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Executive summary 
The campaniform sensillum is a displacement sensor found in the external skeleton 
(cuticle) of insects, lobsters, spiders, etc.  It is a hole extending through the cuticle 
arranged such that its shape changes in response to loads. In specific directions  The 
shape change is rotated through 90° by the suspension of a bell-shaped cap whose 
deflection is detected by a cell beneath the cuticle.  It can be sensitive to 
displacements of the order of 1 nm.   The essential morphology – a hole formed in a 
plate of fibrous composite material – was modelled by Skordos et al. (2002) who 
showed that global deformation of the plate (which can be flat, curved or a tube) 
induces higher local deformation of the hole due to its locally higher compliance.  
Further developments reported here show that this approach can be applied to groups 
of holes relative to their orientation. 
 
The morphology of the sensillum in insects suggests that greater sensitivity can be  
achieved by arranging several holes in a regular pattern; that if the hole is oval it can 
be ‘aimed’ to sense specific strain directions; and that either by controlling the shape 
of the hole or its relationship with other holes it can have a tuned response to dynamic 
strains.  
 
Greater strain magnification can be recorded by measuring the changes in shape of the 
holes, rather than the strain in the surrounding material, which is the parameter an 
engineer would tend to measure. Thus it is possible to produce useful strain 
magnification without compromising the integrity of the surrounding material.  From 
an engineering point of view this is counterintuitive. The effects of grouping and 
mutual proximity of the holes remain to be explored in detail; biological systems use 
the size of the sensor as a primary filter to fractionate the signal.  This peripheral 
conditioning will reduce the amount of information transmitted and increase the 
efficiency of the system. 
Engineering mechanics teaches that holes are commonly stress concentrators and 
crack initiators, not sources of information for sensor engineers.  The membrane in a 
blind hole serves to amplify the strain in the wafer.  However the sensitivity of strain 
sensors could be further enhanced by learning from strain sensors found in biology, 
for instance the campaniform sensillum of insects. Its unique structure yields strain 
amplification that enables more sensitive strain detection, even when associated with 
a stiff material. Holes have been used as a stress-concentrating region to improve 
sensitivity in piezoresistive silicon cantilevers for scanning probe microscopy (Bashir 
et al., 2000).  But a blind hole to concentrate strain, which is transduced into a signal 
in a microstructure and used as a stand-alone strain sensor, has been reported only by 
Wicaksono in a recent series of papers (Wicaksono et al., 2006).  
 
A silicon MEMS device based on the campaniform sensillum is being developed in 
The Netherlands. The strain-concentrating property of the hole can be utilized for 
making a new type of high sensitivity MEMS-based strain sensor. 
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Statement of tasks from the Proposal document. 
Background 
Insects are able to control their posture and movements using proprioceptive sensors. 
Biological sensitive mechanoreceptors are inherently small, light and embedded in 
insect bodies. In particular, campaniform sensilla are used by insects as natural strain 
sensors.  They are able to sense strain deformations and cockroaches, for example, use 
them to determine both load and muscle forces. 
Research on campaniform sensilla began around 1960s and preliminary electron 
microscope images showed that sensilla are connected to bipolar neurons. When the 
sensor is strained, a train of impulses is propagated to the central nerve system and 
insects can use these signals as feedback for their locomotion control. 
 
Space Applications 
Embedded strain sensors are of interest for many space applications especially when 
slender structures are used (solar panels, booms, solar sails etc.) or structural frames 
must be monitored during hazardous mission phases such as during launch and 
landing. Strain sensors can also be used as force sensors especially when they are 
embedded in cantilevers. Therefore, they are suitable to be used in unlocking systems, 
docking mechanisms, limit switch devices, robotic arms, etc. 
 
Study objectives 
This study is aimed at assessing the feasibility of a strain sensor inspired by 
campaniform sensilla of insects. After a careful review on campaniform sensillum 
natural sensors, the study should focus on the design of a new-engineered strain 
sensor which synthesizes the main characteristics of the natural sensor. During the 
study, the following tasks should be covered: 
• Review of studies related to campaniform sensilla. 
• Identification of campaniform sensillum elements which allow insects to sense 
strains and convert deformation signals to electrical signals. 
• Investigate which technologies could be used to develop a bio-inspired strain sensor. 
• Propose a design of a novel strain sensor which employs the functionalities of a 
campaniform sensillum to sense deformations. 
The study will be performed in close cooperation with the ACT, and its results 
should be at a high standard that makes them suitable for publication in a peer 
reviewed journal. 
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1. Abstract 
The campaniform sensillum is a displacement sensor found in the external skeleton 
(cuticle) of insects, lobsters, spiders, etc.  It is a hole extending through the cuticle 
arranged such that its shape changes in response to loads. In specific directions  The 
shape change is rotated through 90° by the suspension of a bell-shaped cap whose 
deflection is detected by a cell beneath the cuticle.  It can be sensitive to 
displacements of the order of 1 nm.   The essential morphology – a hole formed in a 
plate of fibrous composite material – was modelled by Skordos et al. (2002) who 
showed that global deformation of the plate (which can be flat, curved or a tube) 
induces higher local deformation of the hole due to its locally higher compliance.  
Further developments reported here show that this approach can be applied to groups 
of holes relative to their orientation. 
The morphology of the sensillum in insects suggests that greater sensitivity can be 
achieved by arranging several holes in a regular pattern; that if the hole is oval it can 
be ‘aimed’ to sense specific strain directions; and that either by controlling the shape 
of the hole or its relationship with other holes it can have a tuned response to dynamic 
strains.  
A silicon MEMS device based on the campaniform sensillum is being developed in 
The Netherlands. 
 
Keywords: Campaniform sensillum, strain, displacement, compliance, hole, remote 
sensing, fibrous composite. 

2. Introduction and literature review 
Maintaining the integrity and intactness of a mechanical structure is important to 
ensure safety and to prevent accidents caused by vibration and structural fatigue. In 
such systems, the measurement of strain as one the parameters is necessary. We 
therefore need high quality strain sensors, whether independent or integrated into an 
intelligent material. Strain measurement can also proved for proprioceptive feedback 
in robots, tools, and other structures, giving the ability to monitor their own 
movements and loads and respond to them.   
 
Thin metal foil strain gauges, usually made from metal alloy, have been widely used 
for measuring strain. However, since metal strain gauges have a low piezoresistivity 
effect, the strain gauge constant is due mainly to dimensional change. Metal foil strain 
gauges also need extensive wiring.  Piezoresistive silicon thin film has a higher gauge 
factor than metal foil strain gauges and its integration within MEMS structures has 
made it possible to measure strain within a composite structure without extensive 
wiring. The monofilament piezoresistive strain sensor, however, still performs 
inconsistently with different gauge factors when the sensor is loaded in or out of 
plane.  This problem can be partially solved by making piezoresistive membrane 
strain sensors, which has a similar gauge factor during bending and axial loading, and 
with comparable gauge factor sensitivity (Cao et al., 2000). Holes have been used as a 
stress-concentrating region to improve sensitivity in piezoresistive silicon cantilevers 
for scanning probe microscopy (Bashir et al., 2000).  But a blind hole to concentrate 
strain, which is transduced into a signal in a microstructure and used as a stand-alone 
strain sensor, has been reported only by Wicaksono in a recent series of papers 
reviewed below (Wicaksono et al., 2006).  Engineering mechanics teaches that holes 
are commonly stress concentrators and crack initiators, not sources of information for 
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sensor engineers.  The membrane in a blind hole serves to amplify the strain in the 
wafer.  However the sensitivity of strain sensors could be further enhanced by 
learning from strain sensors found in biology, for instance the campaniform sensillum 
of insects. Its unique structure yields strain amplification that enables more sensitive 
strain detection, even when associated with a stiff material.  
 
The campaniform sensillum is essentially a hole in a plate with a bell-shaped (hence 
‘campaniform’) cap suspended in its centre (fig 1a,b).  Campaniform sensilla are 
found in animals that have an external skeleton (arthropods) that can be characterised 
(Vincent and Wegst, 2004) as a composite material of chitin nanofibres (Young’s 
modulus in excess of 150 GPa) in a protein matrix (Young’s modulus ranging from 1 
kPa to 15 GPa) with various fillers (e.g. calcium carbonate in aquatic crustacea).  

 

 
 

Figure 1a. Isometric view of a small field of campaniform sensilla 
 

 
 

Figure 1b. Section through a campaniform sensillum 
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They were recognised as strain sensors by Pringle who studied sensilla on the 
maxillary palps of the cockroach Periplaneta (Pringle, 1938a).  A group of 
campaniform sensilla occurs on each of the joints, which respond to passive straight 
or sideways bending of the joint, and also strongly to pressure on the cuticle. They 
were excited only to a lesser extent when the palp was moved actively by its own 
muscle.  These observations are consistent with the view that the campaniform 
sensilla respond to strains in the cuticle.  In a related study on the campaniform 
sensilla of the legs of the cockroach (Pringle, 1938b) he noted that they are arranged 
in groups at the joints, being oval with parallel orientation of the sensilla of a group. 
The sensilla vary in shape and size, but are rarely quite circular and sometimes long 
and narrow. Their length varies from 6 to 24 µm. They are arranged more or less 
regularly in lines, with the long diameters of the sensilla diagonal to the direction of 
the lines. Sometimes there is indication of a second alignment, at an angle to the first. 
When this is apparent, the direction of the long diameters of the sensilla bisects the 
angle between the two lines.  In section there are several different morphologies; 
Pringle figured six from various insects and various authors.  
 

 
 

Figure 2.  Pringle’s model of a campaniform sensillum 
 

Tests with various chemical substances showed a complete absence of sensitivity to 
olfactory stimuli.  Pringle suggested that each group of parallel sensilla acts as a unit, 
responding to those forces that have a compression component of shear in the 
direction of their long diameters, an interpretation which he derived from tests with a 
model (fig 2). A rubber membrane was stretched over a framework, and an oval hole 
cut in the middle.  Across the long diameter of the oval Pringle glued two strips of 
stiff paper, slightly domed out of the plane of the diaphragm.  Distortion of the model 
produces in one direction a lengthening of the hole, and in the other a shortening. This 
causes the paper strips to curve. If the end of the sensory cell is imagined as being 
inserted on the under side of the middle of the paper strip, it will be stretched by one 
distortion and compressed by the other. One or both of these movements could lead to 
excitation of the sense cell which is in turn connected to the nervous system. The 
magnification of movement provided by this arrangement is very large; the more so if 
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the dome is nearly flat. The relative displacement of the strips was measured by a 
simple rheometer mounted between whose resistance varied with the distance 
between the strips.  Results from this simple model showed differences in curvature 
of the paper strips depending on the preload (four preloads are shown ranging from 
750g to 3750g) and the angle at which the force is applied (fig 3). 
 
This theory and associated experiment makes it possible to predict the behaviour of 
the sensilla from their anatomical arrangement. Most if not all the groups on the legs 
are arranged so as to be sensitive to the forces present when the insect is standing on 
the ground.   
 

 
 

 
 

Figure 3.  Variation in distortion (‘resistance’) of the oval hole shown in Figure 
2, with preload (4 curves) and orientation of applied force (vertical axis) 

 
The sensilla also occur on large tactile spines of the legs of the cockroach Periplaneta 
americana (Chapman, 1965).  A single campaniform sensillum in the thick cuticular 
wall of the spine at its junction with the soft cuticle of its socket was shown to be the 
sense organ since punctate stimulation in the same region revealed a highly 
mechanosensitive region similar in size, shape, orientation and location to the 
campaniform sensillum. In order to do this a physiologically maintained preparation 
of the cockroach leg was mounted on a platform and the output from the sensillum 
nerve recorded.  A fine tungsten probe of tip diameter of about l µm was positioned 
over the sensillum.  The preparation was raised against the probe with about 100 mg 
load, for about 1 sec. This was done repeatedly, moving the preparation with a 
micromanipulator each time until the contact produced a discharge in the nerve. Co-
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ordinates were read from the horizontal screws of the micromanipulator, and the 
sensitive area was mapped by advancing one screw at a time in small increments so 
that the probe crossed and recrossed the sensitive region and its surroundings several 
times in both directions. 50-100 contacts were made in the area of the sensillum. Thus 
it was possible to map out the size and approximate shape of the region with precision 
of about 2-5 µm, although it was not possible at the same time to see exactly whether 
the probe was touching the sensillum.  However, the sensitive area was the same size 
as the sensillum, and the nervous discharges, at 500 Hz, had the same waveform as 
those generated by deflecting the spine.  It was therefore deduced that the probe was, 
in fact, stimulating the sensillum, and that the sensillum works by deflections of the 
cap as predicted by Pringle.  It also seemed possible that the sensilla are hydraulic 
sensors with the sensillar cap acting as a piston, its displacement being measured in 
the usual way. 
 
The geometry and mechanical properties of the suspension cause the cap to move up 
and down as the hole changes its dimensions when the plate is stretched, compressed, 
bent or twisted. Thus the cap system rotates deformation in the plane of the plate 
through 900, allowing the deformation to be detected out of the plane (Pringle, 1938b; 
Skordos et al., 2002). In insects the sensillum, together with its associated sensory and 
nerve cells, forms a simple yet sensitive mechanism (Zill and Moran, 1981a; Zill and 
Moran, 1981b) which is capable of detecting displacements of the order of a 
nanometer (Dickinson, 1990). The plate in which the sensillum is formed can be 
anisotropic depending on the orientation of the chitin fibres and heterogeneous 
depending on the volume fractions of the components, degree of cross-linking of the 
matrix, etc.  There is therefore considerable freedom in the design parameters.  In 
most arthropods (including insects and crustaceans) the sensillum hole is oval, so it 
can be ‘aimed’ and pick up and amplify displacements in defined directions (Keil, 
1997a; Keil, 1997b; Pringle, 1938b).  
 

 
 

Figure 4.  Sensilla on cockroach leg.  Distal and proximal groups are oriented 
orthogonally to each other. 
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In the cockroach there is a group of mechanoreceptors (the tibial campaniform 
sensilla) in the leg (fig 4). The sensilla are consistently separable into two subgroups 
with mutually perpendicular cap orientation: the long axis of the caps of proximal 
subgroups are orientated perpendicular to the long axis of the tibia; caps of the distal 
subgroup are orientated parallel to the long axis of the tibia. Individual, identified 
sensilla from both subgroups were subjected to the following externally applied 
displacements: bending perpendicular to the long axis of the leg, axial stretching and 
compression (parallel to the long axis), twisting about the long axis.  They were also 
subjected to displacements generated by the tibial muscles.  Their responses were 
recorded as electrical activity from the corresponding nerves. 

 

 
 
 

Figure 5.  The displacements applied to a cockroach leg, and the orientation of 
the sensilla which respond 
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The sensilla respond vigorously to bending in the plane of movement of the joint 
between the femur and tibia, the two main sections of the leg. Individual sensilla are 
directionally sensitive: the proximal sensilla respond only to dorsal bending; the distal 
sensilla respond only to ventral bending. Sensilla respond less vigorously to bending 
in other planes.  Responses are weak but directionally sensitive to axial strains: the 
proximal sensilla fire upon axial compression; the distal sensilla fire upon axial 
tension.  Both subgroups respond simultaneously but weakly to twisting. Contractions 
of the tibial muscles produce responses which are strongly dependent on orientation: 
the proximal sensilla respond only to contraction of the muscle which bends the leg; 
the distal sensilla respond only to contraction of the muscle which extends the leg. 
These responses are accurately predicted from a simple model in which the tibia 
behaves as a cylinder under strain so that the campaniform sensilla respond as 
directionally sensitive strain gauges (fig 5). Each sensillum responds only to 
compressions perpendicular to the long axis of its cuticular cap.  Interestingly the 
sensilla respond best to those forces that the animal can most effectively control, 
showing that they are important in sensory feedback of movement (Zill and Moran, 
1981a).  In general, however, the deformations can be endogenous or exogenous (i.e. 
due to environmental loads, due to the weight of the insect’s body, due to the actions 
of its muscles, or all three at once), so the campaniform sensillum is both 
proprioceptor and exteroceptor (Delcomyn et al., 1996; Zill et al., 2004).   
 

 
 

Figure 6.  Isometric diagram of a field of slit sensilla in a spider 
 
In spiders, scorpions, phalangids and other arachnids the analogous sensilla are 
present as long slits (fig 6) called lyriform or slit-sense organs (Pringle, 1955). The 
term lyriform organ describes the characteristic appearance of the compound organs 
where a number of slits of varying length are arranged in a parallel or near-parallel 
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orientation in the same manner as the strings of a harp or lyre. Pringle was the first to 
notice that these organs have a similar distribution to campaniform sensilla, and 
propose that they are mechanosensors rather than chemosensors, which was the 
opinion at that time. Sense organs of this type occur in nearly all arachnids, and their 
distribution over the body is remarkably constant within each order. They are found 
near the joints of the legs and other appendages, on the sterna of the cephalothorax 
and abdomen and on the sting of scorpions are constant not only in position but also 
in the orientation of the slits. The leg organs are usually compound and are often 
situated where the cuticle is curved near the articular surfaces.  Pringle used a 
scorpion Heterometrus swammerdami Simon, and an amblypygid Phrymchus lunatus 
(Pallas) for his studies. Experiments involving the recording of impulses in sensory 
nerves in the appendages of these arachnids showed that their lyriform organs are 
mechanoreceptors, sensitive to strains in the cuticle and analogous to the 
campaniform sensilla of insects.   Like campaniform sensilla, they are sensitive to the 
orientation of the applied strain, and also the amplitude and frequency of vibrations 
(Barth, 1978; Barth and Bohnenberger, 1978).  They are therefore the organs that 
allow the spider to sense the vibrations caused by a prey insect in the web, to locate it 
and to estimate its size. For example, the lyriform organ on the distal end of the spider 
metatarsus is highly sensitive to vibration. Both its morphology and its topography are 
well adapted to receive vibrations picked up by the tarsus from the substrate. Barth 
and co-workers produced threshold curves measured with carefully controlled sine-
wave stimulation at frequencies from 0.1 Hz to I kHz. They were determined 
individually for about half of the 21 slits that make up this organ. In all cases and in 
all slits studied the receptors behave like high-pass filters with relatively low 
sensitivity of 0.001 cm to 0.01 cm up to ca. 40 Hz, and steeply decreasing threshold 
displacement down to 1 nm at 1 kHz. At low frequencies up to about 40 Hz (in some 
slits only 1 Hz) the threshold curves follow roughly constant displacement whereas at 
higher frequencies they follow roughly constant acceleration. Variation in both the 
direction of tarsal displacement (either dorso-ventral or lateral) and in the kind of 
coupling between the tarsus and the vibrator only moderately affects the tuning curve 
shapes (Hössl et al. 2006). 
 
A classification of campaniform sensilla using morphological criteria has been 
developed (Gruenert and Gnatzy, 1987). All variations of the two most important 
outer structural elements, the "cuticular cap" and the "cuticular collar", were taken 
into consideration: (a) the external shape of the cuticular cap; (b) the position of the 
cuticular cap in relation to the remaining cuticle: (c) the position of the cuticular collar 
in relation to the cuticular cap. This resulted in a classification of campaniform 
sensilla into 24 types. This typology was applied to the campaniform sensilla of 
Calliphora, which show considerable variations in their outer structures. Using 
scanning and transmission electron microscopy only 9 out of the 24 different types of 
campaniform sensilla were found in the fly.  In addition to the morphology, a limited 
amount of information can be gleaned about the mechanical properties of the 
components by considering their reaction with various histological stains.  Put simply, 
a mixture of stains such as “Mallory’s Trichrome” can pick out hydrophilic, 
lipophilic, etc. tissues, which suggests the amount of water or (hydrophobic) cross-
linking agent they might contain, and hence the mechanical properties.  Stiff cuticles 
tend to have a modulus of about 1 GPa or more, more rubbery cuticles, probably 
containing significant amounts of resilin, a rubber-like cuticle, have a modulus of 1 
MPa, and a few cuticles are even softer (Vincent and Wegst, 2004). The cuticular cap 
and the upper region of the collar consist of tanned, non-lamellated cuticle which does 
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not stain with Mallory's triple stain. This suggests that it is almost entirely unreactive 
and that all the cross-linking sites are occupied, rendering the cuticle stiff and dry.  
Modulus may be as high as 15 GPa.  It shows no UV-fluorescence, (UV-fluorescence 
is one of the diagnostic characteristics of resilin).   On the other hand the caps of 
campaniform sensilla on the cockroach leg show resilin-like viscoelasticity (Chapman 
et al., 1979) which cannot be explained by the properties of solid cuticle. Therefore 
the spongy cuticle which suspends the cap in the middle of the hole, which appears 
transparent in the TEM, probably consists of resilin. 
 
Most sensilla are oval; when they occur in groups, which is usual, the long axis of 
each sensillum in the group is orientated in much the same direction (Gnatzy et al., 
1987).  For instance on the wing of a fly there is a group arranged along the base of 
one of the main structural beams (‘veins’), orientated at 600 to its long axis, which 
therefore can detect torsion (fig 7, group dG4 and part of group dG3).  
 

 
 

Figure 7.  Sensilla along the wing of a fly.  

 

In the same insect the sensilla in the base of the halteres (planar gyroscopes) occur in 
trapezoidal arrays (Pringle, 1948) (fig 8). Holes with greater width:length ratios are 
subject to greater deformations. The greatest deformation occurs when a plate 
containing an elliptical hole is loaded orthogonal to the major axis of the hole. This 
essentially alters the stress-strain characteristic of the plate.  

Circular sensilla are relatively rare: in Calliphora vicina there are some 1,200 sensilla 
of which only 24 are circular (Gnatzy et al., 1987).  When grouped the sensilla are 
presumably more sensitive than a single sensillum, though whether this sensitivity 
might be achieved at the mechanical or nervous level is unknown (Fayyazuddin and 
Dickinson, 1996).  Probably both.   
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Figure 8.  Two views of a fly’s haltere showing a field of campaniform sensilla 

The sensilla are important both as quasistatic sensors (as already outlined) and as 
dynamic sensors, more especially on the wing. They have been studied (Dickinson, 
1990) on the wing of Calliphora, which is about 8 mm long. Calliphora wingbeat 
frequency is approximately150 Hz.  Preliminary experiments indicated that the 
response of the neurone from one of the sensors fell substantially above 200Hz. 
Therefore, the playback speed and filter settings were chosen to produce a flat 
response in the range 20-400 Hz, which would therefore include frequencies that the 
sensilla are likely to encounter during flight.  

 

 
Figure 9.  Sensing the movement of a sensillar dome 

For the experiments, the wing was fixed rigidly with both ends making contact with 
saline wells containing extracellular electrodes. A very fine tungsten wire, in series 
with a force transducer, was brought to rest on the surface of a sensillar dome (fig 9). 
The displacement of the proximal end of the probe was measured directly with a 
displacement transducer. The much smaller displacement of the sensillar dome was 
calculated using a model which took account of the compliance of the sensillum. 
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Force-indentation measurements were made with the probe either directly on the 
sensillar dome or on the cuticle of an adjacent vein.  The compliance due to the 
campaniform sensillum was found by subtraction. The indentation of the 
campaniform dome was calculated as the product of force and compliance.  The 
campaniform domes exhibit purely elastic behaviour within the range of loading 
frequencies approximating wingbeat frequency. Because the compliances do not 
depend significantly upon frequency, the value at 150 Hz was chosen as a standard for 
comparisons of compliance and in the calculations of displacement from the force 
records. The mean value was 0.66±0.24 nm pN-1, which is consistent with the dome 
compliance reported for tibial campaniform sensilla of the cockroach (Chapman and 
Duckrow, 1975)  

Another dynamic system in which campaniform sensilla are important involves the 
behaviour of crickets, since they have been shown to be essential for the production of 
an attractive calling song by the male (Schaeffner and Koch, 1987).  The sensilla 
occur on the wings at the base; their number and arrangement differs between the 
sexes (fig 10). 

 

 
Figure 10.  Top: a cricket wing; Bottom: the boxed area from male (above) and 

female (below) wings 

The wing of the male is wider and stiffer than that of the female and is equipped with 
a means of producing vibration (basically a file-and-plectrum system, the plectrum 
being dragged across the rough surface of the file to generate the vibrations) with a 
tympanal area that resonates and radiates the sound.  This sound is the ‘mating call’. 
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The male has a sex-specific field of 25-30 sensilla on the one of the veins (the second 
cubital vein), on one wing arranged in line with the comb area, with their long axes 
orientated orthogonally to the direction of the file.  Compression orthogonal to the 
long axis of the sensilla is the most sensitive mode in which the receptor can work 
(Chapman, 1965, Skordos et al. 2002), and this corresponds to compressive force 
acting along the direction of the file.  On the other wing, which carries the plectrum, 
the lateral forces of the plectrum would be transmitted in the same way along the 
supporting cubital vein.  The sensilla are clearly crucial to the production of sound 
since if the nerve from the sensilla is cut, the volume produced is reduced by up to 
20dB and the structure of the call is greatly disturbed.   

 

 
 
Figure 11.  Development of the sensillar group shown in fig 4, from the youngest 

larva (instar 1) through to adult 
 

Changes in the geometry of the sensor with the size of the insect (in this case groups 
of sensilla on the leg of the cockroach) have been documented (Ridgel et al., 2003). 
As cockroaches increase in size from first larval instar to adult, the number of sensilla 
in each group increases, e.g. from 2 to 12 in  group 6 (fig 11, 12). There is also an 
increase in the range and size of the holes within each group of sensilla, with the 
smallest size (about 5 µm on the long axis) remaining in the groups, but the largest 
size increasing from 6 µm up to 20 µm. This may be important in increasing the range 
of strains the receptors can detect while retaining sensitivity, although there is 
contradictory evidence to support the idea that the size of a sensillum determines the 
range of forces to which it responds.   
 
The most complete mapping of campaniform sensilla on an insect used the fly, 
Calliphora vicina, as its subject.  On the legs and forewing of C. vicina there are 137 
sensilla less than 10 µm in length, and 27 larger.  All the sensilla on the halteres (the 
‘balancing organ’) are less than 10 µm long (Gnatzy et al., 1987).  It is almost 
impossible to measure the stresses in the cuticle; therefore it is equally impossible to 
say whether higher insects have larger or smaller sensilla, either of which could 
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represent evolutionary improvement in their effectiveness.  On the other hand, insects 
which might be expected to experience higher loads such as bees and flies have more 
sensilla on their wings than do weaker fliers such as cockroaches (Gettrup, 1966). 
 

 
Figure 12.  Increase in the number of sensilla in a group as the insect grows.  

Data from sensillar groups on cockroach legs 
 

Gnatzy divided sensilla into three classes: 
• single sensilla (of which there are 86 on the fly, occurring anywhere where 

groups or arrays of sensilla are also found) 
• groups of sensilla (about 350, in 52 groups, distinguished by being arranged in 

an irregular pattern (fig 9), occurring on the legs and forewings. The largest 
group has 32, the smallest 3 sensilla) 

• fields of sensilla (about 730, in 12 fields, distinguished by their regular pattern 
(fig 10), occurring on the halteres except for one on the tegula of the wing. 
About 670 campaniform sensilla, more than 55% of all sensilla, are localized 
in 10 fields on the halteres.). 

The grouping may be a mechanism to ameliorate the crack-starting problem, since an 
assemblage of small holes will increase the compliance to a similar extent as a single 
large hole, but each hole individually is not large enough to be a threat to mechanical 
integrity and may even make the structure more resistant to failure, since a plate with 
a lattice hole structure can, under certain circumstances, endure greater loading than a 
plain plate (Harvey, 2005). Studies performed on tracing paper show that with evenly 
spaced holes the energy absorption increases with the number of holes. Essentially, 
more of the stress becomes converted into strain energy concentrated around each 
hole, potentially remote from the site of ultimate failure. This is a highly desirable 
characteristic since the strain around a sensillum can be further amplified to give a 
more readable signal. Although overall, holes reduce the strength of the structure, 
after an initial drop in the energy to fracture on introducing the first hole, the fracture 
energy rises again until the number of holes has increased so far that the reduction in 
the amount of material is significant. Somewhere in this region is a trade-off between 
weakening through loss of material and increased energy absorption (output as strain 
energy). If crack formation can be prevented at the areas of maximum stress by good 
design of the edge of the hole, and perhaps its shape with respect to the applied strain, 
overall the lattice will be stronger (Harvey, 2005).  However, there are other ways in 



ACT@esa.int  ID: 05/6401 Strain sensors inspired by Campaniform Sensilla. 
JFV Vincent & SE Clift, Mechanical Engineering, University of Bath, UK 

Page 17 of 43 

which the insect apparently avoids the stress concentrating properties of an oval hole.  
The problem will be most severe when the hole is stretched orthogonally to its major 
axis. This is probably possible only when the cuticle can be loaded in a single 
direction.  If the sensillum is on a strut which can be bent, then it is likely that the 
strut can be bent in more than one direction.  However, in at least one case (fig 13) it 
looks as if the sensilla are making use of a Poisson ratio effect.  On the main vein of 
the fly’s wing the sensilla are arranged with the longitudinal axis parallel to the main 
axis of the vein (group vG3). This suggests that the vein deforms across its section on 
bending, tending to flatten and induce (secondary) hoop stresses.  These will be less 
than primary the bending stresses, so the sensilla will be able to register deformation 
without compromising the integrity of the vein, albeit with some loss of sensitivity. 
 

 
 

Figure 13.  Orientation of sensilla on the veins at the base of the wing of 
Calliphora, suggesting sensing of secondary strains 

 
Since the holes are produced at the same time that the cuticle is laid down, they are 
formed such that the chitin nanofibres are moulded around the hole rather than being 
interrupted by it, as would happen in a crude technical system.  This both reduces the 
stress-concentrating effect of introducing a hole in a loaded area of the skeleton by up 
to 50% (Chen et al., 2002), and can locally amplify the global strain by up to an order 
of magnitude, thus increasing the sensitivity (Skordos et al., 2002, Table 1).  There is 
therefore the possibility that the presence of holes does not compromise unduly the 
global load-bearing characteristics of the structure in which they occur, but can 
greatly increase the strain sensitivity by controlling local compliance, a concept which 
is explored later in this paper. The properties of the sensillum hole can be tuned by 
varying the stiffness of the material surrounding it, which is present as a discrete ring 
(Gnatzy et al., 1987; Skordos et al., 2002). 
 
The cap over the hole is an integral component.  In insects it rotates the direction of 
displacement out of the plane of the plate.  The basic geometry, irrespective of 
mechanical properties, means that changes in shape of the hole will produce a larger 
displacement of the cap out of the plane of the plate (Wicaksono et al., 2005).  
However, the proportionality between the displacement of the hole and the 
displacement of the cap can be varied by changing details of the geometry and 
mechanical properties of the suspension (Skordos et al., 2002).   
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It seems likely that the mechanics of the cap and the stiffness of its suspension will 
affect the dynamic response of the sensillum as a whole, although this has not been 
investigated. 
 
The displacement of the cap as the hole is deformed stimulates the attached sensory 
cell and eventually causes a nervous impulse to be generated.  One of the 
characteristics of the insect nervous and sensory system is the way in which the 
sensors are closely adapted and locked in to the system that they are sensing.  Thus, in 
a sensor from the wing of the fly (Calliphora), the neurone in the biological sensor 
can be modelled as a linear filter that accounts for the frequency response and phase 
characteristics of the cell, followed by a static nonlinearity that limits the spike 
discharge to a narrow portion of the stimulus cycle. The model is successful in 
predicting the response of campaniform neurones to arbitrary stimuli, and provides a 
convenient method for quantifying the encoding properties of the sensilla. The 
neurone is only broadly tuned for frequency, but its maximum response near 150 Hz 
corresponds to the fly’s wingbeat frequency. In the range of frequencies likely to be 
encountered during flight, the neurone fires a single phase-locked action potential for 
each stimulus cycle. The phase lag of the cell decreases linearly with increasing 
frequency such that the absolute delay between stimulus and response remains nearly 
constant. Thus, during flight the neurone is capable of firing one precisely timed 
action potential during each wingbeat. (Dickinson, 1990).  This clearly reduces the 
computational overhead of the sensory system, both reducing the absolute number of 
cells in the nervous system, and allowing for more sensors for a given number of 
nerve cells. 
 
The conceptual simplicity and operational versatility of the campaniform sensillum 
and related organs therefore render it a strong candidate for biomimetic study and 
implementation.   There are associated engineering advantages in that a hole is an 
integral part of the structure in which it occurs and so will interact with that structure 
in a reliable fashion, which may not be possible with a conventional foil strain gauge 
which is glued on to the surface and which may therefore come unstuck.  A foil strain 
gauge also has a temperature coefficient which has to be accounted for in the 
measurements, and may not be able to withstand temperatures as high (or low) as 
those borne by the structure it is monitoring.  A hole has no such disadvantages.  
Since the displacement of a hole is a geometrical effect, it can be monitored remotely.  
Therefore not only is it possible for the strain sensing unit (the hole) to endure 
conditions which the transducer (a laser, or whatever) could not support, but the 
number of transducers can be reduced since a single laser can scan a large number of 
holes and thus reduce the overhead cost of the measuring system.  This could have 
positive implications for simplicity and thus reliability.  There would also be saving in 
weight. 

3. Strain transduction in the campaniform sensillum complex 
Deformation of the essentially non-living cuticle (it is extracellular, but mostly still 
within the metabolic pool) has to be transduced into a physiologically recognisable 
signal. In the fundamental step of mechanotransduction a mechanical stimulus causes 
an electric current to flow across a cell membrane. Up to about 50 years ago, simple 
mechanical disruption of a cell membrane was thought to allow current to flow under 
the driving force of the membrane potential, but it now seems certain that specialized 
ion channels, often called mechanically activated channels, are strategically located in 
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mechanoreceptor neurons, close to the sites of mechanical stimulation. Single 
mechanically activated channels have been characterized in many cells (Morris, 2001) 
but there are still no single-channel recordings from sensory neurons that can be 
clearly identified as the channels responsible for sensory transduction.  There is 
argument as to whether the stimulus to the cell is the longitudinal displacement of the 
main process of the sensory cell, which is packed with stiff microtubules and 
therefore capable of sustaining a compressive load, or that the end of the process is 
nipped by the cap, a stiff sub-spherical segment which is suspended in a ring of soft 
cuticle.  It is highly unlikely that the movement of the cap could result in this nipping 
action, since the cap is stiff and nipping would require either a fold in the cap or for it 
to be compressed on all sides, a displacement which has never been observed or 
reported.  The mechanical modeling of the sensillum suggests strongly that the action 
is for the cap to be displaced bodily out of the plane of the cuticle, so that the sensory 
cell is stretched and compressed.  This would transmit the mechanical stimulus down 
to the main cell body when it could be transduced. 
 
The campaniform neurone can be modelled as a Wiener cascade, a linear filter 
followed by a static (no memory) nonlinear encoder, two functions that can be easily 
measured in individual cells by recording the responses elicited by mechanical noise 
stimuli. This simple model serves several functions. First, it has predictive value; once 
the response of a sensory neurone has been characterized using the white noise 
approach, it is possible to predict the response to any arbitrary stimulus. Second, the 
model offers a useful set of functions for probing the processes of coupling, 
transduction and encoding in the campaniform sensilla. Third, the model provides a 
series of descriptive parameters that are unique for each neurone and therefore serve 
as a useful basis for comparisons among campaniform neurones or other 
mechanoreceptors. (Dickinson, 1990) 
 
 

 
 

Figure 14.  Responses of a large and a small campaniform sensillum 
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The most likely model for the groups of campaniform sensilla where the individual 
sensilla are rather irregularly positioned, orientated and sized is that they have 
different sensitivities for stimulation.  Thus whilst each sensillum fires at a frequency 
proportional to the load (fig 14), the large sensillum (unit) fires at higher loads than 
the smaller one (Zill et al., 1999). This leads to the proposal that the receptors exhibit 
fixed patterns of recruitment that could differentially indicate when force levels are 
adequate to provide support and propulsion during walking, providing peripheral 
analysis of the information and reducing the load on central computing.  A similar 
system operates in spider lyriform organs. 

4. Requirements for Transfer of the Technology 
Skordos et al. (2002) produced a Finite Element model of the campaniform sensillum.  
Part of the study involved the mechanics of the sensillum as a hole plus cap, showing 
how the cap suspension functions, the design variables, and how the performance of 
the sensillum changes as the design variables are altered.  The other main part of the 
study was to show how the mechanical properties and anisotropy of the plate within 
which the sensillum is embedded affect the deformation of the hole and hence the 
performance and safety of the sensillum.   In a related study (Hössl et al., 2006) the 
deformations of the groups of slits in lyriform organs induced by far-field strains were 
studied using Kachanov’s analytical approximations for the opening displacements of 
cracks, a method developed within the framework of fracture mechanics. The 
accuracy of the approach was assessed by comparisons with results obtained by the 
Finite Elements approach. The limits of its applicability to slit sensilla are reached 
when the lateral spacing between interacting slits is less than half their length, i.e., the 
method is suitable for studying single slits and loose groups but not lyriform organs.  
The influence of a number of geometrical parameters of slit sensilla on the 
deformation patterns of the faces of parallel slits in generic arrangements is studied, 
viz., spacing between slits, longitudinal shifts between slits, and slit length. The 
results are presented as opening distances along the length of the cracks and in terms 
of normalized diagrams that relate the opening distances at midlength of the slits to 
the geometrical parameters. In addition, Kachanov’s method is used to find a set of 
slit lengths that give rise to prescribed opening distances. 
 
There are two major aspects to the sensitivity of the campaniform sensillum: the 
mechanical properties of the structural components and the coupling and sensitivity of 
the sensory (nervous, cellular) components.  The design of the hole and its ancillary 
components will affect the type of deformation sensor that can be used, so a range of 
morphologies will be proposed so that the overall design can be more adaptable.  

4.1 Structural components 
So far the only structural components explored in any depth are the design and 
mechanical properties of a single simple sensillum based on one found in a fly 
(Gruenert and Gnatzy, 1987), and the modelling of a single oval hole in a plate of 
composite material with uniaxially orientated fibres (Skordos et al., 2002), the hole 
being either drilled into the plate (thus interrupting the course of the fibres across the 
sheet) or formed into the plate (with the fibres going around the hole and therefore 
being continuous).  The plate with the formed hole is much less likely to break at the 
hole (Chen et al., 2002; Gunderson and Whitney, 1992) and the hole is locally much 
more sensitive to global deformation of the plate (Skordos et al., 2002).  Barth is 
modelling the slits of lyriform organs using finite elements, but these slits have a very 
high aspect ratio (length::width) of 100 or more (Hössl et al., 2006), whereas 
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campaniform sensillae are rarely more than 5 times as long as wide.   French and co-
workers are having success with holes microfabricated in a silicon-based system, 
which may be easier to make small, although they will not be as robust as a fibrous 
composite system.  The device cannot be an integral part of a larger composite 
structure, and so has to be applied or moulded in (Wicaksono et al., 2005).  However, 
since silicon is stiff and the system is very small it will have a very short response 
time and a good frequency response at the high end.  Currently this device is 
interrogated using laser interferometry (see below), but it could also have all the 
sensing and transduction components formed integrally, producing a processed 
electronic signal as its output and so be more suitable for MEMS devices. 

5 Results 

5.1 Finite element modelling 
The first study on the campaniform sensillum to use finite elements was a 3-
dimensional model by Chan based on the morphology described by Gruenert and 
Gnatzy (1987).  Chan’s work was combined with that of Skordos which examined the 
behaviour of a 2-dimensional plate with a hole in it.  Both these studies were 
published in a single paper which is extensively quoted here since it forms the 
foundation of the present work. 
 
Their main objective was to study the strain and displacement fields associated with 
circular or elliptical openings in laminated plates in order to investigate their potential 
for integrated strain sensors. Since Skordos et al were therefore primarily interested in 
the detection of displacement, the detailed stress concentration levels associated with 
these openings was not of primary concern. However, strain energy density levels 
associated with different hole and fibre configurations were used to assess the relative 
likely strength reduction effect of the openings. To compare the relative strain 
amplification effect of drilled and formed holes of the same size in loaded plates, they 
used the relative change in length of diameters (circular) or semi-axes (elliptical) in 
directions parallel and normal to the load.  A similar approach has been used in this 
paper. Various techniques which could sense this deformation were investigated, in 
particular, the coupling mechanism of a campaniform sensillum of Calliphora vicina. 
This mechanism was resolved into discrete components: a cap surrounded by a collar, 
a joint membrane and an annulus-shaped socket septum with a spongy compliant 
zone. The coupling mechanism is a mechanical linkage which transforms the stimulus 
into two deformations in different directions: monoaxial transverse compression of 
the dendritic tip and vertical displacement of the cap. The mechanism is insensitive to 
change of the material properties of the socket septum, the cuticular cap and the 
spongy cuticle. The joint membrane may serve as a gap filler. The material properties 
of the collar have a substantial influence on the coupling mechanism’s output.  A 30% 
change of stiffness of the collar causes 45% change in the output of the coupling 
mechanism. The collar may be able to tune the sensitivity of the sensillum by 
changing its elastic properties. 
 
The 2-dimensional aspect of this study concentrated on the deformation of single 
holes in a fibrous composite plate in which the fibres are parallel. The global stiffness 
of the plate is not affected significantly by the presence of holes. At the selected 
maximum load of 1000 N mm-1 the average tensile strains in the load direction range 
from 2.85% (no opening) to 2.94% (circular formed hole in which the fibres go 
around the hole and are not interrupted by it). Plates with formed openings have 
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lightly higher compliance. Plates containing circular openings have a marginally 
higher compliance since a circular opening with a diameter equal to the diameter of 
the major axis of an ellipse occupies a greater area of the plate. The changes in 
dimensions of the opening diameters parallel and normal to the loading were 
calculated as a percentage elongation or shrinkage. All the simulations showed a 
linear dependence of the diametrical deformation on the applied load. 
 
The openings amplify the local deformation up to eightfold, compared with the plate 
with no holes.  This is consistent with the reported result of the stress concentration in 
the vicinity of holes (Lekhnitskii, 1968). The highest changes of dimension occur in 
the minor semi-axis of drilled (+19.3%) or formed (+15.8%) elliptical holes with 
major semi-axis normal to the load direction. In drilled holes the change of diameter 
or minor semi-axis parallel to the loading direction is higher than in formed holes for 
circular and elliptical holes with major semi-axis normal to the load. There is no 
significant difference of dimensional change in the major semi-axis between drilled 
and formed elliptical holes with major semi-axis parallel to the load direction. As the 
elliptical hole orientation changes from major semi-axis normal to parallel-to-the 
load, the local dimensional change in the load direction decreases, while that in the 
normal direction increases. This effect is maximized in an elliptical opening oriented 
parallel to the loading, where the sensitivity of the normal axis becomes higher than 
the sensitivity of the parallel axis when a formed reinforcement configuration is used. 
 
Nearly all studies on the effect of holes in stressed components focus on the stress-
concentrating effect of the hole and the increased likelihood of failure which results. 
In a uniform plate the strain energy is distributed uniformly across the plate except 
near the fixed boundary. This uniformity is disturbed by the presence of holes. The 
strain energy is maximum at an angle of 90o at the edge of the opening in all cases, 
except for the formed elliptical opening parallel to the loading where the maximum is 
located along the major axis of the ellipse. Drilled holes result in greater strain energy 
densities near the hole boundaries and steeper gradients of its distribution in 
comparison with formed holes. In the worst case (elliptical drilled opening orientated 
normal to the direction of loading) the energy density increases twenty-fold compared 
with the intact plate. With formed holes the effect is not so pronounced; the strain 
energy maximum is reduced to about half that found with the drilled hole. This is 
illustrated by the way the strain energy concentration relaxes from its maximum close 
to the hole to a low value remote from the hole. The strain energy density is also 
distributed much more broadly across the specimen when the hole is formed rather 
than drilled. Formed holes are typically half as severe as the drilled ones. 
 
Multiple hole model. 
The deformation under load of each of the elliptical holes in a regular 4 by 5 array (fig 
15) with a common orientation was predicted using the ABAQUS finite element 
package. Each hole had a ratio of minor to major axis of 6.5.  The array models the 
arrangement of campaniform sensilla at the base of a fly’s haltere (fig 8) 
(Wigglesworth, 1972) 
 
A single hole arrangement was also analysed for validation against the results of 
Skordos et al. (2002). 
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Figure 15.  Multiple hole arrangement derived from the morphology shown  
in fig 8. 

 
Both models were meshed using 8-noded biquadratic plane stress elements 
(ABAQUS element type CPS8R). Following mesh sensitivity investigation, the mesh 
selected for the single hole model had a total of 9458 elements (fig 16), and that for 
the multiple hole model had 12823 elements (fig 17). A Young's Modulus of 1.5 GPa 
and a Poisson's ratio of 0.3 were assigned to the model.  This two dimensional 
approach was endorsed by Skordos et al. (2002). 
 

 
 

Figure 16. Mesh for single hole validation example (9458 elements) 
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A tensile deformation corresponding to 1% of the model height was applied to the top 
surface of the mesh. Symmetry boundary conditions were applied to the left hand 
edge and also the base of the model (i.e. ux=0 at x=0, and uy=0 at y=0). These 
boundary conditions were chosen as they produce a uniform strain field of 0.01 (1% 
strain) in a model without holes.  Thus, the strain amplification in the model with 
holes could be quantified readily. 
 

 
 
 

Figure 17. Mesh for multiple hole model (12823 elements). 
 
 
The general approach was validated by also constructing a single hole model and 
comparing the results with the earlier predictions of Skordos et al. (2002). Excellent 
agreement was obtained, suggesting it is not necessary to model all of the tissues 
around the hole in order to predict the same levels of strain magnification. 
 
The FE output data concerning nodal coordinates on the extreme periphery of the hole 
before and after loading were downloaded from the ABAQUS environment into a 
Microsoft EXCEL spreadsheet. This enabled the calculation of the original distance 
between the nodal points marking the end of the minor and major axes respectively. 
The coordinates of the same nodes after loading were also identified and the distances 
spanned by deformed major and minor axes were similarly calculated. Major and 
minor axes strains were the calculated by dividing each change in axis length by the 
corresponding original length. These strains are influenced by the mesh density 
assigned to the problem, with the consequence for this mesh that the strain values 
calculated have their accuracy limited to +/- 0.5%.  
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Finite element predictions. 
The distribution of shear strain energy in the loaded plate with the single hole (as 
given by von Mises stress) is shown in fig 18, and in more detail in fig 19. The 
maximum value here was 60 MPa compared with the maximum value from model 
with no holes of 15 MPa, so the stress concentration factor was 60/15 = 4. This is 
consistent with Skordos et al. (2002) (fig 20). 
 

 
Figure 18. Distribution of von Mises stress in the loaded plate with a single hole. 
 

 
 

 
Figure 19.  The hole in fig 18 showing stress concentrations in more detail 
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Figure 20.  Equivalent to fig 19 from Skordos et al. (2002).  Note that this 
specimen has fibrous reinforcement running vertically in the plane 

 
The distribution of shear strain energy in the loaded plate with the multiple hole 
arrangement shows that the material around the holes on the top left and bottom right 
experiences the highest stress concentrations, probably due to the influence of the 
edges of the plate (fig 21). The maximum von Mises stress has also increased in the 
multiple hole model by a factor of 1.664/1.27 = 1.31 over the single hole model (fig 
16) due to the influence of the aspect ratio of the hole.  The maximum value here 
was166 MPa compared with the maximum value from model with no holes of 15 
MPa, so the stress concentration factor was 166/15 = 11.1.   A comparison of the 
deformed and undeformed model outlines is shown in fig 22. 
 

 
 

Figure 21. Distribution of von Mises stress in the loaded plate with multiple holes 
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Figure 22. Comparison of the deformed and undeformed model outlines 
(displacements magnified by 10). 

 
Changes in the major and minor diameters of each of the holes were used to calculate 
percentage diameter strains of the holes (Tables 1 and 2).  The major axis was not 
sensitive to the applied deformation, but the minor axis showed significant strain 
amplification. In the single hole model a strain magnification of 9.82 was calculated, 
consistent with the findings of Skordos et al. (2002).  In the multiple hole model the 
largest multiple of the 1% applied strain, i.e. 8.75, was recorded for the bottom right 
hand hole in the model. It must be noted that at these high strain levels the validity of 
the linear elastic materials properties used in this model must be called into question. 
However, for lower applied levels of deformation, these strain amplifications would 
be valid up to the point of yield. 
 
 

Row/Column A 
(left) 

B C D 
(right) 

1 (top) -0.4 -0.2 0.2 0 
2 -0.3 0.5 -0.2 -0.1 
3 -0.2 -0.2 -0.2 -0.2 
4 -0.2 -0.1 -0.3 -0.3 

5 (base) -0.2 -0.3 -0.3 -0.5 
 

Table 1: Hole major axis strain magnification factor – initial model (Tension) 
(-ve indicates compressive strain, +ve indicates tensile strain) 
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Row/Column A 
(left) 

B C D 
(right) 

1 (top) 0.8 6.6 6.1 1.4 
2 0 2.3 2.4 2.5 
3 6.0 6.2 5.4 6.0 
4 1.3 3.5 7.0 7.1 
5 (base) 0.7 5.6 7.3 8.8 

 
Table 2: Hole minor axis strain magnification factor – initial model (Tension) 

(-ve indicates compressive strain, +ve indicates tensile strain) 
 
In more detail, the stress concentration of fig 21 at the top left (and bottom right) 
corner (fig 23) does not affect the overall change in compliance due to the 
introduction of the holes and so could be ameliorated by the introduction of 
strengthening at the corners.  It is possible that the stiff ring around the campaniform 
sensilla used in Skordos’ model serves a similar protective function. 
 

 
 

Figure 23.  Enlarged top left corner of fig 21
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Tables 3 and 4 show the multiple hole predictions from this study compared with the 
results of Skordos et al. (2002) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

opening type     maximum strain  Amplification  
       energy density (MPa )   factor  
no opening       20.4  
circular-drilled      221.5    10.9 
circular-formed      93.9    4.60 
normal elliptical-drilled     453.7    22.2 
normal elliptical-formed     197.8    9.70 
parallel elliptical-drilled     94.6    4.64 
parallel elliptical-formed     52.1    2.55 
This study: Multiple hole model  
(off axis elliptical-drilled)   166    11.1 
 
Table 3: Strain energy density predictions from this study compared with 
Skordos et al. (2002). 

    bulk    parallel to   normal to  
opening type   deformation  the loading   the loading  
no opening    2.85    2.87 (1.01)  −0.87 (-0.31) 
circular-drilled   2.91    11.90 (4.09)  −5.90 (-2.03) 
circular-formed   2.94    10.80 (3.67)  −9.44 (-3.21) 
 
elliptical-drilled   2.90    19.30 (6.66)  −4.71 (1.62) 
(major axis normal to load) 
 
elliptical-formed   2.92    15.81 (5.47)  −7.01 (-2.40) 
(major axis normal to load) 
 
elliptical-drilled   2.87    7.43 (2.59)  −6.08 (2.12) 
(major axis parallel to load) 
 
elliptical-formed    2.92    7.49 (2.57)  −12.77 (-4.37) 
(major axis parallel to load)  
 
Multiple hole model 1.00          8.75 (8.75+/-0.50)   0.0(0.0) 
(off axis elliptical-drilled) 
 
 
Table 4: Strain amplification predictions from this study compared with  
Skordos et al. (2002). 
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Effect of boundary and loading conditions. 
The behaviour of an extended finite element model was explored in order to establish 
the influence of boundary and loading conditions. The model used contained the same 
set of hole geometries, but surrounded by extended supporting material (Figure 24). 
Again, changes in the major and minor diameters of each of the holes under tensile 
loading were used to calculate percentage diameter strains of the holes (Tables 5 and 
6).  Comparison with Tables 1 and 2 shows that the extended surrounding material 
acted to generally reduce the overall magnitudes of strain magnification (peak now 
6.8 down from 8.8), but with little influence on the overall pattern of deformation. 
 
The extended geometry model was also run under positive and negative shear loading 
conditions (Figures 25 and 26). The corresponding hole strain magnification factors 
are shown in Tables 7 to 10. Under the action of positive shear the minor axis of the 
holes was more sensitive to the loading than the major axis, with a maximum strain 
magnification factor of 3.1 predicted for the hole located at the bottom right edge. 
Less variation in the range of magnification factors across the array of holes is 
apparent, compared with the corresponding model under tensile loading (Table 6). 
 
The application of negative shear (Figure 26) was to make the holes longer and 
thinner, thus producing tensile major axis strains and compressive minor axis strains. 
For this type of loading, the major axis of the holes was more sensitive to the loading 
than the minor axis. The variation in the predicted major strain magnification factors 
is within the measurement error, suggesting an even distribution of strain 
amplification across the array. 
 
Comparison across Tables 5 to 10 indicates the tensile loading produced the 
maximum strain magnification which was highly localised. Shear loading produced 
lower peak magnifications, but a more even distribution across the holes in the array. 
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Row/Column A 

(left) 
B C D 

(right) 
1 (top) -0.3 -0.1 -0.1 0 

2 -0.2 -0.1 0 -0.1 
3 -0.2 -0.1 -0.1 -0.1 
4 0 -0.1 -0.2 -0.2 

5 (base) 0 -0.2 -0.2 -0.3 
 

Table 5: Hole major axis strain magnification factor – extended model (Tension) 
(-ve indicates compressive strain, +ve indicates tensile strain) 

 
Row/Column A 

(left) 
B C D 

(right) 
1 (top) 6.5 5.1 3.7 2.3 
2 4.0 4.3 3.7 2.8 
3 3.4 3.7 4.0 3.4 
4 2.6 3.4 4.0 4.3 
5 (base) 2.3 3.7 5.1 6.8 

Table 6: Hole minor axis strain magnification factor – extended model (Tension) 
(-ve indicates compressive strain, +ve indicates tensile strain) 
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Row/Column A 
(left) 

B C D 
(right) 

1 (top) -0.2 -0.2 -0.2 -0.2 
2 -0.2 -0.2 -0.2 -0.2 
3 -0.2 -0.2 -0.1 -0.2 
4 -0.2 -0.2 -0.2 -0.2 

5 (base) -0.2 -0.2 -0.2 -0.3 
 

Table 7:  
Hole major axis strain magnification factor  – extended model (+ve shear) 

(-ve indicates compressive strain, +ve indicates tensile strain) 
 

Row/Column A 
(left) 

B C D 
(right) 

1 (top) 2.8 2.8 2.0 1.4 
2 2.3 1.7 1.7 1.7 
3 2.3 1.7 1.7 2.0 
4 1.7 1.7 2.0 2.3 
5 (base) 1.7 2.0 2.3 3.1 

 
Table 8:  

Hole minor axis strain magnification factor  – extended model (+ve shear) 
(-ve indicates compressive strain, +ve indicates tensile strain) 

 
Row/Column A 

(left) 
B C D 

(right) 
1 (top) 4.1 4.1 4.0 4.0 

2 4.0 3.9 3.9 4.0 
3 4.0 4.0 3.9   4.0 
4 3.9 3.9 4.0 4.0 

5 (base) 3.9 4.0 4.0 4.1 
 

Table 9:  
Hole major axis strain magnification factor   – extended model (-ve shear) 

(-ve indicates compressive strain, +ve indicates tensile strain) 
 

Row/Column A 
(left) 

B C D 
(right) 

1 (top) -2.7 -2.4 -1.7 -1.4 
2 -2.0 -1.7 -1.7 -1.7 
3 -2.0 -1.7 -1.7 -2.0 
4 -1.7 -1.7 -2.0 -2.0 
5 (base) -1.4 -1.7 -2.0 -2.7 

Table 10:  
Hole minor axis strain magnification factor   – extended model (-ve shear) 

(-ve indicates compressive strain, +ve indicates tensile strain)  
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Figure 24: 
Geometry of the extended block model. 
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Figure 25: 
Magnified view of the deformed and undeformed holes under positive shear. 
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Figure 26: 
Magnified view of the deformed and undeformed holes under negative shear. 
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6 A biomimetic sensor 
The only sensor currently under development is a MEMS device (Wicaksono et al., 
2006).  
As the real structure of the natural sensor is relatively complex, the morphology of the 
natural sensor was approximated by designing several structures steps, each moving 
closer to the natural system. This probably also helps to gain an understanding, by 
experiment, of how the natural sensor functions. The two initial structures were a 
blind-hole structure which, etched from both sides, gives a membrane-in-recess 
structure (fig 27).  Holes were first etched on the front of a silicon wafer using 
Inductively Coupled Plasma (ICP) etching in a Trikon Omega 201 etcher. This 
produced a bare Si-blind-hole structure. 
 

 
 

 
 

Figure 27.  Membrane-in-recess structures 
 
A 200 nm layer of SiO2 was then deposited. This layer is the etch-stop in the later 
back etching process. Finally a LPCVD 300 nm low stress SiN was deposited. This 
gives a SiO2/SiN covered blind-hole structure. Later, the oxide and nitride layers are 
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etched from the reverse of the wafers. Then an oxide mask layer is formed for further 
etching.  The reverse side of the structures was etched using ICP etching at -125°C.  
 
The blind-hole structure was chosen to test whether the strain concentrating hole is 
one of the mechanisms used by the natural sensor to amplify strain before transducing 
it into neurosignal.  Initial optical characterization using laser inteferometry  (fig 28) 
(Wicaksono et al., 2006) shows that the blind-hole concentrates and amplifies the 
strain, as changes of diffraction pattern could be clearly seen inside the hole rather 
than elsewhere on the Si chips.  Further amplification and directional sensitivity is 
achieved if the aperture is elliptical rather than circular. 
 

 
 

Figure 28.  Schematic of optical bench used to measure the deflection of the 
membrane in the strain detector 
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The membrane amplifies the concentrated strain in the hole, as it deflects non-linearly 
(fig 29). It is this non-linear deflection of the membrane, as well as the strain-
concentrating property of the hole, that can be utilized further for making a new type 
of high sensitivity MEMS-based strain sensor. 
 

 
 
Figure 29.  Laser interferometry output showing deflection of the membrane in a 

strain transducer 
 
The next stages will be to vary various structural parameters such as depth of the 
membrane-in-recess, the diameter, and possibly the thickness of the membrane. 
Another option is to include other structural features of the campaniform sensor, e.g. 
the cap, and the collar. Then include a piezoresistor transducer to give an integrated 
electrical read-out of the strain response. 

7  Further work 
Further work must address the following topics: 

1. The effect of the aspect ratio of the hole (reaching its extreme form in the slit 
sensillum) in terms both of its sensitivity and (as a corollary) its effect on the 
compliance of the plate in which it is embedded.  This has been achieved for 
spider slit sense organs (Barth and Bohnenberger, 1978; Hössl et al., 2006) but 
the aspect ratio of the campaniform sensillum is a lot less. 

2. The effect of orientation of the hole on sensitivity to deformations in 
particular directions.  Barth and Bohnenberger (1978) reported a large number 
of experiments with slit sensilla in spiders that illustrated the versatility that 
varied orientation can provide; this approach could be greatly enhanced and 
refined using modern techniques of modelling.  Skordos et al. (2002) showed 
that an order of magnitude increase in strain could be expected when the major 
axis of the ellipse is orthogonal to the applied strain. 

3. The directional effect of imposed strains with respect to anisotropy due to the 
orientation of embedded fibres in the plate.  Skordos et al. (2002) looked at 
only one case – where the major axis of the hole was parallel to the orientation 
of the fibres and the mechanical strain was tensile, parallel to the fibres.  There 
is evidence that the long axis of the sensillum should be orthogonal to the 
applied strain (see previous point). 
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4. The influence of other holes in the vicinity which, assuming the plate is 
uniform in its material properties, may either mask each other so that holes in 
the centre of an array are shielded or may change each others response. Since 
the inclusion of a hole has as its primary effect the local increase in 
compliance, and since in an array of holes (perhaps 100 holes arranged in a 
10x10 array) placed sufficiently close together there will therefore be a 
gradient in compliance across the array, it is immediately apparent that the 
system will have a range of characteristic response times across the array, and 
so be tuned to a range of input frequencies. 

5. The material from which the plate and sensillum are made.  This includes the 
variables normally associated with composite materials, but also others such 
as silicon, metals etc.  

6. The design of ancillary components of the hole (in arthropods the cap is 
regarded as an ancillary item) that can make the deformation of the hole easier 
to detect by standard displacement detectors, integral or remote (Motamed and 
Yan, 2005).  This is a function both of the basic geometry of the system, and 
of the materials used to connect the ancillary components to the hole.  

7. In a blind-hole MEMS system the conformation of the membrane (flat or 
domed) affects the degree of strain amplification. 

 
There are many options for the detection of the change in shape of the hole (see also 
Table 1 from Skordos et al. 2002).  In nature the displacement of the cap stimulates a 
cell, and this displacement could be detected by a strain gauge or by a ranging laser.  
Other options are: 
 

1. Fill the hole with a soft polymer that changes shape as the hole is deformed 
(e.g. form a dome).  If the polymer were plastic this could be incorporated into 
a tell-tale to be monitored after the mission. 

2. Add conducting particles to the soft polymer so that the capacitance or 
resistance of the polymer will be changed. 

3. Fill the hole with a birefringent material that will respond by changing its 
response to polarised radiation as the hole is deformed. 

4. Line the sides of the hole with a reflective material so that the path length of a 
ray entering the hole at grazing incidence can be reflected several times by the 
sides of the hole before it exits. 

5. During fabrication arrange for a thin web of piezoelectric material to be left 
closing the hole and measure strains in this web (Niezrecki et al., 2001).  

6. Leave a thin web of material across the hole, perhaps domed, detecting strains 
in this web using laser-based remote sensing (Wicaksono et al., 2005) 

7. Detect changes in the deformation of the material surrounding the hole: strain 
can be concentrated in relatively ‘safe’ areas by manipulating the orientation 
of fibres around the hole (Skordos et al. 2002). 

8. Arrange fibres (optical or piezoelectric) within the matrix around the hole to 
pick up the strains directly. 



ACT@esa.int  ID: 05/6401 Strain sensors inspired by Campaniform Sensilla. 
JFV Vincent & SE Clift, Mechanical Engineering, University of Bath, UK 

Page 40 of 43 

8 Conclusion 
There is a significant difference in strain magnification between the minor and major 
axes of an elliptical hole in a plate, showing that the orientation of the hole with 
respect to the applied load is significant.  Greater strain magnification can be recorded 
by measuring the changes in shape of the holes, rather than the strain in the 
surrounding material, which is the parameter an engineer would tend to measure. 
Thus it is possible to produce useful strain magnification without compromising the 
integrity of the surrounding material.  From an engineering point of view this is 
counterintuitive.  In a group of holes the dangerous stress concentrations are fewer 
than might be expected and can be guarded against without compromising the central 
concept presented here – the local control of compliance to amplify global strain. 
The effects of grouping and mutual proximity of the holes remain to be explored in 
detail; biological systems use the size of the sensor as a primary filter to fractionate 
the signal.  This peripheral conditioning will reduce the amount of information 
transmitted and increase the efficiency of the system. 
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