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1 INTRODUCTION

PACINIAN corpuscles (PCs) are one of several types of mechanore-
ceptor found in human skin [1], [2], [3]. They are also present in
joints, muscles and other organs. PCs are also found in other mam-
mals, in similar locations. Their shape typically approximates to a
prolate spheroid, around 1 mm long. They have a characteristic
layered structure in which a central core is surrounded by an outer
zone, composed of a series of around 30 lamellae [4], [5], [6]. These
lamellae are separated by fluid-filled spaces, within which there is
a sparse network of collagen fibrils that appears to stabilize the
structure. Each lamella is composed of living cells and supported
by collagenous layers on its inner and outer surfaces. A nerve runs
from the central core. Transduction from mechanical to electrical
signals occurs in the region of the nerve ending, mediated by
stretch-activated ion channels [7], [8]. PCs are highly sensitive to
mechanical inputs in the frequency range 100 to 500 Hz [9], [10],
and are believed to contribute significantly to the tactile sensations
involved in manipulative tasks, e.g., sensations of surface texture
[11]. Because of this, some virtual-touch devices have been
designed specifically to stimulate PCs (e.g., [12], [13], [14]).

PCs are classified as “rapidly adapting” mechanoreceptors [15],
i.e., they respond primarily to transients in a mechanical stimulus.
This behavior can be attributed to their outer-zone structure,
whose deformation rate is limited by resistance to fluid flow in the
interlamellar spaces – the structure is rigid in response to a sudden
transient but deformable in response to a steady pressure. In
signal-processing terms, the outer zone behaves as a high-pass fil-
ter for displacement. Mechanical-to-electrical transduction at the
nerve ending contributes a further low-pass response [16], giving a
band-pass response for the PC as a whole. This band-pass response
can be seen, for example, in measurements of the human tactile
threshold on the hand [9], [10], [17]. In the frequency range 100 to
500 Hz, the threshold is dominated by the PC response and shows
a peak in sensitivity at around 250 Hz.

This paper focuses on the fall-off in sensitivity at low frequen-
cies which, as outlined above, can be attributed to the mechanical

behavior of the outer-zone of the PC. Pawson et al. [5], using
recordings of nerve firing rate, measured an average fall-off of
12.0 dB/octave for PCs in the foot pad of the cat, and 12.7 dB/
octave for PCs excised from the cat mesentery. Similar results
from PCs in the cat mesentery were obtained by Bolanowski and
Zwislocki [18]. In experiments on the human hand, measuring
the vibrotactile threshold at frequencies for which the PC
response dominates, Verrillo [9], [17] also measured a low fre-
quency fall-off close to 12 dB/octave. (The modeling by Biswas
et al. [16] suggests that the overlying tissue in the hand has little
effect on the overall frequency response, and hence these results
represent the response of the PCs themselves.) Comparing
human psychophysical data and feline electrophysiological data,
Verrillo [19] again observed a fall-off close to 12 dB/octave, in
each case. The fact that these measured values are all very close
to the 12 dB/octave fall-off of a second-order filter (i.e., a
response proportional to frequency squared) suggests that there
may be something intrinsic to the mechanical behavior of PCs
which leads to such a response.

There is a lack of experimental data from direct measurements
of mechanical transmission in the PC. Author SP-Y has measured
sinewaves passing through an excised equine PC [20], producing a
video which is included in the supplementary material for this
paper. The PC was held between a stationary plate and a vibrating
plate and the motion of the outer-zone lamellae was recorded, pro-
viding data which inform the choice of some model parameters in
the present paper (see below, Section 2.2).

As outlined above, the observed low-frequency fall-off can be
attributed to the outer-zone structure of the PC. However, it would
be possible to obtain a second-order fall-off with a much simpler
structure – a suitable combination of two compliant elements and
two resistive elements. The existing literature provides no satisfac-
tory explanation for the complexity of the outer-zone structure,
with around 30 compliant elements (the lamellae) and 30 resistive
elements (the fluid-filled interlamellar spaces). The mechanical
modeling in the present paper provides some insights into this
problem, giving a rationale for the structure of the outer zone. In
addition, the modeling suggests that the outer zone functions to
“focus” mechanical stimuli onto the central core, providing ampli-
fication as well as high-pass filtering.

For convenience of modeling, the spheroidal shape of the
PC may be simplified to a sphere or a cylinder. In a recent paper,
Quindlen et al. [21] use a PC model with a spherical geometry and
obtain a surface-to-core displacement transfer function which has a
peak in response at around 100 Hz and a response minimum at
around 25 Hz. The modeling in the present paper uses a cylindrical
geometry, and takes as a starting point the previous work of
Loewenstein and Skalak [22] and Biswas et al. [23].

2 MODELING

This section outlines the model used in a previous study [22] and
presents a new model with an improved treatment of fluid move-
ment. Both models are based on a simplified geometry [22] in
which the outer-zone structure of the PC is represented by a series
of concentric cylindrical shells around a cylindrical core (Fig. 1).
The network of collagen fibrils in the interlamellar spaces is mod-
eled as numerous springs, which run radially between neighboring
lamellae (not shown in Fig. 1). Further details of the assumptions
made in this representation are given in the paper by Loewenstein
and Skalak [22].

For both models, the analysis involves consideration of the dis-
tortion of the outer-zone structure in response to a pressure distri-
bution on the PC surface, such that the ith lamella is subject to a
radial displacement wi (defined as positive inwards) of the form
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wi ¼ Bi cos 2uð Þ cos px=bð Þ (1)

where Bi represents the overall magnitude and time variation of
the displacement, and the cos ð2uÞ variation corresponds to a
change in the lamella diameter in the y direction and an equal and
opposite change in in the z direction; these changes have their max-
imum magnitudes at the central cross section (x ¼ 0) and fall to
zero at the ends of the corpuscle (x ¼ �b=2).

Data from the newmodel (and, for comparison, some recalculated
data from the previous model) were obtained by implementing elec-
trical analogs, inwhich electrical resistance and capacitance represent
mechanical resistance and compliance [22], using LTspice software
(Linear TechnologyCorporation).

2.1 Loewenstein and Skalak Model (L&S Model)

Loewenstein and Skalak [22] consider forces between the ði� 1Þth
and ith lamellae of two types: elastic forces from the radial springs
which link the lamellae, proportional to the relative displacement
wi � wi�1, and resistive forces due to fluid flow in the interlamellar
space, proportional to the time derivative of the relative displace-
ment _wi � _wi�1. This analysis leads to the following equation, cou-
pling the motion of neighboring lamellae:

wi=Ki ¼ Riþ1 _wiþ1 � _wið Þ þ ðwiþ1 � wiÞ=kiþ1

�Ri _wi � _wi�1ð Þ � ðwi � wi�1Þ=ki
(2)

where the first and third terms on the right-hand-side are the pres-
sures on the ith lamella from its neighbors that derive from resistive
forces, and the second and fourth terms are pressures that derive
from elastic forces. The sum of these four terms gives the net pressure
on the ith lamella, represented on the left-hand-side of the equation
by the quotient of the displacement wi and the complianceKi of the
ith lamella. Ri is the effective resistance due to viscous effects in
the interlamellar space between the ði� 1Þth and ith lamellae; ki is
the compliance due to the radial springs between the ði� 1Þth and
ith lamellae. Substituting into (2) from (1) and canceling gives

Bi=Ki ¼ Riþ1
_Biþ1 � _Bi

� �þ ðBiþ1 �BiÞ=kiþ1

�Ri
_Bi � _Bi�1

� �� ðBi �Bi�1Þ=ki:
(3)

If the effective Young modulus of the lamella membrane is Em,
the effective Young modulus of the assembly of radial springs is
Es, and the effective viscosity of the interlamellar fluid is m, it can
be shown [22] that:

Ki ¼ a2i 1þ 4b2=p2a2i
� �2

=Emdi (4)

Ri ¼ 12mb2=h3
ip

2 1þ 4b2=p2a2i
� �

(5)

ki ¼ hi=Es (6)

where additional symbols are defined in the Fig. 1 legend.
Loewenstein and Skalak [22] focused on the propagation of

pressure in the PC and assumed the central core to be rigid. How-
ever, as mentioned above, transduction in the central core is now
thought to be mediated by stretch-activated ion channels; conse-
quently, the present paper focuses on the propagation of displace-
ment. To obtain displacement data, the original L&S model [22]
has been modified by assuming a non-rigid central core with an
input compliance K0 ¼ a0=Ec, where Ec is the effective Young
modulus of the core. The input impedance of the core is assumed
to have a resistive component also, of the form R0 ¼ h=a0, where
the resistivity h has the dimensions of viscosity. Data from the
modified L&S model were calculated for comparison with the new
model. To facilitate this comparison, the L&S model parameters
have been updated to those used in the new model (see Section 2.2
and Table 1). Solutions of (3) model the way in which displacement
propagates across the set of 30 lamellae, from the PC surface to the
central core.

For basically the same model system (Fig. 1), with a viscoelastic
central core, Biswas et al. [23] presented an analysis which takes
account of the inertia of the various PC components. However,
inertial effects were found to be negligible and thus their model
(the BMS model) is very similar to the modified L&S model
described in this section.

2.2 New Model

For the new model, again based on the system in Fig. 1, (3) is modi-
fied as follows:

(i) Equivalent radial movements _wi�1 and _wi of the ði� 1Þth
and ith lamellae do not produce exactly equal volume
flows in the interlamellar space because of the difference in
surface area between the lamellae: the lamella areas are in
the ratio Si�1=Si ¼ ai�1=ai, where Si ¼ 2paib is the surface
area of the ith lamella. To take account of this, the volume
flow produced by movement of the ði� 1Þth lamella is
reduced by a factor

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai�1=ai

p
and the volume flow pro-

duced by movement of the ith lamella is increased by a fac-

tor
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai=ai�1

p
, thus achieving the required relative

weighting of ai�1=ai. The effect of this modification is small
in the context of a single interlamellar space, but the cumu-
lative effect over the set of lamellae is significant, giving an
increase in overall gain by a factor of a30=a0 , as shown
below in Section 3.2.

(ii) Again because of the difference in lamella area, the radial
springs between the ði� 1Þth and ith lamellae exert equal
and opposite forces on the lamellae, but not exactly equal
and opposite pressures. To take account of the change in
area (Si�1=Si ¼ ai�1=ai), the pressure exerted on the
ði� 1Þth lamella is increased by a factor

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai=ai�1

p
and the

Fig. 1. Schematic diagram of the PC model, showing a central cross section
through the set of lamellae in the form of concentric cylindrical shells. For clarity,
only seven lamellae are shown. The lamellae surround a cylindrical central core.
Position is represented by Cartesian coordinates x, y, z, or cylindrical polar coordi-
nates x, r, u. The overall length is b. The (outer) radius of the ith lamella (counting
from the central core) is ai; the radius of the inner core is a0. The thickness of the
ith lamella is di (not labelled in the diagram); the spacing between the ði� 1Þth
and ith lamellae is hi (not labelled in the diagram), where hi ¼ ai � ai�1 � di. The
representative point P is referred to in Section 3.2.

TABLE 1
Model Parameters

radius a0 of central core 20.0 mm
outer radius a1 of 1st lamella 21.8 mm
outer radius a30 of 30th lamella 250.0 mm
overall length b of model system 1000 mm
thickness di of ith lamella 0.25 mm
viscosity m of interlamellar fluid 0.005 Pa s
resistivity h of central core 0.5 Pa s
Young modulus Ec of central core 1250 Pa
Young modulus Em of lamellae 105 Pa
Young modulus Es of radial springs 10 Pa
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pressure exerted on the ith lamella is reduced by a factorffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai�1=ai

p
, thus achieving the required relative weighting of

ai�1=ai. As in the L&S model, these pressures are propor-
tional to the relative motion of the lamellae. (The radial
springs determine the quasi-static behavior of the model,
which is not the focus of interest here – this modification is
included only for completeness.)

The modified (3) is as follows:

Bi=Ki ¼Riþ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aiþ1=ai

p
_Biþ1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai=aiþ1

p
_Bi

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aiþ1=ai

p
ðBiþ1 � BiÞ=kiþ1

�Ri

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai=ai�1

p
_Bi �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai�1=ai

p
_Bi�1

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai�1=ai

p
ðBi �Bi�1Þ=ki

(7)

with Ki and ki as in (4) and (6), and Ri now given by a slightly
modified version of (5), taking account of the difference in radius
between the ði� 1Þth and ith lamellae:

Ri ¼ 12mb2=h3
ip

2 1þ 4b2=p2ai�1ai
� �

: (8)

Equation (7) can be rewritten as

aiBi=K
0
i ¼ R0

iþ1 aiþ1
_Biþ1 � ai _Bi

� �þ ðaiþ1Biþ1 � aiBiÞ=k0iþ1

� R0
i ai _Bi � ai�1

_Bi�1

� �� ðaiBi � ai�1Bi�1Þ=k0i
(9)

where

R0
i ¼ Ri=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ai�1ai

p
(10)

k0i ¼ ki
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ai�1ai

p
(11)

1=K0
i ¼ 1=aiKi þ aiþ1 � aið Þ=aik0iþ1 � ai � ai�1ð Þ=aik0i: (12)

Equation (9) has the same form as (3) for the L&S model, but the
variable Bi is replaced by aiBi.

The central core is again assumed to have an input compliance
K0 ¼ a0=Ec and an input resistance R0 ¼ h=a0, where Ec is the
effective Young modulus and the resistivity h has dimensions of
viscosity. For use in this model, the quantities K0 and R0 are trans-
formed to quantities K0

0 and R0
0, using relations analogous to (10)

and (12) which, to a good approximation, can be written as:

K0
0 ¼ a0K0 ¼ a0

2=Ec (13)

R0
0 ¼ R0=a0 ¼ h=a0

2: (14)

The model parameters are given in Table 1. Values for lamella
radius are calculated using

ai ¼ a0 12:5i=30
� �

(15)

where a0 ¼ 20 mm. Equation (15) is a simplified version of the
power law used by Loewenstein and Skalak [22], based on the
analysis of Hubbard [24]. For convenience, since individual differ-
ences in lamella thickness are not important for the overall behav-
ior of the model, the same value of 0.25 mm is assumed for the
thickness di of each lamella. This value is in line with measure-
ments by Chouchkov [25] and Malinovsky et al. [26].

It is difficult to provide an accurate estimate for the Young mod-
ulus Em of the lamellae – it seems likely that the elastic behavior of
a lamella is dominated by the collagenous layers on its inner and
outer surfaces, which make up perhaps 10% of the overall lamella
thickness di [6], [27], [28], but data on the relevant mechanical
properties of these layers are not available. (It is known that their
composition includes collagen IV and laminin [29].) A Young mod-
ulus of 106 Pa has been assumed for the collagenous layers, giving
an effective Young modulus of 105 Pa for the lamella as a whole.

This contrasts with the very low value of 1000 Pa assumed in
the BMS model [23]. However, in practice the new model is not
sensitive to the exact value of Em; the lamella stiffnesses Ki are
determined by Em, but these have negligible effect on the displace-
ment transfer function of the outer-zone structure as a whole – see
below.

A value of 5 mPa s is assumed for the viscosity m of the
interlamellar fluid. This is within the range suggested by Biswas
et al. [23].

As mentioned above, the radial springs determine the quasi-
static behavior of the model, which is not the focus of interest here.
A value of 10 Pa has been assumed for the Young modulus Es of
the radial springs, lying between the values used in the BMS model
and the original L&S model. Values for the Young modulus Ec and
resistivity h of the central core are chosen so that the high-pass
response of the mechanical filter has a pass-band gain of approxi-
mately –4 dB and a 3-dB point close to 400 Hz. The gain at 400 Hz
is thus around –7 dB, in line with the measurement by author SP-Y
[20] of the transmission of a 400 Hz sinusoidal displacement
through the PC outer zone. Solutions of (9) model the way in which
displacement propagates across the set of 30 lamellae.

3 RESULTS AND DISCUSSION

3.1 Modeling Data

Fig. 2 shows graphs of surface-to-core transfer function as a func-
tion of frequency. Graph (a) shows the displacement transfer func-
tion jB0=B30j for the new model, using the parameters shown in
Table 1. The maximum slope in the fall-off region is 6.0 dB/octave,
i.e., the model shows a first-order high-pass response at frequen-
cies above 5 Hz. The 3-dB point is at 380 Hz. Below 5 Hz the trans-
fer function flattens off, because of the effect of the radial springs
which determine the quasi-static response. Graph (b), for the modi-
fied L&S model, using the same parameters, also shows a first-
order high-pass response. The 3-dB point is at 282 Hz. Graph (c)
relates to a modification of the new model, described in Section 3.3.

3.2 Model Response

Except at very low frequencies, the response of the new model is
first-order because the radial-spring compliances k0i and the lamella
compliances K0

i are sufficiently large for the behavior of the outer-
zone structure to be entirely dominated by the interlamellar resis-
tances R0

i. Since the only significant impedances in the outer-zone
structure are resistances, these are effectively lumped together so
that the whole structure behaves as a single resistance. The model
then reduces to only three elements, as shown in Fig. 3a: a resistance
R0

lam representing the outer-zone lamellar structure, given by

Fig. 2. Calculated displacement transfer functions: (a) from the new model,
(b) from the modified L&S model, and (c) from the new model, including additional
modeling of transmission within the central core.
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1=R0
lam ¼

X
i

1=R0
i

� �
(16)

together with the complianceK0
0 and resistance R0

0 representing the
input impedance of the core.

The transfer function of this three-element system is

B0

B30

����
���� ¼ a30

a0

R0
lam

R0
0 þR0

lam

� 	
1þ f3dB

f

� 	2
 !�1=2

(17)

where f is frequency and f3dB is the 3-dB-point frequency, given by

f3dB ¼ 1=2pK0
0 R0

0 þR0
lam

� �
: (18)

As mentioned in the previous section, the modified L&S model
also demonstrates a first-order fall-off. For this system also, the
outer-zone structure behaves as a single lumped resistance, except
at very low frequencies. The same is true for the BMS model [23].
For the modified L&S model, an expression similar to (17) may be
derived; however, in that case the a30=a0 term is missing because
the L&S model ignores the curvature of the lamellae when calculat-
ing fluid flow, and hence does not take account of the change in
area across the set of lamellae.

At frequencies above 5 Hz, (17) gives a very close fit to the trans-
fer function calculated using the full model (Fig. 2, graph (a)). In
(17) and (18), R0

lam is proportional to m, R0
0 is proportional h, and

K0
0 is inversely proportional to Ec, indicating how the transfer

function is affected by the particular choice of values for m, h and
Ec. For the model parameters given in Table 1, R0

0=R
0
lam ¼ 18:5;

consequently, the 3-dB-point frequency given by (18) is largely
determined byK0

0 and R0
0, i.e., by the properties of the central core.

From (17) it can be seen that the pass-band gain is the product of
two factors. The first, a30=a0, represents the amplification associ-
ated with the “focusing” effect produced by the outer-zone struc-
ture: the motion of particles in the interlamellar fluid (e.g., a
particle at point P in Fig. 1) is promoted in the radial direction,
because the lamella compliances are sufficiently large for their
effect to be negligible, and hindered in directions tangential to the
lamellae, due to the dominant effect of the resistances in the inter-
lamellar spaces. The factor a30=a0 arises because volume flow is
conserved – for purely radial flow, displacement is inversely pro-
portional to lamella area and hence inversely proportional to
lamella radius ai in this cylindrical geometry. For the model
parameters given in Table 1, this factor a30=a0 evaluates to 12.5,
equivalent to a gain of approximately 22 dB. This factor is not rep-
resented in the L&S or BMS models because these do not correctly
demonstrate the conservation of volume flow. The improved treat-
ment of fluid flow in the new model allows the conservation to be
correctly represented, and hence allows an interpretation in terms
of radial flow and focusing (see Section 3.4, below).

In fact, the flow is not purely radial: the mechanical load pro-
vided by the central core produces some “squeezing” of the inter-
lamellar spaces, resulting in flow along these spaces. This is
represented by the second factor in the pass-band gain:
R0

lam=ðR0
0 þ R0

lamÞ, from (17). This factor shows how only a fraction
of the input stimulus at the PC surface is delivered to the central
core, with the remainder being accommodated by distortion of the
outer-zone structure. For the model parameters given in Table 1,
this second factor evaluates to approximately 0.05, equivalent to a
gain of –26 dB, giving an overall pass-band gain (both factors
included) of –4 dB, as intended (see Section 2.2).

A comparison of graphs (a) and (b) in Fig. 2 shows the effect of
incorporating the improved treatment of fluid flow in the new
model. At first sight, it is surprising that the calculated transfer
functions differ by only around 7 dB in the pass band, rather than
the 22 dB associated with the first term (a30=a0) in the pass-band
gain, from (17). This is because the discrepancy between the two

models is reduced by the “squeezing” term in the pass-band gain,
whose magnitude differs by 15 dB between the two models. (The
discrepancy between the unity pass-band gain calculated for the
BMS model [23] and the less-than unity pass-band gain shown in
Fig. 2 for the modified L&S model can be attributed to differences
in the viscoelastic representations of the core.)

3.3 Low Frequency Fall-Off

A significant deficiency of the new model is that it predicts a low-
frequency fall-off of 6 dB/octave (see Section 3.1), i.e., a response
proportional to frequency. This does not correspond to the 12 dB/
octave fall-off seen in experimental studies, proportional to fre-
quency squared. There are similar problems with the modified
L&S model (Fig. 2, graph (b)) and the BMS model [23]. A steeper
fall-off may in principle be obtained if the model parameters are
chosen to give lower lamella compliances and/or lower interlamel-
lar resistances, such that the effect of lamella compliance is not
entirely negligible. However, in the new model, increasing the
Young modulus Em of the lamellae by a factor of 100 only changes
the fall-off to around 7.5 dB/octave, and it would be very difficult
to justify a greater change in the model parameters.

It is possible that a model with a spherical geometry might
provide a better prediction of the low-frequency fall-off – Quindlen
et al. [21], using a spherical model, calculate a low-frequency fall-
off which is interrupted by a response minimum at around 25 Hz,
and so again does not correspond well with the experimental data.
(Their results may be affected by the incomplete specification of
the central core in their model.)

Another possible explanation for the discrepancy betweenmodel-
ing and experimental results is that some mechanism in the central
core might act as a further high-pass filter, providing an additional
fall-off to that from transmission through the outer-zone structure,
thus producing a 12 dB/octave fall-off overall. Such a mechanism
might relate to the transduction frommechanical to electrical signals
which occurs in the region of the nerve ending. (The results of Biswas
et al. [16]may provide a suggestion of this.) Alternatively, themecha-
nismmight relate to the transmission of displacement from the outer
region of the central core to the nerve ending in its interior. For exam-
ple, Fig. 3b shows amodified version of themodel in Fig. 3a, inwhich
the outer region of the central core, with complianceK0

0, is linked by
a resistance R0

0 to the inner region of the central core, containing the
nerve ending, which has input compliance K0

n and input resistance
R0

n. Displacement of the inner region is represented by anBn, where
Bn is the displacement magnitude and an is an appropriate radius.
The transfer function jBn=B30j of such a system (PC surface to core
inner region) is shown in Fig. 2, graph (c); the low-frequency fall-off
is 12 dB/octave, as intended; for illustration, the model parameters
are chosen to give a pass-band gain that is 20 dB lower than that in
graph (a). Pawson et al. [30] observed a concentration of collagenV in
the outer region of the central core; however, it must be stressed that

Fig. 3. (a) Simplified equivalent of the new model. (b) Simplified equivalent with
additional components to represent transmission within the central core. The
spring and dashpot symbols represent compliances and resistances.

IEEE TRANSACTIONS ON HAPTICS, VOL. 11, NO. 1, JANUARY-MARCH 2018 149



beyond this there is little anatomical evidence for the configuration
shown in Fig. 3b; it is presented here as an example of how it may be
possible to find a solution to the discrepancy between modeling and
experiment.

3.4 Focusing and Amplification

The improved treatment of fluid flow in the new model affects the
calculated transfer function, as shown in Fig. 2 and discussed above.
However, the changes made in the new model are important not
only because of this effect, but also for the insight that they bring to
understanding the function of the outer zone of the PC.Asmentioned
in Section 3.2, the nature of the outer-zone structure is such that it pro-
duces a focusing effect – it allows radial movement of the interlamel-
lar fluid and hinders flow in directions tangential to the lamellae.
Displacement stimuli at the PC surface are channeled towards the
core and this focusing effect is accompanied by an amplification of
the displacementwhich tends to counteract the attenuation produced
by resistive elements in the system, as shown by (17). This analysis
suggests a resolution to an important and longstanding problem in
understanding the mechanical behavior of the PC, providing a ratio-
nale for the complexity of the outer-zone structure, as follows: The
outer surface of the PC defines a “catchment area” over which dis-
placement stimuli are channeled towards the central core. A rela-
tively large PC radius (compared, say, to the size of the nerve ending
in the central core) provides a large catchment area, so that a single
nerve can efficiently detect stimuli from a relatively large volume of
tissue. The lamellae in the outer zone of the PC provide high-pass fil-
tering and, because the focusing effect relies on high lamella compli-
ances and high interlamellar resistances, they must be thin and
closely spaced – Equations (4) and (5) indicate the effect of lamella
thickness di and lamella spacing hi on compliance and resistance. A
large number of lamellae is now seen to be a consequence of the
requirement for a large PC radius (to give a large catchment area)
and the requirement for thin, closely spaced lamellae (to achieve the
focusing effect).

4 CONCLUSIONS

By incorporating an improved description of fluid movement, the
model presented in this paper provides new insights into the surface-
to core displacement transfer function in the PC. Surprisingly, the
multilayer structure appears to behave as only a single-stage filter.
The lamella compliances are sufficiently large for the behavior of the
outer-zone structure to be entirely dominated by the interlamellar
resistances. Hence the outer-zone structure can be described by a sin-
gle lumped resistance, and the transfer function is strongly depen-
dent on the input compliance and resistance of the central core. The
outer-zone structure produces a focusing effect, whereby displace-
ment stimuli are channeled radially inwards from the catchment area
of the PC surface towards the central core. In the light of this repre-
sentation of the PC response, the previously unexplained complexity
of the outer-zone structure can now be seen as a consequence of the
advantage from the focusing effect (which relies on thin, closely
spaced lamellae) and the advantage from a large catchment area
(which requires a large PC radius). The model produces a first-order
high-pass response with a low-frequency fall-off of 6 dB/octave,
which does notmatch the 12 dB/octave fall-off seen experimentally –
the origin of this deficiency in the model is not clear, but it may be
explained in terms of additional high-pass filtering within the core.
Further experimental measurements on PC response to vibratory
stimuli, and on the mechanical properties of PC constituents, are
required to inform the development of bettermodels.
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