
1 INTRODUCTION 

The yarn-to-yarn friction between warp and weft 
yarns at every crossover was found to be important 
in determining the shear property and consequently 
the formability of woven fabrics for the 
thermostamping process [1-3]. In modeling the 
friction and shear of the woven fabrics during the 
thermostamping process, the value of the coefficient 
of yarn-to-yarn friction was assumed to be 0.3 for 
the commingled PP/glass woven fabrics [1].  
Measurement of the coefficient of yarn-to-yarn 
friction under conditions that are relevant to the 
thermostamping process is desirable to validate the 
developed friction models. In addition, the measured 
coefficient of friction might be valuable for other 
applications such as filament winding and fibre 
spinning.   
In this paper, experimental results of the coefficient 
of yarn-to-yarn friction are presented.  The two 
experimental methods are: a twisted strand method 
according to ASTM standard D3412-01 tested at the 
University of Massachusetts Lowell (UML) [3], and 
a capstan method used at Hong Kong University of 
Science and Technology (HKUST) [4]. Based on the 
measurement results, effects of yarn axial tension, 
angle between yarns, yarn sliding speed and 
temperature on the yarn-to-yarn friction are 
investigated and discussed.  

2 EXPRIMENTAL DETAILS 

2.1 Twisted strand method 

Figure 1 shows the schematic diagram of the twisted 
strand method.  In the test, a known weight was used 
to control the input tension, and the output tension 
was measured using a tension sensor TERX-1K-7 
(1000g) purchased from the Electromatic Equipment 
Co., Inc. (Cedarhurst, NY). The yarn takeup speed 
was controlled by the yarn take-up motor. Figure 2 
shows the apparatus used in the measurement at 
UML. The coefficient of friction is calculated using 
the formula in equation (1) as:   
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where μ = coefficient of yarn-to-yarn friction, T1 = 
mean input tension, T2 = mean output tension, ΔT = 
zero twist tension, n = number of wraps, one wrap 
consists of two helixes as shown in figure 1, and 
produce a wrap angle of 360°, α = apex angle which 
is shown in figure 1. The apex angle between the 
input and output yarns was about 35 degree for the 
PP/glass yarn. 
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Fig. 1. Schematic diagram of the twisted strand method. 
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Fig.2. Twisted strand yarn-to-yarn friction apparatus. 

Figure 3 shows a typical load-time curve in the 
measurement. The results from figure 3 showed load 
oscillation that was caused by the vibration of the 
hanging weight on the yarn input end. This load 
oscillation can be reduced or even eliminated if a 
pulley with an adjustable input tension replaces the 
hanging weight.  
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Fig. 3. Typical load-time curve in the twisted strand method. 

2.2 Capstan method 

The experimental setup of the capstan method is 
illustrated schematically in figure 4.  In this method, 
two rods with diameters of 20 mm were fixed 
horizontally on a plate, which was mounted on a 
tensile machine. A known weight, W, was used to 
control the input tension, and the output tension, T, 
was measured by the load cell (100N) of the tensile 
machine. By wrapping the rods with yarns in the 
circular and axial directions (as shown in figure 4), 
coefficient of yarn-to-yarn friction was measured at 
yarn angles of 0° and 90°, respectively.  

 

Fig. 4. Schematic diagram of the capstan method.  

Because the two rods were fixed horizontally on the 
plate, both contact angles between the single yarn 
and the rods, θ, were 90°. The average coefficient of 
yarn-to-yarn friction is calculated in equation (2): 
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The whole setup was placed in an environmental 
chamber with temperature control (as shown in 
figure 5), and various sliding velocities between 
yarns were adjusted by different loading speeds. The 
representative load-displacement curve is plotted in 
figure 6, where the three curves represent three 
repeats of different specimens but the same material. 

 
Fig. 5. Photo of the test setup in an environmental chamber. 

 
Fig. 6. Representative load-displacement curve in the capstan 

method used at HKUST.  

2.3 Testing materials and conditions 

The testing materials and conditions are shown in 
Table 1. Materials are commingled PP/Glass used at 
the international benchmark exercise [5]. The values 
were chosen based on the parameters used in the 
thermo-stamping process.  
 

(a)  0o                             (b) 90o 



Table1 Friction test conditions 
 UML HKUST 
Material PP/Glass  PP/Glass 
Axial tension (gram) 20,50, 75  205 
Angle between sliding yarns 35°  0°, 90° 
Yarn sliding speed (mm/sec) 5~50  0.03~5 
Testing temperature (°C) 21, 190  20~180 

3 RESULTS AND DISCUSSION 

Here, experimental results are shown to illustrate the 
effects of yarn axial tension, yarn sliding speed and 
temperature on yarn-to-yarn friction. 

3.1 Effect of yarn axial tension on yarn friction 

All the twisted strand tests in Fig. 7 were conducted 
with a yarn sliding speed of 20 mm/s and at room 
temperature for commingled yarns.  It is observed 
from these test results that the coefficient of friction 
decreases as the yarn axial tension increases from 20 
to 75 gram. Fibres in yarns are straighter with larger 
yarn axial tension. Therefore, yarns with straighter 
fibres can move with less fibre entanglement, as 
shown schematically in figure 8. Less fibre 
entanglement results in a lower required pulling 
load, and consequently decreases the friction. The 
coefficient of friction of the PP/glass yarn is 
expected to plateau as the increase in yarn axial 
tension no longer affects the straightening of the 
fibers.   
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Fig. 7. Effect of yarn axial tension on yarn friction at 20 mm/s. 

 
Fig. 8. (a) Fibres straighter with higher tension, (b) fibres 

entanglement due to less tension. 

3.2 Effect of yarn sliding speed on yarn friction 

It was reported that friction between woven fabrics 
and metal tool increases with increasing fabric 
speeds relative to the tool [6]. Figure 9 shows the 
same trend for yarn-to-yarn friction. During the 

yarn-to-yarn movement, friction primarily comes 
from fibre sliding. When fibres slide at a low speed, 
there is enough time for the fibres to adjust positions 
so as to avoid entanglement. At higher speeds, the 
fibres have less opportunity to disentangle in 
response to the pulling force, resulting in an increase 
in the measured friction. Note that the line in figure 
9 is just to illustrate the effect and is not meant to 
suggest a linear trend with speed. Measurement 
results at HKUST show that when the yarn sliding 
speed is small (below 0.17 mm/sec), the yarn 
friction increases with increasing the loading speed 
(see Figure 10). Beyond the loading speed of 0.17 
mm/sec and 0.33 mm/sec, the yarn frictions at 0o and 
90o, respectively, show only a slight decrease. 
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Fig. 9. Effect of yarn sliding speed on yarn friction with 20-

gram yarn axial tension at 21°C.  

 
Fig. 10. Variation of friction coefficient with loading speed at 

20oC.  

In the capstan test, the friction with the yarns in 
parallel (0o) is consistently higher than with the 
yarns perpendicular (90o). Although the yarns in the 
twisted strand test are tested at a much higher sliding 
speed, they interact at an intermediate angle, which 
is expected to result in a lower μ. 

3.3 Effect of temperature on yarn friction 

At UML, a small chamber was built and an infrared 
heating element was used to increase the 
temperature of the chamber to about 190 °C, such 
that the PP fibers would be melted. At this 
temperature, as seen in figure 11, the coefficient of 



friction measured with the commingled PP/glass 
yarn is about 0.25, which is much lower than that at 
room temperature, as seen in Figure 11. The 
decrease in yarn friction at this temperature is most 
likely a result of the melted PP acting as a lubricant 
in the yarn-to-yarn interface.  
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Fig. 11. Effect of temperature on yarn friction with 20-gram 

yarn axial tension of the pp/glass 16830 yarn at 20 mm/s.  

More temperatures were investigated at HKUST. As 
shown in figure 12, when the temperature was 
increased from the room temperature to 60 °C, the 
friction decreases as expected due to the reduction in 
viscosity of fibre finishing oil.  Between 60 °C and 
160 °C, the friction increases slightly because the 
finishing oil volatilises. Beyond 160 °C, the friction 
drops again because of the melted PP. 

 
Fig. 12. Coefficient of yarn friction with 205-gram yarn axial 

tension at loading speed of 0.17 mm/sec. 

4 CONCLUSIONS 

Measurement results of the coefficient of yarn-to-
yarn friction of PP/glass using a twisted strand 
method and a capstan method are presented in this 
paper. At 75 gram tensile force, the μ obtained from 
the twisted strand test is 0.28±0.017 at a yarn sliding 
speed of 20mm/s, whereas that from the capstan 
method is 0.286±0.014 for 90° and 0.332±0.019 for 
0° at a yarn sliding speed of 5mm/s. In general, the 
results are comparable though the two measurement 
methods are quite different. 
   
Effects of axial tension, sliding speed, angle and 

temperature on the yarn friction were investigated. 
For the first two parameters, friction coefficient was 
found to be sensitive only in a particular region.  At 
low values, an increase in axial tension 
corresponding to fibre straightening reduces friction 
coefficient. Friction coefficient was found to be 
quite sensitive to sliding speed, increasing with 
higher speeds, but then levelling off.  The value at 
which the sensitivity drops depends on the tension 
and other parameters. Yarn-to-yarn friction of 
parallel yarns was found to be the highest.  
 
Finally, temperature effects correlated to changes in 
fibre finish viscosity and melt lubrication effects. As 
temperature increases, the friction coefficient is 
found to decrease from both experimental methods. 
The friction coefficient of PP/Glass measured by 
UML at 190oC under 20 mm/sec is about 0.25, while 
that measured by HKUST at 180oC under 0.17 
mm/sec is only around 0.13. Beyond 180oC, PP 
already fully melts, therefore, the yarns slide 
between viscous liquid which makes μ more 
sensitive to the sliding velocity. The friction 
coefficient shall increase with sliding speed, which 
is confirmed from the above measured results from 
UML and HKUST. 
 
These experimental results of yarn friction will be 
incorporated in analytical and/or numerical models 
to predict the shear response and formability of 
woven fabrics for the thermo-stamping process.  
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