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Abstract

Polymers have emerged as a novel class of engineered materials that find application in several domains, such as struc-
tural components, fittings, couplings, and more. Due to their viscoelastic nature, these materials experience a deformation
dependent on time when subjected to an applied load. This paper presents a novel approach to address this research gap by
introducing simplified and practical models for predicting creep and back creep displacement utilizing a non-destructive
technique, specifically micro-indentation. A comprehensive experimental investigation of multi-cycle indentation testing
has been conducted. The creep and back creep models that have been developed are expressed as nonlinear exponential
equations, which include variables such as material properties determined using micro-indentation techniques, as well as
experimental parameters like maximum load, loading and unloading rates, and the indenter’s hold time. The relationships
discussed significantly influence the holding time at maximum and minimum loading conditions. One advantage of these
exponential models is their ability to provide a simple mathematical representation. By utilizing this approach, there is no
longer a requirement to conduct multiple single-cycle indentations or to depend only on conventional creep tests.
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Nomenclature

A Indenter contact area

A, Indenter Area

C,Cy Gy, ... . Cy Fitting constants

E Young's modulus of the materials
E; Young's modulus of indenter
E, Reduced modulus of indenter
H material hardness

h Indentation depth

hy, Back creep displacement

h, Contact depth

he, Creep displacement

R Maximum depth

P Applied indenter load

P, Maximum load

R Indenter tip radius
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R; Loading rate of indenter

Ry Unloading rate of indenter

S stiffness of the material

T Indentation time

t indenter holding time

v Poisson ratio of the materials
v; Poission ratio of the indenter
h_c,, h_,,r 171 E E T Non-dimensional terms
Introduction

Polymers are used in many industries, such as automotive,
aerospace, medical science, etc., because of their unique
properties, such as being lightweight, resistant to corrosion,
strong, surface finish, ease of manufacture, etc. Polymers
are also replacing metals in several engineering applications
[1]. The polymers are viscoelastic, in which the deforma-
tions are reversible and disappear immediately once the
load is removed. The deformation of polymers can be time-
independent, referred to as plastic deformation, and can be
time-dependent deformations, denoted as viscoplastic [2].
Conventional uniaxial/triaxial compression tests are com-
monly employed to investigate these viscoelastic-plastic
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properties of materials. Nevertheless, it is essential to note
that these tests typically demand a significant amount of time
and necessitate high-quality samples with proper shapes and
sizes. Unfortunately, acquiring such samples in these micro
and nano machining parts can often be challenging.

Consequently, micro and nano-indentation has emerged
as a viable alternative for evaluating the mechanical prop-
erties of diverse materials such as metals, polymers, elas-
tomers, and thin-film or coatings [3] with small sample
sizes. This technique employs minimal sample volumes
with permissible cuttings and can rapidly provide substan-
tial mechanical data [4]. The Micro-indentation method is
capable of quantifying the load (P) and displacement (%) of
the indenter upon contact with the specimen. The practice
of utilizing the P-h curve to assess the mechanical charac-
teristics of materials, specifically hardness (H) and elastic
modulus (E), has been employed for a considerable dura-
tion. In addition to these benefits, this particular approach
offers other advantages. For instance, it enables the measure-
ment of material properties within a limited volume without
observing the contact between the indenter and specimen.
Furthermore, it involves a small loaded volume, resulting
in negligible damage. Additionally, this method does not
impose specific requirements on test specimens except for
their small size and smooth surface. The approach is char-
acterized by its rapidity and non-destructive nature [5]. It
records the P and h data with high resolution and calculates
the material’s mechanical properties with high accuracy.

The phenomenon of material creep can be examined by
analyzing the displacement-time curve during the hold-
ing phase of indentation, wherein a steady load is applied,
and the indentation displacement progressively increases.
Most researchers use a single-cycle indentation method to
describe a material’s time-dependent properties by rheologi-
cal models. The creep effect was explained by Shen et al.
[6] using two nano-indentation techniques, namely continu-
ous load and constant strain rate. A comparison was con-
ducted between the two methods on polycrystalline Tin (Sn)
and single-crystal Aluminium (Al). It was determined that
employing a consistent strain rate enabled the identification
of the creep characteristics shown by the samples as men-
tioned above.

In the same way, the creep behavior of various alloys and
glasses was examined using the indentation method by Ma
et al. [7] and Chudoba et al. [8]. The shear creep behavior
of viscoelastic-plastic materials such as Poly (methyl meth-
acrylate) (PMMA) and polyvinyl chloride (PVC) was investi-
gated by Peng et al. [9]. The researchers employed a modified
step-hold indentation method, which correlated favorably with
the uniaxial tensile creep findings. The creep model of PMMA
was developed by Mencik et al. [10] through monotonic load
indentation techniques. They also discussed the indenter shape
function and the relation between the test duration and the
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model. The indentation creep behavior of PMMA during the
holding stage is also well described by Lv et al. [11]. The
thermal drift is described by Feng et al. [12] along with the
creep effect, considering the data from two holding periods.
The authors employed curve-fitting techniques to explain a
particular aspect of the creep phenomenon.

Furthermore, the phenomenon of creep has been docu-
mented in several biomaterials, including human enamel
and bones [13, 14], shales [4, 5, 15], and concrete [16] by
using these indentation methods. Zhou et al. [17] have per-
formed indentation creep tests at varying loads. They have
employed empirical models proposed by other researchers
[18, 19] to fit the indentation creep curves and examine the
variations in creep behavior under different circumstances.
Meng et al. [20] developed a phenomenological model by
reviewing the typical relationship between the loading depth
and the creep displacement of a high-entropy alloy. Their
model was based on the holding duration and loading depth.
Researchers have evaluated the creep effect in viscoelastic
materials using single-cycle micro or nano-indentation tech-
niques. Smerdova et al.’s [21] latest investigation on poly-
mers using indentation cyclic behavior aims to address the
time-dependent behavior of polymers at several time scales
using a single test.

Guru et al. provided an extensive explanation of the
methodology used to evaluate the fatigue properties of
polymers by micro indentation testing [22]. This study
extends our previous study using a multi-cycle indentation
method to estimate surface parameters. In the present work,
a time-dependent viscoelastic model for polymers has been
developed using the experimental P-h data of the indenter.
However, previous analyses have developed some models
using the theoretical approach. The present model has been
developed directly from the experimental observations.
This study aims to develop a phenomenological model for
analyzing the creep curve based on the specified holding
duration and loading depth. Additionally, this research aims
to forecast and describe the indentation creep properties of
polymers quantitatively by employing a multi-cycle indenta-
tion approach. Furthermore, the phenomenological model is
employed to analyze the creep behavior of polymers under
the influence of cyclic loading through a single test. Using
these kinds of techniques and models is a balance between
keeping things simple and being accurate when explaining
the process.

Experimental procedure
Materials

In this investigation, three distinct polymers—Polyether
ether ketone (PEEK), Poly (methyl methacrylate)
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(PMMA), and Poly-tetra-fluoro-ethylene (PTFE)—are
used to develop the creep and thermal drift model using
micro-indentation technique. According to the literature
[23], the Poisson’s ratio of these materials is 0.39, 0.36,
and 0.42, respectively, which are considered for this
study. In order to enhance the instrument’s usability dur-
ing the testing process, the samples were initially trans-
formed into rectangular forms and subsequently refined
through a series of increasingly fine emery paper grits
to eliminate any preexisting flaws. Later, the specimens
underwent a cleansing process using distilled water to
eliminate residual impurities on their surfaces.

Methodology

Indentation method for mechanical properties
of the materials

The indentation method is well recognized as the most com-
monly employed technique for evaluating the H and E of
materials. The methodology proposed by Oliver and Pharr
[24] has been employed to assess these features. The elastic
modulus calculation is determined by employing the formula
as presented in Eq. (1).

11—V 1=V
E-E tTE M

L

In this particular scenario, the variable v, E denotes the
poison ratio and elastic modulus of the sample material,
while v; and E; indicate the poison ratio and elastic modu-
lus of the indenter material. The term E, is used to denote
the reduced modulus of the materials. The calculation was
derived from the slope value obtained from the unloading
P-h curve. The value in consideration is denoted by the
material’s stiffness (S) parameter, as indicated in Eq. (2).
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The stiffness of the material is only dependent upon
the contact area between the indenter and the specimen.
In the context of a Vickers indenter, the contact area is
precisely defined as A =24.5(h.)% In this particular sce-
nario, the calculation is derived from the given relation-
ship h,. = h,, — 5%. The maximum depth and load of
the indenter are denoted as h,,,, and P,,,, respectively. The
constant ¢ is dependent on the geometric characteristics of
the indenter. In addition to the element E, the material’s

hardness was determined using the equation (Eq. (3)).

H = —m 3)

The micro Indenter (MCT setup, Anton Paar, Switzer-
land) conducted all the indentation experiments at ambient
room temperature using a square pyramidal-shaped diamond
Vickers indenter. The E; and v, of this Vickers indenter are
1140GPa and 0.07, respectively. This methodology was uti-
lized to perform the calculations to determine the H and
E values of the materials. The findings are determined by
taking the average of three different indentation test records,
with the error bar standing in for the experimental data’s
standard deviation. The H of PEEK, PMMA, and PTFE
was found to be 269 +6.14 MPa, 198.6+11.7 MPa and
22 +3.15 MPa and E of these polymers are 4.5 +0.09GPa,
3.83+0.13GPa and 0.7 + 0.15GPa, respectively.

Indentation method for time-dependent properties
of the materials

When a material is subjected to mechanical loads, it slowly
deforms permanently at a constant load, which is called the
creep behavior of the materials. It can happen when a mate-
rial is subjected to high stresses for an extended period, yet
those stresses are below the yield strength of the material.
The creep effect is divided into three distinct phases: (i)
primary creep, (ii) secondary creep, and (iii) tertiary creep.
Instantaneous strain describes the rapid deformation in a
material when a load is applied. After an initial burst of
stress, the load is held constant for a considerable time. The
major creep has commenced at this point, and the material
is deforming under constant load. The strain rate is relatively
significant early in the primary creep but reduces as time
progresses because of the work hardening at low tempera-
tures. Secondary creep, also known as steady-state creep,
occurs when the creep rate reduces to a minimal value and
remains constant. Tertiary creep, also known as stage three
creep, happens when a material is subjected to extreme con-
ditions, such as high temperature and stress, or when a neck
or void forms inside the material [25].

Due to this creep behavior, it is unable to describe the
mechanical characteristics of time-dependent materials.
The Oliver-Pharr methodology was used to compute the £
and H of the material from the unloading curve of the P-h
curve [24]. The initial unloading slope is negative because
the time-dependent parameter (i.e., creep effect at constant
load) was already introduced when the unloading curve of
the P-h graph showed a substantial bulge or nose, as illus-
trated in Fig. 1(a). The Oliver-Pharr methodology may not
be appropriate since it may produce an inaccurate value of
E and H. In order to distinguish between the time-dependent
parameter and viscoelastic features of the materials, some
adjustments to the experimental methodologies have been
made. In this indentation procedure, enough time has been
allowed at the indenter’s peak load (see Fig. 1(b)) so that all
creep effects may be saturated or distinguished from other
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Fig. 1 For the single cycle indentation method, (a) P-h curve with nose effects, and (b) P-h curve with holding time

properties of the material [26, 27]. This modified indenta-
tion creep test provides a non-destructive and straightfor-
ward technique to evaluate the mechanical properties of the
material without any error. Thus, indentation creep is the
time-dependent motion of a rigid indenter into a solid under
constant load. This test observed that the depth increases
when the load is steady at the peak load. This creep behavior
depends entirely on the material, and it generally decreases
to a very nominal value within some seconds. The initial
creep rate exhibits a high value during the initial phase of the
holding period, subsequently diminishing as a function of
time. A critical advantage of this creep indentation method
is that it can collect all the creep information from a single
material sample, which minimizes the variation in the prop-
erties due to changes in samples and the preparation of the
samples [28, 29].

The constant loading multi-cycle (CLMC) inden-
tation method is considered for all the experimental

Load (N)

0 100 200 300 400 500 600 700 800 900
Time (sec)

(a)

investigations. This method is very suitable for find-
ing the creep properties from surface properties, as
mentioned in our previous study [22]. The primary
input parameters for this indentation test are maxi-
mum load, indentation time (7) or loading rate (R,),
unloading rate (R, ), dwell period or hold period (7),
and indentation cycles. In the multi-cyclic indentation
method, if the sample is reloaded to the same load
as it was in a previous loading cycle, this is called
CLMC and is shown in Fig. 2. In this case, the mate-
rials are indented in three different loading ranges,
i.e., 0.025-0.5 N, 0.1-2 N, and 0.5-10 N at a loading
and unloading rate, which is equal to two times the
maximum applied load. Each test has been done for
ten cycles with a holding time of 15 sec at each cycle.
In CLMC indentation methods, every experiment has
been repeated three times to evaluate the experimental
data’s average and error.

Load (N)
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n
T
L
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Fig.2 CLMC micro-indentation methods for PEEK at 10 N load: (a) P-T and (b) P-h [22]
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Result and discussion
Creep displacement of the polymers

The indentation creep experiment was performed on
selected polymers at different loading conditions, such
as 0.025-0.5 N, 0.1-2 N, and 0.5-10 N. The indentation
creep behavior of these materials at selected loading con-
ditions has been shown in Fig. 3(a), (b), and (c). Overall,
it was observed that the holding displacement of these
polymers increased with hold time. Based on the findings
of this study, it can be inferred that PEEK has a lower
propensity for creep. At the same time, PTFE demon-
strates a higher susceptibility to creep when compared to
all materials under consideration. The creep displacement
of PEEK exhibits a maximum value of 11 pm when sub-
jected to a loading range of 0.025-0.5 N for 150 sec. In
contrast, PTFE demonstrates a significantly higher creep
displacement of around 34 pm under the same conditions.
A consistent pattern of behavior has been noted across
all other loading instances. The occurrence of creep in a
material is contingent upon its mechanical characteristics.

—
wn

Therefore, the hardness of PTFE is considerably lower,
specifically around 25 MPa, in comparison to other mate-
rials like PEEK, which has a hardness of 270 MPa, and
PMMA, which has a hardness of 200 MPa. Among the
three selected polymers, the creeping impact of PTFE is
the most pronounced.

Predicted indentation creep model for polymers

The characterization of the viscoelastic-plastic properties
and parameters of materials can be achieved by the utiliza-
tion of the CLMC indentation method. During the hold peri-
ods, the material’s response is crucial for determining the
viscoelastic and plastic effects of the materials. A constant
loading rate is recommended here to describe the model eas-
ily with a particular hold period data. The measurement of
the creep displacement is continued from the peak load hold
period data. The methodology utilized in this study involved
the implementation of the least-square curve fitting tech-
nique to construct these models. This curve-fitting strategy
is advantageous when dealing with data containing noise, as
it aims to minimize the sum of the squares of the residuals
to derive an optimal model that best fits the data. This study
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Fig.3 All materials’ creep displacement for (a) 0.025-0.5 N, (b) 0.1-2 N, and (c) 0.5-10 N loading conditions. [22]
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involved conducting multiple iterations of experiments under
identical conditions. The parameters derived from these tests
were subsequently collected and divided into two sets: one
for constructing the model using curve fitting and the other
for validation. Furthermore, computing the average value
of the data points has been previously applied to reduce the
presence of random fluctuations in the data. This approach
is particularly useful in situations when the data is subse-
quently employed to fit a curve. As the behavior of the curve
changes rapidly at the beginning, the rate of change slows
down and is close to saturation. Thus, exponential fitting is
the best function for this type of behavior of data points. A
simple relation has been developed from these experimental
data by using the curve fitting method, which is given by Eq.
(4). The model is constructed by considering the material’s
properties, including H, E, and v, along with the holding
duration, load, and loading rate, as represented in Eq. (4).
All parameters inside this model possess the characteristic of
being non-dimensional. The non-dimensional parameters are
defined in Eqs. (5) to (8). The creep displacement of materi-
als is characterized by an exponential relationship involving
various parameters. These factors are represented by fitting
constants denoted as C;, C,, C3, and C,.
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The identical model is concurrently fitted with all
materials under different loading circumstances. Figure 4
represents the fitting of this model with the experimental
data for the three materials at a loading range of 0.025-
0.5 N. The figure shows a good correlation between the
model and the experimental data for different materials.
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Fig.4 Curve fitting at load range of 0.025-0.5 N for (a) PEEK, (b) PMMA, and (c¢) PTFE
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The constants C;, C,, C;, and C, are represented in Table 1
for all loading conditions.

The above-developed model represents the viscoelas-
tic and plastic properties of the material. It gives creep

Table 1 Values of the constant from the creep fitting parameters

For load range 0.025-0.5 N

Materials/ constants  C, C, C; C,
PEEK 0.112736  0.036391 —0.02825 1.040002
PMMA 0.378771  0.030335 —0.04268 1.06759
PTFE 0.155973  0.028676 —0.03787 1.07584
For load range 0.1-2 N

Materials/ constants  C, C, C; C,
PEEK 0.273087 0.050954 —0.0479  1.040132
PMMA 0.352407 0.030005 —0.04798 1.058015
PTFE 3.512793 1.05158  0.425034 1.070392
For load range 0.5-10 N

Materials/ constants  C; C, C; C,
PEEK 1.045077 —0.0131  —0.19834 1.04039
PMMA 0.4039 —1.13901 -0.53652 1.085497
PTFE 0.44496  —0.68096 —0.23113 1.074673

deformation at any instantaneous time. This relation is
completely based on the material properties, indenter
properties with dimensions, and experimental variables.
This equation is also fitted for different loading ranges and
materials, as shown in Fig. 5. Perfect fitting was obtained
for all loading cases and materials. The fitting constants
are obtained from the curve fitting method, shown in
Table 2. The table includes the final values of the con-
stants, which were determined by minimizing the sum of
the squared differences between the experimental and pre-
dicted data. In this particular instance, the variations seen
in the constants across each condition were also relatively
insignificant. Consequently, the creep functions exhibited
a high degree of proximity. It is widely acknowledged that
these constants lack precise physical significance; they are
regression constants dependent upon material qualities,
indenter parameters, and experimental variables. There-
fore, this creep function can be used for material and test
conditions. This model is helpful for any new material
investigation because it allows the creep displacement data
to be extrapolated for extended periods.
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Fig.5 Fitted curve of (a) PEEK, (b) PMMA, and (c) PTFE at various loading conditions
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Table 2 Constant for all materials in all loading conditions

Materials/ constants c Cy c3 Cy

PEEK 0.302849 0.507818 4.21E-01 1.040335

PMMA 0.128185 0.554597 4.28E-01 1.073788

PTFE 1.215083 0.541348 1.53E-01 1.081185

For all materials and all ~ 0.63062  0.54842  0.26381 1.08066
loads

Back creep displacement or thermal drift
of the polymers

Figure 6 illustrates a representation of the four steps included
in the indentation cycle. Viscoelastic materials have two dis-
tinct forms of behavior, namely reversible and irreversible.
The phenomenon of time-dependent irreversible deforma-
tion in materials can be described as the creep effect, alter-
natively referred to as viscoplastic behavior. The observed
phenomenon has been documented by analyzing the datasets
from step 2, as depicted in Fig. 6. Specifically, the data sets
related to the holding period at maximum load. In the same
way, the measurement of the viscoelastic behavior or param-
eters can also be conducted by examining the response of
step 4 in Fig. 6, i.e., holding at minimum load. The current
time interval is characterized by the reversible transforma-
tion of the material, which is likewise contingent upon time;
it is referred to as the back-creep or thermal drift of the
material [2, 30]. The duration of this particular stage should
be equivalent to the duration of holding at maximum load,
namely in step 2, as depicted in Fig. 6. The minimal load
holding time during consecutive cycles in CLMC provides
the purpose of maintaining contact between the indenter and
the sample.

This study investigated the back creep of polymers
under similar loading conditions as considered for creep
evaluation. Figure 7 presents a schematic of the reversible

Step-2: Holding

2}

Step-3: Unloading

Load (N)

Step-4: Holding

30 40 50 60 70 80 90 100
Time (sec)

(a)

Fig. 6 Four steps of the indentation cycles in (a) P-T and (b) P-h [22]
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displacement of these polymers under loading conditions
ranging from 0.025 to 0.5 N. It shows that the material
attempted to restore the actual penetration depth with time.
Because the H of PTFE is much lower than that of PEEK
and PMMA, it demonstrated more significant reversible dis-
placement. Furthermore, the change in the recovery distance
of PTFE was significantly more effective than that of the
other materials.

Predicted indentation back creep model
for polymers

As discussed in section 3.2, in this case, a simple exponential
relation has been developed to predict the back creep of the
material using curve fitting methods. This model is suitable for
any polymer with any range of applied loading. This model is
mainly based on the material properties, indenter properties,
and test parameters described in Eq. (9). Equation (9) denotes
the mathematical model derived from empirical data utilized
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to estimate back creep displacement. The parameters used in
Eq. (10)-(13) are dimensionless, while Cs, Cg, C; and Cg are
curve-fitting constants derived from the optimization process.
These constants are determined by minimizing the sum of the
squared difference between the computed and observed A, (1)
values. Figure 8 illustrates the fitting curves of the model with
the experimental data for all three materials within a load-
ing range of 0.025-0.5 N. The Fig. 8 demonstrates a strong
concurrence between the model and the empirical data across
various materials.

h_bc =c5 X PO x 1/ x oo<T ©)
7 hbc
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P= A XE. (D
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Similarly, this model has been fitted with all the mate-
rials at different loading ranges, and a good correlation
between the fitted and experimental data has been found
and presented in Fig. 9. The present model has undergone
modifications to suit various types of materials and incorpo-
rates the consideration of holding time. Every fitting is per-
formed with precision for each kind of material. Similarly,
a comprehensive assessment of parameters and materials
is conducted to identify the appropriate parameters for the
entire model, presenting potential advantages across various
polymeric materials. Table 3 displays the final universally
relevant parameters across all scenarios and the specific fit-
ting parameters that apply to each material.

Validation of the empirical indentation-based creep
and back creep models

In order to determine whether or not these models are accu-
rate, numerous sets of experimental data were compared
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Fig.8 Curve fitting at load range of 0.025-0.5 N for (a) PEEK, (b) PMMA, and (c) PTFE
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Fig.9 Back creep fitted curve of (a) PEEK, (b) PMMA, and (c) PTFE at each load
Table 3 Fitting constants for the .
Materials/ constants C C, C C
back-creep model 5 ¢ 4 8
PEEK 0.4866 0.5188 4.48E-01 —0.1093
PTFE 0.6322 0.5334 3.33E-01 -0.1518
PMMA 0.736194672 0.479849686 2.34E-01 —0.131583255
For all materials and all loads 1.3719 0.5182 0.2375 —0.1436

with the estimated value of the model. Table 4 displays the
overall error that can be attributed to these models and the
percentage error that can be attributed to the creep and back
creep displacements for each material subjected to its spe-
cific load. As can be observed from Table 4, the expected
error in the developed functions is considerable across the
board. The proportion of inaccuracy that can be accom-
plished across all materials ranges between 2 and 3%. The
currently developed models are consistent with the experi-
mental data, and the error value calculations demonstrate
that the typical error percentage can be disregarded without
impacting the accuracy of the assessment.

It gives the impression that the most recent state-of-the-
art model can be utilized without difficulty. According to

@ Springer

the findings of the current research, the multi-cycle inden-
tation test has the potential to be useful for the characteri-
zation of creep and thermal drift, and it also produces very
good results. As a result, these built-in models can assist
in obtaining the findings using just one indentation test.
With the assistance of this model, one can determine the
saturated value of creep and back creep displacement for
different holding times. This model can save both time and
money that would have been spent on performing several
single-cycle indentations and conventional creep tests. It
can also reduce the experimental error that would have
been caused by changing the testing location or the sur-
faces of the materials.
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Table4 Calculation of Loading Creep model Back-creep model
percentages error of the
developed modeled PEEK PMMA PTFE PEEK PMMA PTFE
% Error % Error % Error % Error % Error % Error
0.025-0.5 N 2.56 2.81 2.51 3.14 0.12 2.94
0.1-2N 1.39 2.07 3.14 2.65 3.05 2.57
0.5-10N 0.88 0.11 1.62 241 0.82 0.83
1.61 1.66 242 2.73 1.33 2.11
Conclusion 3. Oyen ML, Cook RF (2003) Load-displacement behavior during

The present article evaluates the creep effect on different
polymers using the CLMC indentation method. CLMC is
time-efficient, minimizes error, and does not need chang-
ing the indenter position. A simple exponential relation has
been developed to estimate the creep displacement of the
selected material. In addition, one more relation has also
been described, which defines the back creep or the ther-
mal drift of polymers. These models are represented in the
form of a nonlinear exponential relation having variable-like
material properties mainly evaluated from micro-indentation
methods and the experimental parameters such as maximum
load, loading rate, and the hold time of the indenter. All
these relations closely depend on the holding time of the
indenter at maximum and minimum loading conditions. The
advantage of this exponential relation is that a straightfor-
ward, simple mathematical relation can be concluded by
conducting a multi-cycle indentation experiment, which
will be helpful for all polymers, with no need to do multiple
experiments with multiple test samples.
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