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Abstract. To investigate cellular response of cardiomyocytes to substrate mechanics, biocompatible
material with stiffness in physiological range is needed. PDMS based material is used for construction
of microfluidic organ on chip devices for cell culture due to ease of device preparation, bonding, and
possibility of surface functionalization. However it has stiffness orders of magnitude out of physiological
range. Therefore, we adapted recently available protocol aiming to prepare substrates which offer
stiffness in physiological range 5 − 100 kPa using various mixtures of Sylgard. An in-house developed
loading device with single micron position tracking accuracy and sub-micron position sensitivity was
adapted for this experimental campaign. All batches of the samples were subjected to uniaxial loading.
During quasi-static experiment the samples were compressed to minimally 40 % deformation. The
results are represented in the form of stress-strain curves calculated from the acquired force and
displacement data and elastic moduli are estimated.

Keywords: Quasi-static loading, hyperelasticity, polydimethylsiloxane substrates, in-situ loading
device.

1. Introduction
Mechanical stimulus emerged as important factor for
cell and organ development, homeostasis, and disease
in vivo. To investigate effects of static and dynamic
mechanical stimulation of in vitro grown cells two dif-
ferent approaches are being currently used. To deter-
mine the effect of material stiffness in static conditions
polyacrylamide (PA) gels which can be prepared in the
range of stiffness reflecting in vivo situation are used.
On the other hand, effects of dynamic mechanical
stimulation (stretching) are investigated using poly-
dimethylsiloxane (PDMS) based microfluidic devices,
where cultivation membrane is orders of magnitude
stiffer than what can be found in vivo. So far it has
been shown that both static and dynamic mechani-
cal stimuli influence cardiomyocyte specification and
maturation in vitro.

In order to integrate physiological stiffness and pos-
sibility to actuate (stretch) the cultivation surface in
one device we aimed to prepare PDMS based material
with stiffness in physiological range, which can be
used in pneumatically actuated microfluidic device
and test its biocompatibility. As the actuation of
the cultivation membrane in general changes material
properties we decided to measure the stiffness with
tensile strain up to 20 % of original length to mimic
its application in microfluidic device.

Biomechanical analysis of PDMS is challenging ex-

perimental procedure because of very low material
stiffness. There are two basic approaches for this pur-
pose. For the micromechanical tested an atomic force
microscopy or dynamic nanoindentation [1] could be
used. This experimental procedure is very precise but
for bulk material testing macromechanical approach
is more appropriate to obtain overall material prop-
erties [2]. Moreover customised precise macroscopic
loading experiments coupled with radiography imag-
ing techniques could provide the information about
internal microstructure changes during the loading [3].
For this purpose the material properties of PDMS
mixtures was obtained employing fully customised
experimental system.

2. Materials and methods
2.1. Sample preparation
Based on previously published data (see [4]) different
ratios of Sylgard 184 and Sylgard 527 were mixed to
obtain stiffness ranging from 5 kPa up to 170 kPa. In
order to further decrease stiffness we manipulated the
ratio of components A and B of Sylgard 527 from 1.2
to 1. The resulting mixtures were degassed, poured
in desired vessels and polymerized at 65 ◦C overnight.
The bulk material was polymerized in plastic test

tubes with nominal inner diameter 12.00 mm. Prop-
erly polymerized cylinders with diameter 12.00 ±
0.05 mm were carefully removed and carve up to the
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Figure 1. Visualization of the disassembled loading device with the main components: 1 - base plate (for rotary
table), 2 - loading device frame, 3 - motor assembly with harmony gearbox, 4 - linear guide assembly, 5 - main body
cover with clamps, 6 - loadcell and loading plate, 7 - loading chamber with loading plate

samples with height 14 − 16 mm using the microtome
blade. Plan-parallel faces of the samples are required
for relevant testing, therefore only the sampled with
height precision ±0.10 mm were selected for the test-
ing. Precise height of the samples was derived from
loading plates positions at the contact force 0.005 N
and 0.010 N for load cells with nominal capacity 1 N
and 10 N respectively. For the strain calculation the
height was rounded to 50µm.

2.2. Instrumentation
Estimated high compliance of the material require
to use highly precise measuring procedure. There-
fore, an in-house developed loading device originally
intended for 4D microCT in detail description in [5]
was employed. The device allows to perform analysis
of biological samples and artificial product of tissue
engineering in controlled ambient conditions. The de-
sign of compact table loading device allow to perform
the mechanical testing up to 3 kN with single micron
position tracking. Using the magnetic linear encoder
with nominal resolution 250 nm the device operates
with sub-micron position sensitivity. Using the load
cells with appropriate capacity, in this case miniature
S beam load cells (LSB200 series, FUTEK Inc., USA)
with nominal capacity 10 N and 1 N respectively, al-
lows to provide reliable deformation analysis of the
materials with elastic modulus in range of single kPa.
Main components of the loading device are depicted
in Fig. 1.
For this purpose the loading frame was made of

a high strength aluminium alloy (EN-AW-6082-T6)
tube with 60 mm diameter with holes for sample ma-
nipulation and optional optical imaging. The loading
plates made from the same material with diameter
16 mm ensure the proper support of the faces of the
sample under high (≈ 50 %) deformation.
The motion of the system and all other peripher-

als are controlled using a custom developed control
software based on the open-source project LinuxCNC
running on the real-time kernel [6]. The control hard-
ware consists of high-performance motion control com-

ponents (MESA Electronics, U.S.A.), sensor readout
electronics (LabJack, U.S.A.) and custom electronics.

2.3. Experimental Procedure
To obtain general information about the deformation
behaviour of the mixtures and confrontation with
findings presented in [4] set of pilot test was per-
formed using 1 to 2 and 1 to 9 (Sylgard 184 to Syl-
gard 527) mixtures. It was found that i) the behaviour
of the material is fully hyperelastic to minimally 60 %
strain ii) the sample is collapsing by sudden outsplash-
ing at level of 70 − 80 % compressive strain iii) the
stress-strain behaviour during both loading and un-
loading phase was strain rate independent on level
0.005 − 0.05 s−1. Moreover, the samples due its very
low stiffness exhibits high adhesion on the surfaces.
It allows to measure tensile behaviour beyond the
zero point at unloading of the compressed samples
nearly to 10 % tensile strain without any special sam-
ple fixation. Finally one sample of each type was
stored in the fridge with constant temperature of 5 ◦C
the other were stored in laboratory temperature of
20 − 25 ◦C. Mechanical tests were performed on all
samples at as delivered fresh state, after one week and
after six weeks. No significant/measurable changes
caused aging and/or storage condition were observed.
Based on the results of pilot test following experi-

mental procedure was applied on all types of the sam-
ples. From each type of material three samples were
measured. Each sample was put to loading chamber
and its height was measured by the indicated contact.
From this initial point the sample was compressed
to the level of 40 % strain on loading rate 20µm · s−1

(strain rate ≈ 0.015 s−1) and hold on for 5 s at this
position. Then with the same loading rate the sample
was continually unloaded and stretched to 10 %. From
this point an other two loading cycled was performed.
For the stress-strain analysis and elastic modulus es-
timation the average unloading curve was calculated.

2.4. Data Evaluation
Fully automatic evaluation procedure was developed
using MATLAB (MathWorks Inc., USA). Primary

80



vol. 25/2019 Deformation Response of PDMS Substrates

Figure 2. Detail of the compressed pure Sylgard 184
sample under 60 % deformation in loading chamber

data acquired by control software with sampling fre-
quency 200 Hz was imported and force log from load
cell and position from encoder was post processed.
From the record the unloading phases were extracted
and averaged to one unloading force–displacement be-
haviour. For deformation behavior the stress σ in all
experimental analysis was considered as engineering
stress obtained using

σeng = F

Ac
, (1)

where Ac is cross-sectional area of the specimen
calculated from minimal sample diameter measured
before deformation. For the purpose of stress calcu-
lations, samples were considered ideally cylindrical,
neglecting all geometrical irregularities. Engineering
strain εeng was calculated by formula

εeng = u

h0
, (2)

where u represents displacement measured by en-
coder and h0 is height of the sample before the me-
chanical loading.
Magnitude of the Young’s modulus at level of 0 %,

10 %, and 30 % strain labeled E0.0, E0.1 and E0.3 in
stress-strain diagrams (see Figs. 3–8) was estimated
linear regression from 600 stress–strain values. The
linear fit provide less than 0.5 % error. Finally the
GNUplot (command-line open source program for two-
and three-dimensional data and function graphical
visualization) code was generated and executed.

3. Results
Material properties and deformation behaviour of
twelve different PDMS mixtures were derived from set
of uniaxial loading tests. Each type of material was

tested with the batch of the three samples. Stress–
strain diagram of selected six clinically relevant mix-
tures together with Young’s modulus are depicted
and listed in Figs. 3–8. Light red stripe represents an
envelope of measured data from whole batch. Dark
red curve represents mean values.
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Figure 3. Deformation behaviour of 1 to 2 (Syl-
gard 184 to Sylgard 527) mixture
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Figure 4. Deformation behaviour of 1 to 3 (Syl-
gard 184 to Sylgard 527) mixture
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Figure 5. Deformation behaviour of 1 to 9 (Syl-
gard 184 to Sylgard 527) mixture
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Figure 6. Deformation behaviour of 1.0 to 1.0 (Syl-
gard 527A to Sylgard 527B) mixture
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Figure 7. Deformation behaviour of 1.2 to 1.0 (Syl-
gard 527A to Sylgard 527B) mixture
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Figure 8. Deformation behaviour of pure Sylgard 527

4. Conclusions
To find optimised biocompatible PDMS substrates for
cardiomyocytes developed for further mechanobiolog-
ical studies the bulk material with different ratio of
Sylgard 184, Sylgard 527A, and Sylgard 527B com-
ponents. Mechanical analysis of soft PDMS require
employment of custom designed precise loading device
measuring the forces and displacement in millinew-
tons and micrometers respectively. From uniaxial
mechanical test deformation behaviour and elastic
properties was derived. Reliability of the instrumen-
tation and measurement procedure for hyperelastic
materials with Young’s modulus from single kilopascal
corresponding to desired values for further organ-on-
a-chip systems application [7] was successfully tested .
For further analysis focused on dynamic testing sim-
ulating physiological processes new voice coil based
loading device will be developed for cyclic loading of
proposed materials with frequency up to 5 Hz.
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