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Рефлектор космического аппарата находится в процессе эксплуатации в раскрытом и сложенном 

положении, поэтому актуальной задачей является разработка тензодатчиков, определяющих поло-

жение рефлектора. В работе представлено исследование влияния гибридного наполнителя на величину 

коэффициента тензорезистивности гибкого тензорезистивного элемента из нанокомпозиционного 

материала и описан технологический процесс его изготовления методом вакуумной инфузии. В качест-

ве гибридного наполнителя был использован состав, содержащий электропроводящий компонент (уг-

леродные нанотрубки) и твердый компонент (карбид кремния), способствующий равномерному рас-

пределению наполнителя в полимерной матрице. С помощью ротационного реометра установлено со-

держание углеродных нанотрубок (УНТ), при котором достигается предельный уровень вязкости для 

пропитки связующим стекловолокна. Особенности распределения наполнителя в нанокомпозиционном 

материале исследовали сканирующим электронным микроскопом в Красноярском региональном центре 

коллективного пользования ФИЦ КНЦ СО РАН. В ходе работы определено влияние содержания гиб-

ридного наполнителя на тензорезистивные свойства нанокомпозиционного материала. Максимальные 

значения коэффициента тензорезистивности наблюдались на начальном этапе исследования (растя-

жение 0,05 %) – при растяжении на 0,1 мм при общей длине 200 мм у образцов нанокомпозиционного 

материала с гибридным наполнителем SiC 1, 5 и 10 % – и составляли 38, 40 и 40. Коэффициент тензо-

резистивности образцов нанокомпозиционного материала с содержанием гибридного наполнителя SiC 

1, 5 и 10 % при максимальном растяжении (1 %) составляет около 19, 21 и 22 соответственно. 
 

Ключевые слова: полимерный композиционный материал (ПКМ), тензорезистивный датчик, на-

нокомпозиционный материал, мониторинг состояния трансформируемых конструкций, углерод-

ные нанотрубки, углеродный волокнистый наполнитель. 
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The reflector of spacecraft is in operation in the unfolded and folded position, thus an urgent task is to de-

velop strain gauges that determine the position of the reflector. The paper presents a study of the influence of 

hybrid filler on the value of the strain resistance coefficient of a flexible strain-resistive element made of a 

nanocomposite material and describes the technological process of its manufacture using the vacuum infusion 

method. As hybrid filler, a composition containing an electrically conductive component (carbon nanotubes) 

and a solid component (silicon carbide), which promotes uniform distribution of the filler in the polymer ma-

trix, were used. Using a rotational rheometer, the content of the carbon nanotubes (CNTs), at which the limit-

ing level of viscosity for impregnation of glass fiber with a binder is achieved, was determined. The distribu-

tion features of the filler in the nanocomposite material were studied using a scanning electron microscope at 

the Krasnoyarsk Regional Centre for Collective Use of the Federal Research Centre KSC SB RAS. In the 

course of the work, the influence of the content of hybrid filler on the strain-resistive properties of the nano-

composite material was determined. The maximum values of the strain resistance coefficient were observed at 

the initial stage of the study (0.05 % tension): at 0.1 mm tension at a total length of 200 mm for the samples of 

a nanocomposite material with SiC hybrid filler of 1, 5 and 10 % and is 38, 40 and 40. The strain resistance 

coefficient of the nanocomposite material samples containing 1, 5 and 10 % SiC hybrid filler at maximum 

tensile (1 %) is approximately 19, 21 and 22 respectively. 

 
Keywords: polymer composite material (PCM), strain-sensitive sensor, nanocomposite material, 

condition monitoring of transformable structures, carbon nanotubes, carbon fiber filler. 
 
Introduction 
Modern trends in the development of space communication, navigation, radiolocation, and astron-

omy systems have led to the need for large-size space deployable antennas. In the course of the devel-
opment of such designs there is an increasing interest in improving the fabrication and stacking of the 
radio reflective surface in the transport position of a transformable reflector with different apertures. 
When selecting a material for fabricating reflector segments having a flexible surface, composite ma-
terials based on the elastic binder polymethyldisiloxane draw attention. The most important require-
ments are stability of physical and mechanical properties of the material at a large temperature differ-
ence from -150 to +150 °C, optical transparency in any frequency band, and the possibility of elastic 
deformation of the material without destruction to ensure the deployment of space antennas. 

The data on the condition and position of the reflector is collected by using the sensor systems 
mounted on the structural elements. Mechanical loads on the structural elements can be monitored by 
strain gauges. In order to measure strain, stress or force with a strain gauge sensor, the phenomenon of 
the effect of elastic deformation of a wire or semiconductor rod on the resistance of the sensor material 
is used [1]. Generally, conventional strain gauges made of metal foil and semiconductors can only de-
tect low strains due to their limited tensile capability (approximately ~0.07 %) [2]. In order to increase 
sensitivity, strain gauges are made of composite materials where the polymer matrix is filled with car-
bon nanotube (CNT) particles, graphene or structural composites of ceramics and metals. This allows 
specialists to significantly increase the elasticity coefficient and increase the strain range that can be 
measured by the sensor [3].  

The introduction of filler into a polymer matrix changes the structure and properties of the material. 
Mastering effective methods of CNT introduction into a polymer material and determining the level of 
their influence on the quantitative results of the final product, as well as technical charts at the current 
moment is a relevant and primary task in the field of modern product development. It is evident that 
this technology will find wide application in the production of structures from functional polymethyld-
isiloxane materials [4; 5]. 

It is known that carbon nanoparticles and nanofibres have a complex of unique physical and chem-
ical properties and are considered to be an ideal reinforcing material for polymers. The multifunctional 
CNT filler improves the mechanical properties of the material (stiffness, compressive strength bound-
ary), improves electrical conductivity, increases thermal conductivity, heat resistance and gives nano-
composite materials a new functional ability. Nevertheless, a serious problem in obtaining nanocom-
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posite material is the difficulty of homogeneous distribution of CNTs in the volume of a polymer ma-
trix and providing a stable adhesive bond with it. This problem is caused by the strong van der Waals 
interaction of CNTs among themselves and their tendency to aggregation [6]. 

Currently, the ultrasonic method is mainly used to obtain a stable nanocomposite material with dis-
persed CNTs [7-9]. For effective distribution of particles in the volume of a polymer matrix, it is often 
combined with other dispersion methods:  

– method including mechanical and ultrasonic dispersion; 
– mechanical and ultrasonic dispersion with the addition of solid filler as a grinding agent within 

the polymer matrix volume; 
– ultrasonic dispersion using a magnetic stirrer. 
The sensitivity of nanocomposite materials is influenced by the method of dispersion of filler in the 

polymer matrix. This indicates that with the help of this factor it is possible to change physical-
mechanical, thermophysical, optical, electromagnetic and other performance characteristics of a nano-
composite material. Previously, we treated SiC using the technique described in [10]. The treatment of 
SiC resulted in the increase of functional groups on the surface of the particles, which contributed to 
the enhancement of interfacial interaction between the filler particles and the polymer. A properly se-
lected method of introduction contributes to the uniform distribution of nanotubes throughout the vol-
ume of the polymer matrix, improving their dampening and adhesion and, consequently, improving 
the characteristics of the nanocomposite material [11]. 

The aim of this study is to develop a technology for manufacturing a flexible strain-resistive ele-
ment made of a hybrid composite material for monitoring the state of transformable structures with the 
level of the strain resistance coefficient not less than 10. 

Over the course of developing the manufacturing technology of flexible strain-resistive element it 
is necessary to solve the following tasks: 

– development of a technique for the introduction of filler for its uniform distribution in poly-
methyldisiloxane; 

– development of nanocomposite material manufacturing technology;  
– study of the influence of fillers on the strain resistance coefficient of a nanocomposite material 

under tension; 
– fabrication of a flexible strain-resistive element based on a nanocomposite material. 
The subject of the work is the manufacturing technology of a flexible strain-resistive element made 

of nanocomposite material. 
 

Experiment 
In this study, the samples of the nanocomposite material consisting of polymethyldisiloxane, T-53 

glass fabric, silicon carbide (SiC) fraction F1200 (grain size: 2.5-3.5 μm) and Matrix 603 - CNT con-
centrate containing 10 % of CNTs from the total concentrate composition were used. The glass fabric 
was pre-treated with the APTES solution in chloroform to provide increased adhesion of polymethyld-
isiloxane to the fibre filler. Matrix filler was introduced into the matrix to give the material electrically 
conductive properties. SiC was introduced as a stirring agent (for additional grinding of CNTs 
throughout the volume of the binder and preventing their agglomeration). Thus, hybrid filler is a mix-
ture of electrically conductive (CNTs) and grinding agent (SiC). Moreover, the addition of microfiller 
(SiC) reduces free space of the binder available to nanofiller (in our case CNTs) to form conductive 
networks. In a number of studies, the use of hybrid filler increases the electrical conductivity, as CNTs 
cannot diffuse into microfiller, which is a solid particle [12; 13]. 

In this paper, the technology of introducing fillers into the matrix, which we described earlier [14], 
was taken as a basis.  

The nanocomposite samples were manufactured using a vacuum infusion method: glass fiber fabric 
was impregnated with a mixture consisting of polymethyldisiloxane and hybrid filler in a mould with 
subsequent curing in a desiccator at 120 ˚C for 30 min. Fig. 1 shows the technological scheme of man-
ufacturing a flexible strain-resistive element made of a nanocomposite material. 
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Рис. 1. Технологическая схема изготовления гибкого тензорезистивного элемента  
из нанокомпозиционного материала 

 

Fig. 1. Technological scheme of manufacturing a flexible strain-resistive element made  
of a nanocomposite material 

 
The morphological features of the nanocomposite material were visualised at the Krasnoyarsk Re-

gional Collective Use Centre of the Federal Research Centre KSC SB RAS using a high-resolution 
scanning electron microscope (SEM). 

Fig. 2 shows a micrograph of the SiC filler, Fig. 3 depicts a sample of a nanocomposite material 
with hybrid filler. 
 

  
 

Рис. 2. СЭМ микрофотография наполнителя SiC  
 

Fig. 2. SEM micrograph of the SiC filler  

 

Рис. 3. СЭМ микрофотография образца нанокомпози-
ционного материала с гибридным наполнителем 

 

Fig. 3. SEM micrograph of the sample of a nanocompo-
site material with hybrid filler 

 
The technology and quality of reinforcing filler impregnation significantly depend on the viscosity 

of a polymer binder; therefore, in this work, the influence of the hybrid filler content on the viscosity 
of the uncured matrix for nanocomposite material fabrication technology was studied. It is known that 
the maximum binder viscosity allowing vacuum infusion is 300 mPa×s [15-17]. The results of deter-
mining the viscosity of the modified polymer matrix and initial polymethyldisiloxane were obtained. 
The determination of the dependence of viscosity on shear rate was carried out in the range of rotor 
frequency variation from 0.01 to 100 Hz. The samples were tested at a temperature of 25 °C using a 
rotary rheometer. It was revealed that at the content of 0.15 % CNTs the ultimate viscosity level (250 
mPa×s) possible for binder impregnation of glass fibre by vacuum infusion was reached. Given this, 
the content of 0.15 % CNTs in the hybrid filler was used for further work, since the viscosity of the 
filled polymer system was 350 mPa×s at a content of 0.2 % CNTs. In the works by I. A. Timoshkin, 
the maximum viscosity of the binder, allowing vacuum infusion, which is 300 mPa×s, is given. The 
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latter value significantly exceeds the maximum viscosity of the binder and does not allow obtaining a 
composite sample with qualitative impregnation [15-17]. The samples of a nanocomposite material 
with the following hybrid filler content were obtained: 

– CNT 0.15 %, SiC 1 %;  
– CNT 0.15 %, SiC 5 %; 
– CNT 0.15 %, SiC 10 %.  
The performance of a strain-resistive element is characterised by the strain resistance  

coefficient (K): 

,

R

RK
L

L






                                                                      (1) 

where R and L are resistance and length of the strain-resistive element in the absence of tension re-
spectively; ΔR and ΔL are the  changes of resistance and length of the strain-resistive element under 
tension. 

Fig. 4 shows the dependence of the strain resistance coefficient of the nanocomposite material 
samples on tension (up to 2 mm). The samples were composite plates with the size of 200×20 mm and 
the thickness 0.3 mm. 

 

 
 

Рис. 4. Зависимость коэффициента тензорезистивности (К) образцов нанокомпозиционного  
материала с гибридным наполнителем SiC 1, 5 и 10 % от растяжения 

 

Fig. 4. Dependence of the strain reseistance coefficient (С) of the samples of a nanocomposite material  
with SiC hybrid filler of 1, 5 and 10 % on tension 

 
The maximum value of the strain resistance coefficient was observed at the initial stage of the study 

(0.05 % tension): at 0.1 mm tension at a total length of 200 mm in the samples of the nanocomposite ma-
terial with hybrid filler SiC 1, 5 and 10 % and is 38, 40 and 40 respectively. The strain resistance coeffi-
cient of the nanocomposite material samples with SiC 
hybrid filler content of 1, 5 and 10 % at maximum ten-
sion (1 %) is about 19, 21 and 22 respectively. 

Fig. 5 shows the obtained flexible strain-resistive 
element based on a nanocomposite material with hybrid 
filler. 

 
Conclusion 
The technology of manufacturing a flexible strain-

resistive element has been developed. The following tasks 
were solved to develop the technology: 

 
 

Рис. 5. Гибкий тензорезистивный элемент  
из нанокомпозиционного материала 

 

Fig. 5. Flexible strain-resistive element made  
of a nanocomposite material 
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– the method of filler introduction for its uniform distribution in polymethyldisiloxane was devel-
oped; 

– the influence of hybrid filler on the strain resistance coefficient of nanocomposite materials was 
studied. The highest strain resistance coefficient was recorded for the samples containing 0.15 % 
CNT, 5 % SiC and 0.15 % CNT, 10 % SiC and it was 40 and 40 respectively at 0.1 mm tension (0.05 
% of the total length of the 200 mm sample). 
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