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Abstract

Back in 1986, investigating the Space Shuttle Challenger disaster, famous physicist Richard 

Feynman clearly showed how viscoelastic behavior of a polymeric material is of paramount 

importance in practical engineering. At present day a definitive universal rheological law is not yet 

available for polymers, as a consequence both theoretical models and experimental investigations of 

viscoelastic behavior must be necessarily focused independently on each single polymer or, at least, 

on well-defined classes of polymers. Accurate experimental evidences are needed in order to 

properly evaluate the mechanical properties of a polymeric material, as a function of its particular 

applications. In this paper measurements of the stress relaxation behavior of six polymeric materials 

under uniaxial tension and uniaxial unconfined compression tests, are performed and experimental 

results are modelled using a stretched exponential function, known as Kohlraush-Williams-Watts 

time-decay function. In particular the short-term stress relaxation is investigated, as a function of 

typical environmental temperature range, in order to assess viscoelastic behavior of tested 

polymeric materials for peculiar industrial and biomedical applications.
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Introduction

Knowledge of viscoelastic behavior of polymeric materials is a fundamental requirement in 

polymers science. Time-dependence of polymers, in terms of stress relaxation at constant strain (or 

in terms of  creep at constant stress), as a function of temperature, strain-rate and strain range, 

allows to properly evaluate materials response in a wide variety of engineering applications and 

industrial processes [1, 2]. 

Several well-known linear mechanical models, such as Maxwell model, Kelvin–Voigt model and 

the Standard Linear Solid Model, are often used to predict the polymers time-dependent response 

under different loading or deformation conditions; polymeric materials are conveniently represented 

in terms of springs and dashpots combinations. Nevertheless, traditional linear models do not 

always represent accurately the actual behavior of stress relaxation of polymers, as a function of 

time, in particular if short-terms behavior is investigated. The characterization of viscoelastic 

behavior of polymers, in terms of short-term stress relaxation, is useful in several applications: in 



manufacturing processes it is important to study the relaxation behavior at large and fast 

compressive strains because in hot embossing or in nanoimprint lithography, large and fast local 

compressive strains occur and that need to be accurately captured during a finite element simulation 

[3, 4]; in control material performance, such as shape memory behavior, biomedical thin-films and 

self-repairing materials [5, 6], time-dependence of polymers, in terms of elastic recovery, is a 

fundamental property to be accurately quantified; in bioengineering, since medical implants and 

engineered tissues become more prevalent and sophisticated, a better understanding of elastic and 

viscoelastic properties is needed to assure performance and functionality [7]. Moreover the 

mechanical properties of tissue engineering polymeric materials, e.g. if used as tissue replacement 

in vivo, must be effectively compatible with the actual biological tissues features [8]. In such cases, 

linear viscoelastic models are not enough to correctly describe the relaxation processes in polymers. 

Non-linear viscoelastic behavior in polymers is a known phenomenon, both in terms of creep [9, 

10] and stress relaxation [11, 12] and, nowadays, models involving stretched-exponential time-

decay function of Kohlraush-Williams-Watts (KWW) are considered a promising improvement [13-

16]. As it will be shown in this paper, the KWW time decay function allows to better fit 

experimental data of stress relaxation, rather than linear models, in particular for short-terms 

behaviors. 

Experimental evidences are provided for six different types of polymeric materials (Young’s 

modulus ranges from 0.3 MPa up to 3 GPa). Time-dependency of the polymeric materials is 

investigated at macro-scale level, in terms of short-term stress relaxation, by performing 

engineering uniaxial tensile and compressive tests, as a function of typical environmental 

temperature range. The elastic response is evaluated in terms of Young’s modulus E, applying the 

classical Hooke’s law at a constant strain-rate. The Young’s modulus (storage) describes the ability 

of the material to store potential energy and release it upon deformation. The viscous response is 

evaluated from the time dependence evaluation of stress after deformation, then the effective losses 

associated with energy dissipation in the form of heat upon deformation. The relaxation time is 

directly related to the material aptitude to dissipate or absorbing energy of occurring mechanical 

stress.

Non-linear viscoelastic model

The traditional constitutive models of linear viscoelasticity, allow to describes the behavior of 

viscoelastic materials as a linear combination of Hookean springs and Newtonian dashpots. On the 

basis of linear viscoelastic models, time dependence of stress at constant strain, is expressed as a 

function of simple Debye exponential relation:
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in which t is the time (0 t  ), time constant τ0 is the relaxation time at which (t) decays to the 

value 1/e of its initial value   and it corresponds to the ratio of viscosity (Pa∙s) and Young’s 

modulus (Pa), i.e.0 =/E.

Nevertheless, as experimentally observed, several polymeric materials do not show a linear 

viscoelastic behavior and, in these peculiar cases, there is no universal rheological constitutive 

equation that can predict the response of the material [17].  In particular a stretched exponential 

slope in the stress relaxation has been observed, as depicted schematically in Fig. 1. 

Figure 1: Complete stress-strain diagram of a polymeric material. The linear stress relaxation 

behavior expected (green curve) and the non-linear stress relaxation observed (red curve).

In a wide variety of applications, such as polymer dynamics and biological tissue rheology for 

large and/or fast deformation, Kohlrausch-Williams-Watts exponential function (KWW) has proved 

to be more appropriate in modelling the associated relaxation and decay processes, rather than the 

simple Debye exponential function [18-20]. The KWW exponential function is given by the 

following expression: 
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where t is the time, τ0 is the relaxation time at which K(t) decays to the value 1/e and the exponent  

describes the breadth of the distribution in the limits of 0 <   < 1. 

Introducing non-linear exponential relation (2) in linear relation (1), the distribution of relaxation 

times changes from a broad, symmetric distribution to a sharp, asymmetric one increasing   from 0 

to 1. In this context, the role of exponent  and its physical meaning is not commented. In scientific 

literature it is possible to find out several papers focused on this topic [21-23], whereas in this paper 

the KWW function is only used as a best fit of the rough experimental time dependency data. It is 

important to underline that, since it is very difficult to model the short-terms stress-relaxation, the 

experimental evidences obtained from accurate engineering testing are of a paramount importance 

to assess actual viscoelastic behavior of polymers.

Materials

Polymeric materials investigated in this work are two photoresist polymers (type A, type B), two 

polyethylene-based polymers (type C, type D), and two soft biocompatible hydrocolloids natural 

polymers (type E, type F). In Table I details of tested materials are shown. Young’s modulus is 

determined in uniaxial tension (except for type E and type F, determined in uniaxial unconfined 

compression), at constant temperature (23.0±0.5 °C) and strain-rate (0.23∙10-2 s-1). Young’s 

modulus is obtained plotting the incremental stress as a function of strain, by means of a linear fit: 

Table I. Properties of polymeric material under investigation.

Type Material
Density 

/kg∙m-3

Young’s Modulus 

/MPa

A Negative photoresist epoxy-based  polymer 1166 3 440

B Hexamethylene Diisocyanate -based polymer 1101 253

C Polyethylene-based polymer 914 324

D Polyethylene-based polymer 907 270

E Polysaccharide agarose-based hydrogel 1026 0.3

F Anionic polysaccharide-based hydrogel 1030 0.6



Experimental data must be considered with an overall uncertainty of 7.5% for Young’s modulus 

values and 2% for density values. Samples for tensile test (polymers type A, B, C and D) are dog- 

bone shaped, and samples for compressive test (polymers type E and F) are cylindrical moulded, as 

show in Figure 2. Samples of polymeric materials type E and type F have been realized at INRIM, a 

detailed description of preparation, chemical-physical properties and mechanical characterization, is 

available in [24]. 

Figure 2: Samples of polymeric materials shaped for tensile and compressive test.

Polymeric materials analyzed, which samples are shown in Figure 2, are used in industrial and  

manufacturing processes, pharmacology applications and bio-engineering. Negative photoresist 

epoxy-based polymer (type A) is used in microelectromechanical system fabrication [25, 26], 

nanoimprint lithography [27] and optical lens [28] and Hexamethylene Diisocyanate-based polymer 

(type B), in coating applications for industrial purpose [29, 30]; Polyethylene-based polymers (type 

C, type D) are used in medical device [31] and in protective sheet (thin-films) for encapsulates 

drugs [32]; polysaccharide-based hydrogels are used in regenerative medicine, substitutive biology 

and tissue engineering, as tissue replacement, support and mimicking [33-35]. 

Experimental set-up and measurement method

To measure the stress-relaxation behavior of above mentioned polymers, uniaxial tensile test and 

uniaxial unconfined compression test, in macro-scale range as a function of temperature,  have been 

performed using a proper device specifically designed and realized at INRIM, shown in figure 3.



Figure 3: Experimental device designed and realized at INRIM to perform uniaxial tensile test 

and uniaxial unconfined compression test.

Measurements have been carried out in displacement control and the resulting force has been 

measured downstream. The linear displacement has been performed by a stepping motor 

(Orientalmotor -GRADE AR Series – AR HM 40093E 24DC) connected to a screw by means of a 

reduction gear. The displacement rates can be opportunely tuned from about 1 mm/s to 0.1 m/s. 

The linear displacement has been measured by means of a linear encoder Solartron LE25/S with an 

accuracy of 1 m (resolution 0.1 m). The resulting forces have been measured by means of load 

cells HBM type Z3H3R and HBM type Z30A, with a resolution of 5 mN. The evaluated uncertainty 

of the force, in the range between 10 N and 1000 N, can be considered lesser than ≤ 0.1%. 

Calibration of the linear encoder and of the load cell have been performed at INRiM on the basis of 

the international standard calibration [36, 37] fulfilling proper metrological requirements. 

The whole system (i.e. the case united with the load cell) has been characterized in order to 

evaluate the compliance in terms of stability and effectiveness, in the operating condition. A single 

iron bar (200 mm length, 40 mm width, 10 mm thickness) has been clamped in place of the sample. 

The stability of the system has been evaluated at 1000 N (i.e. the calibrated upper limit of the load 

cell used) during  10000 s (about 3 h), at 500 N and 250 N. As it is shown in the graph of Figure 3, 



the worst condition, the force decreases of 2.12% of its starting value. At 500 N the force decreases 

of about 0.5% and at 250 N the force variation is not appreciable (below 0.1%).

Figure 3: Compliance of the whole device at 1000N for 10000s.

Once completed the characterization of the measurement system, polymers were tested. During 

the experiment, both the experimental apparatus and samples have been placed in a temperature 

chamber to guarantee the temperature stability (within ± 0.5 °C) and to have the possibility to 

change T value during the test. At each temperature step, samples were let stand for 60 minutes 

before the measurement and their temperature have been monitored by means of a platinum 

resistance thermometer (PRT). Measurements have been performed in a typical environmental 

temperature range, from 18 °C up to 37 °C. In the considered range of temperature, the thermal 

effects do not affect the effectiveness of the linear encoder and the load cell. Moreover, 

consequences due to the thermal dilatation of the measuring system can be considered as irrelevant 

respect to displacements under investigation. Measurements have been carried out at steps of 5 °C.

Results and comments

Polymeric materials have been subjected to uniaxial tensile test (type A, B, C and D) and 

unconfined compression test (type E and F), as a function of different environmental temperatures. 

Initial value of engineering stress,  is evaluated at the same strain value, , for each sample. 

Experimental stress time decay, (t), has been monitored during about 5000 s in tension (about 500 

s in compression), with a sampling rate of 1 Hz. Repeatability of measurements was previously 

evaluated for each sample in the Young’s modulus determination and it is expressed in the overall 

measurement uncertainty.  

In the followings graphs the measured stress-relaxations of each sample as a function of 

temperature, are depicted. In the y-axis experimental data of actual force measured, are shown. 



Complete data-set of measured force (related engineering stress, 0) and strain, 0, are shown in 

Table II and Table III. Measurements on natural polymers type E and F have been carried out also 

at T=37 °C, in order to investigate mechanical properties in condition of the human body 

normothermia.

Figure 4: Stress-relaxation of photoresist polymers.

Figure 5: Stress-relaxation of polyethylene-based polymers.

Figure 6: Stress-relaxation of hydrocolloids natural polymers.



Table II: Experimental values, as a function of temperature, of photoresist based-polymers (type 

A and B) and polyethylene based-polymers (type C and D).

Measured Force /N Engineering stress    /Pa
Material 

Surface 

area /m2

Strain

/%
18 °C 23 °C 28 °C 18 °C 23 °C 28 °C

Type A 3.1∙10-5 5.0 501.9 486.5 495.0 1.62∙10-7 1.57∙10-7 1.60∙10-7

Type B 3.0∙10-5 5.0 111.7 49.7 19.5 3.72∙10-6 1.66∙10-6 6.50∙10-6

Type C 4.8∙10-5 5.0 87.0 72.7 61.9 1.81∙10-6 1.51∙10-6 1.29∙10-6

Type D 2.4∙10-5 10.0 62.1 53.6 46.9 2.59∙10-6 2.23∙10-6 1.95∙10-6

Table III: Experimental values, as a function of temperature, of biocompatible hydrocolloids 

natural polymers (type E and F).

Measured Force /N Engineering stress    /PaMaterial 
Surface 

area /m2

Strain

/%
20 °C 25 °C 30 °C 37 °C 20 °C 25 °C 30 °C 37 °C

Type C 2.0∙10-3 8.3 43.7 40.2 38.4 33.7 2.19∙10-4 2.01∙10-4 1.92∙10-4 1.69∙10-4

Type D 2.0∙10-3 6.5 62.3 69.9 51.8 48.8 3.12∙10-4 3.50∙10-4 2.59∙10-4 2.44∙10-4

From experimental data of measured force and surface area A on which force is applied, the 

engineering initial stress values  is calculated. Experimental stress relaxation slopes, shown in 

figure 4, 5 and 6, have been fitted by using the following relation, in which KWW exponential 

function is introduced:

, (3) 
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As an example, in the graphs of figure 7 and figure 8, the experimental stress relaxation, green 

line, of sample type D (measured at 23 °C) is shown. Experimental data are fitted on the basis of 

both simple Debye exponential relation (1) and KWW stretched exponential relation (3). In the 

graph of figure 7 data are plotted in linear scale and in the graph of figure 8 data are plotted in 

log/log scale. Best curve fittings were evaluated with Matlab® software.



Figure 7: Linear scale graph of stress relaxation of sample type D and comparison between Debye 
curve fitting, black dotted line, and KWW curve fitting, red dotted line. 

Figure 8: Log/log scale graph of stress relaxation of sample type D and comparison between Debye 
curve fitting, black dotted line, and KWW curve fitting, red dotted line.

As it is possible to notice from the graphs of figure 7 and figure 8, non-linear viscoelastic model, 

based on KWW stretched exponential model, allows to fit data more accurately rather than linear 

viscoelastic model, in particular in early stage of relaxation processes.  

In the following graphs of figure 9, figure 10 and figure 11, stress relaxation data with linear and 

non-linear curve fittings, are shown for tested samples type A, B, C and D, at 18 °C, and for tested 

samples type E and F, at 37 °C. Graphs are plotted in linear scale. 



Figure 9: Experimental stress relaxation, determined at 18 °C of temperature, of photoresist 
polymers and comparison between Debye and KWW curve fitting.

Figure 9: Experimental stress relaxation, determined at 18 °C of temperature, of polyethylene-based 
polymers and comparison between Debye and KWW curve fitting.

Figure 10: Experimental stress relaxation, determined at 37 °C of temperature, of hydrocolloids 
natural polymers and comparison between Debye and KWW curve fitting.



In the following Table IV for polymers samples type A, B, C and D, and Table V for natural 

polymers sample type E and F, empirical data of relaxation time τ0 values and empirical data of 

exponent  values as a function of temperature, are collected.  Errors correspond to the expanded 

uncertainty for the 95% confidence level, and, their relative values are, on average, in the order of 

2%.

Table IV: Empirical data obtained from KWW curve fitting, as a function of temperature, of 

photoresist based-polymers (type A and B) and polyethylene based-polymers (type C and D).

Relaxation time τ0 /s Stretched exponent  
Material 

18 °C 23 °C 28 °C 18 °C 23 °C 28 °C

Type A 1.13∙1092.26∙107 6.49∙1081.30∙107 4.37∙1088.66∙106 0.2350.005 0.2460.005 0.2570.005

Type B 3.29∙10313 1.86∙1037 3.23∙10313 0.3750.004 0.2590.001 0.2880.002

Type C 1.11∙1051.67∙103 4.26∙1056.40∙103 8.33∙1051.25∙104 0.2680.003 0.2410.002 0.2170.002

Type D 1.42∙1062.13∙104 4.43∙1066.65∙104 1.61∙1072.42∙105 0.2220.002 0.2160.002 0.2210.002

Table V: Empirical data obtained from KWW curve fitting, as a function of temperature, of 

biocompatible hydrocolloids natural polymers (type E and F).

Relaxation time τ0 /s
Material 

20 °C 25 °C 30 °C 37 °C

Type E 1.47∙1039 1.21∙10318 1.41∙10324 1.57∙10324

Type F 3.01∙1024 1.37∙1023 1.57∙1022 1.43∙1022

Stretched exponent  
Material

20 °C 25 °C 30 °C 37 °C

Type E 0.5750.002 0.5540.004 0.5150.004 0.5150.004

Type F 0.5170.007 0.5000.010 0.4450.009 0.4360.009

In the graph of figure 11, for all tested polymers, relaxation time 0, as a function of 

environmental temperature, is shown. Calculated relaxation time values vary over 7 order of 

magnitude, from 109 s down to 102 s. 



Figure 11: Calculated relaxation time obtained from KWW curve fitting, as a function of 
environmental temperature.

As it is possible to notice, Hexamethylene Diisocyanate based polymer (type B) and both 

biocompatible hydrocolloids natural polymers (type E and F) show a small temperature dependence 

in relaxation time processes. On the contrary, both Polyethylene-based polymers (type C and D) and 

Negative photoresist epoxy-based  polymer (type A) show a systematic and relevant  temperature 

dependence, of about 1 order of magnitude. In particular in polymers type C and type D  relaxation 

time increases with temperature, and in polymer type A the relaxation time decreases while 

temperature increases from 18°C and 28 °C. 

In the graph of figure 12 the stretched exponent  values, obtained from the best KWW curve 

fittings of experimental stress relaxation, are shown. Detailed values of stretched exponent  of 

polymers type A, B, C and D are shown in an expanded graph, on the right of the figure 12.



Figure 12: Calculated stretched exponent  obtained from KWW curve fitting, as a function of 
environmental temperature.

On the basis of experimental observations, the values of stretched exponent  are far from unit, 

as expected from linear models derivation, but range between ~0.4 and ~0.2 for polymers type A, B, 

C and D, and between ~0.4 and ~0.6 for natural polymers type E and F. 

Moreover, a systematic stretched exponent  temperature-dependence, at macro-scale level 

within a typical environmental temperature range, can be recognized. Calculated  values tends to 

decrease, as temperature increases, for all tested polymers samples, except for Negative photoresist 

epoxy-based polymer (type A), in which stretched exponent  tends to increase, as temperature 

increases.  

Conclusions

In this paper measurements of the stress relaxation behavior of six different typologies polymeric 

materials under uniaxial tension and uniaxial unconfined compression tests, are performed and 

experimental results are modelled using a stretched exponential function, known as Kohlraush-

Williams-Watts time-decay function. In particular the short-term stress relaxation is investigated, as 

a function of typical environmental temperature range, in order to assess viscoelastic behavior of 

tested polymeric materials, used for peculiar industrial and biomedical applications. Measurements 

are performed at macro-scale level using a proper device specifically designed and realized at 

INRIM. Elastic properties of investigated materials range over 4 order of magnitude (i.e. from 0.3 

MPa up to 3 GPa) and viscoelastic behavior, in terms of stress relaxation time, are spread over 7 

order of magnitude (i.e. from 102 s up to 109 s). 



Accuracy of experimental data, obtained from engineering testing, and accuracy of best curve 

fittings allow to validate both relaxation time 0 values and stretched exponent  values, expressed 

as a function of temperature, obtained by using the proposed non-linear model, based on KWW 

time-decay function. 
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