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ABSTRACT. The normal contact stiffness between two polymer blocks with nominally flat surfaces in 

contact is investigated. Contact stiffness is experimentally determined on a tension-compression machine 

at small loading steps from zero to about 15 kN. The contact stiffness of steel specimens with the same 
dimensions as those of the polymer blocks is also investigated to examine the differences between 

polymers and metals. The three-dimensional surface parameters of the samples are obtained by using an 

optical profiler. The experimentally measured contact stiffness of Nylon shows a trend similar to that of 
steel, whereas Teflon and Polyimide show different trends. This discrepancy is shown to be related to the 

non-homogeneous distribution of surface summits on the contact area. Such a distribution may reduce the 

real elastic contact area, which in turn changes the surface condition from a rough to smooth contact.  
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Nomenclature 

KB  axial stiffness of upper or lower block 

Km total measured contact stiffness 

Kn  normal contact stiffness between contact pairs 

n number of peaks over surface area of contact 

Sa  root mean square (r.m.s.) parameter corresponding to center-line average 

Sds  summit density (the number of summits per unit area that make up the surface). 

Sq  r.m.s. roughness evaluated over the complete 3D surface 

Ssc  is the mean summit curvature comprising the summits found for the Sds  calculations 

s normalized coordinate (height/) 

N  normal load 

1, 2  average radii of asperities on upper and lower surfaces, respectively  

  effective radius of asperities 

 density of asperities per unit area 

1, 2  poisson ratios for upper and lower surfaces, respectively 

  standard deviation of height distribution of asperities 
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1. Introduction 

Flat surfaces are inherently rough because surface roughness and irregularities 

inevitably arise during manufacturing processes. Many investigations on the contact 

stiffness characteristics of nominally flat surfaces have been carried out and reported 

in the literature [1-10]. The principal experimental technique used to determine the 

normal contact stiffness of nominally flat surfaces is based on the measurement of 

deformation between two flat specimens under different normal loads [6-8]. The two 

specimens are pressed together by a normal force and the deformation of asperities 

is recorded by an electric micrometer or the stylus of a profilometer. The results 

obtained from this typical setup are refined by means of finite element software to 

eliminate the effect of deformation of parts of the test machine itself. The 

investigation of contact stiffness has been made using ultrasonic waves [9-12] to 

avoid such drawback. 

The aim of the present paper is to extend the measurement of normal contact 

stiffness from metal to polymer pairs with flat surfaces. Polymer materials are 

widely used in replication technologies. Recently, different methods such as 

polymer imprinting, casting, hot embossing, and injection molding have been 

successfully used for polymer replication of different surface structures with 

nanometer-scale elements [13, 14]. Some comprehensive conclusions regarding the 

surface and interface properties have been presented [15]. To determine the apparent 

elastic moduli over 5 to 200 nanometers from the free surface of amorphous 

polystyrene, some recent advances in contact deformation have been applied [16], 

where the apparent stiffness of the surface under contact was found to exceed that of 

the bulk by up to 200% independent of processing scheme, macromolecular 

structural characteristics, or relative humidity. A 3-D semi-analytical contact model 

for viscoelastic materials has been used [17] to simulate the contact between a 

polymethyl methacrylate (PMMA) substrate and a rigid sphere driven by step, 

ramped, and harmonic normal loads. Approximate closed-form equations for rate-

dependent normal and tangential contact forces on a statistical rough surface have 

been proposed [18]. The tangential contact stiffness between two elastic bodies 

made of polyvinyl chloride (PVC) and having nominally flat surfaces has been 

investigated [19]. Shi et al. [20] conducted an extensive study of the 

normal contact stiffness on unit area of a mechanical joint surface considering 

perfectly elastic elliptical asperities. Starzynski and Buczkowski [21] studied 

ultrasonic measurements of the contact stiffness between rough surfaces. Dickrell 

and Sawyer [22] conducted an extensive study of lateral contact stiffness and the 

elastic foundation. Recently, Prodanov et al. [23] showed that few parameters 

suffice to determine many important interfacial properties by combining 

dimensional analysis and numerical simulation 
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2. Experimental Technique 

The experimental technique used in this work is based on the measurement of the 

elastic deformation between two flat specimens under different normal loads [1-8]. 

Table 1 shows the geometrical dimensions for the three polymer specimen pairs and 

steel specimen pair tested. Nylon is selected as a thermoplastic because it resists 

abrasion and is self-lubricating, whereas Polyimide is selected as a thermoset resin 

for its thermal stability, good chemical resistance, and excellent mechanical 

properties. Teflon (PTFE) is selected as a fluorocarbon because it is hydrophobic 

(neither water nor water-containing substances wet PTFE) and has one of the lowest 

coefficients of friction against any solid. 

For every specimen pair, their flat surfaces are brought into contact and 

compressed together under normal loads applied by using an MTS material testing 

machine (tension-compression machine).  

 

Table (1). Sample Dimensions. 

Specimen Teflon (PTFE) Polyimide Nylon Steel 

Dimensions  50×40 mm  50×40 mm 31×31×31 mm 32×32×32 mm 

 

2.1 Predicting the contact stiffness of polymer contact pairs 

The measured normal stiffness Km of the contact pairs due to normal loading 

consists of two main components (Figure 1): 

i. Material axial stiffness KB. 

ii. Normal contact stiffness Kn due to elastoplastic deformation of encountered 

asperities. 

 
 

Upper 

Block 

Lower 

Block 

Fig. (1).   Modeling of contacting specimen pair  
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Applying normal force N, the axial stiffness KB of one block can be calculated as: 

 

0l

EA
KB =      (1) 

According to Figure 1, if the two blocks are physically identical, the total 

measured stiffness Km of the contact pairs is given as: 
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Knowing the modulus of elasticity E of the contact pairs, KB can be obtained 

from Eq. (1). For example, the modulus of elasticity of E = 0.4 GPa for Teflon 

results in an axial stiffness KB of 24.5 MN/m for one Teflon specimen. However, a 

better way to measure KB is to compress one element of the specimen pair by using 

an MTS machine, as shown in Figure 2. 

  

(a) (b) 

Fig. (2). Compression of Teflon (PTFE) specimen pair. (a) Measurement of axial stiffness KB and 

(b) measurement of total stiffness Km. 

 

3. Results 

Figure 3 shows the measured load-displacement curve of a single Teflon specimen. 

It shows that KB  25 MN/m, which is almost exactly the value computed above by 

using Eq. (1). 
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Fig. (3). Measured load-displacement curve of single Teflon specimen 

3.1 Measured total stiffness Km 

The contact surfaces of either polymer or steel pairs are compressed by using 

an MTS machine at a loading rate of 1.0 N/s (Figure 2(b)). The load-displacement 

curves of the three polymer specimen pairs and steel specimen pair are shown in 

Figures 4–7. 

 

 

Fig. (4). Experimental load-displacement curve of Teflon specimen pair 

 

Although the total deflection is small, Teflon displays elastomeric elasticity 

without any significant effect of the roughness of contacting surfaces on this total 

deformation. In contrast, the elastic deformation behavior of Polyimide and Nylon 

shown in Figures 5 and 6, respectively, is similar to that of steel (shown in Figure 7), 

where the initial deformation exponentially increases with the applied normal load. 
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Subsequently, the load–displacement trend becomes linear. The total stiffness of 

contact specimen pairs, which is represented by the slope of these curves, increases 

monotonically with the normal load.   

 

 

Fig. (5). Experimental load-displacement curve of Polyimide-6 specimen pair 

 

 

Fig. (6). Experimental load-displacement curve of Nylon specimen pair 
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Fig. (7). Experimental load-displacement curve of steel specimen pair 

 

Except for the Teflon specimen pairs, all measured curves in Figures 5–7 

show the same trend of variation of displacement with the applied normal load. The 

slope of the load-deflection of viscoelastic materials is known to increase with the 

shear rate.  However, contact testing of Teflon at a lower loading rate reveals a 

slightly different trend. Figure 8 shows the load-displacement curve of Teflon at a 

load rate of 0.05 N/s. 

        

 

Fig. (8). Experimental load-displacement curve of Teflon specimen pair (load rate, 0.05 N/s). 
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A comparison between the trends for Teflon at two different rates of the 

applied normal load is given in Figure 9. 

 

 

Fig. (9). Effect of load rate on the load-displacement curve of Teflon specimen pair. 

        

3.2 Measured Normal Contact Stiffness Kn 

The experimental total stiffness Km is obtained by using curve-fitting of the 

load-displacement relationship shown above and then taking the first derivative of 

the load-displacement curves. Subsequently, the normal contact stiffness Kn is 

obtained from the derived curve Km and Eq. (2). Figures 10–13 show the total 

measured stiffness Km and the corresponding normal contact stiffness.  

 

Fig. (10). Variation of the predicted normal contact stiffness of Teflon specimen pair with applied 

normal load. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.01 0.02 0.03 0.04 0.05

N
o

rm
al

 L
o

ad
 [

kN
]

Displacement [mm]

Load rate =1.0 N/s

Load rate =0.05N/s

0

20

40

60

80

100

120

140

160

180

200

0 0.1 0.2 0.3 0.4 0.5

St
if

fn
e

ss
 [

M
N

/m
]

Normal Load N [kN]

Kn Km



Contact Stiffness of Polymer with Nominally Flat Surfaces  63 

 

Fig. (11). Variation of the predicted normal contact stiffness of Polyimide specimen pair with 

applied normal load. 

 

 

Fig. (12). Variation of the predicted normal contact stiffness of Nylon specimen pair with the 

applied normal load. 

 

 

Fig. (13). Variation of the predicted normal contact stiffness of Steel specimen pair with the applied 

normal load. 
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3.3 Polymer Surface Topography 

Topographical measurement of the polymer surfaces are conducted by using 

a 3D optical profiler (contour GT), as shown in Figure 14. Polymer surfaces should 

ideally be scanned with a 10× lens camera by using vertical scanning interferometry 

(VSI). The measured area is meshed into 4 areas where the dimensions of the 

scanned subarea are 0.8448 m × 0.6335 m. The surface parameters used for 

contact stiffness calculation are included in the height and hybrid S-parameters. 

Tables 2–5 show these measured surface parameters for the tested polymer pairs as 

well as the steel pair. 

  

 

Fig. (14). Optical scan of Teflon specimen by using GT Contour profiler 

 

Table (2). 3D Surface Parameters of Teflon PTFE specimen pair  

 S Parameters 

(Height) 

S Parameters 

 (Hybrid) 

Mechanical properties 

 Sa (nm) Sq (nm) Sds (1/m2) Ssc (1/nm) E1 = E2 [GPa] 1 = 2 

Upper surface 1050.8 1450 0.0086 0.00128 0.5 0.39 

Lower surface 900.5 757.8 0.00953 0.00127 0.5 0.39 

 

Table (3). 3D Surface Parameters of Polyimide specimen pair  

 S Parameters 

(Height) 

S Parameters 

 (Hybrid) 

Mechanical properties 

 Sa (nm) Sq (nm) Sds (1/m2) Ssc (1/nm) E1 = E2 [GPa] 1 = 2 

Upper surface 2720.3 3640 0.00506 0.00102 3.1 0.34 

Lower surface 3248.6 4218 0.00421 0.0014 3.1 0.34 
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Table (4). 3D Surface Parameters of Nylon specimen pair  

 S Parameters 

(Height) 

S Parameters 

 (Hybrid) 

Mechanical properties 

 Sa (nm) Sq (nm) Sds (1/m2) Ssc (1/nm) E1 = E2 [GPa] 1 = 2 

Upper surface 1528.8 2036.18 0.129188 0.01306 2.0 0.46 

Lower surface 2149.6 2693.40 0.1359 0.0165 2.0 0.46 

 

Table (5). 3D Surface Parameters of steel pair  

 S Parameters 

(Height) 

S Parameters 

 (Hybrid) 

Mechanical properties 

 Sa (nm) Sq (nm) Sds (1/m2) Ssc (1/nm) E1 = E2 [GPa] 1 = 2 

Upper surface 

(ground) 
46.6 63.5 0.096138 0.0004672 210 0.3 

Lower surface 

(polished) 

39.9 54.6 0.00399 0.000023 210 0.3 

 

To correctly assess all tested surfaces, the average values of parameters, , and , 

in addition to the average surface roughness Sa, must be computed from data given 

in the above tables as follows [24]: 
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and 

2

21 dsds SS +
=      (6) 

 

where      

areaMeasured

peaksofNumber
Sds =       (7) 

 

Table 6 shows the average surface parameters computed according to the above 

equations. 
 

Table (6). Surface Parameters of Tested Samples 

 Sa (nm) q (nm)  (1/m2)  (nm) 

Teflon 975 1635 110 784 

Polyimide 2984 5571 215.7 413 

Nylon 1838.5 3376 7.57 67.7 

Steel 43.25 83.7 20 2040.8 
 

Smooth surfaces show very small values of q and  but a large radius . 

Inspection of data in Table 6 reveals that Teflon is smoother than Polyimide and 

Nylon but rougher than steel. 

In addition, representative 3-D plots of the scanned surfaces are given in 

Figures 15–18. For these plots, an additional surface feature that can be investigated 

is the distribution of surface summits (asperities). The Teflon surface plot in Figure 

15 shows limited numbers of randomly dispersed asperities. Many surface 

measurements of Teflon on the same scale yield no summits, as shown in Figure 16. 

This suggests that the surface of Teflon is very smooth.  

 

Fig. (15).  3D Surface Plot of Teflon 
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Fig. (16). Teflon 3D Surface Plot with no summits 

 

A lesser discrepancy in surface roughness exists in case of Polyimide, where 

greater numbers of summits are agglomerated and not randomly dispersed, as shown 

in Figure 17.  

 
Fig. (17). 3D Surface Plot of Polyimide 

 

In contrast, the typically rough surfaces of Nylon and steel samples can be 

observed in Figures 18 and 19, respectively. These plots also indicate the typical 

trends in their values of contact stiffness as a function of the applied normal load. 
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Fig. (18). 3D Surface Plot of Nylon 

 

 

Fig. (19). 3D Surface Plot of Steel 

 

4. Discussion 

According to the Greenwood–Williamson theory of contact [25], encountered 

asperities are assumed to have spherical shapes with mean radius  and heights that 

follow a Gaussian distribution. As the normal load increases, more and more 

asperities come to contact, which results in a higher normal contact stiffness. Our 

experimental results reveal this trend for the compression of Nylon (Figure 18) and 

steel (Figure 19). In contrast, the contact stiffness trends for Teflon and Polyimide 

are identical, although they are different from those of steel and Nylon specimen 

pairs. This can be explained by the particular configuration of their surface 

topographies, which show nearly smooth (that is, weakly rough) surfaces. 
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5. Conclusion 

Values of normal contact stiffness for three polymer specimen pairs were 

determined by experimental investigation on a compression-tension machine under 

different normal loads. All surfaces were measured by using an optical profiler 

before loading. The material properties of the tested samples used in the 

investigation and the topographical surface parameters for their contact surfaces 

were described. 3D representations of the polymer contact surfaces were also 

shown. Values of axial stiffness for the tested polymer blocks were identified from 

the measured load-displacement curve by compressing a single polymer block. On 

the basis of this experimental investigation, some concluding remarks can be 

summarized as follows: 

i. The normal contact stiffness of a Nylon specimen pair shows a trend 

similar to that of steel, that is, a gradual increase with the normal load, albeit within 

different ranges of load and displacement for each. This similarity in the trend is 

related to the homogeneity of their surface topographies.  

ii. The compression of contacting surfaces of Teflon or Polyimide results in 

an elastoplastic deformation of the few dispersed or agglomerated asperities up to a 

particular load. Beyond this load, no more asperities are in contact and the 

possibility of smooth flat to flat contact is attained. The particular loads are 0.26 and 

1.5 kN for Teflon and Polyimide, respectively. The corresponding values of contact 

stiffness are 65 and 100 MN/m.  
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 ( 13/4/2014؛ وقبل للنشر في 23/2/2014)قدم للنشر في 

 

اهتم البحث بالتحقق من صلابة التلامس العمودي  بين كتلتين من البوليمر  ملخص البحث.

معملياً من خلال ماكينة الضغط والشد   صلابة التلامس تم ايجادفي الاسطح المستوية.  
تم فحص صلابة التلامس   كيلو نيوتن.15بتحميل قوة صغيرة جدا من صفر إلى ما يقارب 

عينات البوليمر لدراسة الاختلافات بين البوليمر  لعينات من الصلب لها نفس ابعاد كتل
 والمعادن.

تم ايجاد عوامل المتغيرات للسطح ثلاثي الابعاد للعينات باستخدام جهاز التعريف  
من خلال التجارب المعملية تم قياس صلابة التلامس لعينات النايلون والتي  البصري.

للتفلون والبوليمر اتجاهات مختلفة وجد  اظهرت اتجاها مماثلاً لتلك التي  من  الصلب بينما
.هذا الاختلاف  يعزى الى علاقة التوزيع الغير متجانس  لقمم الاسطح في المناطق 
المتلامسة. مثل هذا التوزيع قد يقلل من منطقة المرونة الحقيقية للتلامس ، وهذا بدوره يغير 

 حالة السطح من التلامس الخشن الى الناعم. 


