
1 

Measuring thermal conductivity of ultra-small materials 

exampled by the reaction chambers of bombardier beetles 

Zhenbin Guo, Wenhao Sha, Haimin Yao* 

Department of Mechanical Engineering, The Hong Kong Polytechnic University, 

Hung Hom, Kowloon, Hong Kong, China 

Abstract 

Bombardier beetles, as their name implies, defend themselves against the potential 

predators by spraying boiling-hot and corrosive chemicals which are products of an 

explosive biochemical reaction taking place in the paired organs called reaction 

chambers (RCs). Why these beetles can withstand the explosive reaction that takes 

place in their bodies? Knowledge of thermal properties of the RCs will help to shed 

light on this puzzle. However, the submillimeter dimension and irregular shape of the 

RCs discourage the traditional methods for thermal characterization. To overcome this 

challenge, in this paper a method is developed particularly for measuring the thermal 

conductivity of a material with dimension as small as submillimeter. The measurement 

results by this method are demonstrated reliable especially for polymeric or organic 

materials including the RCs of bombardier beetles. The results in this paper not only 

help to understand the superior thermal insulation of the RC wall but also offer a facile 

approach to measuring the thermal conductivity of materials in submillimeter scale. 
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1. Introduction 

 

Figure 1. (a) Schematics of a bombardier beetle, SEM images of (b) reaction 

chambers, (c) wall of a RC, and (d) cross section of the wall of a RC embedded in 

epoxy. Rv: reservoir; Gl: gland; RC: reaction chamber. Illustration courtesy of Jing 

Xiao from Guangzhou Academy of Fine Arts. 

 

Rarely has a beetle been named as aptly as the bombardier beetle which ejects hot 

and corrosive spray as a defensive mechanism against the would-be predators [1, 2]. 

The spray is the product of a chemical reaction between hydroquinone and hydrogen 

peroxide which are gland secretions usually stored in a pair of reservoirs in the peaceful 

time (Figure 1a). Each reservoir is connected to a reaction chamber (RC) through a 

one-way valve. When the beetle encounters threat, the valves are opened and the 

reactants flow into the RCs where they meet enzymes catalases and peroxidases. 

Reaction thus takes place instantly and oxygen is liberated from the hydrogen peroxide. 

The hydroquinone is oxidized by the freed oxygen which also serves as propellant to 

push the reaction products out through spray nozzles. As the whole process is heat-
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producing, the temperature of the resultant spray can reach as high as 100 °C [3-5]. 

How do the RCs withstand such high temperature during defense? How are the tissues 

and organs outside the RCs protected from being overheated? Knowledge of the 

material compositions and thermal properties of the RCs helps to shed light on these 

questions.  

2. Material characterization 

Figure 1b shows the Scanning Electron Microscopy image of the RCs, which are 

hollow sacs with characteristic size less than 1 mm and wall thickness around 10 

micrometers on average (Figure 1c, d). To characterize the material composition of the 

RCs, thermogravimetric analysis (TGA) and the X-ray diffraction (XRD) analysis were 

carried out to characterize the material compositions of the RC. 

2.1 The thermogravimetric analysis  

For TGA, more than eighty RCs were dissected from the bombardier beetles 

(Pheropsophus verticalis) with the aid of optical microscope. The RCs were then milled 

into powder with pestle and mortar. A sieve was used to spread the powder sample 

evenly on the bottom of the sample holder for TGA. Thermogravimetric analysis 

(TGA/DSC 3+, Mettler Toledo) was carried out at a heating rate of 5 °C/min in air. A 

four-step weight loss process was observed, as shown in Figure 2a. In the first step 

from 25 to 120 °C, weight loss of ~7.95% was observed, which is mainly due to the 

removal of adsorbed water and moisture in the sample. In the subsequent second step 

up to 234˚C, decomposition of the material started, resulting in another weight loss of 

~12.56 wt%. The most significant weight loss of ~47.72% happened in the third step at 

temperatures up to 424 °C owing to the evaporation of the organic components. The 

fourth major weight loss (~29.49%) occurred at temperatures up to 620 °C. The final 

~2.28% residual was most probably inorganic materials. Thermogravimetric analysis 
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shows that the RCs contains ~7.95 wt% water, ~89.77 wt% organic materials and ~2.28 

wt% inorganic materials. 

 

2.2 The X-ray Diffraction Analysis 

For XRD analysis, sufficient RCs were dissected from bombardier bettles, rinsed 

thoroughly with DI water and then freeze-dried at 50 C−  for 8 h (FD-1A-50 Freeze 

Dyer, Shanghai Bilon Instrument). The samples were then milled into powder with 

pestle and mortar. A sieve was used to mount the powder sample into the sample holder 

evenly. XRD analysis was performed on a Rigaku-Smartlab diffractometer using Cu Kα 

radiation (wavelength λ = 0.154 nm). As shown in Figure 2b, the four diffraction peaks 

observed at 2θ = 9.3°, 19.3°, 20.9°, and 26.6° corresponds to (020), (110), (120), and 

(003) planes of chitin respectively [6]. Therefore, it can be concluded from the X-ray 

diffraction analysis that the organic composition in RCs is mainly chitin, which is also 

the main building material of the arthropod exoskeletons such as shrimp shells. 

Although there are many technologies for measuring the thermal conductivities of 

materials such as the steady-state method, 3ω technique and transient hot-strip 

technique [7-10], they all fall short when measuring RCs with such small size and 

irregular shape. To characterize the thermal conductivity of the wall of RCs, it is 

necessary to develop a new method applicable to materials with dimension as small as 

submillimeter. 
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Figure 2. (a) Thermogravimetric analysis result of the RCs of bombardier beetles. (b) 

X-ray diffraction pattern acquired from powder sample of RCs. Diffraction peaks 

observed at 2θ = 9.3°, 19.5°, 20.9°, and 26.6°, which agree well with the characteristic 

peaks of chitin at 2θ = 9.2233°, 19.3093°, 20.8119°, and 26.4454° as reported [6].  

 

3. Theoretical formulation 

Thermal conductivity describes material’s competence to conduct heat. The speed 

of heat transfer in a material is significantly affected by its thermal conductivity, 

implying that the thermal conductivity of a material could be deduced from the 

measured rate of heat transfer if the relationship between them is known. Inspired by 

this conception, here we consider a one-dimensional thermal conduction problem, in 

which a material sample of thickness d is in attached to a reference material with infinite 

dimension along x-direction (see Figure 3a). Initially, the temperature of the whole 

system is uniform and equal to T0. At time t = 0, the temperature at the end of the sample 

( x d= − ) is instantly increased to Tf and kept at this value all along. Due to the heat 

transfer in the sample, the temperature in the sample increases. The increasing rate at a 

specific position, such as the interface between the sample and reference material (x = 

0), depends on the thermal conductivity of the sample. In the following, theoretical 

analysis will be carried out to reveal the dependence. 
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Figure 3. (a) Schematic depiction of 1-D thermal conduction model of a composite 

consisting of a plate (sample) attached on a semi-infinite reference material. (b) 

Evolution of the normalized temperature at the interface (x =0) with the normalized 

time for cases with different values of normalized volumetric heat capacity C  and 

normalized thermal conductivities k . 

 

 As there is no internal heating source, the evolution of temperature field T(x, t) in 

the whole system should satisfy following governing equations  
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The boundary conditions and the initial condition can be written as  

 0),(,1),1( ==− tTtT , ( )( ,0) 0 1T x x=  − .  (3) 

Moreover, on the interface ( 0x = ) between the sample and the reference material, the 

conservation of thermal flux and continuity of temperature require 
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Taking copper as the reference material with   398 W/m KRk =  , 

 = 390 J/kg KRC   and 
3 3 = 8.96 10  kg/mR  , the normalized volumetric heat 

capacity C   and the normalized thermal conductivity k   of typical polymers, 

ceramics and metals are shown in an Ashby diagram (see Figure 4). By and large, both 

C  and k  exhibit descending trend from metals through ceramic to polymers. In 

Figure 4, the largest values of C  and k  occur in the metal regime and take around 

1.5 and 1.0, respectively. In contrast, C   and k   of polymeric materials are 

distributed in the lower ranges of 0.03-0.8 and -410 - -310 , respectively. Therefore, for 

the RC, which is a chitin-rich composite, the normalized thermal conductivity k  is 

believed to range from -410  to -310 .  

 

Figure 4. Ashby diagram of thermal conductivity versus volumetric heat capacity, 

where all the values are normalized by the properties of copper[13-19].  

 

Taking 410k −= and 310− , Figure 3b shows the evolution of the temperature at the 

interface (x=0) for  = 0.03,  0.8C  and 1.5 (the upper bound in Figure 4), 
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respectively. It can be seen that the evolution of temperature 0xT =  depends little on 

C  but is sensitive to k , implying that k  can be deduced from the evolution of 

temperature without knowledge of C . To delineate the evolution of temperature, we 

examine the time (
1 2T T

t
→

 ) needed for 0xT =  to increase from one prescribed 

temperature 1T  to another 2T . For example, 0.1 0.3t →  , which represents the time for 

0xT =  increasing from 1 0.1T =  to 2 0.3T = , can be determined by solving Eq. (6) with 

0xT =  being taken as 0.1 and 0.3 respectively. Figure 5 shows 0.1 0.3t →  as a function of 

 for 0.03,  C = 0.8 and 1.5. As expected, 0.1 0.3t →  is insensitive to C  

especially when k is less than a critical value. If we take <5% deviation between the 

curves in Figure 5 as the threshold of insensitivity of 0.1 0.3t →  to C , such critical 

k  is estimated to be around 0.03 from Figure 5. For all the organic materials and most 

ceramic materials, k is less than 0.03, as shown in Figure 4. Therefore, the normalized 

thermal conductivity k  of RC, which is mainly composed of chitin, can still be 

deduced from 0.1 0.3t →  even though its C  is unknown. However, for materials with 

0.03k  , determination of k  needs the prior knowledge of C . If C  is unknown, 

estimation of a reasonable range of k  can still be made based on the estimation of the 

lower and upper bounds of C . In this sense, reference material with high thermal 

conductivity is preferred as it results in lower k  and therefore less dependence of 

0.1 0.3t →  on C  as shown in Figure 5. That’s why copper is taken as the reference 

material in the ensuing experimental implementation. After determining the k  of the 

sample, the real thermal conductivity is obtained by multiplying k  by the thermal 

k
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conductivity of the reference material. Therefore, high thermal conductivity of the 

reference material may lead to large absolute error of the measured thermal 

conductivity of the sample. For a measurement requiring higher precision, proper 

reference material should be selected.  

 

Figure 5. The time needed for the temperature at x = 0 to increase from 1 0.1T =  to 

2 0.3T =  as a function of k  for C =0.03, 0.8 and 1.5. 

4. Experimental implementation 

 

Figure 6. (a) Schematic depiction and (b) photo of an apparatus for measuring the 

thermal conductivity. Here, K-type thermocouple thermometers (YHT309, Yuan 

Hengtong Technology Co., Ltd) with 1 °C accuracy are used. 

 

Based on the results of theoretical modeling above, an experimental apparatus is 

developed, as shown in Figure 6. Here, a copper wire with diameter of 1.2 mm is taken 

as the reference material. A copper box (externally 40 mm×40 mm×10 mm) with 
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constant temperature (
fT  ) maintained by circulating hot water serves as a constant 

temperature source. Take 0 25 CT = , f 75 CT = , 1 30 CT =  and 2 40 CT = , we have 

1 0.1T =  and 2 0.3T = . To verify the applicability of our method, measurements are 

first carried out on two benchmark samples. Table 1 shows the measured results 

obtained in comparison to those acquired by a commercial tester (Flashline 2000, 

Thermal Properties Analyser). The small difference between the results obtained by our 

apparatus and the commercial tester confirms the reliability of the measurements by 

this apparatus. Admittedly, slight underestimate is observed in our results compared to 

those given by the commercial tester. This may be attributed to the imperfectly 

adiabatic condition in our measurement and the possible size inconformity between the 

sample and reference material. Another possible factor causing the underestimate is the 

thermal contact resistance due to the imperfect contact between the sample and heat 

source (copper box) as well as the reference material (copper wire), although slight 

compression has been applied on the samples to reduce this effect by the micrometer 

screw (see Figure 6b) during the measurement. Moreover, application of 

thermocouples with rapider response and higher precision is believed to improve the 

accuracy of the measurements.  

Table 1. Measurement results of benchmark samples 

Material Sample 

thickness 

d 

Thermal Conductivity 

(Flashline 2000) 

Thermal Conductivity 

(this work) 

Carbon fiber-

reinforced composite 
1.1 mm 

 

1.90 W/m⋅K 

 ( -34.77 10k =  )† 

1.74 W/m⋅ K 

( -34.37 10k =  )† 

310 Stainless Steel 1.0 mm 11.3 W/m⋅K 

( 22.84 10k −=  )† 

9.95 W/m⋅K 

( 22.50 10k −=  )† 

† k  is the thermal conductivity normalized by the value of copper. 

 

To further measure the thermal conductivity of the RCs, we prepare disk-like 

samples dissected from the wall of RCs with the aid of an optical microscope. The 

diameter of the sample is 1.2 mm and the thickness ranges from 17 to 24 μm as 

measured through SEM imaging. By using the apparatus developed above, the thermal 
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conductivity of the RC is measured to be ( ) 23.31 1.29 10−  W/m⋅K.  

 

5. Discussion and conclusion 

In this paper, a new experimental method is developed to measure the thermal 

conductivity of the RCs of bombardier beetles. The measurement results indicate that 

the RCs exhibit thermal conductivity as low as ( ) 23.31 1.29 10−  W/m⋅K. This value, 

if converted into the normalized value as we defined above, is equal to 

( ) 58.30 3.20 10k −=   , which is below the lower limit of the thermal conductivities of 

all the materials shown in Figure 4 and even comparable to those of the insulation 

materials applied in engineering [20]. It is such low thermal conductivity that endows 

the RCs with superior thermal insulation, protecting the tissues and organs outside from 

being overheated. Clearly, such low thermal conductivity of RCs is not the 

characteristics of chitin because shrimp shell, which is also composed of chitin, is found 

to have thermal conductivity ( ) 11.03 0.175 10−   W/m⋅K, which is more than three 

times of the RCs’. The cause of the ultralow thermal conductivity of RCs may lie in the 

laminar and porous structures of the wall (Figure 1d). Investigation of the relationship 

between thermal properties and microscopic structures of RCs is beyond the scope of 

this paper and leaves to our future work. 
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