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1. Introduction

Polydimethylsiloxane (PDMS) has become the most pop-
ular building material used in a variety of low-cost aqueous 
microfluidic devices (values, pumps, fluidic circuits) aimed in 
particular at single use applications for biological or medical 
diagnostics [1–5]. Some applications have also been reported 
in micro-optical systems (micro-opto-electro-mechanical sys-
tems (MOEMS) such as adaptative lenses, tilting mirrors etc) 
[6, 7] and in microelectromechanical systems (MEMS) sensors 
(chemical, medical, tactile sensors etc) [8, 9]. In fact its extreme 
ease of use combined with its good mechanical properties 

(high elasticity), biocompatibility and transparency underpin 
the widespread use of PDMS. In the microfluidic applications, 
in order to have low power consumption, many groups use 
this material for mobile parts (often membranes) in active 
systems such as micro-valves or micro-pumps [2–4, 10, 11].  
However, there are few reported characterizations of the 
bulk mechanical properties of cross linked PDMS under well 
defined curing temperature conditions and long aging times 
[5, 8, 12–17]. However, a limited amount of published data 
is devoted to the dynamic mechanical properties [1, 5]. Some 
analyzing elements of these two different points are presented 
in this paper.
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Abstract
The dynamic mechanical characterization of polydimethylsiloxane (PDMS) over a 
large range of frequencies (10−2 < f < 105 Hz) and long aging times at room temperature 
(4 h < tv < ~60 000 h) has been presented. Three samples with different curing conditions 
have been studied and three different techniques, dynamic mechanical analysis at different 
temperatures, nano-indentation and scanning micro-deformation microscopy, have been used. 
Although the three techniques work at different scales and at different frequencies all the 
results match the same master curve. As expected, the storage and the loss moduli greatly 
increase with the frequency. Moreover, these moduli moderately increase with the aging 
time tv depending on the curing temperature. A simple model which takes the frequency and 
the aging time into account, and which is based on the Havriliak–Negami model, has been 
presented and identified. Hence, values of the relaxed and instantaneous moduli at tv = 0 and 
tv = ∞ are proposed. Only the relaxed moduli depend on the curing conditions and moreover it 
has been shown that the tangent of the phase lag is independent of the aging time and thus of 
the curing process.
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2. Materials and experimental procedures

2.1. Material

To realize the PDMS samples, the Sylgard 184 PDMS kit 
manufactured by Dow Corning Corporation [18] and com-
posed of a prepolymer and a curing agent has been used. The 
prepolymer and curing agent in the ratio 10 : 1 were mixed 
with an Ultra Turax homogenizer for 30 s. The solution was 
poured into a Petri dish up to a thickness of about 3–4 mm 
and degassed in a dessicator by the application of vacuum for 
15 min, with cycles of 2 min between atmospheric pressure 
and 0.5 Pa. The solution was then cured in an oven at 65 °C 
for 4 h following the recommendations from Dow Corning 
[9, 18]. This procedure has been applied to a plate labelled 
‘Spec.1’. A second plate (labelled ‘Spec.2’) with a curing time 
of 10 h at 65 °C has also been elaborated. Indeed, these two 
curing conditions are those encountered during the fabrication 
process of an active micro-valve for microfluidic applications 
[19], i.e. step 1: elaboration of the active membrane corre-
sponding to Spec.1, and step 2: bounding under the load of 
both lower and upper parts of the micro-valve corresponding 
to Spec.2 [19]. Then, PDMS was demolded and cut to make 
rectangular specimens (thickness ~ 3.75 mm, width ~ 14 mm 
and useful length ~ 35 mm). Some data obtained five years 
ago on a PDMS specimen cured at 180 °C for 30 min and 
labelled ‘Spec.3’ are also presented for comparison with the 
two precedent ones, as this curing condition gives the max-
imum hardening of the material [8, 15].

2.2. Experimental procedures

Specimens 1 and 2 have been characterized thanks to three 
different techniques (dynamic mechanical analysis (DMA), 
nano-indentation and scanning micro-deformation micro-
scope (SMM) over long aging times tv (tv ~ 63 000 h ~ 7 years) 
at room temperature T ~ 20–23 °C.

For each DMA experiment the dimensions of the cross sec-
tion  of the tested specimen have been accurately measured 
with an accuracy of ±0.05 mm. The distance between the two 
jaws where the specimen is attached has been measured (pre-
cision wedges) with a precision of 0.1 mm. However, due to 
the standard tensile specimen shape (dog bone shape), the pre-
cision of the useful length (homogeneous strain and stress) to 
determine the strain has been estimated to 0.5 mm (finite ele-
ment modeling). Finally, taking the dimensions of the tested 
specimens and these different uncertainties into account, the 
precision on the modulus is in the range 3–4%.

The DMA measurements with frequencies in the range 
of 0.01–80 Hz have been performed on a commercial BOSE 
Electroforce 3200 machine at room temperature for the three 
specimens and at T = 0, −20, −40 and −60 °C for Spec.1 at 
tv ~ 4, ~11 000 and ~56 000 h. Thus, for this last sample the 
time-temperature equivalence has been analyzed over a large 
domain of frequency: 10−2  <  f  <  105 Hz. According to the 
ASTM Guide for Dynamic Testing, the software calculates 
the values of E′, the storage modulus, E″ the loss modulus and 
tan(δ) = E″/E′, the tangent of the phase angle.

Nano-indentation tests have been carried out using a Nano-
Indenter IIS equipped with a Berkovich tip. The study was 
conducted following the classical method (quasi-static) and 
continuously with the CSM technique at a frequency of 45 Hz 
[20]. With this last method E′ and E″ can be calculated thanks 
to a suitable model [21]. For each tested sample the meas-
urement sequence consists of five indents with a maximum 
penetration depth of hmax = 5 µm and an approximately con-
stant rate equal to 2  ×   10−2 s−1. For the quasi-static method 
five unloadings were performed at about 1, 2, 3, 4 and 5 µm 
and 50% of the unloading curves are considered to calculate 
the contact stiffness. For the CSM procedure the indenter 
vibrates at 45 Hz with an amplitude of 2 nm during the indenter 
penetration.

Some experiments at high frequency have been performed 
thanks to the SMM, which is a type of ac force contact micro-
scope [22, 23]. The sensor is a micromechanical resonator 
composed of a silicon cantilever with a small sharp sapphire 
tip at the end. This cantilever is glued onto a piezoelectric 
bimorph transducer at the other end. This transducer excites 
the vibration of the tip-sample system. The tip remains in 
contact with the sample and vibrates at some kHz with an 
amplitude of some nanometers. The amplitude and phase of 
the cantilever vibration are measured with a high sensitivity 
heterodyne interferometer [22, 23]. This microscope is an 
effective tool to record images of surfaces or sub-surfaces 
with heterogeneous local elasticity or to characterize elastic 
properties of materials. In this study it has been used to 
measure the complex Young’s modulus of the PDMS samples. 
The excitation frequency is scanned and the first resonant fre-
quency which depends on the static force exerted by the tip 
onto the sample can be determined. Actually, knowing this 
resonant frequency and the static force, local contact stiffness 
can be estimated and then with a well-suited model [21, 23] 
the storage and the lost moduli are extracted. This has been 
done on the three samples at different aging times (figure 1) 
and with two different (but close to each other) cantilevers. So 
the resonant frequencies are slightly different and in the range 
2.6–4.5 kHz.

3. Results and analysis

3.1. E′ and E″ moduli as a function of the frequency

Figures 1(a) and (b) give for Spec.1 and three aging times  
(tv = 4, 11 000 and 56 000 h) the evolutions of E′ and E″, deter-
mined with the three experimental techniques, as a function of 
the excitation frequency. For this material we took ν = 0.48 for 
the Poisson’s ratio. The William–Landel–Ferry (WLF) model 
has been applied to calculate the storage and loss moduli 
master curve (DMA analysis) is shown in figures 1(a) and (b). 
In this model, for a fixed reference temperature T0, the transla-
tion parameter aT/To of the frequencies is given by:
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In this relation, T0 = 23 °C, C1 = 11 and C2 = 162, what-
ever the time aging. E′ and E″ increase with the frequency 
(0.01 <  f < 105 Hz) from 2 to 7.5 MPa and 0.02 to 1.6 MPa, 
respectively.

It is interesting to note that, although the three techniques 
work at different scales (micro and macro) and at different 
frequencies, nano-indentation (quasi-static and dynamic 
(f = 45 Hz)) and SMM (f ~ 3 and 4.5 kHz) results perfectly 
match the master curves determined from the DMA procedure 
(0.01–80 Hz) and thus a posteriori validate the application of 
the WLF model to this material. Note that for these two last 
experimental methods the calculated uncertainties on E″ are 
fairly large. Moreover, from figures 1(a) and (b) it is obvious 
that the two moduli evolve with the aging time.

3.2. E′ and E″ moduli as a function of the aging time

For the two studied specimens (Spec.1 and Spec.2), figures 2(a) 
and (b) show the variations of E′ and E″ (DMA analysis at room 
temperature) with the aging time tv (4 h < tv < ~60 000 h) and 

for three frequencies: 0.01, 1 and 80 Hz. Note that the first mea-
surements have been carried out approximately 4 h after the 
fabrication of the samples. These moduli clearly increase with 
aging. Due to the additional curing time of Spec.2 (10 h) the 
initial value of the storage modulus E′ (4 h, 0.01 Hz) = 2.05 MPa 
is greater than that of Spec.1, E′ (4 h, 0.01 Hz) = 1.7 MPa (figure 
2(a)). So, an additional curing time of 6 h at 65 °C sensibly corre-
sponds to an aging of 10 000 h at room temperature. Otherwise, 
for the two specimens the initial values of E″ are close to each 
other (figure 2(b)). Moreover, Spec.3 which has been cured at 
180 °C and tested at tv ~ 256 h exhibits an initial value at 0.1 Hz 
equal to 2.9 MPa. These observations will be discussed further.

To quantitatively take these variations into account an Avrami’s 
kinetic have been chosen and the following relation is proposed:
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Figure 1. (a): Storage modulus (Spec.1 and Spec.3) determined with the three techniques as a function of the frequency and the aging time. 
The four lower solid lines correspond to the model response (equations (3c)–(3g)) for Spec.1 at tv = 4, 11 000, 56 000 h and for an infinite 
time. The upper solid curve is the model response for Spec.3 at tv = 240 h. (b): Loss modulus (Spec.1 and Spec.3) determined with the 
three techniques as a function of the frequency and the aging time. As for (a) the four lower solid lines correspond to the model response 
(equations (3c)–(3g)) for Spec.1 at tv = 4, 11 000, 56 000 h and for an infinite time. The upper solid curve is the model response for Spec.3 
at tv = 240 h.
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For the two studied specimens the relation (2b), 
ω ω′ ′ =E t E h f t( , ) / (4 , ) ( )v v  has been represented in figure 3 

for three frequencies (0.01, 1 and 80 Hz). Note that E′(0,ω) ~ 
E′(tv = 4 h, ω). The identified parameters corresponding to the 
four curves drawn in figure 3 (equation (2b)) are: t0 = 46 000 h, 
n = 0.5, E′(∞,ω) / E′(0,ω) = 1.49 and 1.55 (Spec.1) and 1.4 
and 1.47 (Spec.2) for f = 0.01 and 80 Hz, respectively. The 
E′(∞,ω) / E′(0,ω) ratio sensibly increases with the frequency. 
Note that the fitting of the experimental points in figure  3 
allows the two kinetic parameters n and t0 of the relation 
(2a) to be determined. Hence, for an infinite aging time the 
maximum increase of the Young’s modulus values is about 50 
and 40% for the specimens 1 and 2, respectively. The value 
n = 1/2 is difficult to explain as it is not directly associated 
with the physical nature of the evolution of the cross-linking. 
As an example, for crystal growth in polymer, n is in the 

range 1–4 depending on the nucleation and the crystallization 
mechanisms.

3.3. Phenomenological modeling: frequency and time aging 
dependencies

Taking the aging into account, for viscoelastic materials the 
general equation of the complex modulus is given by:

 ∑ ∑
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where Ei(tv) and Er(tv) are the instantaneous and relaxed 
Young’s moduli, respectively and τj a number m of dis-
crete relaxation times whose ponderation coefficients are pj. 
From a phenomenological point of view and considering the 
Havriliak–Negami model [24], f(iωτj) can be written as a con-
tinuous complex function of the argument iωτ:

 ωτ
ωτ

=
+ α β( )f i

1

(1 (i ) )
j (3b)

Figure 2. (a): Storage modulus (Spec.1, Spec.2 and Spec.3) as a function of the aging time. (b): Loss modulus (Spec.1, Spec.2 and Spec.3) 
as a function of the aging time.
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Hence, storage and loss moduli are given by:
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and taking equation (2a) into account:
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The model is composed of equations  (3c)–(3g). τ is a 
single relaxation time, α and β two empirical exponents and 
Ei(0), Er(0), Ei(∞), Er(∞) the instantaneous ( = ∞f ) and the 
relaxed (f = 0) modulus at tv = 0 and ∞, respectively. As previ-
ously shown, t0 = 46 000 h (1.65  ×  108 s) and n = 1/2. From 
the experimental points represented in figures  1(a) and (b) 
(master curves of Spec.1) the identified values of the model’s 
parameters are β = 1 (like in the Cole and Davidson model), α 
= 0.236, τ = 2  ×  10−9 s, Er(tv) = 1.62, 1.91, 2.12 and 2.37 MPa, 
Ei(tv) = 28.2, 34, 38.2 and 43.1 MPa for tv(h) = 0, 11 000, 
56 000 h and ∞, respectively (Spec.1). The corresponding 
curves are drawn in figures 1(a) and (b). Hence, for Spec.1, 
Er(0) = 1.62 MPa, Er(∞) = 2.37 MPa and Ei(0) = 28.2 MPa, 
Ei(∞) = 43.1 MPa. Note that Er(∞) / Er(0) ~ 1.46 and Ei(∞) / 
Ei(0) ~ 1.53 which is close to the values calculated from the 
kinetics at 0.01 and 80 Hz in figure 3: 1.49 and 1.55, respec-
tively. As shown in figures 2(a) and (b), the curing conditions 

of Spec.3 are sufficient to assure constant mechanical proper-
ties, i.e. no perceptible evolution of the moduli between 240 
and 6000 h, and the nano-indentation results (f ~ 0.02 Hz) at  
tv = 62 000 h is close to those at 0.01 Hz for shorter aging time 
(figures 2(a) and (b)). Moreover, it is interesting to observe 
that the calculated values from the model of the storage mod-
ulus at 1 and 80 Hz for an infinite aging time, E′(∞,1 Hz) = 
2.88 MPa and E′(∞,80 Hz) = 3.86 MPa approximately corre-
spond to those of Spec.3 for the same frequencies, 3.04 and 
3.95 MPa, respectively. Hence, as shown in figures 2(a) and 
(b) for very long aging times, the mechanical properties of 
Spec.1 and Spec.2 tends to those of Spec.3. From these obser-
vations, it can be concluded that the instantaneous moduli at 
very long aging time for the three studied samples are sensibly 
identical and that only the relaxed moduli are very dependent 
on the curing conditions. For the three studied specimens the 
proposed values for Er(0), Er(∞), Ei(0) and Ei(∞) are reported 
in table 1.

In the previous model (equations (3c)–(3g)) it has 
been assumed that E′(tv,ω) and E″(tv,ω) follow the same 
aging kinetic, thus the tangent of the phase lag, tan(δ) = 
E″(tv,ω)/E′(tv,ω), should be independent of the aging kinetic 
and thus of the curing conditions. This hypothesis is fairly 
well validated in figure 4 where tan(δ) for the three studied 
specimens and the set of experimental conditions describe the 
same master curve as a function of the frequencies. Note that 

Figure 3. Aging kinetic of the storage modulus (Spec.1, Spec.2 and Spec.3). Model, equation (2b).

Table 1. Relaxed and instantaneous moduli at zero and infinite 
aging times.

Model: n = 1/2, t0 = 1.65  ×  108 s, β = 1, α = 0.236,  
τ = 2  ×  10−9 s, 10−2 < f < 105 Hz

Curing conditions
Er(0)  
(MPa)

Er(∞)  
(MPa)

Ei(0)  
(MPa)

Ei(∞) 
(MPa)

Spec.1: 4 h  
at 65 °C

1.62 2.37 28.2 43.1

Spec.2: 10 h  
at 65 °C

1.9 2.6 28.2 43.1

Spec.3: 30 min  
at 180 °C

2.6 2.6 43.1 43.1
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this conclusion has been established for a given percentage of 
cross-linker, 10% recommended by the manufacturer. There 
are only a few results in the literature to confirm this conclu-
sion. However, the nano-indentation results of Mata et al [5] 
obtained on a PDMS with 10% of cross-linker cured during 
30 min at 95 °C and reported in figure 4 for 4, 64 and 256 Hz, 
perfectly match the master curve and thus accredit the pre-
vious conclusion. This is equally true for the DMA result at 
45 Hz reported by Singh et al [17] for a PDMS (10 : 1) cured 
for 15 min at 120 °C (figure 4).

4. Discussion with regard to the literature

For the PDMS with 10% cross-linker, contrary to the 
dynamics tests, many studies have been reported in the litera-
ture for quasi-static conditions. The present results (storage 
relaxed modulus) are compared to those of the literature 
in table 2 (values) and in figure 5. Hence, in this figure  the 

storage modulus E′ for quasi-static conditions is plotted as a 
function of the curing time tc and for different curing tempera-
tures Tc. It is thus shown that the values obtained for Spec.1 
and Spec.2 at Tc = 65 °C are in fairly good agreement with 
those in the literature. Moreover, for this curing temperature 
and, as previously mentioned, for very long aging times tv, 
for long curing time (tc > 1000 h) E′ tends to Er(∞) which is 
in the range 2.6–2.97 MPa [8, 15], values corresponding to 
high curing temperature (150 °C < Tc < 200 °C) for relatively 
short curing times (tc < 1 h). The value obtained for Spec.3 is 
2.6 MPa (figure 1(a)). Note that above 200 °C, as mentioned 
by Liu et al [12], thermal decomposition of PDMS begins.

Note that for a given curing temperature Tc and as a func-
tion of the curing time tc, a kinetic close to that written in 
equation (3g) could be applied to Er(0). So, this relation could 
be rearranged as:
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is a thermally activated parameter. k is the Boltzmann’s 
constant and ΔH the activation energy. For Tc = 65 °C the 
parameters of the relation (4) have been identified on the 
experimental points (figure 5, the literature and this study). 
We keep n = 1/2 as for the aging time kinetic. Hence, Er(0,0) = 
1.1 MPa, Er(∞,∞) = 2.7 MPa and t0c = 7.2  ×  104 s (20 h). Then, 
t0c has been calculated to adjust the kinetics at 25, 100 and 
160 °C (figure 5): t0c = 1.1  ×  107, 3.6  ×  103 and 180 s, respec-
tively. From the four t0c values (ln(t0c) = f(1/Tc) an activation 
energy ΔH = 0.4  ±  0.1 eV has been calculated. This value is 
somewhat uncertain but is in fairly good agreement with that 
of the β transition, ΔHβ ~ 0.5 eV, which it often turns out to be 

Figure 4. Tangent of the phase lag (Spec.1, Spec.2 and Spec.3) as a function of the frequency and the aging time. The results of Mata et al 
[5] and Singh et al [17] are also reported for 4, 64, 256 and 45 Hz, respectively. For the legibility of the figure the points of Spec.2 have not 
been reported but perfectly match the master curve. Model, equations (3c)–(3g).

Table 2. Literature results of relaxed (quasi static tests) modulus as 
a function of the curing conditions.

Authors
Curing conditions:  
10:1 cross-linker

Er(0) 
(MPa)

Er(∞) 
(MPa)

du Roure et al [9] 4 h at 65 °C 1.5 —
12 h at 65 °C 2 —
168 h at 65 °C 2.5 —

Mata et al [5] 30 min at 95 °C 1.45  
(at 4 Hz)

—

Gupta et al [16] 336 h at 25 °C 1.5 —
Schneider et al [8] 15 min at 150 °C 1.82 —

15 min at 150 °C +  
4 h at 200 °C

— 2.6

Khanafer et al [13] 12 h at 65 °C 2.1 —
Johnston et al [15] 48 h at 25 °C 1.32 —

48 min at 100 °C 2.05 —
23 min at 150 °C 2.59 —
18 min at 200 °C — 2.97

Singh et al [17] 15 min at 120 °C 2.05 —

J. Micromech. Microeng. 00 (2015) 000000
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in activation barriers of deformation, diffusion, physical aging 
and solid phase reactions in PDMS material [25].

As a conclusion, the value of the relaxed modulus for an 
uncured PDMS is about Er(0,0) = 1.1 MPa and is Er(∞,∞) = 
2.7  ±  0.1 MPa (× 2.5) for a fully tempered material. From a 
physical point of view, Sylgard 184 is composed of a mon-
omer and hardener combined at a ratio of 10 : 1 and for an 
incomplete curing process there is always an excess of hard-
ener. During the curing procedure and the aging at room 
temperature the excess hardener is further cross-linked with 
additional fillers from the monomer and thus the mechanical 
properties increase. Of course, and as shown in figure 5, this 
cross-linking is a thermally activated phenomenon.

In the fluidic dynamic MEMS applications (fluidic circuits, 
valves, pumps etc) the frequency range is often lower than 
20 Hz and consequently the precise knowledge of the dynamic 
mechanical properties between the quasi-static conditions and 
20 Hz is required (10−2 < f < 20 Hz). In this range, as previously 
reported, the storage modulus increases by a ratio of 1.3 from 
the static conditions (figure 1(a)) and the tangent of the phase 
lag by a ratio of about 4.6 (2.4  ×  10−2 to 1.1  ×  10−1, figure 4). 
Hence, for these kinds of applications the knowledge of the 
dynamic mechanical properties of this material is suitable. For 
dynamic sensors applications (acceleration sensors, capacitive 
accelerometers with PDMS spring, dielectric elastomer actua-
tors, energy harvesting etc) [26–28], the frequency range is 
higher than the previous one, typically between 100 Hz and 
some kHz and, as previously shown in this paper (figures 1(a), 
(b) and 4), the mechanical properties greatly evolve and are 
definitively required to accurately design such active sensors 
or actuators. Moreover, an interesting result of this study for 
the design is the independence of the tangent of the phase lag 
to the curing conditions.

Note that numerous applications have been performed 
with 10% curing agent, as recommended by the manufacturer, 
but for certain dynamic PDMS applications [1–7, 26–28] it 

could be interesting to study this further, as for quasi-static 
conditions [13], the dynamic modulus changes with different 
monomer-hardener ratios to produce a softening for easier 
activation.

5. Conclusion

The dynamic mechanical characterization of PDMS over 
a large range of frequencies and long aging times at room 
temperature has been reported, thanks to three experimental 
techniques. The storage and the loss moduli greatly increase 
with the frequency (0.01 <  f < 105 Hz) and moderately with 
the aging time. A simple model which takes these two behav-
iors into account has been presented and identified. Values of 
relaxed and instantaneous moduli E t E t( ) , ( )r

v
i

v  at tv = 0 and 
∞ are proposed. The calculated values of the relaxed modulus 
are in good agreement with those reported in the literature. 
Only the relaxed modulus seems to depend on the curing 
conditions and moreover that the tangent of the phase lag is 
shown to be independent of the aging time and thus of the 
curing process.

Through our investigation into the effect of aging at ambient 
temperature on the dynamic mechanical properties of Sylgard 
184 PDMS we hope to provide quantitative information for 
researchers designing active sensors and actuators, such as 
micro-valves, micro-pumps, accelerometers etc, employing 
this elastomer cured under certain conditions (tc at Tc) as a 
structural material.
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AQ1
Please be aware that the colour figures in this article will only appear in colour in the web version. If you require colour in the 
printed journal and have not previously arranged it, please contact the Production Editor now.
AQ2
The definitions of ‘MOEMS’ and ‘MEMS’ have been added in this sentence. Please confirm they are correct.
Page 2
AQ3
Please check the usage of the term [2 10−2 s−1 in this context.]
Page 3
AQ4
Please check the sense of the sentence “an Avrami’s kinetic have been chosen”.
Page 7
AQ5
Please check the details for any journal references that do not have a link as they may contain some incorrect information.


