
Liu, F.-J., et al.: A Delayed Fractional Model for Cocoon Heat-Proof Property 
THERMAL SCIENCE, Year 2017, Vol. 21, No. 4, pp. 1867-1871 1867 

A  DELAYED  FRACTIONAL  MODEL 
FOR  COCOON  HEAT-PROOF  PROPERTY 

by 

Fu-Juan LIU a, Hong-Yan LIU a,b, Zheng-Biao LI c, and Ji-Huan HE a* 
a National Engineering Laboratory for Modern Silk, College of Textile and Clothing Engineering, 

Soochow University, Suzhou, China 
b School of Fashion Technology, Zhongyuan University of Technology, Zhengzhou, China** 
c College of Mathematics and Information Science, Qujing Normal University, Qujing, China 

Original scientific paper 
https://doi.org/10.2298/TSCI160415101L 

Silkworm cocoon is extremely insensitive to environment change, and a pupa can 
be survived in a harsh environment. This paper gives a mathematical explanation 
to this superior survival ability and an experiment is carefully carried out to veri-
fy the mechanism. The results are of great importance to design functional cloth-
ing for harsh environment, e. g., a moon suit.  
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Introduction 

Silkworm cocoons have superior ability to survive in a harsh environment. It has al-
ready been revealed that their hierarchical structure plays an important role in heat-proof 
property [1, 2] and highly selective permeability for oxygen [3, 4]. Such natural phenomena 
have been caught much attention. In this paper, we will establish a thermal model to explain 
cocoon thermal regulation for pupa. 

Fractional Fourier’s law 

The cocoon is proved to be a fractal porous hierarchy, the fractional partner of Fou-
rier’s law for fractal porous media can be written in the forms: 

Tq D
x

α

α
∂

= −
∂

(1) 

and 
T q
t x

α

α
∂ ∂

= −
∂ ∂

(2) 

Combining eqs. (1) and (2), we have a fractional differential equation for heat trans-
fer in cocoon hierarchy: 
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with boundary conditions: 

  0(0, ) , ( , ) LT t T T L t T= =  (4) 

and initial condition:  

 T(x, 0) = g(x) (5) 

where T is the temperature, D – the thermal conductivity of heat flux in the fractal medium, 
g(x) – the initial temperature distribution, α – the fractal dimensions of the fractal medium, 
and / xα α∂ ∂  – the fractional derivative defined [5, 6]: 
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where T0(x) can be the solution of its continuous partner of the problem with the same bound-
ary/initial conditions of the fractal partner.  

Experimental  

 The experiment set-up to measure for temperature change in the inner cocoon is 
shown in fig. 1. The T0 is the external temperature of the thermostat, and Ti represents the re-

al-time temperature inside the cocoon. General-
ly, T0 is the room temperature. In the experi-
ment, the cocoon with temperature of T0 was 
put into the thermostat with a certain tempera-
ture. The data of real-time temperature began to 
be collected by data acquisition unit. The time 
interval was 4 seconds. Finally, the complete 
data were obtained in data storage unit. 

 Due to the cocoon wall, the inner temper-
ature will not change immediately, there is a 
delayed time Δt, eq. (3) for our experimental 
study is modified: 
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and the initial condition becomes: 

 ( , ) ( ),T x t g x t t= ≤ ∆  (8) 

where Δt is the delay time. 

Fractional complex transform 

The fractional complex transform [7-10] is to convert a fractional differential equa-
tion to a partial differential equation. Introducing a fractional complex transform [11-13]: 
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Figure 1. The experiment set-up for measuring 
temperature change in the inner cocoon 
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We can convert eq. (7) to a partial differential equation, which is: 
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 (10) 

Considering its steady-case, eq. (10) becomes: 
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Equation (11) has the solution: 
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After incorporating the boundary conditions, we have: 
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It is obvious that the solution has the following remarkable property: 
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In order to elucidate the temperature change in inner cocoon, we write eq. (7): 
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Our aim focuses on the temperature change at x = 0, and we assume that: 

 (0, )T t t Q
t
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=
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 (16) 

where Q is assumed to be an approximate constant: [ (0, )]/ .Q q t xα α= − ∂ ∂  Equation (16) can be 
approximately written in the form: 
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Its solution reads: 
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Note that eq. (18) is valid for smaller time. It is obvious that: 
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Equation (19) implies unchanged temperature of inner cocoon at initial stage, this 
agrees well with the experiment data shown in figs. 2 and 3.  

 
Figure 2. The real-time temperature change of inner cocoon in a high temperature environment 

 
Figure 3. The real-time temperature change of inner cocoon in low temperature environment 

Conclusion 

This paper gives a theoretical explanation of silkworm cocoon thermal property for a 
harsh environment using a fractional model. The obtained result can be used for biomimetic 
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design of advanced clothing for harsh environment, e. g., a moon suit, where a hierarchically 
porous structure is of great importance for air permeability and thermal protection. 
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