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Abstract: Every year forest fires cause severe financial losses in many countries of the
world. Additionally, lives of humans as well as of countless animals are often lost. Due to
global warming, the problem of wildfires is getting out of control; hence, the burning of
thousands of hectares is obviously increasing. Most important, therefore, is the early
detection of an emerging fire before its intensity becomes too high. More than ever, a need
for early warning systems capable of detecting small fires from distances as large as
possible exists. A look to nature shows that pyrophilous “fire beetles” of the genus
Melanophila can be regarded as natural airborne fire detection systems because their larvae
can only develop in the wood of fire-killed trees. There is evidence that Melanophila
beetles can detect large fires from distances of more than 100 km by visual and infrared
cues. In a biomimetic approach, a concept has been developed to use the surveying strategy
of the “fire beetles” for the reliable detection of a smoke plume of a fire from large
distances by means of a basal infrared emission zone. Future infrared sensors necessary for
this ability are also inspired by the natural infrared receptors of Melanophila beetles.

Keywords: forest fire; fire detection; infrared sensor; early warning system; pyrophilous
insect; Melanophila beetle
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1. Introduction

In many regions of the world forest fires are a serious threat, especially in populated areas resulting
in losses of human lives, destroyed houses and devastated forests. The economic losses per year in the
United States were about $2,000-$3,500 million in the few last years; for Spain, Portugal and Greece
losses were in between $1,700 and $2,000 million [1]. In Australia, the loss per year is approximately
$6,625 million, which is about 1.15% of the country’s Gross Domestic Product [2]. Global climate
change will aggravate the problem because of the extension of drought periods [3].

It is obvious that early detection of forest fires and a fast deployment of firefighting can avoid major
losses. Various forest fires detection techniques exist: human based observation from fire towers,
satellite systems, optical cameras on camera towers and wireless sensor networks (WSN). The WSN
uses a large number of small, low cost sensors to measure temperature, pressure and humidity.
The sensors are densely distributed and in the case of fire detection, a signal is transmitted to a nearby
receiver that switches on the closest internet protocol camera to get real images [4]. A recent
comparison of the fire detection techniques came to the conclusion that WSN are the best available
solution regarding efficiency and fire localizing accuracy [5]. However, WSN needs a large number of
battery-operated sensors with low power consumption. A novel system uses unmanned aerial systems,
such as remote controlled mini-helicopters, equipped with visual and infrared cameras [6]. The main
task is to locate a new fire and gather data about the shape of the fire front, rate of spread, etc.
The system was successfully tested in field experiments. A disadvantage is that the helicopter must
investigate a suspicious observation from a close distance to exclude false alarms and therefore needs
to cover long flight paths to exclude errors.

A look into the animal kingdom shows specialized creatures have existed for millions of years and
have solved similar problems. The wood boring larvae of jewel beetles of the genus Melanophila
totally depend on burnt wood. In order to be able to reproduce, the adult beetles must locate forest fires
from distances as large as possible because the outbreak of a fire is unpredictable. Here, the beetles
have the same problem as the firefighters: from their respective observation point. They must exclude
false alarms to avoid energy consuming flights to, e.g., a deep hanging cloud bank simulating the
smoke plume of a fire. As a special adaptation to their pyrophilous way of life, Melanophila beetles
have developed infrared (IR) receptors. Thus it is evident that the sensory system and the strategy of
the beetles to identify forest fires can be used as an interesting model for an innovative airborne fire
detection system: the beetlecopter.

2. Photomechanic IR Receptors in Pyrophilous Melanophila Beetles

Discrete IR receptors are extremely rare in insects. To date, IR receptors have only been found in a
small group of highly specialized insects that approach ongoing forest fires and, therefore, have been
termed pyrophilous [7]. Actually, only 17 pyrophilous insect species from four genera are known to
possess IR sensory organs (Table 1). Compared to the amount of known insect species (roughly one
million), this is a negligible number. Nevertheless, a closer look at the IR receptors in the four genera
reveals an astounding diversity. At least three fundamentally different types of receptors can be
identified: A pair of prothoracic discs covered with numerous tiny sensilla in Acanthocnemus nigricans,
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two pairs of roundish abdominal IR organs in Merimna atrata, and the so-called photomechanic IR
sensilla found in Melanophila beetles and a few pyrophilous Aradus bugs.

With regard to the functional principles, two categories exist: bolometer-like receptors in
Acanthocnemus and Merimna and photomechanic sensilla in Melanophila and Aradus (cf- Table 1).
The different shape as well as the location at different positions on the thorax or the abdomen provides
strong evidence that IR receptors in the four genera have evolved independently from each other.
Therefore, it can be stated that no “standard” IR receptor seems to exist in insects. However,
a substantial similarity exists between the photomechanic IR sensilla found in Melanophila beetles and
Aradus bugs. Because the lineages of beetles and bugs most likely separated in the Permian period,
about 270 million years ago, there is little doubt that IR sensilla developed independently in both
genera. In this particular case, the independent development has led to more or less the same type of
mechanoreceptor based IR sensillum, which is called photomechanic.

Because the photomechanic IR receptors of jewel beetles of the genus Melanophila seem to be the
most sensitive insect IR receptors, these receptors are chosen as models for bio-inspired technical
sensors and will be dealt with below in more detail.

Structure and Function of Melanophila IR Receptors

Beetles of the genus Melanophila inhabit nearly all continents except Australia [8] and use
fire-killed trees as food for their larvae. For this reason the adult beetles fly to ongoing forest fires [9].
The freshly burnt area serves as a meeting place for both sexes and, after copulation, the females start
to deposit their eggs under the bark of burnt trees. After hatching, the larvae feed on the wood of the
fire-killed trees and the new generation of beetles will emerge one or two years later. It has been
reported that Melanophila species breed in a variety of burnt conifers as well as in several species of
scorched deciduous trees [10,11].

The IR receptors are situated in two pit organs, which are located on the metathorax (cf. Table 1).
Each IR organ houses about 70 IR receptors, called sensilla, which are closely packed together at the
bottom of the pit (Figure la), [12,13]. From the outside, a single sensillum can be recognized by a
hemispherical dome with a diameter of about 15 pm. The dome is built by a thin but hard exocuticle
(Figure 1b,c), which represents the outer boundary of a spherical internal cavity. The cavity is almost
completely filled out by a tiny cuticular sphere with a diameter of about 10 um (Figure 1b,c). Based on
transmission electron microscopic observations, Vondran et al. (1995) described the sphere as
consisting three different zones: (i) an outer lamellated mantle (Is in Figure 1c); (ii) an intermediate
layer of unstructured cuticle revealing many irregularly arranged nanocanals and microcavities (mc in
Figure Ic); and (iii) an innermost central zone where the cuticle appears uniform except for some spots
of higher electron density (cz in Figure 1c). The sphere is connected to the vertex of the outer cuticular
dome by a small cuticular stalk and the narrow gap surrounding the sphere is filled out by leaf like
extensions of at least two enveloping cells filled with aqueous protoplasm. From below, the sphere is
innervated by a single sensory cell (d in Figure 1c). As a prominent feature, the outermost tip of the
dendrite is located inside an inner pressure chamber in the sphere (ipc in Figure 1b,c). All
morphological as well as all physiological data available so far have demonstrated that this cell is a
ciliary mechanoreceptor [13—15].
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Figure 1. Infrared (IR) organ of Melanophila acuminata. (a) Dome-shaped IR sensilla at
the bottom of a pit organ (whole organ shown in the inset). Each sensillum is accompanied
by a smaller wax gland (wg) characterized by tiny pores. Bar: 15 um (Inset 100 pum).
(b) Single IR sensillum centrally opened by focused ion beam (FIB). Specimen was
air-dried; therefore only the cuticle is preserved. Microcavities (mc) of the intermediate layer
and the inner pressure chamber (ipc) can be discerned inside the sphere. exo: exocuticular
outer dome. Bar: 5 um. (¢) Schematic drawing of a photomechanic IR sensillum covered by
an outer dome of hard exocuticle (exo). The tip of the dendrite (d) is suspended by fine
filaments inside the inner pressure chamber (ipc), which communicates with the fluid in the
microcavities (mc) of the intermediate layer. Any increase in fluid pressure is transferred
onto the dendritic membrane. (Is): lamellated exocuticular shell of the sphere.

According to the current conception of how IR radiation may be converted into a mechanical event
perceivable by the mechanoreceptive cell, absorbed IR radiation heats the sphere causing an increase
in pressure in the fluid filled system of communicating microcavities inside the sphere. Because the
outer lamellated mantle consists of a hard exocuticle reinforced by layers of chitin fibers [16], the only
compliant structure in the sphere is the olive-shaped tip of the dendrite in the inner pressure chamber,
which becomes slightly squeezed by the minute increase in pressure (cf- Figure 1c). This membrane
displacement is the adequate stimulus for a mechanoreceptor [17,18].

Up to now, the crucial question from which distances a Melanophila beetle can detect a fire by IR
reception cannot be answered. Extracellular electrophysiological recordings obtained by inserting a
metal electrode between the IR sensilla have revealed a maximum sensitivity in the wavelength range
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2.8-3.5 um. This corresponds to the emission maximum of a forest fire [19]. Sensilla show a fast and
strictly phasic response to heating [15] and a threshold sensitivity of 500 uW/cm? was found [14].
It has been calculated that this sensitivity would enable a beetle to detect a 20 hectare forest fire from a
distance of about 12 km [14]. However, because the metal electrode may have sucked considerable
amounts of heat energy away from the sensilla, this threshold is probably underestimated. A recent in
depth modeling of a big historic oil tank fire, which attracted untold numbers of Melanophila consputa
in California ninety years ago [20], suggested a much higher sensitivity of the IR receptors [21].
The analysis of the geographical conditions around the tank fire yielded the result that most beetles
must have become aware of this fire from a distance of 130 km. If IR radiation really was a crucial cue
used by the beetles to detect the fire, this would result in a sensitivity of a few nW/cm? [21].
In principle this would mean that the IR receptors of Melanophila beetles can even compete with
technical high sensitivity quantum IR sensors, which have to be cooled, e.g., with liquid nitrogen,
to suppress thermal noise. However, additional mechanisms like active amplification and effective
noise suppression have to be postulated to make this high sensitivity imaginable (see Section 4).

3. Detection Distances of Forest Fires by Melanophila Beetles

A forest fire is influenced by a lot of parameters, such as the type and condition of the forest, weather
conditions, efc. For calculation of the radiation heat flux of the fire received at a chosen distance, an
established model of the emissive power of the fire is necessary that considers these parameters.

Actually, a broad experience exists to predict the radiant heat flux from forest fires used in models
of fire spread and fire intensity, to establish safety distances for firefighters, and for fire protection of
houses [22—-24]. Commonly a model is used where an opaque box located at the base of the flame front
represents the flame front (Figure 2). The height of the box, Lr, represents the mean height of the flame
front; and Wr is the width of the flame front. The inclination of the flames depends on the strength of
the wind velocity behind the flame front, and is described by the angle ¢.

X

Figure 2. (Left) Model of a radiating fire front represented by a cuboid with the width Wr
of the fire front and the flame height Lr. (Right) The heat flux will be calculated in the
distance x from the fire front and at a point with height H above ground representing the
altitude of the beetle.

The radiant heat flux received grad by a small element at a distance x away from the emitting front
face of the cuboid representing the flame front can be calculated with [23,25]:

g (1) =(8:0-T*)- F_, - 7(x, 1) (1)
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where, €: emissivity of the radiating surface; A: wavelength; o: Stefan-Boltzmann constant;
T: temperature of flame surface; Fi1—2: configuration factor or geometrical view factor between the
radiating surface and the receiving surface; and t(x,A): transmittance of atmosphere.

Equation (1) is based on some important conditions that must be taken into account. The emissivity
g, 1s not constant and depends on the flame thickness, e.g., € can be assumed to be 0.9—-1.0 for a flame
thickness larger than 3 m [26]. Equation (1) also requires a constant temperature over the radiating
surface. This assumption can only be a rough approximation due to the complex combustion
conditions in a flame front, e.g., the flame temperature over a flame height of 6 m from varies from
about 700 to 1300 K [27].

The view factor, F1-2, is a dimensionless ratio describing the fraction of radiation that arrives at the
area of an object 2 as part of the radiation diffusely emitted by the area of an object 1. It varies
between 1 (object 2 very close to object 1) and 0 (object 2 very far away from object 1). For the
geometry of the emitting surface shown in Figure 3, the view factor regarding a small receiving area
can be calculated using the equation suggested in [28]. The view factor is independent from the height
H of the receiving element about ground level for larger distances x. This means that the received
amount of IR radiation of the beetles is only slightly affected by their flight altitude.

For the calculation of the view factor, F1—.2, the flame height, L, the flame width, Wr, and the wind
velocity must be known. The flame width seems to be of minor influence on the radiation intensity
near the flame front [29]. Here the determination of the flame height, Lr, is the critical factor because
characteristic values of the forest must be taken into account.

For forests the flame height, Lr (m), can be calculated with [30]:

_13-R+024-W

Ly : 2)

with: R (km/h): rate of flame spread, WW: overall fuel load, W = 25 — 40 t/ha [30].

The rate of flame spread R depends on several factors regarding the atmospheric conditions, e.g.,
humidity, temperature, wind, amount of precipitation before the fire occurred, and characteristics of
the forest and structure of the grounds, such as maximum fuel load, height of trees, understory, and
slope of ground. Different models for the calculation of the rate of flame spread are discussed in [31].
Here a model is used that was developed for the eastern parts in Australia [32].

R=0.0012-FDI - w- " 3)

where, FDI: Fire Danger Index, w: surface fuel load, w = W — 10 t/ha [30], slope (°): effective slope
of ground.
The fire intensity / per length of the flame front is [33]:

R
I=H W -—
36 4)

where, H (kJ/kg): heat of combustion.

The Fire Danger Index FDI ranges in classes from <5 (low danger) to >50 (extreme danger) and can
be calculated as a function of the many factors mentioned above [32]. Equation (3) predicts the rate of
spread reasonable well at low wind speeds smaller than 12.5 km/h. For higher wind speeds this and
other models underestimate the rate of spread [34].
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The influence of the transmittance of atmosphere depends on the distance to the forest fire, the humidity
of the air and airborne particles like dust and smoke and can be calculated with equations expressed in [21].

For the estimate of the maximal detection distance of the beetle, one has to make some assumptions
regarding the forest, the weather and atmospheric conditions and the fire. One possibility is to choose
input values that yield maximum or minimum values for the detection distance. One drawback of this
calculation is the uncertainty of the input parameters, e.g., flame temperature, emissivity and weather
conditions, efc. Here combinations can be chosen that result in higher or lower values, but they are less
probable. This disadvantage can be overcome by the use of input parameters with probability
distributions and a stochastic model which employs a Monte Carlo method [35]. With this method,
a result can be achieved that includes a more precise detection distance and its probability. The input
parameters with a uniform distribution are shown in Table 2.

Here a forest or open woodland with a vegetation height of 2-30 m of eucalypts and acacias is
chosen; the data in Table 3 are mostly in accordance with [33] and [35]. The weather conditions are
hot, long time without rain and the Fire Danger Index (FDI) with extreme danger of fire [36].
The heat-receiving element is assumed to be at a height of 100 m over ground, representing the altitude
of the beetle. The calculation of radiant heat flux as a function of distance to the fire were performed
for two different fire situations: a larger fire with a flame front between 90 and 110 m and a small
starting fire with an flame front between 10 and 30 m. Table 3 shows the mean values of the
parameters from Equations (1)—(4).

Figure 3 shows an example the probability distribution of the radiation heat flux of a flame front
(90-110 m) at a distance to the fire of 50 km with 5 and 95 percentile and mean value. The dependence of
the radiation heat flux as a function of the fire distance for the flame front 90-110 m and 10-30 m is shown
in Figures 4 and 5. The blue field indicates the sensitivity of the beetle determined in [21]. With regard to
the mean values of the radiation heat flux, the detection distance of the large fire (flame front 90—110 m)
is larger than 130 km and the detection distance of the starting fire (flame front 10-30 m) is about 100 km.

For the detection of this radiation values with IR sensors the noise level due to temperature fluctuations
must be kept in mind. The minimum detectable radiant heat flux of an uncooled IR-sensor is [37]:

A
4,
qmin,noisc - D*

. 1
\/16'8'kB'Gs'T5

©)

D

with: D": specific detectivity of the sensor; &: emissivity of sensor surface; os = 5.67040 x 10® W/m>-K*:
Stefan-Boltzmann constant; ks = 1.3806504 x 1072 J/K: Boltzmann constant; 7: temperature of target
and heat sink; and Af: bandwidth.

The specific detectivity D* of commercially available IR sensors is, e.g., 0.9 x 10® cm-Hz%3/W with
a sensitive area Az of 0.5 mm? (Thermopile TPD 1T 0216 IRA, Perkin Elmer, Waltham, MA, USA [38])
yielding a bandwidth of a minimal detectable radiant heat flux (Af= 10 Hz, e = 1) of 5 x 107 W/m?.
This means that without using any methods to detect the fire signals below this noise level, the
detection distance is reduced for the large fire (flame front 90-110 m) to 42 km and the detection
distance of the starting fire (flame front 1030 m) to 21 km. The detection signals below the noise
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level is possible with stochastic resonance [39,40] in connection with adaptive signal processing [41,42]
or phase space projection [43]. The proposed active amplification mechanism described above also
seems suitable to extract small signals from noise allowing a detection of the large fire from a distance
of 130 km and a detection of the small starting fire from a distance of 90 km (cf. Table 3).

Table 2. Input parameters with uniform distribution for the Monte Carlo method.

Parameter Value
Emissivity flame € 0.7-1.0
Flame temperature 7 800-1200 °C
Heat of combustion H 17,000-18,600 kl/kg
Surface fuel load w 8-25 t/ha
Fire Danger Index FDI 50-75
Slope of ground 0°
Visibility atmosphere 7—-13 km
Temperature air 25-30 °C
Humidity 25%-35%
Wind velocity 30-60 km/h

Table 3. Output parameters (5th and 95th percentile) calculated according to the
Monte Carlo method with the input parameters from Table 2.

Parameter Flame front 10-30 m Flame front 90—110 m
Rate of spread R 0.6-1.9 km/h 0.6-1.9 km/h
Flame height Lr 6.5-16.5m 6.5-16.5m
Fire intensity / 6,125-31,755 kW/m 6,062-31,660 kW/m
Flame angle 63°-79° 63°-79°
Transmittance t 0.34-0.43 (at 90 km) 0.30-0.38 (at 130 km)
View factor Fi_, 3.6 x 10°-1.5 x 10°® (at 90 km) 1.2 x 10829 x 10°® (at 130 km)
Radiant heat flux gra 4.7 X 10°-3.9 x 107 W/m? (at 90 km) 1.2 x 107*-7.5 x 10 W/m? (at 130 km)
5% 95 %
300 T T T T T T ™ T T T
E E Mean: |
1 3 2 :
200 :3.2910 Wim | 1
E i
= |
o |
(&} |
100 ! .
0 -

0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x102 1.2x10?
Radiation heat flux [W/m?]

Figure 3. Radiation heat flux probability distribution (flame front 90-110 m) at a fire
distance of 50 km.
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Figure 4. Radiation heat flux (flame front 90—-110 m) as function of the fire distance.
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Figure 5. Radiation heat flux (flame front 10-30 m) as function of the fire distance.
4. Evaluation of a Biomimetic IR Sensor Based on the Melanophila IR Receptor

4.1. Sensor Model

The reconstruction of the IR sensillum in Figure 1c is reminiscent of a well know IR sensor, the
Golay cell [44]. This sensor consists of an internal gas-filled cavity, which is closed on one side by an
IR-permeable window and on the other side by a thin membrane. IR radiation enters through the
window and heats up the gas by absorption. The deflection of the membrane caused by the expanding
gas can be read by an optical system [44]. Very small Golay sensors are already produced in silicon
microstructure technology using a capacitive detector [45] or a tunneling displacement transducer [46]
as read out for the membrane deflection. To enhance the IR absorption in the gas, the cavity is
equipped with an additional absorber, e.g., a thin plastic mesh. Reflective walls of the cavity are
another means to enhance absorption. The temperature changes of the gas caused by the absorbed IR
radiation are in the mK-range or lower, this means that very tiny membrane deflections must be
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measured in the nm-range. Because of slow variations of the ambient temperature in the range of a few
K, a high-pressure increase—compared to IR measurements—will occur in the cavity and possibly
destroy the membrane. Therefore it is necessary to integrate a leak, which compensates this influence of
ambient temperature changes by an exchange of the gas with a reference volume or a reference pressure.

In order to analyze the IR sensor based on the IR sensillum, a simple set-up is used (see Figure 6).
Similar to the sensillum, the sensor contains an internal water-filled cavity. The exchange of the fluid,
a liquid instead of gas, is a major difference of the sensillum compared to the Golay sensor. The cavity
of the technical sensor is closed on one side by a window and on the other side by a thin membrane.
The IR radiation being absorbed produces a change in pressure or volume, respectively, due to the
change of the state of the fluid. The deflection of the membrane caused by this pressure increase can be
read out by, e.g., a capacitive detector or a tunneling displacement transducer.

In the Melanophila IR receptor, the inner sphere is enclosed by a thin layer of fluid, which is always
at ambient pressure. Therefore, the nanocanals in the shell of the sphere allow the exchange of fluid in
and out of the microfluidic compartment in the sphere. Thus, any internal pressure change that may be
caused by the slowly changing ambient temperature can be compensated in a similar way to the
compensation leak of a Golay sensor.

W | W

Compensation leak \

Liquid-filled cavity — || | ] ‘

Deformed membrane — |

Figure 6. Comparison of the sensillum (left) with the model of the sensor (right).
4.2. Calculation of the Pressure Increase in the Cavity and the Membrane Deflection
4.2.1. Adiabatic Cavity without Compensation Leak

For calculating the change of the liquid pressure in the cavity based on the temperature profile, the
equation of state must be solved. Because the pressure in the cavity depends upon the two independent
variables, temperature and volume, its total change is given by:

1

Hc
ITC(Z)~dZ
AP =B AT ——— AV Y R S— ©)
’ K-V

C,mean ~— HC
with AP: pressure increase in the cavity; B = (0P/0T)y: isochoric tension coefficient; 7c(z): temperature
increase as a function of the axial coordinate z of the cavity and time; A7¢mean: mean temperature

increase averaged over the cavity; 7o: initial (ambient) temperature at t = 0; x = —(1/V)-(0V/OP)r
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isothermal compression coefficient; V: volume of the cavity; and Hc: height of the cavity; AV: volume
increase. For water (25 °C, 1 bar). B =5.68 x 10° Pa/K and « = 4.5 x 10710 Pa™! [47].

The increase of the volume AV of the cavity results in the tiny deflection of the membrane. For the
following calculations, it is assumed that the diameter of the membrane is equal to the diameter of the
cavity. The local deflection, y, of this membrane caused by a pressure difference can be calculated as a
function of the radial distance » with the shell theory [48,49].

AP 2 2)?
J/(’”)ZW'(R —r?)
E-t; (7

T 12-(1=V?)

with R: radius of the membrane; D: flexural stiffness of the membrane; E: Young’s modulus of
elasticity; #p: thickness of the membrane; and v: Poisson’s ratio.

Equation (7) is a good approximation for small membrane deflections, i.e., ymax/tr < 1. The
corresponding volume change AV can be calculated in relation to the pressure increase AP by Equation (7):

_TR°-AP-(1-V?)
 16-E-f

(8)

The combination of Equations (7) and (8) yields a relationship for AP, which considers the
influence of temperature and volume.

AT Yo1=v?
:B C,mean Q: R (13 v ) (9)
1+Q 16'E'tP 'Hc'K

The factor Q characterizes the change of state of the liquid inside the cavity due to a temperature
increase: For Q — 0, which corresponds to an extremely hard membrane, the change of state is isochoric
with a maximal pressure increase and minimal membrane deflection. For Q — oo, as for an extremely
soft membrane, the change of state is isobaric with maximal volume increase and maximal membrane
deflection. The transition between these two cases is at Q = 1. The maximal deflection, ymax, at » = 0 of
the circular membrane can be calculated as a function of the factor Q by using Equations (7) and (9).

_3'a'Q'ATC,mean'HC

ymax - 1+Q (10)

where, o = -« is the isobaric thermal expansion coefficient.

Figure 7 shows the maximal deflection as a function of the factor Q according to Equation (10) for
an IR power density of 10 W/m? (IR-window without absorption loss assumed) for a cavity with a
height and a diameter of 0.5 mm, respectively, filled with water. Obviously, the maximal deflection is
achieved for the isobaric case with a very soft membrane.

With regard to Equations (9) and (10), the maximal deflection of the membrane can be increased by
using a liquid with a high thermal expansion coefficient, a, and a high mean temperature increase,
ATcmean, due to a low product of heat capacity and density in a small cavity. Additionally, the
IR-window and the cavity material should have a low heat conduction to avoid heat losses during the
measurement (see Section 4.3).
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Figure 7. Maximum central deflection, ymax, at » = 0 of a circular membrane (silicon,
1 pum thickness) as function of factor ) and irradiation time for a water-filled cavity.
IR power density: 10 W/m?, diameter and height of the cavity: 0.5 mm.

4.2.2. Non-Adiabatic Cavity with Compensation Leak

In the Melanophila IR receptor, the inner sphere is enclosed by a thin layer of fluid, which is always
at ambient pressure. Therefore the nanocanals in the shell of the sphere allow the exchange of fluid in
and out of the microfluidic compartment in the sphere (see Figure 8, left). Thus any internal pressure
change that may be caused by the slowly changing ambient temperature can be compensated. Golay
sensors also use such compensation leaks for compensating changes of ambient temperatures [44].

However, due to the compensation leak, the pressure increase in the cavity is reduced depending on
the flow resistance of the leakage through the canal. For simulating this effect, an analysis based on the
model in Figure 8, right, was carried out. A mass and energy balance for the sub-systems cavity, canal
and reservoir can be used to derive the formulas for the time-dependent development of temperature
and pressure in the cavity. For a laminar flow in the canal, a uniformly distributed absorption of the IR
power in the cavity, an adiabatic top and bottom of the cavity and a constant wall temperature system
of two differential equations can be derived [50].

(1+Q+ o0 -PCJ-di+&—£:y-e"/@

pc'cp dt TC TC
%4_&_&:0
t 1 T
R R (11)
SnLVCK 81‘]LVRK
cT 1 IR:—4
TE'RL T['RL
@:—p'cP'Rz v:—B’IO
6 X rnia p-c, He

with Ve, Pc: volume and pressure in the cavity, respectively; Vz, Pr: volume and pressure in the
reservoir, respectively; p, ¢p, M, A: density, heat capacity, dynamic viscosity and heat conductivity of
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the fluid in the cavity, respectively; tc, tr: time constants of cavity and reservoir, respectively;
Ry radius of canal; L: length of canal; and /o: IR power density.

For ® — oo, that means an adiabatic cavity with no heat conduction into the wall, the differential
Equation (11) changes into the solution for an adiabatic cavity. Figure 9 shows the time-dependent
pressures in the cavity and the reservoir according to Equation (11) with variable heat loss of the cavity
(decreasing value of ® corresponding to increasing heat loss). Compared to the adiabatic cavity
(® — ), the pressures reach a stable state where the difference of the pressure in the cavity and the
reservoir is zero (Figure 10). Increasing the heat loss of the cavity reduces the pressure in the cavity at
a given time considerably. In case of a low flow resistance of the canal (small values of time constant
tc and tr) and a high heat loss, the pressure difference between cavity and reservoir reduces to a short
pressure pulse. Figure 11 shows the influence of the heat loss of the cavity and a reservoir volume of
100 x cavity volume on the maximal deflection.

Canal,

Liquid-filled Outer Compensation Leak

IR
Compartment (Reservoir)
.

Window

Reservoir

Cavity

Nanocanals

Pressure Core Inside Membrane,
the Sensillum (Cavity) deflected

Figure 8. Model of the sensillum with nanocanals (left) and Model of the IR sensor (right)
with cavity (pressure Pc, volume V¢) and reservoir (pressure Pr, volume Vr). The canal of
the compensation leak has a radius R. and a length L.
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Figure 9. Time dependent pressure in the non-adiabatic cavity and the reservoir as a
function of the heat loss from the cavity (decreasing value of ® corresponding to
increasing heat loss and Q = 1000, y = 3000 (lo = 10 W/m?), t = 0.001 s for equal size of
cavity Vc and reservoir Vk.
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Figure 10. Time-dependent pressure difference between the non-adiabatic cavity and the
reservoir as a function of the heat loss from the cavity and Q = 1000, y = 3000 (1o = 10 W/m?),
tc=1r = 0.001 s for equal size of cavity V¢ and reservoir Vz.
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Figure 11. Maximum central deflection, ymax, of a circular membrane (silicon, 1 pm
thickness) as a function of the factor Q and heat loss time constant ® for a water-filled
cavity. IR power density: 10 W/m?, irradiation time: 0.5 s, diameter and height of the
cavity: 0.5 mm, Volume reservoir: 100 x volume of cavity.

It is obvious that a non-adiabatic cavity reduces significantly the membrane deflection. The
influence of an increasing reservoir volume on the membrane deflection is shown in Figure 12,
assuming a constant heat loss. A larger reservoir volume shifts the deflection curve towards higher Q
values; that means that a hard membrane results in a significantly lower deflection, whereas the
deflection of a soft membrane is only marginally influenced.
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Figure 12. Maximum central deflection, ymax, of a circular membrane (silicon, 1 pm
thickness) as function of factor Q and the relation of cavity volume to reservoir volume for
a water-filled cavity. IR power density: 10 W/m?, irradiation time: 0.5 s, diameter and
height of the cavity: 0.5 mm, heat loss time constant ®: 0.5 s.

4.2.3. Influence of Membrane Stress on the Membrane Deflection

The equations presented here are true for small membrane deflections in relation to the membrane
thickness, ymax/tr < 1. However, ymax/tr > 1 results in a non-linear relation between the membrane
deflection and the pressure difference because the membrane stress cannot be neglected as in the linear
case. In [51], an implicit equation for the non-linear case is given, applicable for ymax/tp > 1:

ymax J— AP . R4
t,  64-D-t 2
F ? 1+O.488-(y”‘“j
Ip (12)
3
with D=— 21 _
12-(1-v?)

the flexural stiffness of the membrane.

For ymax/tr — 0, Equation (12) changes over to the linear case in Equation (7). Figure 13 shows the
relative deflection, ymax/tp, for the non-linear and the linear case. A high pressure bias due to an
ambient temperature change will reduce the sensor characteristic Ay/AP in the new operating point
compared to an operating point without ambient temperature change, that means AP = 0 in Figure 13.
This leads to a lower deflection at a new operating point as a result of the absorbed IR radiation and a
sensor operation dependent on the ambient temperature.

Here a compensation leak acts like a reset for the membrane deflection. The non-linearity is also
influenced by the fluid in the cavity because the pressure difference, AP, in Equation (6) depends on
the mean temperature increase of the fluid, which changes with regard to the material values of the
fluid (see Section 4.3).
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Figure 13. Relative plate deflection at » = 0 as a function of applied pressure difference
compared the influence of a membrane stress for a water-filled cavity.

4.3. Evaluation of Sensor Components
4.3.1. Cavity Material

The deflection of the membrane is a measure for the IR-radiation that is to be determined. For this
reason the design parameters for an optimal large deflection should be identified. Obviously a high
mean temperature should be achieved in the fluid. This means, that the IR-window should be very low
and the fluid have very high IR absorption. A high mean temperature difference due to the absorbed
energy depends in principle on two effects based on the first law of thermodynamics: an almost
adiabatic cavity to minimize the heat losses and a fluid with a low product of density and heat capacity.

The thermal effusivity, b, characterizes the transient behavior of the contact temperature between
two different materials.

b= }\l.p.cp (13)

with A: heat conductivity; p: density; and c,: heat capacity (all for the materials of the cavity).

Comparing two surfaces of the same initial temperature, the surface with a high thermal effusivity,
e.g., steel, feels cold to the touch, whereas the surface with a low thermal effusivity, e.g., wood, feels
warm. Therefore the thermal effusivity can be a measure of a material regarding the ability of thermal
insulation. Here the absorbed energy in the cavity should be reduced only slightly due to heat
conduction in the cavity wall; thus, a cavity material with a low thermal effusivity is preferred.
Figure 14 compares the thermal effusivity for different cavity materials and insect cuticle. It is obvious
that only plastics reach the same good isolation abilities as cuticles. Silicon, with regard to heat
isolation, is considered a disadvantageous solution; glass would offer a thermal effusivity. which is one
order of magnitude better. Furthermore, the manufacturing technology must be kept in mind. The
production of small structures from silicon in clean rooms is well known and the manufacturing of the
membrane can be included. Small plastic structures can be manufactured by micro-injection molding,
which is also state of the art.
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Figure 14. Comparison of the thermal effusivity, b, for different materials (Polyvinyl
fluoride under the trade name Tedlar® is a registered trademark of DuPont; Pyrex® is a
registered trademark of Corning Incorporated).

4.3.2. Window Material

A critical component is also the IR-window. This should have a very low IR-absorption coefficient
and a low heat conductivity to prevent heat loss from the cavity, especially when the fluid has a high
absorption coefficient. In this case, the radiation is absorbed in a very thin zone directly behind the
IR-window, which implies an increased heat loss through the window. Unfortunately an optimal
material for the IR-window sealing the fluid-filled cell is not known: conventional IR-materials like
chalcogenide glasses, Ge, Si, ZnS, or ZnSe have low absorption coefficients, but show relatively high
heat conductivities, whereas plastic has a low heat conduction, but a high absorption coefficient.
In [51,52], the temperature distribution based on different window material and fluids with different
absorption coefficients are compared. It turns out that in the case of an IR window made of plastic
(Tedlar®), the window should only have a thickness of about 100 um for an equal heat loss to a glass
window of 0.5 mm thickness, which would lead to significant problems with manufacturing and stability.
Due to the lower IR-absorption coefficient of the hydrocarbons compared to water, the absorption zone
becomes broader and the temperature maximum is not directly behind the window. This also reduces the
heat loss through the window and allows adjusting the depth of the cavity. The thickness of the zone
where the whole IR-radiation is absorbed can serve as a specification for the cavity depth; a larger cavity
depth will only reduce the mean temperature due to the larger fluid volume.

4.3.3. Liquid as Cavity Filling

The thermo-physical properties of the fluid are responsible for the effective conversion of the
temperature increase of the fluid into a large deflection of the membrane. For an adiabatic cavity, an
equation can be derived which relates the maximum membrane deflection and the properties of the
fluid for a constant absorbed energy in the fluid.

Voax & ‘ 3.0
I, 1+Q pc,

t=0-t (14)
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with Jo: IR power density; and d: relative deflection of the membrane.

The relative deflection 6 from Equation (14) is defined as the maximum deflection of the
membrane, divided by an absorbed energy of 1 J/m? (cross-section of the cavity) in the fluid. For
cavities with the same cross-section, the influence of the fluid and the properties of the membrane can
be compared. Figure 15 shows for a soft membrane (isobaric case, Q2 >>1, for the definition of Q see
Equation (9)) the relative deflection for different fluids. It turns out that hydrocarbons would cause a
deflection that is one order of magnitude larger compared to water. However, fluids like carbon tetra
chloride or diethylether have some serious drawbacks like low evaporation temperature, incompatibility
with other materials or toxicity. Although pentane or toluene are used in precision thermometers due to
their high isobaric thermal expansion coefficient, the use in the cavity is problematic because of the too
complicated filling procedure of the cavity, which must be absolutely bubble free. Additionally, some
hydrocarbons can damage plastics, such as the cavity material and adhesives, e.g., used to connect the
IR-window with the cavity. Another evaluation criterion is the IR absorption of the liquid filling.
Water has a high IR absorption, hydrocarbons have a significantly lower absorption, by a factor 107! to
1072 (see Table 4). A high absorption causes a thin absorption zone directly behind the window and an
energy loss due to the heat conduction through the window. The lower absorption of hydrocarbons
shift the temperature maximum more towards the middle of the cavity with lower heat loss through the
window (see Figure 15).

Methanol or ethanol may be a compromise as a liquid cavity filling regarding advantages
and disadvantages, however, the compatibility with the sensor material and glues must be
investigated carefully.

Water i

Mercury .

Methanol i

Toluene

Acetone

Carbon tetrachloride

Diethyl ether

n-Pentane

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Relative deflection & (nm/J/m?)

Figure 15. Comparison of the relative deflection 6 of the membrane for different fluids
(isobaric case, Q >>1, see Equation (9)). For the same cross section of the cavity, the
relative deflection is caused by the same amount of energy absorbed in the fluids.
The dimensions and the material properties of the according membrane can be calculated
with Q, see Equation (9) for Q >> 1.
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Table 4. Comparison of IR absorption coefficients in the bandwidth 3—5 pm using data from [53].

Compound  Absorption Coefficient (cm™)

Water 1140
n-Pentane 73
Toluene 94
Methanol 7

4.3.4. Gas as Cavity Filling

Using gas instead of water in the cavity as in the well-known pneumatic Golay sensors yields
different results due to the different material properties, in particular density p, heat capacity c¢p, and
the coefficients B, k, and a in Equations (6) and (10). For a better comparison with the water-filled
cavity, it is assumed that also a thin zone, due to a thin absorbing film on the inner glass surface,
exists. There all the radiation is absorbed and this energy heats up the gas by heat conduction. The
resulting temperature profile for water and gas 0.5 s after the onset of IR irradiation is shown in
Figure 16, based on the same IR power density of 10 W/m?. Mainly due to the lower product of density
and heat capacity, the temperature increase in the gas is higher; the mean temperature increase A7mean
is in the case of water 1.2 mK and 4.8 mK in the case of gas. Using Equation (9), this causes, e.g., for
Q =1, a pressure difference, AP, of 350 Pa in the case of water, but only 0.8 Pa in the case of gas.
However, the maximal deflection of the membrane in the case of gas is 12 nm compared to 0.2 nm in
the case of water (see Figure 17). This surprising fact can be explained by the higher mean temperature
increase and by the higher thermal expansion coefficient in the case of gas compared to water. The
maximal deflection of the membrane is about 2 nm compared to about 1 nm in the case of
hydrocarbons (Table 5).

Temperature T-T att= 0.5 s [mK]

00 01 02 03 04 05
Cavity Axis Z [mm]

Figure 16. Temperature distribution along the cavity axis 0.5 s after the onset of irradiation
for a water-filled and a COz-filled cavity with an IR power density at the outer window
surface of 10 W/m?. In the case of gas, a thin IR absorber film is assumed on the inner

glass surface where all the IR energy is absorbed.
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Figure 17. Maximum central deflection, ymax, of a circular membrane at ¢ = 0.5 s as
function of factor Q for a water-filled and CO2-filled cavity. IR power density of 10 W/m?,
diameter and height of the cavity: 0.5 mm.

Table 5. Comparison of the mean temperature increase A7mean, the factor Q and the
maximum deflection of ymax of the membrane due to different liquids and CO2 gas after
50 ms irradiation of 10 W/m?.

Compound AT mean (MK) Q Ymax (NM)
Water 0.14 6245 0.04
n-Pentane 0.53 1126 1.26
Toluene 0.64 3093 1.03
CO», Gas 1.57 0.281 2.18

Using different gases will not change the result notably because only the individual gas constant and
the heat capacity are variable. However, using a gas with low heat conductivity like Argon or Xenon
will reduce the radial heat losses into the cavity wall and yield a higher temperature increase.
Figure 18 shows the temperature profile in the window and the cavity using different liquids and gas as
filling. Here, in the case of gas, a thin absorption zone at the inner window surface was used. Despite
the unfavorable position of the absorption zone, the temperature profile is more homogeneous
compared to water and the mean temperature is increased. A homogeneously distributed absorber in
the cavity would be a good solution resulting in reduced heat loss through the window and improved
membrane deflection. This can be achieved using a thin opaque plastic mesh with a high surface for
heat transmission and a low heat capacity.
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Figure 18. Temperature distribution along the cavity axis 0.5 s after the onset of irradiation
for different liquids with an IR power density at the outer window surface of 10 W/m?. For
gas an absorption zone at the inner window surface is assumed.

4.3.5. Read-Out of the Membrane Deflection

The calculated deformation of the membrane in the case of water as liquid and the deformation of
the tip of the dendrite in the sensillum have the same magnitude. In mechanoreceptors like the
sensillum deformations of the tip of the dendrite of only 0.1 nm—corresponding to an energy of
10" J—yield a receptor potential. As a consequence of the tiny deformation of the membrane, the
technical sensor needs a read-out system that is able to detect deformations in the nm-range, such as
interferometry, tunneling contacts [46], a capacitive position sensor with nanometer resolution [54] or
a capacitance. However, the manufacturing of a thin membrane and a capacitor with very low plate
distance to read out the tiny deflections is very difficult. Therefore the usage of tunneling contacts
seems to be the best solution [55].

4.3.6. Final Recommendation for the Design of the Sensor

Like the biological model, the technical sensor should exhibit its maximal sensitivity in the range of
2-5 um corresponding to the maximum of emission of a forest fire. The sensillum of the beetle uses a
liquid as filling of the cavity because the mechanosensory dendrite as read-out needs a liquid
environment. However, the evaluation of the biomimetic sensor showed that a liquid as filling has a lot
disadvantages in comparison with a gas filling as in regular Golay Sensors: the material properties of
the liquids results always in smaller membrane deflections compared to gas, the bubble-free filling of a
micro-cavity is still an unsolved problem, plastic as cavity material and hydrocarbons as filling are
problematic regarding the chemical compatibility of the cavity material and glues. The only advantage
of a liquid is that no additional IR-absorber has to be used, as in the case of gas. For the cavity
material, silicon is disadvantageous because of the high heat conduction of silicon causing a high heat
loss. Using plastic as cavity material by applying micro-injection molding as the manufacturing
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technology seems to be the best solution. The best read-out system, capacitive or tunneling contacts,
depends on the selected materials and the manufacturing technology. This is in any case a very
important topic because the read-out system defines the sensitivity of the system.

5. Discussion: Bioinspired Improvements of Fire-Detecting UAV's

Actually, the application of unmanned autonomous flying objects, or Unmanned Aerial Vehicles
(UAVs), for forest fire detection has been evaluated for more than 15 years [6,56—60]. The location
and identification of artificial fires at known locations could be demonstrated. However, reports about
the detection of unpredictable natural fires are not available. A major problem still is the unambiguous
classification of an unknown smoke and/or heat source as forest fire. Confusions may easily arise,
especially from deep-hanging cloud banks, but also from smoke and heat emitted from various industrial
production processes. This problem increases with increasing distance to the respective source.

Regardless of the many advantages (e.g., lower costs than manned aircrafts), current UAV
approaches have some drawbacks: (i) the continuous flying is power consumptive; (ii) in the worst
case, a fire starts when the drone scans a different part of its monitoring area; and (iii) depending on
the sensors on board of the drone (e.g., a video camera), the error probability is still high, meaning that
the drone finally has to approach the source for clear identification or the potential fire even has to be
inspected by other devices, which all costs additional time.

Given that some prerequisites are fulfilled, an artificial “fire beetle”, tentatively called beetlecopter,
can overcome these problems. As already mentioned, it is unlikely that a Melanophila beetle
permanently flies over large areas in search for a fire. This behavior would not increase the chance for
detecting a fire because the locality where a fire may start is unpredictable and definitively would cost
the small beetle too much energy. Instead, the beetle most probably performs short search flights
lasting for only a few minutes. Depending on the weather conditions, search flights can be made once a
day or every hour. During a search flight, at an appropriate height, the beetle flies in a circle looking
out for a smoke plume characterized by a basal zone of IR emission (Figure 19A). Therefore our
concept of the beetlecopter, for instance based on a commercial drone like a quadrocopter, comprises
the following basics:

1. The drone is equipped with a high-resolution video camera and a highly sensitive image
forming IR sensor.

2. At adjustable times, the drone ascends from a base station to a preset height and—by turning
through 360°—scans its surrounding area (1 or 2 min per search flight). Afterwards, the drone
lands on its base station.

3. If afire is detected, an alarm is send to an earth station.

4. Several drones can be used to establish a “beetlecopter” network suitable to monitor a large area
(Figure 19B).

The dual sensors looking at different regions of the electromagnetic spectrum (VIS, IR) will reduce
the error probability to virtually zero. An alarm is released only if a zone of extra IR emission is
detected at the base of the potential smoke plume (Figure 19A). This allows a reliable discrimination
between a smoke plume and a deep-hanging cloud bank. Previous studies have already shown that the
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combination of a visual and an IR camera helps to reduce false alarms [61]. It has to be pointed out,
however, that the usability of the proposed beetlecopter system strongly depends on the sensitivity of
the IR sensor.

For the effective implementation of the beetlecopter concept, a biomimetic photomechanic IR
sensor based on the Melanophila sensilla should be used. Because those sensors are currently
unavailable, in the beginning, commercially available uncooled bolometer IR sensors could be used.
However, this will not allow a huge detection range.

35708 01702 T93~ - cu =

I58FT 115N~

Figure 19. (A) Image of a large forest fire taken from a helicopter from a distance of
21 km with a WESCAM MX-15 in Western Australia. The image consists of two
superimposed pictures: one taken with a high-resolution video camera and one taken with
an infrared (IR) camera (white area “IR” showing the hot infrared emission zone of the
ongoing fire). Image courtesy of Aerial Intelligence Unit of DEFS (see Acknowledgements).
(B) Schematic drawing of three beetlecopter drones hovering over a terrain with a
mountain range. From their stationary airborne positions drones identify a fire with
on-board digital video and infrared cameras. By sending a set of alerting data to a central
earth station the exact position and the current status of the fire can be determined.
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In Figure 19B, how a network of several beetlecopter drones can be used to monitor a given terrain
for fires is shown. The communication and control of partly autonomous flying UAVs, even as a
swarm, has already been evaluated [62]. If the drones are positioned in a way that the surveillance
sectors of three drones overlap, the geographical position of the fire can be determined by
triangulation. Drones have to send their data, including GPS information, to a common earth station
and the alarm containing all relevant data to start fire extinguishing can be released.

In order to optimally setup the system, the height at which a particular drone has to ascend, has to
be programmed for each drone individually. To prevent accidents with other aircrafts, heights should
be as low as possible. Thus the maximal flight altitude should be just large enough to enable the drone
to monitor its surveillance area without a gap. As mentioned, the detection range of the IR sensor is of
great importance for the entire system. If it could be realized that the detection range of the sensor is in
the same region as it had been calculated for the biological system (i.e., about 100 km), drones could be
positioned at distances of 200 km. By this, vast woodlands could be observed for fires with a very low
number of beetlecopters. Because costs for, e.g., quadrocopters, are relatively low anyway, positioning
of drones at large distances would further reduce the costs for the proposed beetlecopter system.
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