
 Open access  Journal Article  DOI:10.1016/J.SNA.2015.04.011

Extended PDMS stiffness range for flexible systems — Source link 

Rian Seghir, Steve Arscott

Institutions: university of lille

Published on: 01 Jul 2015 - Sensors and Actuators A-physical (Elsevier)

Topics: Stiffness, Flexible electronics, Polydimethylsiloxane and Elastic modulus

Related papers:

 Mechanical characterization of bulk Sylgard 184 for microfluidics and microengineering

 
Effects of strain rate, mixing ratio, and stress-strain definition on the mechanical behavior of the
polydimethylsiloxane (PDMS) material as related to its biological applications.

 Measurement of nonlinear mechanical properties of PDMS elastomer

 Materials and mechanics for stretchable electronics

 Mechanical properties of silicones for MEMS

Share this paper:    

View more about this paper here: https://typeset.io/papers/extended-pdms-stiffness-range-for-flexible-systems-
35bnddggv1

https://typeset.io/
https://www.doi.org/10.1016/J.SNA.2015.04.011
https://typeset.io/papers/extended-pdms-stiffness-range-for-flexible-systems-35bnddggv1
https://typeset.io/authors/rian-seghir-3thm1gv6ek
https://typeset.io/authors/steve-arscott-4z35v6d2e8
https://typeset.io/institutions/university-of-lille-2tmq6ir3
https://typeset.io/journals/sensors-and-actuators-a-physical-1sob3w0v
https://typeset.io/topics/stiffness-v88k8z92
https://typeset.io/topics/flexible-electronics-128xxbvr
https://typeset.io/topics/polydimethylsiloxane-3ehflwyg
https://typeset.io/topics/elastic-modulus-16w6a9uj
https://typeset.io/papers/mechanical-characterization-of-bulk-sylgard-184-for-2mkxi71f19
https://typeset.io/papers/effects-of-strain-rate-mixing-ratio-and-stress-strain-3239zuvhoz
https://typeset.io/papers/measurement-of-nonlinear-mechanical-properties-of-pdms-50kujrgprb
https://typeset.io/papers/materials-and-mechanics-for-stretchable-electronics-1pw1tof824
https://typeset.io/papers/mechanical-properties-of-silicones-for-mems-6pb7q7musx
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/extended-pdms-stiffness-range-for-flexible-systems-35bnddggv1
https://twitter.com/intent/tweet?text=Extended%20PDMS%20stiffness%20range%20for%20flexible%20systems&url=https://typeset.io/papers/extended-pdms-stiffness-range-for-flexible-systems-35bnddggv1
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/extended-pdms-stiffness-range-for-flexible-systems-35bnddggv1
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/extended-pdms-stiffness-range-for-flexible-systems-35bnddggv1
https://typeset.io/papers/extended-pdms-stiffness-range-for-flexible-systems-35bnddggv1


HAL Id: hal-02345519
https://hal.archives-ouvertes.fr/hal-02345519

Submitted on 6 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Extended PDMS stiffness range for flexible systems
R. Seghir, S. Arscott

To cite this version:
R. Seghir, S. Arscott. Extended PDMS stiffness range for flexible systems. Sensors and Actuators A:
Physical , Elsevier, 2015, 230, pp.33-39. 10.1016/j.sna.2015.04.011. hal-02345519

https://hal.archives-ouvertes.fr/hal-02345519
https://hal.archives-ouvertes.fr


Extended PDMS stiffness range for flexible systems

R. Seghira, S. Arscotta,∗

aInstitut d’Electronique, de Microélectronique et de Nanotechnologie (IEMN), CNRS UMR8520, University of Lille, Avenue Poincaré, Cité Scientifique, Villeneuve
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Abstract

The use of polymers in the context of flexible systems such as flexible sensors leads to an incompatibility issue: On one hand,

the flexibilty of the polymer must not be to the detriment of the fabrication process, e.g. excessive thermal expansion leading

to process failure and on the other hand, certain applications will require high flexibility and also a specific mechanical stiffness,

e.g. artificial skin, smart clothes, flexible screen . . . In other words, a compromise is necessary between rigidy for processing and

controlled flexibility for applications. In this context it is crutial to be able to tune the mechanical properties of such polymers.

Polydimethylsiloxane (PDMS) is a very versatile and useful soft polymeric material - Elastic modulus typically ≈1 MPa. This

paper investigates the stiffness tunability of PDMS by varying the hardening agent to PDMS base ratio over 19:1 to 2:1, and using

two extreme curing processes, i.e. 120 minutes at 100oC and 2 days at 165oC. It was observed that the stiffness of PDMS can be

accuratly controlled from 800 kPa to 10 MPa with a rupture limit higher than 20 %. To our knowlegde this is the highest reported

elastic modulus in PDMS by combining mixing ratio and curing temperature. The impact of such a stiffness variation on potential

functional properties such as the rupture limit, Poisson’s ratio and material’s wetting contact angle is also analysed. We observe

that the wetting contact angle depends on the bulk mechanical properties of the PDMS. The observations will be of use to all

technological communities who are engaged in using PDMS-type polymers for their specific applications.

Keywords: polydimethylsiloxane, process parameters, mechanical properties, mixing ratio, curing, wetting contact angle, rutpure

Introduction

Although the first organosilicon was first synthesized over

one hundred years ago [1], it is only in the last 20 years that

polymeric organosilicon compounds - such as polydimethyl-

siloxane (PDMS) - have found applications in areas such as

flexible electronics [2, 3, 4, 5, 6], moulding and soft lithography

[7, 8, 9, 10, 11, 12, 13, 14], microelectromechanical systems

(MEMS) [15, 16, 17], self-healing materials [18], laboratory-

on-a-chip and microfluidics [19, 20, 21, 22, 23]. The physical

and chemical properties of PDMS, such as its usability over a

wide temperature range (T ∈ [-100,200]oC), its flexibility (Elas-

tic modulus E ≈ 1 MPa [24]), its low chemical reactivity as well

as its relativelly hydrophic behavior, its transparent nature, its

biocompatibility [25], its low cost. . . have made it useful in such

a wide range of application fields. In such a context a clear un-

derstanding of its mechanical behavior and its ability to reach

specifics properties, for example a specific rigidity useful for a

specific application can be of primary importance.

Much work has been done into the investigation of the me-

chanical properties of PDMS and their potential tunability

[24, 26, 21, 27, 28, 16, 29, 30, 17, 31, 4, 32, 33, 34, 35]. The

largest observed tensile stiffness, using 10:1 PDMS, to date is

less than 4 MPa [28] after 7 days post-baking at 100o C and less

than 3 MPa for post-baking at 200oC during 18 minutes [35]. It
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is known that the stiffness of PDMS can be tuned by modifying

three main parameters: (1) the cross-linker agent concentration,

(2) the curing temperature and (3) the curing time. Other pa-

rameters also affect stiffness, e.g. film thickness [30], microma-

chined object dimensions [31] and the loading strain rate [16].

Nervetheless the major part of these studies have focused only

on a specific parameter at one time, frequently in a limited range

and no work has been done to harden PDMS material beyond

the classical rigidity range, i.e. [0.1 - 4] MPa [28], that would

increase the applications spectrum of the material. As a conse-

quence it remains very difficult to find a complete study where

fabrication recipies and mechanical properties, over a large do-

main of applications, are brought together.

In this way, we propose here to investigate a large range of

cross-linker agent concentrations, from 5 % to 33 %, mean-

ing mixing ratios by weight ranging from 19:1 to 2:1 and two

curing processes, i.e. 2h at 100oC and 48h at 165oC including

different curing methods: conventional oven and hot plate.

In the first part of the paper, the fabrication process is presented,

then uniaxial mechanical tests are detailed and elastic modulus,

rupture strain as well as Poisson’s ratio are presented. Finally

the impact of the stiffness on the wetting contact angle is also

discussed.
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1. Material and methods

1.1. Fabrication

All chemicals used in this work were used unmodified and

off-the-shelf. All processing was performed in a class ISO 5/7

cleanroom. PDMS was purchased from Dow Corning Cor-

poration, USA as a two liquid component kit, Sylgard R© 184

Elastomer, containing the vinyl-terminated base and the cur-

ing agent (methyl hydrogen siloxane). We define the PDMS

mixtures as the ratio A:B where A is the vinyl-terminated base

weight content and B is the cross-linker agent weight content.

PDMS mixtures were first prepared by mixing the base and the

curing agent at the following mixing ratios by weight: 19:1,

10:1, 9:1, 8:1, 7:1, 4:1 and 2:1 in order to understand the me-

chanical behavior of low (5 %) to high (33 %) curing agent

fraction. Note that the Sylgard R© 184 data-sheet [36] advises

producing PDMS following a "by weight" ratio of 10:1 (i.e. 9 %

of curing agent). Commercial 8.5x15 cm Teflon R© oven dishes

were initially cleaned using acetone, IPA and deionized water

followed by a dehydration bake. Mixtures were then carefully

poured into the dishes using a specific volume of the mixture in

order to form 1 mm thick uniform films. Prior to moulding, the

preparation involves mixing two liquids of different viscosities -

5x10−3 m2s−1 (vinyl-terminated base) and 1.1x10−4 m2s−1 (cur-

ing agent) which incurs the formation of trapped bubbles. Thus,

the samples were finally degassed (5 pumping cycles in a low-

vacuum chamber) in order to remove the air bubbles formed

during mixing. The prepared PDMS mixtures were then placed

onto a level hotplate during 2 hours at 100oC. We refer to this

first step heating process as "curing" subsequent heat treatments

are refereed to as "post-curing. Note that it was not known ex-

actly how the increase of curing agent could affect the curing

process, thus we decided to increase the curing time, compared

to data-sheet information (e.g. 45 minutes at 100oC [36]), such

that every sample was well cured. Half of each of the result-

ing PDMS films was then post-cured, in a conventional oven at

165oC during 48 hours. The objective of the last curing step is

to understand the impact of an upper curing time limit on mate-

rial stiffness and rupture elongation while simply cured samples

constitute our reference base. Finally, flat 4 mm wide, 60 mm

long and 1 mm thick tensile bone shaped samples are produced

from the PDMS films using a specially made dogbone sample

cutter. Figure 1 shows the bone samples and the dimensions and

table 1 summarises the set of 45 samples tested un this work,

showing mixing ratios, curing times and temperatures.

mixing ratios (Base by weight, Agent by weight)

19:1 10:1 9:1 8:1 7:1 4:1 2:1

2h 100oC 2 3 3 2 2 3 3

48h 165oC 4 4 4 4 4 5 2

Table 1: Summary of the 45 tested PDMS samples as a function

of the fabrication process: cured = 2h 100oC, post-cured = 48h

165oC

1.2. Measurement methods

We will focus, in the mechanical measurements part of

this work, on the measurement of the initial tangent (elastic)

modulus, the Poisson’s ratio and the rupture elongation. To

achieve such a mechanical investigation, increasing cyclic tests

has been preferred to monotonic tensile ones since they allow

one to identify material hysteresis due, in part, to viscosity

[37]. This is crucial complementary information towards

an understanding of how manufacturing processes affect the

sample’s mechanical behavior.

Specimen

Camera

Chuck

Light

Droplet

10 mm

Motorized stand
l0+dX

L0+dY

e0

60 mm
4 mm

10 mm
1 mm

Figure 1: Experimental setup using flat 4 mm wide, 60 mm

long and 1 mm thick PDMS tensile test samples. ∆X and ∆Y

correspond to transversal and axial length variations during test,

while l0, L0 and e0 correspond to the initial width, height and

depth respectively.

Thus, PDMS samples have been submitted to increasing

cyclic loadings from 0 N to 5 %, 10 %, 15 %, 20 %, 30 %,

35 %, 40 %, 60 % of uniaxial strain, finally up to rupture

(see figure 2). Tests were conducted on an Instron 5882

uniaxial testing machine, using a 2 kN cell-force at a constant

crosshead speed of 0.5 mms−1 which corresponds to an average

strain rate close to 10−2 s−1 (see figure 2). Notice that the

choice of such a strain rate, in the identification of material

properties, has been validated by the lack of any hysteresis in

the cyclic PDMS behavior (see figure 3). Such cyclic response

commonly reveals that the material is not significantly affected

by viscosity at such strain rate [37].

Then, we note the nominal stress Σ =
F

S 0

with F the force mea-

sured by the cell and S 0 being the initial sample cross-section.

The sample thicknesses are measured using a Vernier calliper

- this introduces a small measurement uncertainty, of the order

of 10−1 mm, due to sample stiffness variations; implying an

uncertainty on the order of 0.25 N on the stress estimation.

Strains are measured, within the sample gauge section (see

figure 1), by video extensometry. Four painted droplets are

put on the sample surface, two for axial displacement and two
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Figure 2: Example of loading cycles applied to tested samples.

Force levels correspond to the case of a 10:1 sample.

others for transversal displacement. From the displacement of

droplet barycenters, one can compute the axial strain εyy =
∆Y

L0

,

the transversal one εxx =
∆X

l0
and the Poisson’s ratio ν = −

εxx

εyy

.

Notice that although the Poisson’s ratio is generally assumed to

be constant, near to 0.5 (incompressibility), some research has

shown that volume changes occur within elastometric materials

during deformation processes and are attributed to damage

mechanisms [38, 39, 33, 40] - so the Poisson’s ratio decreases

with deformation, depending on the damage. Thus, for the

sake of clarity we define the initial and the ruptured Poisson’s

ratios, meaning the undamaged and damage ratio.

As the linear and reversible domain is very different from

one sample to another, and the domain size decrease as the ma-

terial stiffness increases, a systematic and clear definition of the

tangent (elastic) modulus is problematic. One should note at

this point that, unlike for metals, it is not pertinent to speak of

"Young’s modulus" in the context of hyperelasticity. One must

refer rather to tangent modulus which is defined as the slope

of the stress-strain curve which can evolve with strain. Here

we define the tangent modulus (E) as the rigidity of the mate-

rial at low strain. Thus, one can employ the hyperelastic theory

and invoke a Mooney-Rivlin model [41, 42] to analytically es-

timate the initial tangent modulus. We can derive the nominal

stress from the generalized Mooney-Rivlin strain energy poten-

tial (see equation 1).

W =

n
∑

i, j=0

Ci j (I1 − 3)i (I2 − 3) j −
1

2
k (I3 − 3)2 (1)

with I1 = λ
2
y + λ

2
x + λ

2
z , I2 = λ

2
yλ

2
x + λ

2
yλ

2
z + λ

2
xλ

2
z and I3 = det F

the strain invariants, (x; y; z) the transversal, the axial and the

orthogonal space directions respectively, F is the deformation

gradient, λi is the strain ratios, n is the order of the Mooney-

Rivlin model, k is the bulk modulus and Ci j is the hyperelastic

constants.

Assuming the uniaxiality of the strains (λy = λ, λx = λz =
1
√
λ

)

, the incompressibility (I3 = 1), and a 2nd order Mooney-Rivlin

model (n = 2 (see equation 1)) one obtains :

W = C10 (I1 − 3) + C01 (I2 − 3) + C20 (I1 − 3)2

+ C02 (I2 − 3)2 + C11 (I1 − 3) (I2 − 3)
(2)

One notes Σ =
∂W

∂λ
, so :

Σ = 2

[

C10

(

λ − 1

λ2

)

+ C01

(

1 − 1

λ3

)

+ 2C20

(

λ −
1

λ2

) (

λ2 +
2

λ
− 3

)

+ 2C02

(

1 −
1

λ3

) (

2λ +
1

λ2
− 3

)

+3C11

[(

λ2 −
1

λ4

)

−
(

λ −
1

λ2

)

−
(

1 −
1

λ3

)]]

(3)

with λ = εyy + 1. In equation 3, Σ is linearly dependant on the

following vector αi = 〈C10 C01 C20 C02 C11〉 and the associated

shape functions:

Ni = 2
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Thus the identification of hyperelastic parameters can easily be

done through the classical Least Square Method as follows:



































Φ =
1

m

m
∑

k=0

(

Σexp (λ) − αiNi (λ)
)2

∂Φ

∂αi

= 0

(4)

with Φ the cost function to minimize, Σexp (λ) the experimental

stress value at elongation λ, Σ = αiNi (λ) the modelled stress

in Einstein’s notation and m the number of experimental data

points. Figures 3 shows a stress-strain fit superimposed on

the experimental values - this validates the use of the Mooney-

Rivlin potential. Finally, one can simply define the initial (E)

3



stiffness as follows:

E = lim
λ→1

∂Σ

∂λ

= lim
λ→1

[

2

[

C10

(

1 +
2

λ3

)

+
3C01

λ6

+ 2C20

(

3λ2 − 3 −
6

λ3
+

6

λ4

)

+ 2C02

(

2 +
2

λ3
−

9

λ4
+

5

λ6

)

+3C11

(

2λ − 1 − 2

λ3
+

4

λ5
− 3

λ4

)]]

= 6C10

(5)

In addition to the mechanical testing, wetting contact angle

measurements were performed on the different samples. Deion-

ized water droplets having a typical diameter of 1 mm were

deposited on each sample surface in order to investigate how

a change of the material’s composition affects the droplet con-

tact angle between PDMS and liquid. The wetting contact an-

gles were measured using a contact angle meter in a humid-

ity/temperature controlled cleanroom environment. These tests

have important implications if the materials are used for specific

microfluidic applications for example. It is well known that the

wetting contact angle of a liquid on PDMS can be modified

surface chemistry, e.g. using a plasma [43, 44] and chemical

immersion [21]. As we will see we show here that the wetting

contact angle of water depends on the bulk mechanical proper-

ties of the PDMS - without modification of surface.

2. Results and Discussion

2.1. Mechanical characterization

According to the PDMS Sylgard R© 184 datasheet [36] and

[26, 28], where a PDMS baking time study has shown that

the PDMS stiffness saturates for a curing time over 2 days at

100oC, one assumes that both curing processes (detailed in

section 1.1) constitute a lower and an upper limit of reachable

PDMS stiffness. Within these curing limits, some identically

made sample have been tested (see table 1) and allow us to

present average trends and standard deviations.

Let us first deal with an analysis of the resulting stress-strain

curves. Figure 3 presents experimental stress-strain curves

obtained on the PDMS samples, including different cross-linker

agent concentrations, from 5 to 33 %, i.e. ratios of 19:1 to 2:1,

and different curing process - 2h at 100oC (curing) and 48h at

160oC (post-curing). Additional information is also shown: the

rupture strain and the Mooney-Rivlin fit (see equation 4).

Loading strains and stresses reach 95 % and 10 MPa respec-

tively. As already stated, one observes a very large range

of behavior: from elastic-linear behavior, on the cured 19:1

sample, to a hyperelastic one - for example on the cured 4:1

sample and even quasi-elastic-linear and "brittle" one (up to

20 %) on post-cured 2:1 sample. In parallel, one observes a

systematic sample hardening from cured (black in figure 3) to
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Figure 3: Example of Stress-Strain curves for different mixing

ratios (1:19, 1:10, 1:4, 1:2) and curing processes (cured and

post-cured). Mooney-Rivlin fit and rupture strains are superim-

posed.

post-cured (orange in figure 3) samples. This phenomenon is

reflected in a systematic increase of low strain and high strain

stiffness and is a function of cross-linker agent concentration.

Indeed, one clearly observes how the 19:1 and 10:1 samples

slightly harden compared to the 4:1 and 2:1 ones where

curing time and temperature drastically affect the mechanical

response. Figure 3 emphases notably the mechanical stability

as a function of temperature and the great stretchability of

samples at the classic 10:1 mixing ratio.

Figure 4: Elastic moduli of PDMS as a function of mixing ratio

and curing process: cured (2h at 100oC) and post-cured (48h at

165oC)

Let us now discuss, in a more detailed way, the low strain

stiffness (tangent modulus) and rupture limit variations. Figure

4
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and curing process: cured (2h at 100oC) and post-cured (48h at

165oC)

4 presents the evolution of the tangent (elastic) modulus as

a function of cross-linker agent concentration for two curing

processes: curing (2h at 100oC : lower bound) and post-curing

(48h at 165oC : upper bound). Dotted lines are spline interpo-

lations of experimental data sets and error bars are standard

deviations (±σ) obtained by successive tests (see table 1). One

observes on cured samples (O), that sample stiffness ranges

from 800 KPa at 5 % curing agent, to 2.4 MPa at 11 % curing

agent and then falls to 900 KPa at 33 % curing agent. An

identical trend and levels could be seen in part in [4] where the

influence of some mixing ratios (6:1, 8:1, 10:1, 12:1) on PDMS

stiffness have been studied. this confirms, for both baking time

and temperatures lower than 8h and 150oC respectively, the

existence of a stiffness maximum for 8:1 materials while other

mixing ratios invariably lead to softer materials. The following

results (see figure 4) extend such observations from 5 % to

33 % curing agent which is quite interesting with regards to

the post-cured behavior. One observes on post-cured samples

(^), a quasi-identical trend, slightly stiffer, from 5 to 11 % of

curing agent. Then stiffness increase up to 10 MPa at 33 %

curing agent - to our knowlegde this is the highest reported

elastic modulus in PDMS by combining mixing ratio and

curing temperature [28]. Thus, one observes on one hand,

that the post-curing process does not significantly affect the

PDMS stiffness up to a cross-linker agent concentration near

to 10 %, and on the other hand, that it reverses the trend over

this value. Note on figure 4 the largest difference in stiffness

between cured and post-cured occurs in the 2:1 material - thus

this mixture enable the user to explore the whole range of

stiffnesses using a single mixture over the temperature range

study. Thus, the tangent modulus could be increased by a factor

higher than 10 by modifying the post-curing time and mixing

ratios. Obviously such an increase of the material stiffness dras-

tically affects the rupture strain - let us now discusses this point.

Figure 5 presents the sample rupture strain (εR), defined as

the ultimate strain before failure, as a function of cross-linker

agent concentration for both curing and post-curing processes.

It is well known that the mechanical failure depends primarily

on the surface state of the material - especially edge regions

where crack initiation sites could be introduced depending on

sample cutter quality. This explains notably the increase of scat-

ter in the results shown by the standard deviation error bars.

Thus absolute values must be regarded carefully in favour of

trend including errors bars. Indeed, as the same cutter tool has

been used for the whole set of samples one can assume that re-

sults obtained from all samples can be realiably compared and

can provide realistic failure trends. Results are clearly in line

with previous observations done on PDMS stiffness (see fig-

ure 4). If we compare figure 4 and figure 5 we can see that

there is a certain symmetry in the results. When the stiffness

increases, the rupture strain drops and conversely, when the

stiffness decreases the rupture strain rises. Considering cured

samples, the rupture strain ranges from 70 % to 110 % with a

minimum reached for 8:1 samples.
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Figure 6: Variation of rupture strain of PDMS samples func-

tion of PDMS stiffness. 2nd order polynomial fit equation:

εR (E) = 103±12 − 13.5E + 0.5E2

Notice that the same behavior symmetry, between stiffness

and rupture, is also observed for post-cured (^) samples -

see figure 5. For both cured and post-cured samples one can

observes that at low cross-linker agent concentration (<12.5%)

the rupture trends are quite similar. The rupture strain value

falls down up to 8:1 samples (εR ∈ [55 − 70]). However, when

the cross-linker concentration is greater than 12.5 % (up to

33 %) the rupture strain behavior diverges considerably - see

figure 5. Rupture strain of the cured samples (O) increases up

to a plateau at 95 % while, for post-cured samples, it falls to 20

%. To complete the analysis of material stiffness and rupture,

figure 6 presents the evolution of PDMS rupture as a function

of stiffness for both, cured and post-cured samples. A 2nd

order polynomial fit is also superimposed and underlines the

5



previously observed relationship between, cured or post-cured

material stiffness and associated rupture strains. Irrespective of

the curing time and temperature (within the limits studied here)

one observes that the rupture of samples follows a polynomial

digressive law - identified, by Least Square Method, as:

εR (E) = 103±12 − 13.5E + 0.5E2. The following relation and

figure 6 are particularly interesting for applications where both

high rigidity and good flexibility are required since they clearly

evidence the limits of such pdms mixtures.

Finally, Figure 7 presents Poisson’s ratio of the samples

tested as a function of cross-linker concentration for both cured

and post-cured samples at both, initial and rupture state.

Standard deviation (  1)-+
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Figure 7: Variation of Poisson’s ratio of PDMS samples as

a function of cross-linker agent concentration and curing pro-

cesses (cured and post-cured) at initial and rupture state.

One observes that the initial Poisson’s ratio remains almost

unchanged whatever the curing process and mixing ratio with

a mean value of 0.5±0.05 as classically shown in the literature.

Secondly, one observes a fall of the Poisson’s ratio up to rup-

ture. Table 2 presents, with more details, the change of the

Poisson’s ratio (in %).

mixing ratios (Base by weight, Agent by weight)

19:1 10:1 9:1 8:1 7:1 4:1 2:1

2h 100oC -54 -47 -45 -47 -46 -56 -57

48h 165oC -57 -50 -51 -37 -45 -44 -32

Table 2: Drop of Poisson’s ratio from initial to rupture state (in

%)

The results are quite similar for all samples, with a mean

value of -48 % and a standard deviation of 7 %, and its physi-

cal origin is probably the material cavitation leading to volume

changes [40]. Nevertheless, one observes that post-cured sam-

ples are systematically less sensible to this phenomenon. Ac-

cording to the fact that these materials are stiffer, especially the

4:1 (Cross-linker: 20 %) and 2:1 (Cross-linker: 33 %) ratios,

one could speculate that the increase of material rigidity limits

the cavitation phenomenon.

2.2. Wetting contact angle

Table 3 and figure 8 presents results of wetting contact angle

analysis done on PDMS samples as well as experimental pic-

tures of droplets in both, lower and higher, wetting conditions.

mixing ratios (Base by weight, Agent by weight)

19:1 10:1 9:1 8:1 7:1 4:1

2h 100oC 109.7 107.25 100.8 105.65 105.15 111.6

±0.85 ±0.78 ±1.13 ±0.07 ±0.92 ±0.57

48h 165oC 109.6 108.2 105.05 112.55 105.5 96.75

±0 ±1.13 ±0.92 ±2.05 ±0.28 ±0.35

Table 3: Mean value (o) and standard deviation of wetting con-

tact angle between deionized water droplets and PDMS sur-

faces.
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Figure 8: Variation of wetting contact angle between deionized

water droplets and PDMS surface function of cross-linker con-

centration for both, curing and post-curing, process.

Black markers within Figure 8 are experimental points which

deviate significantly from the trend - they are consequently not

taking into account in the 2nd order polynomial fit presented in

figure 8 by dotted lines.

Thus, by not considering these points one can see a rela-

tionship between cross-linker agent concentration and surface

contact angle on both, cured (O) and post-cured samples

(⋄). Considering first, post-cured samples, one observes a

monotonic trend. Indeed, when cross-linker agent concentra-

tion increases, and thus material stiffness increases too, one

observes a decrease of the wetting contact angle from 109.6o to

96.75o (see table 3), i.e. a decrease of 12 %. Considering cured

samples (O), one observes an identical trend from 5 to 12.5 %

of cross-linker agent concentration, meaning from 19:1 to 7:1

mixing ratios. Nevertheless, over 12.5 % of cross-linker agent

concentration the wetting contact angle increases to 111.6o.

A previous study [45] considering mixing ratios from 50:1 to

10:1 has demonstrated that the wetting contact angle changes

very little - in good agreement with our results (see figure 8)

for all samples (cured and post-cured) having a cross-linker

6



agent concentration lower than 9% (PDMS 10:1). On the other

hand, it is also shown in [21] that the wetting contact angle

changes very little considering mixing ratios from 19:1 to near

1:1. These results are explanable with reference to the figure 4

- in the absence of high temperature curing step, the stiffness

remains virtualy the same and relatively small over the whole

range of mixtures, whereas a high temperature curing step

leads to a significant increase of the stiffness for cross-linker

agent concentration over 12.5% (PDMS 7:1). Our work here

implies that in order to observe a significant change in the

wetting contact angle, mixing ratios from 10:1 to 2:1 - and even

greater - are necessary in addition to a high temperature/long

time curing step.

Considering our results it is interesting to notice that such an

increase of contact angle is totally in keeping with the fall of

material stiffness (cured samples) between 7:1 and 4:1 mixing

ratios observed on figure 4. Secondly, the occurrence of a

contact angle deviation between cured and post-cured samples

is also in line with observation done on material stiffness. In-

deed, over 12.5 % of cross-linker agent concentration (PDMS

7:1) the stiffness of cured samples (O) falls while the contact

angle rises and inversely, the stiffness of post-cured samples

(⋄) rises while the contact angle drops. Such comparisons

validate contact angle observations and allow the identifying

of a relationship between PDMS stiffness and the material’s

wetting contact angle.

Figure 9 shows the evolution of wetting contact angle of deion-

ized water as a function of the measured PDMS stiffness on

both cured and post-cured samples. Irrespective of the curing

process, the observed trend is that the wetting contact angle -

of the water - reduces with increasing material stiffness, i.e. it

would appear that the surface energy of the material increases

with increasing stiffness. Then, as already observed in figure 8,

the figure 9 allows one to define a relationship between both

quantities in the form of a 2nd order polynomial function such

as: θ (E) = 108.5±3 + 2.6E − 1.2E2. The figure demonstrates

that the contact angle on both, cured and post-cured samples,

follows an identical law governed by the material stiffness.

The following results can be understood by analogy with

the process of PDMS surface oxidation during oxygen plasma

exposure. Indeed it is well known that a significant reduction

of wetting contact angle on PDMS surfaces can be achieved

by exposing the PDMS to oxygen plasma, e.g. [43]. It is also

well known that such an exposure results in a chemical change

of the PDMS surface whose macroscopic manifestation is the

creation of a thin and stiff silica-like film with a stiffness about

70 GPa [46]. Thus, from a mechanical point of view, hardening

the PDMS crust and increasing its surface energy reduces

the wetting contact angle. In consequence, oxygen plasma

treatment is a way to drastically but temporarily [47] affect

the PDMS wettability by considerably modifying the surface

stiffness. Here we show that the wetting contact angle can be

modified by tuning the volume stiffness of the PDMS. The

effect is less than in the case of an oxygen plasma treatment

[43] but more durable. Such result is obviously interesting

concerning PDMS in microfluidic applications.
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Figure 9: Variation of the wetting contact angle (θ) between

deionized water droplets and PDMS surface as a function

of PDMS stiffness (E). 2nd order polynomial fit equation:

θ (E) = 108.5±3 + 2.6E − 1.2E2

Conclusions

This work demonstrates that by modifying the cross-linker

agent concentration (mixing ratio), the curing time and the cur-

ing temperature, one can tune the stiffness of 1 mm thick PDMS

samples from 800 kPa to 10 MPa - this is the largest stiffness

range reported to date. A set of mixing ratios from 19:1 to 2:1

and two curing processes, i.e. 2h at 100oC and 48h at 165oC,

has been investigated and no problems associated with mould-

ing have been observed. A great diversity of mechanical re-

sponses has been observed, from linear- to hyper-elastic includ-

ing a "brittle" behavior in the stiffest materials (2:1). Indeed,

from our results at two extreme curing processes we can specu-

late that the 2:1 ratio, combined with the appropiate curing pro-

cess, enables the user to explore the whole stiffness range from

800 kPa to 10 MPa. The relationship between rupture strain and

material stiffness as well as between wetting contact angle and

material stiffness has been systematically and statistically in-

vestigated. Our results indicate that both the rupture strain and

the wetting contact angle (i.e. the surface energy of the PDMS)

evolve as the square of material stiffness. We believe that by

increasing the range of mechanical properties of PDMS we ren-

der the material more compatible with technological processes,

e.g. depositon of materials such as metals, and at the same time

maintaining its flexibility for specific applications.
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