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Abstract

The periphery of an arti cial whisker sensory
system is presented. It has been developed by
modelling the structure and behaviour of real
rodent facial vibrissae. The arti cial vibrissae
have been formed using composite materials
and have the ability to be actively moved in
a manner analogous to natural whisking. The
sensory apparatus of real vibrissae has been
modelled and implemented using micro strain
gauges and Digital Signal Processors. The
primary a erents have been modelled using
empirical data taken from electrophysiologi-
cal measurements, and implemented in real-
time using a Field Programmable Gate Array.
Pipelining techniques were employed to max-
imise the utility of the FPGA hardware. The
system is to be integrated into a more com-
plete whisker sensory model, including neural
structures within the central nervous system,
which can be used to orient a mobile robot.

1. Introduction

Rodents can orient themselves and discrimi-
nate between surface textures using their ar-
ray of mystacial vibrissae, or facial whiskers
(Carvell and Simons, 1990). The vibrissae are the
visible ‘front end’ of a sensory system which in-
volves the interaction of numerous neural structures
throughout the Central Nervous System (CNS) of
the animal (Kleinfeld et al., 1999). Ultimately the
mechanical deformations of the vibrissal shaft, as
it interacts with the environment, are translated
into information which the CNS can interpret and
upon which generate appropriate action selections.
Any attempt to understand how the CNS interprets
this information rst requires a suitably accurate
model of the translation of mechanical deformation
of the vibrissal shaft into neural code. Biologists can
either take measurements of the gross behaviour of
large groups of neurons from the brains of awake,
naturally behaving animals or from individual, or
at least smaller groups of neurons, if the animal is
sedated and constrained. The principal advantage
of the latter technique being that very controlled

stimulus can be presented to the vibrissae. The
former technique, however, reveals details of neural
interactions which are suppressed by the chemical
action of the sedatives used in the more controlled
experiments. Using data collected from both these
techniques, models can begin to be constructed
of various parts of the sensory system. By imple-
menting these models and embedding them onto
a mobile robotic platform, the model is tested
thoroughly as it will be operating in a real-world,
real-time environment. This will inevitably highlight
weaknesses and perhaps even reveal engineering
solutions which may assist the work of the biologists.
The potential applications for such a sensor array
in the eld of mobile robotics includes the rapid
orientation in con ned, dark or visual occluded
environments, for example, to assist with search and
rescue operations following the collapse of buildings
or mines. It also does not require the illumination of
the environment to extract information, therefore it
has a low power consumption and the ability to move
covertly. The approach taken in this work di ers
markedly from previous whisker based robotic sensor
systems (Russel, 1992), (Kaneko et al., 1998) which
adopted a more abstract engineered interpretation
of the whiskers. We have taken a much more
biologically inspired approach, adopting instead a
philosophy much more akin to the ‘Brain Based
Device’ approach (Krichmar and Edelman, 2005).
This is the context within which the Whiskerbot
project is based and this paper details the important
initial work of extracting information from an
arti cial vibrissae array which has a su cient level
of biological plausibility and sensory richness to
derive a more complete model of this tactile sensory
modality.

2. The Vibrissae

2.1 Background

The vibrissae of a rodent can be broadly classi ed
into 2 classes; micro and macro (Brecht et al., 1997).
The macro vibrissae are larger and are more popu-
larly identi ed as the ‘whiskers’ of an animal. The
micro vibrissae are much smaller and tend to oc-



cupy the more rostral and caudal areas of the snout.
The composition of all the vibrissae is very similar
to hair, a solid protrusion of the protein Keratin de-
posited into a regular structure, which tapers towards
the tip with a characteristic curvature. It has been
proposed that the two species of vibrissae contribute
di erent specialist functionality to the sensor array
(Brecht et al., 1997). It is reasonable to suggest that
the longer macro vibrissae are used to ascertain the
coarse spatial features of the environment surround-
ing the head of the animal, whilst the micro vib-
rissae are more suited to discriminating much ner
spatial features, more commonly referred to as tex-
ture. What has also been demonstrated is that the
macro vibrissae are independently capable of discrim-
inating relatively ne textural features as well as de-
tecting object proximity and determining gross shape
(Brecht et al., 1997). This multi functionality, and
the simple fact of their larger physical size, led us to
model the macro vibrissae in our initial prototype.

2.2 Arti cial vibrissae

We have included the characteristic curvature and
tapering observed in rodent vibrissae by machining
an aluminium mould to form stereotypical compos-
ite vibrissae (see Fig.1). Two pairs of diametrically
opposing micro strain gauges were bonded to the pe-
riphery at the base of the arti cial vibrissae. The
con guration of the gauges is such that de ections
of the vibrissal shaft, when clamped at the base,
will generate a proportional 2 dimensional strain
measurement vector. This di ers from Darwin IX
(Seth et al., 2004) as we intend to explore the role of
vibrissae de ections in both planes. We also wish to
measure the ‘DC’ component of vibrissae de ections
which is not possible using the electret microphone
system of Amouse (Fend et al., 2004). The gauges
used limit the minimum diameter of arti cial vibris-
sae to 1.5mm, this is approximately 7 times greater
than the cross sectional diameter at the base of the
largest rat vibrissae. Consequently the length of the
arti cial vibrissae has also been scaled, however, only
by 4 times that of a real vibrissa. This di erence in
scaling was required in order to maintain an appro-
priate rigidity of the arti cial vibrissae to generate
strong responses from the strain gauges. A selec-
tion of arti cial vibrissae is shown in Fig.2, detail-
ing the various materials with which we have been
experimenting. The dynamic and mechanical char-
acteristics of rodent vibrissae have been quanti ed
(Hartmaan et al., 2003). Again, due to the compro-
mise between the desired exibility of the vibrissae,
as measured in the biology, and the sti ness required
by the engineers to generate strong signals from the
strain gauges, our arti cial vibrissae only approxi-
mate the dynamics of real rodent vibrissae.

Figure 1: The two part aluminium moulds used to form
the composite arti cial vibrissa
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Figure 2: A selection of the arti cial composite vibrissa
formed using the curved mould of Fig. 1 and a straight
mould. Experimenting with di erent materials

2.3 Active whisking

The ability of rodents to actively move their
vibrissae, a behaviour known as whisking, has
been suggested as highly instrumental in extract-
ing both textural and spatial sensory information
(Carvell and Simons, 1995). The ability to whisk
the arti cial vibrissae has also therefore been imple-
mented in this model, a photograph of the rst pro-
totype is shown in Fig.3. The intrinsic muscles of the
rodent facial musculature have been implemented us-
ing a wire, shape metal alloy called BioMetal ¢ . Us-
ing an electrical current to heat the wire causes the
material to contract generating a small linear force



which, when translated through a simple pulley gear-
ing, pulls the vibrissae forward (protraction). When
the current is switched o, the wire cools and begins
to contract, however, to increasethe retraction rate of
the vibrissaea small spring is used. This is analogous
to the elasticity of the skin covering the mystacial pad
(or cheek) of the animal (Berg and Kleinfeld, 2003.

The BioMetal was employed due to the simplicity of
the required control electronicsand for its compact-
nessin size and weight. This was very important

as we are building an array of suc vibrissae to be
mounted onto a mobile robotic platform with lim-

ited physical space,power and processingresources.

To measurethe angle of the vibrissae during a whisk
cycle, an optical shaft encader has been added (not
shown in Fig.3). This closesthe feedbad loop for the
BioMetal drive electronics and provides the neural
model with additional biologically plausible sensory
information.

Figure 3: Prototype active whisking module using
BioMetal to protract an arti cial vibrissae

2.4 Sensorarray

When a rodent comesinto close proximity with an
object, it is unusual for only a single vibrissa to make
contact with that object. In fact behavioural ex-
periments demonstrate that the animal will attempt

to make cortact with as many of it's vibrissae as
possible when an interesting object is encountered
(Krupa et al., 2001). This suggeststhat the role of
the vibrissaeaspart of an array is an integral feature
of the sensorymodality. We intend to build multiple

instantiations of the actively whisking arti cial vib-

rissae units and place them onto specialised sensor
chassis. Each chassiswill hold 6 vibrissae, arranged
as 3 pairs of opposing units represerting the vibrissae
protruding from opposingmystacial pads. Ultimately

we plan to build 3 suc chassisand stadk them upon
ead other to form two 2 dimensionalarrays of 9 vib-

rissae(3 3) projecting in ead direction.

3. The Follicle Sinus Complex (FSC)
mo del

3.1 Backgiound

Each of the vibrissae of a rodent originates from a
sinus in the skin of the mystacial pad. Within this
sinus is a structure which encapsulatesthe base of
the vibrissae called the follicle. The follicle consists
of a number of sub-structures and is anatomically
quite complex as showvn in Fig.4. Situated within
these sub-structures are large numbers of cells which
are sensitive to medanical deformation, hencecalled
mechanoreceptors. There are a variety of speciesof
medanoreceptor found in the follicle which in turn
excite the Primary Aerents (PAs) that innervate
the follicle, leaving via the Super cial and Deep Vib-
rissal Nerves (SVN/D VN). A principle classi cation
metric for these PAs is how rapidly they adapt to
stimuli; for example a step input stimulus may in-
voke activity from a particular PA for 20 millisec-
ondsbeforethat activity reducesbadk to zero, whilst
another may remain active for a much longer pe-
riod of time in responseto the samestimulus. PAs
which rapidly adapt to the stimulus (former descrip-
tion) are consequetly classi ed asRapidly Adapting
(RA), where asthe latter are Slowly Adapting (SA)
(Lichtenstein et al., 1990.

Figure 4. Comparativ e cross-sectionof rat and cat follicle
(Ebara et al., 2002) c. (Reprinted with permission of
Wiley-Liss, Inc., a subsidiary of John Wiley and Sons,
Inc.)



