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EVOLUTIONARY BIOLOGY

A universal scaling law of mammalian touch
J. W. Andrews’, M. J. Adams?, T. D. Montenegro-Johnson'*

For most mammals, touch is the first sense to develop. They must feel vibrations on the surface of their skin to
enable them to respond to various stimuli in their environment, a process called vibrotaction. But how do mam-
mals perceive these vibrations? Through mathematical modeling of the skin and touch receptors, we show that
vibrotaction is dominated by “surface” Rayleigh waves traveling cooperatively through all layers of the skin and
bone. Applying our model to experimental data, we identify a universal scaling law for the depth of touch recep-
tors across multiple species, indicating an evolutionarily conserved constant in the sensation of vibrations.

INTRODUCTION

When a person slides a finger across a surface, or when elephants
communicate long distances with their feet (1-5), vibrations travel
through the skin, exciting mechanoreceptors; these are nerve end-
ings that convert mechanical vibrations to electrical signals. Subse-
quently, the recruited mechanoreceptors transmit the signal to the
brain, which interprets it as a tactile experience. For a human, this
vibrotactile signal allows differentiation between textures, manipu-
lation of objects, and detection of initial contact, while for the ele-
phant, the signal might indicate a mate or the presence of vehicles.
Humans, elephants, and other mammals all rely on extracting fine
detail from vibrational feedback.

Touch is a primordial sense. Our common ancestor with elephants
(and other mammals), the 160-million-year-old Chinese Juramaia
(6), certainly had and relied on touch. However, the properties of
mammalian skin vary wildly between different species; the hide of
an elephant is about 400 times stiffer, and a factor of 16 thicker, than
that of a human. Even among humans, skin stiffness varies with age,
gender, location on the body, and even profession by an order of mag-
nitude. Skin stiffness can even change in a single individual based
on their hydration level (7). How, then, do mammals perceive vibra-
tions? What waves travel through their bodies to allow constancy of
perception, when the properties of the skin can be so different?

All mammalian skin is a layered, inhomogeneous viscoelastic
solid comprising the outermost epidermis, followed by the dermis
and then hypodermis, which have similar mechanical properties. A
schematic diagram of our model skin structure is shown in Fig. 1.
The outer sublayer of the epidermis, the stratum corneum, is much
stiffer than the other layers; this is important since it is the stratum
corneum that makes direct contact with oscillating sources that gen-
erate the waves that travel through the skin.

Touch is a remarkably complicated sense, using several different
types of mechanoreceptors to detect skin waves. The mechanore-
ceptors are located within the skin layers and comprise four types—
viz., the Merkel’s disk, Meissner’s corpuscles, Ruffini endings, and
Pacinian corpuscles (PCs)—although the nomenclature varies across
species. We will focus on the PCs, which are the mechanoreceptors
that enable the perception of mechanical vibrations ranging be-
tween 20 and 1000 Hz, with approximately 100 to 1000 Hz being the
most relevant to touch (7). The PCs lie deep within the skin near the
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dermis/hypodermis boundary (7). They are not fully free to move
but rather held in place by a network of facia, which magnifies the
forces they experience from incident waves (8). Furthermore, the
PCs are capable of detecting submicron features (9), enable nonlo-
cal detection (>10 cm) far from the initial site of excitation, and are
phasic, i.e., they rapidly reduce their electrical response following
an initial mechanical stimulus (10).

It is generally accepted (11) that PCs respond to P- (compression)
waves (12), based primarily on modeling. In such studies, only
S- (shear) waves and P-waves were considered. However, it has become
increasingly evident that Rayleigh (surface-traveling) waves may
also play an important role (13). Moreover, it has yet to be resolved
whether nonlocal waves are transmitted either along the skin (14) or
through the bone (2). The physics of these wave types are described
in section S5.

Upon noting the complexity of traveling waves through the skin,
their penetration, dispersion, and reflections (15), Nobel laureate
G. von Békésy commented “I have always hoped that geologists in the
study of earthquake waves would throw light on the nature of Rayleigh
waves and Lamb waves.” Here, we develop the “elaborate formulation”
that von Békésy requested: a mathematical model for the propagation
of elastic waves through a layered elastic structure (Fig. 1) with a
range of properties that are similar to mammalian skin.

Our formulation demonstrates that viscoelasticity contributes
only to wave damping in the case of vibrotaction. Consideration is
given to the propagation of three permissible wave types—P-, S-,
and Rayleigh waves—each with radically different properties. Cou-
pling this analysis to a mathematical model of the PCs, we show that
vibrotaction is governed by long-wavelength Rayleigh waves. Al-
though “surface” waves, they, in fact, travel cooperatively through
all skin layers and the bone (not either-or, as previously argued).
Applying our model to experimental data across multiple mamma-
lian species, we show that the depth of the PCs (DPC) is evolution-
arily conserved to respond to Rayleigh rather than P-waves (16-25).

];DPC

Stratum corneum: 1

0 Soft tissue: 2 Q------

Pacinian corpuscles

Fig. 1. Schematic of our skin model (layer thicknesses not to scale), showing
the DPC. Layers are numbered as in the governing equations.
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RESULTS

The mathematics underlying the physics of touch is remarkably sim-
ilar to that of earthquakes. In 1898, Bromwich (26) developed an
approach to determine the wave properties of a thin elastic layer over
a semi-infinite elastic layer. He concluded that the work was not ap-
propriate for earthquake modeling and was generally ridiculed in
later works by other authors, especially by Love in 1911 (27). In 1914,
Lamb extended the approach of Bromwich (26) for the waves gener-
ated on elastic layers of increasing thickness. The increasing depth of
each layer has had a substantial impact on sensor design and radar
evasion throughout the 20th century. The approach developed by
Lamb (28) is amenable to the analysis of a series of elastic layers and
can be extended to viscoelastic layers if required (29), which forms
the basis of our analysis (see section S4).

For pure elastic theory to be applicable, the propagating waves
must not be viscoelastic in nature, and the viscous decay should be
sufficiently small per wavelength. The conditions for a viscoelastic
wave to exist in our model are not satisfied (section S2), and hence,
all waves are fundamentally elastic waves, modified by the inclusion
of an exponentially decaying amplitude with a number of wave-
lengths. The viscous contribution to the decaying amplitude is e ",
where v is a measure of the viscosity of the layer, ¢ is the time of
travel for the wave, and A is the wavelength. Experimental values for
v are small (0.226 s~ m™) (section S2) (30), and thus, viscoelasticity
does not become significant except for long times or large distances.
The relevant distance is approximately 1 to 2 m for humans (a more
detailed analysis may be found in section S2. Consequently, we pro-
ceed with the modified elastic theory.

Earthquakes generate P- (27), S- (27), Rayleigh (27), and Love
waves (27). P- and S-waves travel through the bulk, whereas Rayleigh
and Love waves propagate along surfaces. From an energy perspec-
tive, surface waves spread over a smaller number of dimensions,
and thus, the amplitudes decay more slowly than the body (P- and S-)
waves. Rayleigh waves typically deliver the most energy in an earth-
quake, since their disturbance remains high for greater distances
than P- or S-waves. It should be emphasized, however, that near to
the epicenter, P- and S-waves can dominate the energy.

The amplitude of Rayleigh waves decays rapidly with the depth
of the elastic medium (28). Consequently, Rayleigh waves are typi-
cally ignored at any depth exceeding their wavelength. Earthquakes
typically involve interactions where the elastic layers are thick com-
pared to the wavelength of the propagating waves (27). However,
touch entails elastic layers that are thin compared to these wavelengths;
the implications have not been considered previously, which is ad-
dressed in the current work.

Absence of Love waves
Love waves are surface waves that can exist in layered materials.
Since the mechanoreceptors are located very near the boundary be-
tween layers, it might be expected that they would be ideal waves to
excite a variety of mechanoreceptors. The surface wave property
means that they travel efficiently through a layer with little loss of
energy, allowing the wave to propagate for extended distances.
However, Love waves are also capable of creating Rayleigh waves,
adding noise to the original signal, which would not be a desirable
effect for tactile sensation.

For Love waves to exist, there are a range of conditions that need
to be satisfied. The first, most famous condition, is that a Love wave
exists in the layer with the fastest S-wave when compared with adja-
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cent layers. The layers where the S-wave condition is satisfied do not
correspond to the layers where the mechanoreceptors are located.
This alone suggests that Love waves are not responsible for touch.
In addition, the second condition for Love waves to exist requires
that the layer is sufficiently thick to support the wave and corre-
sponds to a thickness of 0.8 (27). This minimum thickness condi-
tion is not satisfied for any of the layers in any of the mammal species
considered (table S2). Consequently, Love waves are not considered
further as a possible means of exciting mechanoreceptors in mammals.

Rayleigh waves in skin

For simplicity, we number the skin layers from 1 to 4, with the num-
bers increasing into the depth of the skin and bone (1 is stratum
corneum, 2 is soft tissue, etc.), as in Fig. 1. We will begin by calcu-
lating the dispersion relation for Rayleigh waves in our skin model.
The dispersion relation connects the frequency of a wave to its speed.
However, it also describes the properties of the wave except for its
original amplitude at generation. Hence, most of the important phys-
ics for our system can be obtained from a dispersion relation: for
instance, the phase velocity and the spreading of a group of frequen-
cies, which are key when locating and analyzing a signal. Further-
more, a solution to the dispersion relation ensures that cooperative
Rayleigh waves exist in this system.

The dispersion relation for Rayleigh waves traveling through our
model layered structure—asymptotically expanded since layer
thickness/wavelength, (hi/A), is small—is given at leading order by
(see section S5 for details of the derivation and accompanying fig. S4)

(2-8)"-1601-0’e) (1 - &)= B[ - 0.522 znxpp04h0] +
Liquid layer
oenhi-EE o

Elastic layers

where & is the ratio of the Rayleigh wave speed to the S-wave in
the trabeculae bone; o is a ratio of the Poisson’s ratio as defined in
the Supplementary Materials (section S5); A is the wavelength of the
Rayleigh wave; h; is the thickness of the i-th layer; p; is the density of
the i-th layer; and A; = 41 - cz/cf, with ¢; the speed of the S-wave
in the i-th layer, and c the speed of the Rayleigh wave. The term (3
takes the value 1 if the mammal is aquatic and 0 otherwise. Last, y;
is the second Lamé constant for each of the elastic layers. The
dispersion relations for P- and S-waves are given in the Supplemen-
tary Materials (eqs. S4 and S5; parameters for layers are shown in
table S1).

Having derived the dispersion relation, we require two more pieces
of information to understand skin waves and that Rayleigh waves
dominate vibrotaction. The first is how waves are generated in an
elastic structure by an oscillating excitor, and the second is how the
PCs respond to these incoming waves.

The result in Fig. 2 shows that P- and S-waves decay more quickly
away from the site of excitation when compared to Rayleigh waves
(section S6), as expected from a conservation of energy argument
applied to the amplitude. For P- and S-waves, this decay in the lay-
ered structure is calculated in the standard manner (27). For Rayleigh
waves, the solution of Lamb has been modified and the material
properties of the skin depth averaged. The averaging process involves
solving the dispersion relation (Eq. 1) to obtain wave properties and
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then determining which averaged material properties are required
to yield the same wave behavior when solving the dispersion rela-
tion given by Lamb (28).

The generation of waves due to oscillations depends on the exact
nature of the contact. However, the amplitudes of the three poten-
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Fig. 2. Decay of skin waves. The amplitude (relative to P-wave amplitude at 5 cm)
of all three permissible wave types as a function of distance from a sphere of radius
8 mm oscillating normal to the skin at a frequency of 200 Hz, showing a relatively
slow decay of the Rayleigh wave (section S6).
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tial waves in decreasing strength are P-waves, Rayleigh waves, and
S-waves. P-waves radiate S-waves at all interfaces, and so, they dis-
sipate energy to S-waves as they propagate. S-waves generate Rayleigh
waves of low amplitude at each interface between the layers. These
secondary Rayleigh waves are unlikely to be detected because of
their small amplitude, so confusion due to this source is unlikely.

PCs filter P-waves

To complete our study, we further required a model of the PCs to
establish how the mechanoreceptor might be excited by different
incoming waves. A schematic of the model is shown in Fig. 3A, with
further details in section S1. The structure of the PC comprises a
stiff outer layer, encapsulating a series of lamella. These lamellae form
an onion-like structure, with a viscous fluid (assumed to be water)
between them. The number of layers in the onion varies but is typi-
cally in the range of 30 to 60. Full mathematical details are available
in (7). As has been demonstrated in previous studies [for a summary,
see (16)], S-waves are significantly reduced by the structure of the
PCs and so are not likely to elicit a response in the nerve at the core.
While P-waves have the most energy of any of the waves, most of
this energy corresponds to the zeroth mode (see Fig. 3B). Figure 3C
shows that the structure of the PC filters out the zeroth mode of
deformation (pure radial oscillation) almost entirely, as reasoned
(but not shown mathematically) in previous studies (16). Thus,

B PC vibrational modes
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Fig. 3. Wave interaction with the PCs. (A) Schematic of our model of the PCs (full details in the Supplementary Materials). (B) Example of excitation modes for a PC.
(C) Filtering of the P-wave excitation modes by the structure of the PC, showing that the dominant mode 0 is filtered out. (D) Rayleigh and S-wave amplitudes transmitted
to the core of the Pacinian, relative to P-waves, for a range of frequencies, showing the dominance of the Rayleigh wave signal.
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most of the P-wave energy is not transmitted to the nerve in the
center of the PC, and Fig. 3D demonstrates that Rayleigh waves
preferentially excite the PCs. The Rayleigh wave elicits about 100 to
10,000 times the effect of a P-wave, depending on frequency. As in
Fig. 2, a Rayleigh wave decays more slowly than the other waves and
so persist for longer, allowing for long-range and temporal discrimi-
nation of signals. These two results demonstrate that the dominant
exciter of the PCs is the Rayleigh waves.

Rayleigh waves travel cooperatively through

all material layers

The amplitude decay of Rayleigh waves into the tissue is less than
2.5% for typical detection frequencies of the PCs at the surface of
the bone. This is a direct consequence of the wavelength being sig-
nificantly longer than the depth of the soft tissue. Physically, this
wave is indeed a Rayleigh wave, i.e., it moves the material in a ret-
rograde motion. In our case, a wave satisfying the dispersion rela-
tion is able to exactly match the retrograde motion with the next
layer and allow the wave to penetrate to the next layer and so on
until the bone is reached. Furthermore, not only are the displace-
ments matched between layers, but also the appropriate stress condi-
tions are matched.

For humans, a 1-pum oscillating contact will produce a vibration
with an amplitude of 0.975 um; this demonstrates that the decay for
the cooperative Rayleigh wave is not significantly attenuated at the
bone from the surface. As a result, these long-range skin waves trav-
el neither across the surface nor through the bone but through all
layers of the skin and bone simultaneously.

Perceptual constancy in humans

With our model, we are also able to examine the effects of changing
the stiffness of the outermost layer of skin, the stratum corneum, on
the propagated waves. This is important, since people of different
ages/genders/careers have a wide range of skin stiffnesses yet are all
able to reliably differentiate textures via vibrotaction. Even hydra-
tion levels in an individual can change the stiffness of the stratum
corneum by orders of magnitude. Figure 4 demonstrates that while
P- and S-waves are significantly affected by the stiffness of stratum
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Fig. 4. Properties of skin Rayleigh waves are insensitive to hydration levels. As
the stiffness of the stratum corneum (SC), a proxy for hydration levels, varies, the
wavelength of the P- and S-waves changes considerably, while the Rayleigh wave
remains largely unaffected. Range of Young’s moduli was taken from experimental
data (2). Location of the body is the forearm data and a frequency of 200 Hz.
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corneum (a proxy for hydration levels), the Rayleigh wave is almost
completely insensitive over the entire range of values. Equally, for
such variation in stiffness, there is little effect on the amplitude of a
Rayleigh wave that is initiated by a controlled surface deformation
excitation. This is because the effective “averaged” stiffness of the
tissue is largely unaffected by changes in the thin stratum corneum
when considering Rayleigh waves (see section S5). This provides
further support to our argument that Rayleigh waves dominate
vibrotaction.

The interaction of Rayleigh waves with PCs is evolutionarily
conserved across large mammals—A universal scaling law
Rayleigh waves are relatively insensitive to the mechanical proper-
ties of skin, provided that the wavelength relative to the DPC is >1.
For a range of different mammals, these values are given in table S1.
Plotting the ratio of the wavelength of the Rayleigh wave to the DPC
in Fig. 5 demonstrates that most species lie on a straight line with a
gradient of approximately 5/2, i.e., the ratio of the skin Rayleigh
wavelength to the depth of the mechanoreceptors is approximately
constant across mammalian species.

Since the value of this evolutionarily conserved constant is
>1.25 in the species considered, it is unlikely that any mammal will
have sufficiently thick skin to permit Love waves (sections S3 and S7).
The complicated interactions of Love waves and Rayleigh waves are
thus avoided. Furthermore, none of the mammals correspond to a
parametric space that will permit hydration levels to greatly affect
the response of the PCs. Therefore, Rayleigh waves are the basis of
perceptual constancy for all the mammalian species considered.
Furthermore, all mammals lying on the line with a gradient of 5/2
will have the same sensitivity to a given skin displacement, although
a greater force is required for this displacement, for example, on a
sperm whale compared with a human. This means that any mam-
mal on the 5/2 line might be expected to respond in the same manner
to a stimulus that causes the same skin displacement. The rodents in
Fig. 5 lie significantly above the 5/2 line, apparently making them
more sensitive to skin surface displacements than other mammals.
There are several possible explanations for the discrepancy.
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Fig. 5. Across a range of mammals of varying sizes, including aquatic and
semiaquatic species, but excluding rodents, the ratio of the skin Rayleigh
wavelength to the DPC is evolutionarily conserved, with an approximate val-
ue of 5/2. Note that the hypervasculated skin of the giraffe is not incorporated in
our model, and hence, the giraffe lies slightly off the trend line. Source of data
(32-43).
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First, note that the reported Young’s modulus of rodent skin is
similar to humans and not softer as would be required for the 5/2
law. Perhaps there is a minimum Young’s modulus of skin required
to maintain skin integrity?

Second, the PCs are of comparable size relative to the limbs of
rodents, and the number they can contain is thus limited. The loca-
tion of the PCs are thus different for rodents, being found along the
tendons, whereas nonrodents tend to have their PCs located at ei-
ther side of the tendons. This difference is caused by the size of the
mammal; geometrically, there are fewer options regarding the pos-
sible positions of PCs. The wave transmission properties of tendons,
which depend on the tension of the tendon, may thus be exploited
in rodents, as may excitation via standing waves (section S8). It is
known that the location of PCs in developing humans in utero is
similar to that of the rodents (31).

Third, perhaps rodents simply benefit from being more sensitive
to vibrations than their predators or can use the excited tendons to
receive enhanced directional information? Last, the rodents investi-
gated were laboratory specimens that will have undergone different
selective pressures than might be expected in the wild. Moreover, it
is also important to note that rodents tend to have a lower propor-
tion of bone compared with the other mammals considered in table
S1, and since this model does not take this into account, the discrep-
ancy could be due to the greater proportions of cartilage.

DISCUSSION

We have developed a mathematical model of the process of vibrot-
action, comprising a layered viscoelastic solid coupled to a model of
the PC mechanoreceptors, in response to von Békésy’s call for an
elaborate formulation based on the mathematics of earthquakes to
examine the properties of Rayleigh and Love waves in the skin. While
von Békésy drew analogies between touch and wave propagation in
the cochlea, our model shows the analogy holds that the PCs are
most excited by surface Rayleigh waves and that these Rayleigh
waves travel, not along the surface per se, but cooperatively through
all layers of bone and skin (not either-or, as often posited). We fur-
thermore showed that the properties of the Rayleigh waves (unlike
the P- and S-waves) in the skin are not significantly affected by hy-
dration levels (which can affect the stiffness of the outermost layer
of skin by several orders of magnitude), allowing for perceptual
constancy in individuals. Last, we found that there exists a universal
scaling law across mammals (except small rodents) for all species
with available data, viz., the ratio of the wavelength of a Rayleigh
wave in the skin to the depth of mechanoreceptors is approximately
equal to 5/2.

We note that since the model developed here represents a
bone-supported structure, it should only be applied to sections of
mammalian bodies exhibiting this feature. Typically, our model may
be expected to apply to limbs, the head, and neck, but the thorax, for
example, is not usually supported in a similar manner for most
mammals. Thus, the model should be modified accordingly before
being applied to such regions. However, it should be emphasized
that most mammals have the PCs in the thorax at far more scattered
locations compared with the regular depths found elsewhere in the body.
The model may, however, be used for both glabrous and hairy skin.

Last, we note that other animals, notably birds and lizards, have
mechanoreceptors that have similar structures to PCs. As a result,
we might reasonably expect this conserved quantity to be preserved
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across other classes of animal, although currently, the requisite ex-
perimental data are not available.

MATERIALS AND METHODS

The objective of this study is to determine the amount that different
wave types in skin contribute to the sensation of vibrations, i.e.,
vibrotaction. Mathematical analysis of the Cauchy momentum
equations of motion for elastic solids was performed for layered
materials (see the Supplementary Materials) with viscous decay,
and the permissible wave types were analyzed. An asymptotic re-
duction of the governing equations for Rayleigh waves was used to
calculate the dispersion relation (Eq. 1).

An investigation of the relative amplitudes required for the three
permissible waves—P-, S-, and Rayleigh waves—and how these waves
decay away from the source of excitation was performed. The inter-
action between these waves and the PCs was modeled as described
by Bell et al. (7) and as elaborated in the Supplementary Materials.
Evaluation of the relevant equations for various input parameters
was performed in MATLAB.

Parameters were taken from literature, provided by Wiertlewski
and Hayward (31), while the variation in the elastic properties of the
stratum corneum is found in the work of Sednaoui et al. (3). All
parameters are supplied in section S2.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/41/eabb6912/DC1

View/request a protocol for this paper from Bio-protocol.
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