXk (5.4)

where [y are the regression coefficients for each coded parameter in Eq. (3) and S,,4.
is the regression coefficient that has the greatest absolute value. Then the new coded
variable ;. is calculated by adding the Ay to the old coded yy.

In the fifth step, the model parameters are recalculated with the new coded vari-
able xx. The calculation of the model parameters repeats until ssd no longer de-

creases. After this step, the RSM process repeats.

5.2.2 Synthetic model of RA’s population responses

The idea of integration model for RA’s population responses is based on the fact that
there are small number of afferent fiber in fingertips connecting to a huge number of
receptors. Previous works in neurology show the density of RA-I receptor ranges from
12 to 38 receptors/mm?, while the number of associated afferents has been estimated
at 140 afferents/cm? in human fingertip (for details, see [24, 17]). A quick calculation
gives that one afferent may be in charge of 9-17 receptors. It is reasonable to think

the afferent current is basically a combination of its related receptor currents.

Since each RA receptor may produce a different receptor current, this work con-
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siders them components in a parallel circuit (Fig. 5-2). Therefore, the output ([4-
Afferent current) of each afferent would be a summation of these receptor currents
(Eq.5.1) in one single longitudinal section or one single cross-section (to fingerprint).
This work examines which combination approach would yield a better fit to experi-

mental data.

Iy=> 1 (5.5)
i=1

Table 5.2 gives the final model parameters «, v, A of transduction sub-layer,

relevant to each combination approach.

Table 5.2: The transduction sub-layer parameters

a (mA) v (Pa™!) A (Pa) ssd
Start (first iteration) | 2.46E-05 4.6E-03 300 0.70
Longitudinal sections | 9.29E-04 2.95E-02 -705 0.24
combination
Cross-sections combi- | 2.21E-05 9.66E-03 209 0.45
nation

5.2.3 Analyses

Validation analyses

To verify the usability of the model in this study, a series of preliminary analyses was
conducted. First, the elastic behavior of the model was validated by comparing the
surface deflection with experimental data from Srinivasan [5] when penetrated by a
rigid line.

The second validation involves with a 2x2 mm? plane indented into skin surface to
the depth of 1 mm. The normalized strain energy density (SED) at SA-I mechanore-
ceptor position were fitted and compared to neurophysiological recording ([35]). The

normalized variable €; over i samples (i.e. RA-I receptor locations) was given by:

A —min(4)
s max(A;) — min(A;) (5:6)

where A; is the dataset of absolute value of SED at the location of i* RA-I receptor.
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The relationship between SED and experimentally recorded response are assumed
linear as in [6, 4]. The Goodness of fit (R?) are given by Eq.5.7 where the difference
between the predicted response (e;) and the reported neurophysiological response (d;)

[6] at the location of i* RA-I receptor is minimized.

S (di — e;)?

2
:1—
R >

(5.7)
Note that the SED at SA-I position were used because they are common in this type

of validation. The main analysis did not concern with SA-I responses.

Mechanical response of RA population to various size of indentation

The main analysis consisted of a series of square indenter (width varies from 0.44, 0.66,
0.88, 1.1, 1.32 mm ) and examined in two steps. First, the indenters ramped vertically
to the skin surface (to the depth of 0.5 mm). The analysis time was 0.1s for each. The
time-dependence of the deformation was not shown in this paper. We focus on the
response at the very moment when the indenter reached the prescribed displacement
because the SED was highest at that moment throughout the indentation process.
In the next step, the SED values are collected at RA-I receptor positions. We plot

the contour of SED values to observe their distribution in three-dimensions.

Synthetic model analysis

The synthetic analysis was conducted under two approach, i.e, longitudinal sections
combination and cross-sections combination. The longitudinal sections are those that
parallel to long axis of the fingerprint (z-axis in Fig. 5-1), and the cross-sections are
those that perpendicular to it (x-axis in Fig. 5-1). The afferent currents in both con-
ditions were normalized and compared with experimental recorded data from Blake
[7]. The reason for choosing Blake’s data over these others is due to the similarity in
choosing stimulus.

Furthermore, the better combination approach in previous step would be used for

predict the afferent current response when the skin model is indented by a 4x4 mm?
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plane. As the experimental data [7] indicates the model should be able to discriminate
two edges of indenters larger than 4x4 mm?. Because the presented model is smaller
than indenter, a specific 2-times larger model is developed to complete this task. The
larger model is validated by the same methodology as mentioned above (results not
shown). The larger model was not used in the first examinations due to two reasons.
Firstly, the original model performed well with small indenters, and the dimensions of
the original model were sufficient to cover the SED distributions generated by small
indenters (see Result section). Secondly, the calculation is very time-consuming and

expensive.

5.3 Results

The results from model validation, dynamic response analysis, and synthetic post-

processing are shown as below.

5.3.1 Model validation results

Figure 5-3 shows the skin surface deflection when indented by a line indenter, com-
pared with the experimental measurements by Srinivasan [5| and the deflection result
from a conventional elastic model by Gerling [4].

The second validation where the obtained SED at SA-1 receptor location are
compared with neurophysiological recording, yields R? of 0.88. The normalized and

fitted SEDs overlay the recorded data [6] in Fig. 5-4.

5.3.2 Mechanical response analysis

The predicted population responses of RA mechanoreceptor (estimated by SED) in
vertical displacement process are shown in Fig. 5-5. An interchange zone where
the SED varied in peak-valley-peak pattern appeared in all analyses involved with
indenter larger than 0.66x0.66 mm?. The peaks of SED shifted to the apexes of

dermal papillae near the edges and corners of the indenter.
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Figure 5-3: Comparison of the predict profile of skin surface with the previously
reported model [4] and the experimental data [5]. The indenter was a rigid line.

5.3.3 Synthetic model analysis results

The predicted afferent currents in longitudinal sections combination and cross-sections
combination are shown in Fig.5-6 and Fig.5-7; the horizontal axis shows the distance
from center of the model in x-axis and z-axis, respectively. In longitudinal sections
approach, the difference between peak and valley of interchange zone (as shown in
section 3.2) can be seen remarkably reduced after combination. In cross-sections
approach, the afferent current profile is similar to the population current profile of
receptors in one single section. The goodness of fit (R?) is 0.95 and 0.90 for the
longitudinal sections approach and the cross-sections approach, respectively.

The population response of RA-I receptor to 4x4 mm? indenter is shown in Fig.5-
8. The SED was transformed into receptor current with parameter from Table 5.2
(longitudinal sections combination) and then summed together. Both predicted re-
sponses and observed responses were normalized before compering. An interchange

zone can be seen in the middle of both profiles.
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Normalized and fitted SED

Figure 5-4: Comparison of the normalized and fitted SED profile with the previously
reported neurophysiological data [6]. A 2x2 mm? plane indenter was placed at the
center of the model. The gray indicates the region which is not considered in this
work.
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Figure 5-6: Comparison of normalized SED, receptor current, afferent current profiles
to experimental data form Blake |7] in the case of longitudinal-section combination.
The indenter was 0.88x088mm? plane. The horizontal axis shows the distance from
center of the model along x-axis.

5.4 Discussion

This work employs a finite-element model of skin mechanics, a sigmoidal transduction
function and a synthetic model of receptor current. The elastic behavior of our model
was validated through the standard line-load method (Fig.5-3), and showed a good fit
to experimental data [5] (especially in the limited range of indenters involved in this
study). Another validation method (Fig.5-4) show that our model could be used for
neurophysiological data related experiments. Technically, since the conjunction part
of epidermis and dermis was complex, we used the free meshing technique in Abaqus
software [98] for the whole model (without mirroring). Hence, the mesh was a little

asymmetric, resulting the following asymmetric SED profiles as shown in Fig. 5-4,
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5-6, and 5-7. In this study, the asymmetric of SED profiles appears to not affect the

final result but should be well-aware in future works.

There are two advantages of the presented model in this paper comparing to the
others. Firstly, the 3D structure of skin allows us to predict the mechanical response
of a population of RA-I receptors at precise positions [94]. Secondly, our model
used two additional sub-layers to convert the SED into afferent current. All RA-I
receptors were assumed as the electrical components connected in a parallel circuit.
Hence, the current of a single-afferent could be extracted as the summation of its
related components. Both the anatomical observations and experiment results in this

study support this assumption.
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Figure 5-8: Comparison of afferent current profile with the previously reported neu-
rophysiological data [7]. The indenter was 4x4 mm? plane. The gray indicates the
region which is not considered in this work.

5.4.1 The necessary of transduction layer and synthetic model

An interchange zone can be seen in the SED profile of small indenter (Fig.5-5). Hence,
the SED profile appears to highly correlate to the edges of indenter at the widths of
0.88%0.88 mm? and larger. The SED profile also appears to be isotropic in most
cases. The mechanical response was mismatched the neural recordings of [7] where
the RA-I response showed only one peak for the small indenters. This result suggests
that the SED is insufficient for explaining the neurophysiological phenomena shown
in [7].

On the other hand, the response behavior of afferent current when the width of
indenter increased is similar to what was observed in neural recordings of [7]. The

synthetic model analysis results a good prediction of the RA-I population response to

86



the plane indentation with various widths (from 0.44 to 4 mm). The model produces
a single peak in response profile for small indenter (0.88x0.88 mm?) as shown in Fig.
5-6 and 5-7, and two separated peaks for large indenter (4x4 mm?) as shown in Fig.
5-8. The synthetic model of RA-I receptor current into afferent current was exam-
ined in two approaches: the longitudinal sections summation and the cross-sections
summation. The cross-sections summation shows a modest change in response profile
(Fig. 5-7); while the response profile in longitudinal sections summation shows a bet-
ter fit to the experimental recorded data. This result is expected since the longitudinal
sections summation showed a smaller ssd that that in the cross-sections summation
(Table 5.2). The change of parameters in the longitudinal sections summation was
also highly remarkable, suggesting that after RSM process, the transduction sub-
layer has already preferred the longitudinal sections summation to the cross-sections

summation.

Our results support the hypothesis where the specific afferent branching is the

2 and

major contributor for the uniform response to stimulus smaller than 3x3 mm
the anisotropy in the neural recordings of RA-I afferent [3|. This finding also gets
along with the previously anatomical observations in humans [9, 1| and monkey [17]
which show the RA receptors connecting to each other in longitudinal sections (along
the finger ridges). On other hand, the skin microstructure may contribute to the
direction-dependence behavior of afferent current as they have been shown to affect
the SED response in [32]. The possible factors include the different lengths of dermal
papillae, the different geometry of longitudinal-section and cross-section of finger-

prints. Therefore, a further analysis is required to confirm the effect of these factors

to the direction-dependence behavior of afferent current.

Interestingly, the difference between response behaviors of SED and afferent cur-
rent also implies that the neural signal could have been processed at the receptor level
through branching method. In term of sensor design, this finding suggests a wiring
based approach to pre-process the signal at the sensor level. By which, the amount

of data can be reduced before passing to higher levels.
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5.4.2 The limitations of proposed model and future works

A technical improvement for investigating population response of RA-I receptor in-
volves with the prediction of firing rate and first spike latency. Recent study [99]
shows that the first spike latency, i.e. the time between stimulus onset and the first
spike, provides reliable information about direction of fingertip force and object shape
faster than rate codes, especially in the case of RA-I afferents. The transformation
from SED into firing rate (spikes/time) has been conducted somewhere for SA-I re-
ceptors [92] or single RA-I receptor [77]. Those models employ a leaky integrate and
fire model to predict the neural spikes and spike times, which result a good fit to
experimental data. Note that the leaky integrate and fire model restricts input to
vibration magnitude and frequency, thus relevant material parameters (such as the
visco-hyperelasticity) should be considered.

Furthermore, the precise combination of receptor current in nature is usually more
complex, given that one RA receptor is innervated by multi-neural fibers and one
parent fiber already divides multiple times before hand. It indicates that either (1)
the cross-effect between neighbor fibers, or (2) the irregular combination at different
level of transduction process should be taken into account in future works.

The tiny dimensions and complexity are the major drawbacks of our model. De-
spite the validation results are equivalent to the others, our model is supposed to be
valid in the limited range of indenters (smaller than 2x2 mm?) owing to the small
dimensions. The model also lacks the realistic boundary conditions of skin, since the
rigid components of the finger, such as bone and nails, were absent and the coefficient
of friction was assumed zero. Our results in this paper are encouraging and should
be validated in a larger model where the layers of skin are described in better details,
for instance, the full model of a fingertip in [77]. Because each dermal papilla was
fixed at the size of 0.11x0.11 mm?, the calculation could become extremely time-
consuming (along with the increased number of dermal papillae) for larger model.
One could consider either (1) using an appropriate small number of dermal papillae

or (2) employing a neural network for speeding up model predictions.
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Chapter 6

Conclusion

This thesis presented our research in two parts: the generation process and the spatial
configuration of RA-I receptor.

In the first part, we performed an observation of RA-I receptors (or MC) in vivo
by using conventional approach. Since the conventional approach has some limita-
tions such as inconsistency of samples, high-cost, and not interactive, we proposed a
less invasive imaging method for afferent axons of MC in the living mouse’s fingertip.
We confirmed that the mice survived and exhibited no behavioral problems after in-
jection or observation processes. The skin components and the form of the fingertip
were kept intact without any signs of burn or damage. Repeated observation was
demonstrated over a short period, from PD19 to PD24. These advantages indicate
the potential of our approach for examining the development of MC and their me-
chanical transduction in future work. There are two important findings in this part.
Firstly, the observation suggested the important role of the first innervated axon in
the development /generation process of MC. Secondly, early result of the two-photon
imaging of MC during development period leads us to an idea that dermal events
(for instance, the growth of phalanx, the extension of skin) trigger the development
of MC globally.

In the second part, we developed a model with the 3D microstructure of skin and
compared it with conventional 2D microstructure to examine the effect of natural

configuration on the SED distribution of mechanoreceptors. The analysis was con-
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ducted with various types of indenters under dynamic conditions. The results indicate
that the 3D microstructure modifies the SED at RA-I mechanoreceptors such that it
helps in discerning similar indenters (focalizing effect and localizing effect). The 3D
microstructure also enhanced the SED response at a RA-I mechanoreceptor when the
stimulus frequency increased.

We also developed an extended skin model, combines an FE model of skin mechan-
ics, a sigmoidal function of transduction, and a synthetic sub-model for afferent cur-
rent for investigating the population response of RA receptors. The current response
behavior of our model to various widths of plane indenter is similar to that observed
in neural recordings while the mechanical response does not. Two approaches for
combining receptor currents into afferent current was examined, i.e. the longitudinal
sections approach and the cross-section approach. The longitudinal section approach
yields a better result than that in cross-section approach. This result implies the ef-
fect of branching method on neural response of RA-I. By which the neural signal can
be pre-processed at the receptor level. Our extended model can be used for further
investigating the mechanism underlying the population response of RA receptor to
many types of stimulus such as depressed patterns, gratings, slipping in future work.

In summary, we have presented a few findings related to generation process (the
importance of first deformed axon, simultaneous formation) and spatial configuration
(focalizing effect, localizing effect, effect of neural branching method) of RA-I receptor.
These findings might be useful for fabrication, structure, and spatial configuration of
tactile sensors. We hope these findings could help improve the design of tactile sensors

in future works.
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