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 The design of a polymer composite actuator is essential for micro and nano applications. 

Thus, the composite material may deform or deflects as specific stimuli are applied, such 

as heat, electrical, light source, etc. The deformation of the composite material is caused 

by the type of stimulus applied. Hence, while it is heated, the expansion takes place 

quickly, and the heating is shut down, the material shrinks very slowly. In the present 

investigation, this phenomenon is mainly studied in the actuation of composite beams. 

Numerical analysis of carbon black filled polymer composite beam expansion, and 

contraction is being analyzed in this research. The structure of the beam has been created, 

and the composite properties are incorporated into the beam, and the uniform heat source 

is applied on to the surface of the beam. The heating and cooling of the composite 

material predict the increase and decrease in the temperature of the beam. The numerical 

analysis of the temperature-dependent expansion and contraction of the composite beam 

has been carried out successfully. An increase in temperature is observed to signify the 

slight expansion in the composite beam, whereas the contraction of the composite beam 

takes a longer time to reach room temperature. Also, the increase in the content of the 

filler leads to a decrease in the expansion of the composite beam. The numerical 

simulation of the polymer composite thus provides a solid platform for the experimental 

study of thermal actuators. 
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1. INTRODUCTION 

 

The material can convert different types of stimuli, such as 

thermal energy, light energy, electric energies into mechanical 

deflection, motion, and expansion/contraction. In that thermal 

energy, one derived from the heat source, and it takes a shorter 

time to heat the material and a longer time to cool the material, 

because of the natural convection. The different energy 

sources can be easily converted into thermal energy. Such as 

light source is abundant and freely available in nature. The 

light energy can easily turn into the thermal form. Like that, 

electric power also quickly transforms into the heat form based 

on the types of electrical sources. Thus, thermal energy is one, 

which is a valuable source and easily formable/available for 

any actuation or movement of the objects. Thermal energy is 

not available directly; it needs material or medium to form heat. 

In that material is one of the elements which can convert light 

energy to thermal and electric power to thermal. The 

photothermal and electrothermal conversion finally leads to 

sensing and actuation applications [1-4]. 

Growth in the use of different materials such as metal, 

ceramic, polymer, and composite has reached a level where 

they are now challenging the use of conventional material. The 

use of these materials in a wide variety of applications is due 

to their many outstanding physicals, thermal, chemical, and 

mechanical properties. Thus, the material with the varied 

composition is significant in the development of a device like 

a microswitch, soft robots, micro-relays, and energy 

harvesting [5-8]. The material with excellent thermal 

absorption and quick releasing thermal energy is challenging 

in the conventional material. Metal material is the one good 

conductor, which converts light or electric energy into the 

thermal. Also, metals are transfer heat immediately and cool 

as quickly as possible due to natural convection. The ceramic 

materials are holding the thermal energy for a longer time as 

well as ceramics material conducts some extent. The polymer 

materials are the non-conducting material, needs more energy 

to convert into the heat. Finally, the composite materials are 

one which can overcome the drawbacks of the conventional 

material by tailoring the appropriate properties of the materials. 

In that polymer composite, materials can be easily prepared, 

modified, less cost, and ease of availability for the 

experimental point of view. Also, polymer composite 

materials have equal importance to the design and 

development of the actuators. 

Nowadays, researchers have been extensively involved in 

the development of polymer-based applications [9, 10]. The 

use of polymer has grown at a phenomenal rate for the last four 

decades. This material has impressive and diverse range 

applications in aircraft, boats, automobiles, civil constructions, 
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sports components, and consumer goods. The polymer 

material can not be used alone, so some of the filler material 

was needed, and it becomes the composite. Composites are a 

promising material for the development of a new type of 

material as well as applications. The polymer composite is 

embedded with different conductive filler materials such as 

carbon black, carbon nanotube [11, 12], graphite, graphene 

oxide and graphene [13], which appear in the recent interest of 

thermal actuation. The need for the actuation is the energy 

source, geometry, and material. The energy source has an 

important phenomenon in the actuation. The actuator can be 

controlled by increasing and decreasing the energy sources. 

The geometry is another parameter that influences the 

actuation by changing the size of the actuator, such as length, 

width, and thickness. Finally, the material has a vital role in 

the development of the actuators. The geometry is built with 

the help of material properties and controlled the actuation by 

input source. Thus, the actuation is observed by creating the 

composite beam or slab and then stimulated by thermal input. 

Hence, the heating and cooling of composite material can lead 

to the expansion and contraction of the composite beam [14, 

15].  

In the present study, the numerical analysis of the thermal 

expansion and contraction of polymer composites is examined 

using approximate equations. The expansion and contraction 

equation can be derived from the geometry of the beam and 

conduction and convection of the composite material. The 

study involves polydimethylsiloxane as matrix material, 

which is filled with a carbon black filler material. The beam of 

the composite was formed by adding a matrix into the carbon 

black filler. Composite beam heating instantly expands, while 

shrinking / contraction happens very gradually. Also, the 

temperature rise and fall were predicted by the analytical 

method. The heat and cooling phase of the composite beam is 

calculated and simulated using commercially available 

software. The actuation beam is analyzed using 

polydimethylsiloxane and carbon black composite material by 

assigning material properties. A different volume fraction of 

5%, 10%, and 15% of filler material was considered in the 

present analysis. The volume fraction of material with varied 

carbon black content is obtained from the rule of mixture.  

The numerical study can predict the performance of the 

composite beam with respect to the expansion and contraction. 

The study also offers a reference base for the experimental 

study of thermal actuation based on polymers composite. In 

continuous with this, numerical study suggests the validating 

the experimentation on the thermal actuation. 

 

 

2. BASIC CONCEPTS 

 
The primary mechanism for heating of the material is to 

absorb, reflect, and transmit. The material may absorb the heat 

and increases its internal or surface temperature. The heat may 

partially reflect or divert due to the convection phenomenon. 

Whereas, in the case of transmittance, it may transmit through 

the material. The numerical analysis, reflectance, and 

transmittance of the heat on the composite material may be 

neglected or not considered for analysis, because these effects 

are very low. Also, the assumption was made such a way that 

transmittance and reflectance effects on composite material 

were not included. 

The surface of the material absorbs heat energy and raises 

the temperature of the material. The stimulated thermal input 

assumed that it passes through the material. The composite 

beam has a bond structure that links the heat travels between 

the chain. The increase and decrease in temperature of the 

material lead to the expansion and contraction in the material 

[16, 17].  

The composite structure is created with a dimension of 90 x 

14x 10 mm3 (length x width x thickness). The composite beam 

contains polydimethylsiloxane polymer and varied volume 

fraction of carbon black filler material. A constant heat source 

applied on the surface of the beam is as shown in Figure 1. The 

heating phase covers the expansion of the beam, and the 

cooling phase recovers the initial state. The heating and 

cooling of polymer composite are assumed to be an isothermal 

object. The composite material properties were calculated 

using the law of mixture by varying volume percentages of 

filler content [18, 19]. These material properties are used in the 

numerical study of expansion and contraction of the beam. 

 

 
Figure 1. Structure of polymer composite beam 

 

When the heat source is applied on the surface of the 

polymer composite beam, it leads to an increase in expansion 

and is relatively very small, is represented as ΔL. Whereas, in 

case of heat is off, the expanded beam shrinks by 'L' as the 

original length of the composite beam. 

 

2.1 Material 

 

The material is an important constituent in the development 

of polymer based sensors and actuators. In recent past, 

polymer material like Polyvinylidene difluoride (PVDF) used 

in energy harvesting [20], polyamide is used in sensor 

application [21], some of the electronics applications use 

High-density polyethylene (HDPE) [22], Polyvinyl chloride 

(PVC) used to detect pollutant [23], Polycarbonate (PC) with 

Nafion polymer in electrochemical sensor [24], and Poly 

(dimethylsiloxane) (PDMS) is used for sensing and actuator 

application [25]. 

The polymer material is reinforced with ceramic, 

conductive, and semiconductive particles and made as 

polymer composite. The different types of filler materials are 

elaborated in the introduction section. The polymer 

composites are prepared by solution cast method by varying 

volume percentage of filler material. The variation of filler can 

helps to control the specific feature of the polymer composite 

material. Also, the main polymer material can be easily 

tailored by adding filler material. 

In the present analysis, the main matrix or polymer material 

is used as polydimethylsiloxane. The polydimethylsiloxane is 

filled with carbon black material as a filler material. The 

thermal actuator analysis of polymer composite is carried out 

by varying the volume percentage of carbon black. 

The individual properties of the matrix and filler material 

are tabulated in Table 1. These properties are used in the 

analysis of thermal actuators. The varying percentage of 
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polymer composites are obtained using the direct rule of 

mixture. Thus, the material is one of the critical constituents in 

the proposed beam expansion and contraction of the polymer 

composite actuator. 

 

 

3. NUMERICAL ANALYSIS 

 
The basic principle of the thermal analysis of the material, 

heating, and cooling of the polymer composites represented 

using the equilibrium conduction equation [26, 27]. The 

transfer of heat flux by conduction is involved in the use of the 

heat sink as a composite beam and dissipate heat by 

convection. Heat transfer by conduction means particles of the 

matter are in direct contact. As heat diffuses through the 

material, a temperature gradient exists across the material. The 

equilibrium equation for heat conduction of the material is 

represented as: 

 

𝑚𝑐𝑝

𝑑𝑇

𝑑𝑡
= −ℎ𝐴(𝑇 − 𝑇𝑎) + 𝜇𝑞𝐴 (1) 

 

where, m is the mass of the beam, and it is calculated using a 

density of the material and volume of the beam. 𝑐𝑝, h and 𝜇 

are the specific heat capacity, the convective heat transfer 

coefficient, and the absorption ratio of the material, 

respectively. Where 'q' is the constant power/heating source 

and 𝑇𝑎  is the ambient temperature or the original temperature 

before heating. The surface area involved in heating and 

convection with air is A. The heating process of composite 

beam is expressed mathematically in Eq. (2). 

 

𝑇𝑟 = 𝑇𝑎 +
𝜇𝑞

2ℎ
{1 − 𝑒

(−
ℎ𝐴

𝑚𝑐𝑝
)𝑡𝑜𝑛

} (2) 

 

When the surface of the beam is heated with a constant heat 

source, the temperature of the material’s surface rises (Tr) to 

the maximum at a time 𝑡 = 𝑡𝑜𝑛 . After some time, heating 

source shut off will address the decreases in temperature 

represented by the cooling process in Eq. (3). 

 

𝑇𝑓 = 𝑇𝑎 + (𝑇𝑚 − 𝑇𝑎) {𝑒
(−

ℎ𝐴
𝑚𝑐𝑝

)𝑡𝑜𝑓𝑓
} (3) 

 

where, Tf is fall in temperature of the material from maximum 

to room temperature during toff time. The temperature reached 

during the heating period is approximately considered as the 

maximum temperature (Tm) of the material. 

The expansion and contraction of the composite beam after 

the heating and cooling process is expressed in Eq. (4) and Eq. 

(5). 

 
∆𝐿1 = 𝛼(𝑇𝑟 − 𝑇𝑎)𝐿 (4) 

 
∆𝐿2 = 𝛼(𝑇𝑚 − 𝑇𝑎)𝐿 (5) 

 
where, 𝛼 is the thermal expansion coefficient of the material. 

The expansion and contraction of the polymer beam is 

∆𝐿1 𝑎𝑛𝑑 ∆𝐿2 respectively To ensure that the expansion of the 

beam can be cooled enough to reach equilibrium temperature, 

the cooling time should be much higher than the heating time. 

Also, on carefully observing the above equation, the 

contraction is approximately ∆𝐿2 = 𝐿  original length of the 

beam. This numerical concept is implemented using the 

MATLAB simulation by varying filler content of the 

composite beam and observed the expansion/contraction of the 

actuator. 

 

 

4. RESULTS AND DISCUSSIONS 

 

The thermal actuation depends mainly on the beam's 

material properties and geometry. Polymer composite with a 

varied volume fraction filler of 5%, 10%, and 15% is 

considered in the present study. In the case of the heating phase 

of the composite material, Figure 2 shows that there is an 

increase in the volume fraction of the filler leads, an increase 

in the temperature with time-lapse. It is also observed that 15% 

of the filler content of the polymer surface predicts a higher 

temperature compared to the plane polymer material. 

 

Table 1. The properties of matrix and filler 

 
Material Density (kg/m3) Elastic modulus (MPa) Coefficient of thermal expansion (1/K) Specific heat capacity (J/ kg.K) 

PDMS 1030 1.84 310x10-6 1460 

Carbon black 1890 10 9x10-6 690 

 

 
Figure 2. Increase in temperature with respect to time        Figure 3. Cooling temperature with respect to time
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(a)                                                                                            (b) 

 

Figure 4. (a) Expansion of the material with respect to temperature (b) Contraction of the material with respect to temperature 

 

 
(a)                                                                                (b) 

 

Figure 5. Temperature variation with increment of percentage of filler during (a) heating cycle (b) cooling cycle 

 

Whereas in the case of the cooling process, the temperature 

begins to decrease as the heat is cut off. Figure 3 shows that 

the time taken for cooling is more than the time taken for 

heating. It is also observed that the temperature of the pure 

polymer takes less time than the higher content of the 

composite filler. 

Thermal expansion and contraction of the polymer 

composites with varying percentages of filler are shown in 

Figure 4(a) and 4(b).  

The expansion of polymer composite material increases 

with an increase in temperature. Furthermore, it has been 

found that the higher the volume fraction of carbon black 

content reduces the expansion. At the same time, shrinkage 

occurs in polymer composites due to temperature drops from 

peak to room temperature. It is understood that, due to 

convection, the cooling phase of the composite material takes 

place at a prolonged temperature drop. 

The composite material with varied volume fraction of 

carbon black is used to predict the temperature. Heating of the 

composite material at 60 sec, the temperature was noticed. It 

is observed that, as the filler content of base material is 

increase with increase in temperature shown in Figure 5(a). 

The temperature of the composite material slowly cools during 

cooling cycle. The base material cools earlier than the varied 

percentage of carbon content. Figure 5(b) shows the cooling 

of the composite material predicted at 120th sec, it is 

understood that, temperature decrease very slowly while 

cooling phase of the composite material. 

The heating of the composite material leads expansion of 

the Polymer composite. Hence, the base material is the pure 

polymer, which is expands more compared to varied filler 

content of carbon black composite. The expansion of the 

proposed beam decrease as increases in volume fraction is 

shown in Figure 6(a). During the heating cycle, temperature of 

the composite increase and expansion of the material decrease. 

In the case of cooling cycle, the composite material starts 

contracts. The base material contracts higher compared to the 

varied filler content of carbon black. Figure 6(b) shows 

contraction of the composite during cooling cycle, as a filler 

varied from 5% to 15% leads to contraction from 0.052mm to 

0.022mm at 30oC. Thus, the expansion and contraction of the 

polymer composite is mainly depending on the temperature of 

the beam. 
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(a) 

 
(b) 

 

Figure 6. Displacement of the beam with variation of filler 

during (a) Expansion (b) Contraction 

 

 

5. CONCLUSIONS 

 

The numerical analysis of temperature-dependent 

expansion and contraction of the polymer composite were 

studied. Due to the heating and cooling of the polymer 

composite beam, minimal expansion and contraction occur. 

The numerical analysis predicts that the percentage of filler in 

the pure polymer material will be influenced by increased and 

decreased in temperature. 

Also, It is found that an increase in temperature contributes 

to a slight expansion of the beam with less time, whereas the 

shrinkage of the composite material takes a longer time to 

reach room temperature. The simulation shows sufficient 

substantial evidence for polymer composite expansion and 

contraction of the beam. It also required a more mathematical 

and simulation explanation for the experimental investigation 

of the thermal actuator. Besides, this analysis can be used in 

the design and development of applications for micro switches, 

thermostats, sensors, and actuators. 
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