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It is known that shear thickening fluids increase the energy absorption 

capacity of high performance fabrics. For this reason, soft body armors have 

been produced by impregnating shear thickening fluids recently on high 

performance fabrics. In this study, it is aimed to  examine the effects of shear 

thickening fluid and fabric structure on the inter-yarn friction properties of 

para-aramid fabrics with different properties. Fumed silica was dispersed in 

polyethylene glycol to produce shear thickening fluid. Twaron 200 and 

Twaron 460 para-aramid fabrics with different properties such as threads 

number (105x105 and 67x67), areal density (200 gr / m2 and 460 gr / m2) and 

linear density (930 and 3360 Dtex) were impregnated with shear thickening 

fluid. It was observed that both of shear thickening fluid impregnated fabrics 

had higher yarn pull-out force than neat fabrics due to inter-yarn friction. 

When shear thickening fluid impregnated fabrics are according to maximum 

yarn pull-out force; Twaron 200 and Twaron 460 fabrics requires 

approximately 3 times and 9 times more force to pull-out the yarn in 

comparison to the neat fabric respectively. In this study, it has been observed 

that the positive effects of shear thickening fluid impregnation on energy 

absorption of Twaron fabrics depend on structural parameters such as 

threads number, areal density and linear density. 
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1. Introduction

Shear thickening fluids are a non-Newtonian fluid type obtained by homogeneous mixing of nano-

sized solid particles in a liquid medium. The viscosity of these fluids increases suddenly under increasing 

shear rate and when this shear rate disappears, their viscosity returns to its original state. Many 

researches have been done to explain these remarkable behaviour of non-Newtonian fluids. The first of 

these researches was carried out by Hoffman. In the study carried out by Hoffmann, researchers stated 

that the solid particles in the suspension were in an orderly manner under the point called critical shear  

rate. Hoffman reported that over this point, the particle arrangement was disrupted and irregular particle 

clusters were formed. This idea forms the basis of the Order − Disorder Theory [1–3]. In subsequent 

studies, it has been reported that strong hydrodynamic forces occur in the suspension under high stresses 
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and therefore the particles come into contact with each other.  As a result, it has been reported that 

structures formed as a result of the clustering of many particles, called hydrocluster, are formed in 

suspension. This theory is called the hydroclustering theory and it is generally accepted for explaining 

the structure of STFs [4–6]. 

Shear thickening fluids have been used in many areas due to their unique properties mentioned 

above. Personal body armors, protective clothings and energy absorbers are the areas where these fluids 

are most widely used. Many scientific researches have been conducted to examine the development of 

energy absorption capacity by impregnating STF on high performance fabrics such as Kevlar [7,8], 

Twaron [9,10] and ultra high moleculer weight polyethylene (UHMWPE) [11,12]  used in personal body 

armors. Majumdar et al. investigated the deformation and energy absorption capacity of STF 

impregnated and neat Kevlar woven fabrics after impact damage. It was found that in neat Kevlar fabrics 

only primary yarns participated in load sharing and hence energy absorption. However, it was reported 

that in STF impregnated fabrics, unlike neat fabrics, not only primary yarns but also entire fabric 

participates in load bearing and energy absorption [13]. Park et al. investigated the effects of neat and 

STF impregnated Kevlar fabrics on high speed impact energy absorption. STF impregnation was found 

to provide a significant increase in energy absorption. It was reported that thinner shielding 

configurations with equivalent energy absorption performance were possible through STF impregnation, 

and the STF impregnated Kevlar fabric provides approximately 70% improved specific energy 

absorption performance over neat Kevlar [14]. The effects of different silica particles and changes in 

solid particle ratios on rheological properties and energy absorption capacity in quasi-static puncture 

tests were studied. It has been reported that as the amount of silica in STF increases, the critical shear 

rate decreases and the viscosity increases. It has been reported that the quasi-static puncture resistance 

of STF impregnated Twaron fabrics is significantly increased [15–17]. Li et al. applied dynamic impact 

tests to STF impregnated UHMPWE fabrics. The effect of UHMWPE fabrics on energy absorption 

against knife and spike threats and the role of STF in this event were studied in detail. The results showed 

that the dynamic knife resistance of the UHMWPE fabric increased significantly due to the presence of 

imregnated STF. STF has been reported to effectively reduce yarn mobility and accelerate the transverse 

response of the UHMWPE fabric and increase the inter-yarn friction, thus making the impactor point 

pushing the yarns to the edge and making it difficult to penetrate the fabric [18].  

The reasons for this energy absorption effect obtained by impregnating STF with high 

performance fabrics were investigated. Gürgen and Kuşhan produced single and multi-solid phase STFs 

in their study. They reported that STF impregnated Twaron fabrics were more successful in ballistic and 

dynamic impact tests than neat fabrics. It was reported in the study that there is no connection between 

energy absorption and rheological properties. When the yarn friction test results were examined, it was 

found that they were similar to both ballistic and dynamic impact test results. It was concluded that STFs 

increase friction by penetrating into the yarns, therefore inter-yarn friction is decisive in the energy 

absorption effect [19-20].  

In the literature review, limited number of studies are found on the energy absorption effect of 

the physical properties of the fabrics. Zhang et.al investigated the effect of fabric structure and thickness 

on the ballistic impact behavior of UHMWPE composite laminate [21]. Arora et al. performed pull-out 

and drop tower tests on STF impregnated UHMWPE fabrics produced from al 400 denier and 1350 

denier yarn. In the pull-out tests of fabrics produced with both yarns, success was observed in STF-

impregnated fabrics compared to neat fabrics. However, in impact tests, it was reported that STF 

impregnation on fabrics produced with 400 denier reduces the energy absorption capacity [22].  
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According to most researches in the literature, it has been reported that STF has a positive effect 

on energy absorption. In addition to causing an increase in viscosity at high strain rates, the STF process 

also affects inter-yarn friction, which significantly affects the impact resistance performance of fabrics 

against both low and high speed attacks. The inter-yarn friction level can be used as an indicator to 

estimate the energy absorption performance of any fabric. In this study, yarn pull-out tests were carried 

out by impregnating STF on two different Twaron para-aramid fabrics. It has been investigated whether 

the positive effects of STFs on the energy absorption of Twaron fabrics are dependent on structural 

parameters such as threads number, areal density and linear density.  

2. Experimentals 

2.1. Materials 

Fumed silica (Aerosil 150)  which has a particle size of 14 nm and a  specific surface area of 150 

m2/g was used as solid particle in the production of STF. Polyethylene glycol (PEG) with average 

molecular weight 400 g/mol was used as a liquid medium. Two different Twaron para-aramid fabrics 

produced by Teijin Limited were used in the study. Table 1 presents the manufacturer’s specification 

for the Twaron 460 and Twaron 200. Schematic representation of Twaron fabrics is given in Figure 1. 

Figure 1. Schematic representation of fabrics a) Twaron 460 b) Twaron 200. 

 

Table 1. Details of Twaron para-aramid fabrics 

Parameters  Twaron 460 Twaron 200 

Weave  Plain Plain 

Areal density (g/m2) 460 200 

Linear density (Dtex) 3360 930 

Threads (per 10 cm)  67 x 67 105 x 105 

Thickness (mm) 0.4 0.2 

 

2.2. Preparation of STF 

Silica particles, were dried in oven at 150 ° C for about 12 hours to get rid of moisture adsorbed 

on the surface. Polyethylene glycol and silica particles were mixed by using a high speed mechanical 

mixer  to prepare the STF samples. The mixing speed was kept constant at 6000 rpm. During the mixing 

process, silica particles were gradually added to prevent agglomeration as suggested in previous studies 

[19, 23, 24] The mixing process was continued until the mixture became homogeneous. The amount of 

fumed silica particles in the suspension was 25 wt%. 

warps 

wefts 
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2.3. Preparation of STF-Treated Fabric  

In order to impregnate Twaron para-aramid fabric with STF, the prepared STFs were diluted in 

ethanol at a 1:1 approximate weight ratio of STF:ethanol. A high-speed mechanical mixer (6000 rpm) 

was used to avoid the agglomeration of silica particles and to ensure uniform dispersion. The Twaron 

para-aramid fabric was cut into rectangle specimens of 20 mm × 200 mm. Each of the fabrics were 

immersed into the diluted STF for 1 min. Finally, the fabrics were dried at 79 °C for 2 hours in an oven 

to evaporate the ethanol from the fabrics. 

2.4. Rheological analysis of STF  

Rheological properties of STF were determined using Anton Paar MCR 102 tension controlled 

rheometer. Tests were carried out using a 25 mm diameter parallel plate apparatus. The gap between the 

plates was kept constant at 0.3 mm and all tests were conducted at 25 ° C. Rheological measurements 

were made in the range of 0-1000 s-1 shear rate. 

2.5. Pull-out test  

Pull-out tests were carried out using Shimadzu tensile testing machine with a 10 kN capacity to 

study the effect of inter–yarn friction. The specimens were cut in 20x200 mm dimensions. A single yarn 

thread was tied to the upper jaw of tensile test machine and pulled through the fabric while keeping the 

lower jaw fixed as suggested in previous studies [25–28]. In the experiments, the preload value was used 

as 0.1 N and the crosshead speed as 100 mm/min. Pull-out tests were carried out on both STF 

impregnated and neat fabric. Fig. 2 shows yarn pull-out test and the schematic representation of the 

specimens used in the pull-out test. 

                         (a)                                                (b) 

Figure 2. (a) schematic representation of the specimen (b) yarn pull-out test. 
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3. Results and discussion 

3.1. Rheological analysis  

When the rheological test results shown in Fig. 3 are examined, it can be said that PEG shows 

Newtonian behavior, and when fumed silica particles are included to PEG, the suspension shows non-

Newtonian behavior. The initial viscosity of STF is 135 Pa.s and showed shear thinning behavior under 

up to 51.5 s-1 shear rate. After this critical shear rate, there is a sudden increase in viscosity and the peak 

viscosity is measured 178 Pa.s. After reaching peak viscosity, shear thinning behavior occurred in the 

suspension, and it is determined that the final viscosity is 112 Pa.s.  
The hydro-cluster theory is based on the interactions of solid particles in a liquid medium. With 

the increased shear rate, the particles suspended in the fluid contact each other and cause an increase in 

hydrodynamic forces. The ratio between hydrodynamic forces and Brownian forces determines the 

properties of the solidification mechanism. This ratio of hydrodynamic forces to Brownian forces gives 

information about the rheology of the suspension. At low shear rates, the suspension microstructure 

begins to deteriorate and Brownian forces of the silica particles increase. This causes a decrease in 

suspension viscosity, that is shear thinning. However, as the shear rate increases, the hydrodynamic 

forces appear more dominant in the suspension. When the point called critical shear rate is reached, the 

hydrodynamic forces increase to a level that allows the silica particles to aggregate. Thus, the Brownian 

forces of the silica particles are reduced and as a result, the hydro clusters formed in the suspension 

cause the viscosity to increase as barriers that prevent the liquid flow. 

Figure 3. Rheological curves of STF and PEG. 

 

3.2. Scanning electron microscopy (SEM)  

The SEM images were presented in Fig. 4. Surface morphology of neat and STF impregnated 

Twaron fabrics was evaluated by using Zeiss Evo MA10 scanning electron microscope (SEM). The 

samples were plated with gold to make them conductive. The samples were properly dried at 79 °C for 

12 hours in an oven to evaporate the ethanol from the fabrics before testing. Fig. 4a and Fig. 4b show  

neat Twaron para-aramid fabrics without any treatment. Fig. 4c and Fig. 4d show that STF penetrates 

between the fibers in the fabric in the SEM images of STF imregnated Twaron fabrics. 
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(a) (b) 

(c) (d) 

Figure 4. SEM image of the (a) Twaron 200 neat fabric (b) Twaron 460 neat fabric (c) Twaron 200 STF impregnated 

fabric (d) Twaron 460 STF impregnated fabric. 

 

3.3. Effect of fabric structure on pull-out force  

As stated in previous researches, the yarn pull-out test results are as much important as the 

mechanical properties of the high-performance fabrics in the knife and spike puncture and ballistic 

resistance experiments. Some previous investigations, it is stated that the major contribution in 

explaining the role of STFs in energy absorption is not due to shear thickening behavior, but to the 

increase in inter-yarn friction [19, 26]. Therefore yarn pull-out tests were performed to evaluate the 

inter-yarn friction of the neat and STF impregnated Twaron para-aramid fabrics. 

The behaviors of fabrics in the yarn pull-out tests are given in Fig.5. At the beginning of the 

testing, since the number of crossing yarns that a single yarn will pass through is maximum, the pull-

out force increases until it reaches the peak point. When the pull-out force reaches its peak point, the 

first crossing yarn is passed and the single yarn starts to oscillating. The pull-out force decreases 

gradually. With each crossing yarn the force continues to decrease and oscillating motion is seen. This 

movement continues until the single yarn is completely removed from the fabric weave. 

When the pull-out test results are examined, it can be said that fabrics with STF impregnated were 

more successful than neat fabrics for both fabrics. Fig. 6 shows that maximum pull-out force of Twaron 

200 and Twaron 460 neat fabrics are measured as 1.64 N and 2.12 N, respectively. Twaron 460 neat 

fabric requires 29% higher yarn pull-out force  in comparison to the Twaron  200 neat fabric. Maximum 

pull-out force of Twaron 200 and Twaron 460 fabrics impregnated with shear thickening fluid are 

measured as 6.79 N and 20.96 N, respectively. STF impregnated fabrics as is the case with neat fabrics, 
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Twaron 460 fabric performs better than Twaron 200 fabric in pull-out tests. According to the maximum 

pull-out force; STF impregnated Twaron 200 and Twaron 460 fabrics show increase 314% and 889%   

compared to neat fabrics, respectively. 

Figure 5. Force – displacement behaviour during yarn pull-out test results for each fabrics. 

 

Because 930 Dtex yarns are thinner than 3360 Dtex yarns, the contact area between yarns is much 

lower as compared to that of 3360 Dtex yarn. For this reason, Twaron 200 has a lower yarn pull-out 

force than Twaron 460. When the number of weft and warp in the fabrics is low, the transition points of 

the single yarn between warp and weft yarns are also less. The yarn pull-out force is related to the 

number of the transition points between the weft and warp yarns. Therefore, less force is required to pull 

a yarn from fabric with a lower number of weft and warp. When STF is impregnated on Twaron 460 

fabric with a lower number of weft and warp (67x67 per 10 cm), the inter-yarn friction increases 

significantly as it will be relatively easy to penetration between the yarns. Consequently, the increase in 

yarn pull-out force is quite high. When STF is impregnated on Twaron 200 fabric with a higher number 

of weft and warp (105x105 per 10 cm), the inter-yarn friction also increases. However, since the number 

of transition points is high, it is more difficult for STF to penetrate between the yarns. For this reason, 

impregnation of STF can increase the friction effect between yarns to a more limited extent. 

 

Figure 6. Yarn pull-out force. 
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4. Conclusions  

Fumed silica was dispersed in polyethylene glycol to produce shear thickening fluid. Twaron 200 

and Twaron 460 para-aramid fabrics with different properties such as threads (105x105, 67x67), areal 

density (200 g/m2, 460 g/m2) and linear density (930, 3360 Dtex) were impregnated with STF. Both of 

STF impregnated fabrics have higher yarn pull-out force than neat fabrics, which were due to the 

increase for inter-yarn friction. Twaron 460 fabric impregnated with STF increased the maximum yarn 

pull-out force at a higher rate than the Twaron 200 fabric compared to the neat fabric. In this study, it 

was seen that the positive effects of STFs on the energy absorption of Twaron fabrics depend on 

structural parameters such as threads, areal density and linear density. Rheological properties of 

multiphase STFs will be examined in future studies. Impact and ballistic tests of multi-phase STF 

impregnated fabrics will be performed and their efficiency in energy absorption will be investigated. 
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