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Abstract
Microfluidic channels moulded from the soft polymer poly(dimethylsiloxane) (PDMS) are widely used as a platform 
for mimicking biological environments, and can be used for the simulation of fluid filled structures such as blood and 
lung vessels. The control of pressure and flow rate within these structures is vital to mimic physiological conditions. The 
flexibility of PDMS leads to pressure-induced deformation under flow, leading to variable flow profiles along a device. 
Here, we investigate the change in Young’s modulus of microfluidic channels due to infiltration of mineral oil, a PDMS 
permeable fluid, and how this affects the resulting pressure profile using a novel pressure measurement method. We 
found a 53% decrease in Young’s modulus of PDMS due to mineral oil absorption over the course of 3 h accounted for 
lower internal pressure and larger channel deformation compared to fresh PDMS at a given flow rate. Confocal fluores-
cence microscopy used to image channel profiles before and after the introduction of mineral oil showed a change in 
pressure-induced deformation after infiltration of the oil. Atomic force microscopy (AFM) nanoindentation was used to 
measure Young’s modulus of PDMS before ( 2.80 ± 0.03 MPa) and after ( 1.32 ± 0.04 MPa) mineral oil absorption. Raman 
spectroscopy showed the infiltration of mineral oil into PDMS from channel walls and revealed the diffusion coefficient 
of mineral oil in PDMS.
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1 Introduction

Microfluidic devices fabricated from polymers like 
poly(dimethylsiloxane) (PDMS) are used in a large vari-
ety of studies due to their low cost, ease of fabrication, 
transparency and biocompatibility [1–3]. Due to the soft 

nature of the polymers used, channels can be deformed 
under flow as a result of internal pressure build-up within 
the system [4–8]. While this is of use for systems such as 
valve structures [3], in others the change in geometry and 
associated pressure drops may become problematic when 
scaling devices. For a rigid channel, the pressure drop is 
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proportional to the volumetric flow rate [9]. When con-
sidering a low flow rate or low pressure drop, then this 
proportionality holds. The constant of proportionality, 
the hydrodynamic resistance, is dependent on the geom-
etry of the channel as well as the working fluids viscos-
ity; therefore, a small channel or highly viscous liquid will 
increase the pressure drop. When such high pressures 
build-up, they lead to deformation in the channel walls 
[10], as illustrated in Fig. 1b.

As a valuable material to investigate biological sys-
tems, the deformation properties of PDMS can be tuned 
to match those found in vivo. This, combined with perme-
ability to oxygen and carbon dioxide, ease of surface fun-
tionalisation and low toxicity allows for the construction 
of many organ-on-a-chip-based systems [11–13]. Pres-
sure-induced deformation of compliant microchannels 
has been used to model lung function through repeated 
actuation of a cell-covered PDMS membrane to study par-
ticle transport under differing mechanical stresses [11] or, 
by observing stresses and inflammatory responses, small 

airway epithelial cells undergo when pressure drops are 
caused by liquid plugs rupturing in an airway channel [14]. 
Similar concepts have been used to model renal tubular 
spaces where the compliance of the channel was the key 
in optimising flow and shear rates for maximal cell cul-
ture [15]. The visualisation of blood flow within vessels in 
various states has been suggested as a viable method of 
studying diseased arteries. Vascular geometries have been 
formed with compliant PDMS channels and microvascular 
endothelial cells cultured under high-pressure conditions 
[16]. A clear understanding of the mechanical properties 
of the PDMS channels is required to obtain accurate meas-
ures or internal pressure and flow rates.

It is well known that Young’s modulus of PDMS is an 
important factor to determine the deformation of the elas-
tic polymer at a given pressure. Previous studies estimated 
Young’s modulus of PDMS by simulating at the channel 
walls, with values between 950 kPa [6] and 2.2 MPa [5]. 
Measurements of polymer/PDMS mechanical proper-
ties were shown in various studies [17–19] as a reliable 

Fig. 1  a Device used in this study comprised of 250 μ m wide by 
21 μm-deep channels. At 50  mm intervals, pressure measurement 
points are connected to a regulated air supply. A photograph of the 
device setup showing the fluid inlet and four pressure measure-
ment ports. b A schematic representation shows the influence of 
pressure on a soft polymer microchannel. An increase in pressure 
causes the cross-sectional area normal to flow to enlarge, lowering 
hydraulic resistance. As a function of distance from the flow inlet, 
pressure and, therefore, cross-sectional area reduce before return-
ing to the initial values of a channel under no pressure. c Confocal 

images of a channel containing fluorescein solution under a flow 
rate of 1800 μl/h. Individual images taken at z intervals of 0.5 μ m 
are combined to show a 2D projection of the channel profile 460 
mm and 110 mm from the outlet. Under no pressure, the channel 
height is 21 μ m and under pressure of an 1800 μl/h flow, maximum 
heights of 48.41 μ m and 35.27 μ m were found, respectively. d The 
interface between injected liquid and pressurised air supply. Flow 
was initiated and air pressure adjusted until the interface was sta-
ble. The pressure at each measurement point could then be read
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method of determining PDMS modulus. Song et al. used 
AFM nanoindentation to measure Young’s modulus of 
PDMS as a function of UV/Ozone treatment time showing 
an increase in modulus of over 100 times after 60 min of 
treatment. The use of AFM to measure Young’s modulus 
has been shown to correlate with measurements of bulk 
systems in hydrogel polymers as well as in biological sys-
tems [20, 21].

Models of PDMS channel deformations have been 
previously developed to show the contributions of the 
pliable walls compared to rigid structures [5]. In this 
work, they combined rigid channel theory with fluid-
structure interactions, stress–strain and strain–dis-
placement to create a model for channel deformation 
and pressure in a PDMS channel with one channel wall 
being glass (assumed rigid). During the derivation 
of this model, assumptions were made based on the 
fact that the thickness of the channel ceiling was in 
the region of 6 mm and is considered a semi-infinite 
medium. Hardy et al. showed that the ceiling thickness 
greatly influences the model, whereby reduction in the 
thickness to 1.5 mm of PDMS increased the value of a 
proportionality constant, � , which depends on channel 
geometry and mechanical properties of the channel [5]. 
This reduction in � led to an increase in channel deform-
ability. Refinements of the model were also investigated 
with thin deformable channel ceilings [4, 8], and Raj 
et al. demonstrated channel deformations and pres-
sure drops of channels with 100 and 50 μ m PDMS mem-
branes as channel ceilings and could relate Gervais’ fit-
ting parameter, � , with known membrane parameters. 
Christov et al. [4] further derived the model using thin 
membranes as channel ceilings and removed all free 
parameters. Cheung et al. [10] derived an expression for 
the deformation where the channel aspect ratio reaches 
unity as the Gervais model breaks down in this regime.

PDMS has also been shown to swell when exposed to 
certain fluids [22–24]. Lee et al. [23] tested a wide range 
of organic solvents and the swelling effect of the PDMS 
polymer network. This swelling was used to create 
PDMS-based solvent vapour sensors [24], investigating 
the swelling of channels under static flow conditions 
[22] through the Schlieren method where deformations 
in the PDMS act as a lens and distort a pattern below the 
channel. This work showed an increase in PDMS resist-
ance to pressure-induced deformation with respect to 
crosslinker concentration in PDMS and post-crosslink-
ing heat treatment. After this treatment, the effect of 
toluene on material properties was reduced and defor-
mation was less pronounced [25, 26].

In this paper, we report the change Young’s modulus 
of PDMS microchannels through absorption of mineral 
oil and these changes in local mechanical properties 

causing the internal pressure and the channel profile to 
differ from that of a liquid that is impermeable in PDMS. 
A novel pressure matching measurement method was 
used to obtain pressure measurements on chip. Raman 
spectroscopy was used to estimate a diffusion of oil in 
PDMS and thus understand the molecular transport in 
the polymer network. The Young’s modulus was deter-
mined through mechanical nanoindentation with 
atomic force microscopy (AFM).

2  Materials and methods

2.1  Device fabrication

PDMS channels 250 μ m in width, 21 μ m in height and of 
a total length of 470 mm were fabricated using stand-
ard lithography procedures. At 100-mm intervals, pres-
sure measurement points were added as shown in Fig. 1. 
3′′ silicon wafers (PI-KEM) were spin-coated with SU-8 
2025 (MicroChem) and exposed to UV light through 
direct laser writing (MicroWriter ML2, Durham Magneto 
Optics). The wafers were silanised with trimethylchlo-
rosilane vapour after manufacture to assist in PDMS 
removal after baking. PDMS pre-polymer and curing 
agent (Sylgard 184, Dow Corning) were mixed at a ratio 
of 10:1, poured onto the mould and degassed by desica-
tion. The PDMS was cured at 75 ◦ C for 30 min. The PDMS 
was removed from the mould, inlets punched with 1 
mm biopsy punches and sealed to number 1 thickness 
coverslips using 90 s of oxygen plasma exposure. The 
thickness of devices was confirmed with a surface pro-
filometer (Dektak XT, Bruker) measuring both the SU-8 
height and the PDMS channel depth.

Tubing was sealed into the device using NOA 81 opti-
cal adhesive (Norland Products) to withstand the high 
flow pressures, liquid delivery tubing was pushed into 
the inlet and outlet, and pressure measurement tubing 
was interfaced using cylindrical metal inserts. The metal 
inserts are of dimensions 330 μ m inner diameter and 
7.6 mm long. This results in a pressure drop across the 
insert of 0.013 kPa which is negligible compared to the 
pressures being measured. NOA was applied and cured 
under a 120-W, 365-nm UV lamp for 20 min. The inlet 
tubing was made intentionally short (100 mm length, 
0.38 mm inner diameter) so that the pressure drop along 
it was negligible compared to the microchannel.

2.2  On‑chip pressure measurement

Fluid was delivered to the chip using a Harvard PHD 
ULTRA syringe pump. The pressure measurement points 
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were connected to a pressurised air supply through reg-
ulators (March Bellofram Precision Regulator, type 10). 
When fluid flow was initialised, the pressure regulators 
were adjusted to counteract flow until the gas/liquid 
interface was in equilibrium with the channel. Figure 1 
shows a stable interface at a pressure measurement 
point. When all four regulators were stable, the pres-
sure value was read. During the process of equilibrat-
ing the pressure, it was important to ensure no bubbles 
were present as the pressure is affected by the number 
of bubbles within the channel [27]. This method was 
repeated over multiple flow rates to generate pressure 
drop profiles.

To measure the effect of oil on the channel, devices 
were injected with mineral oil (Sigma) at a flow rate of 40 
μl/h for 3 h prior to pressure measurements. These devices 
were then flushed of oil using air, and then, water was 
flowed to measure the pressure profiles using the same 
method as previously described. One device was used to 
measure a full range of flow rates before being replaced 
for repeat measurements.

2.3  Confocal channel imaging

To determine the deformation of the channels under flow, 
3D imaging was performed using a confocal microscope 
(Leica TCS SP8 confocal unit mounted on a DMi8 micro-
scope) with various flow rates. Fresh PDMS devices were 
injected with a 1 μ M fluorescein solution and imaged in 
six locations along the length of the chip. Z-stacks were 
taken to obtain the height profile at each location under 
40× magnification with a z step size of 0.5 μ m Z-stacks 
were analysed using Image-J to obtain channel profiles 
and heights. Oil-saturated devices were prepared in the 
same way as previously described in the pressure experi-
ments before being flushed with fluorescein solution and 
imaged. As with the pressure measurements, one device 
was used for one set of flow rate measurements.

2.4  PDMS modulus measurements

The modulus of PDMS films was measured using nanoin-
dentation of the film using a Bruker FastScan AFM [18, 
19]. A sharp nitride lever (SNL) probe of spring constant 
0.07 N/m was used. PDMS was probed at various locations 
( n = 20 ) on native PDMS and oil-saturated slabs to deter-
mine a change in Young’s modulus. Each indentation was 
performed at least 100 μ m away from any other to ensure 
independent measurements. Fitting was performed in 
Bruker’s NanoScope Analysis software to obtain Young’s 
modulus values from force–displacement curves using a 
Sneddon conical indenter model with indenter angle 25◦ 
and Poisson ratio 0.5 [28].

2.5  Raman spectroscopy of material absorption

For measurement of mineral oil diffusion into PDMS, 
devices were prepared on 60 × 24 mm coverslips of # 1 
thickness (130–160 μm). The Raman system used a 532 nm 
laser as an excitation source from an inVia Raman confo-
cal inverted microscope (Renishaw) with light collected 
using a Newton EMCCD sensor (DU970P, Andor, 1600 X 
200 px). A silicon sample was used to calibrate to the peak 
position of 520.5 cm −1 prior to each experiment. Raman 
spectra were taken of pure mineral oil, pure PDMS and an 
empty channel to identify characteristic peaks as shown 
in figure S1. A scan line of length 1 mm was positioned so 
that it began in the empty channel and ended within the 
bulk PDMS. Along this line, spectra were taken every 20 μ m 
with an acquisition time of 1 s. After this scan, the injection 
of mineral oil was started and spectra were taken along 
the scan line every 5 min for 90 min.

3  Results and discussion

The pressure measured along the microchannel before 
oil infiltration into PDMS, at 4 points as a function of fluid 
flow rate, Q, of water and the resulting channel deforma-
tion is shown in Fig. 2. The pressure increases as a function 
of channel position from the outlet and is not linear, as 
might be expected for non-compliant microchannels of 
the same rectangular geometry [5]. The internal pressure 
of the microchannels increased as a function of flow rate 
with maximum pressures measured, at the point closest 
to the inlet of 149 ± 8 kPa and 278 ± 9 kPa for flow rates of 
600 μl/h and 1800 μl/h, respectively. Above 1800 μl/h, the 
pressure inside the channel causes NOA 81 to fail and leak. 
To calculate theoretical channel pressure values, the model 
derived by Gervais et al. was used and is given in Eq. 1. 
The theoretical pressures were calculated using MATLAB 
to solve the equation for p(z) (Eq. 2) at each flow rate using 
Young’s modulus values measured by AFM nanoindenta-
tion. Measurement of Young’s modulus, E, on fresh PDMS 
with no modification yielded a value of 2.80 ± 0.03 MPa, 
which is quite similar to modulus reported by Song et al. 
[18]. Fitting the data to the theoretical values showed that 
for this system, the proportionality constant � = 0.7 which 
is in line with Gervais’ predictions that � be of order 1.

Solved for p(z):

(1)Q =

h4
0
E

48��(L − z)

[

(

1 + �
p(z)W

Eh
0

)4

+ 1

]
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where Q = fluid flow rate, h
0
 = channel initial height, E = 

Young’s modulus, � = fitting parameter, � = fluid viscosity, 
L = channel length, z = channel position, p(z) = channel 
internal pressure and W = channel width.

Deformation of the channels was investigated using a 
confocal microscope by flowing a fluorescein solution in 
the channel and the resulting height profiles in Fig. 2 show 
an increase in channel height as the flow rate increases as 
expected. Close to the outlet and near the inlet, shown in 
Fig. 1, defines the scale of deformation within the channel. 
Ceiling deformation at positions 460 mm and 110 mm from 
the outlet is 21 and 9 μ m, respectively, a 43–100% increase. 
The z-stacks were analysed using ImageJ to obtain the 

(2)
p(z) = −

Eh − 2

√

6E3
√

h4
0

576E2
+

L�Q�

12E3
−

�Q�z

12E3

W�

profile and height of the channel. As shown in Fig. 2, there 
is a deformation of the side-channel walls but is negligible 
compared to the ceiling deformation in agreement with Ger-
vais et al. [5]. Values for the predicted height change were 
obtained by substituting previously calculated pressure val-
ues into Eq. 3 where h(z) is the deformed channel height.

The pressure was measured for a channel that had pre-
viously had mineral oil flowing through at a rate of 40 μ
l/h for 3 h to test if the absorption of oil into the PDMS 
was changing the response of the polymer to the applied 
pressure. Measurements showed a decrease in the internal 
channel pressure when compared to a channel of fresh 
PDMS. The resulting pressure profiles in Fig. 2 show that at 

(3)h(z) = h
0

(

1 + �
p(z)W

Eh
0

)

Fig. 2  Pressure drop as a function of distance from the outlet along 
a PDMS microchannel before (a) and after (b) 3 h soaking with 
mineral oil measured with pressure matching measurement ports. 
Coloured lines show calculated theoretical values using Eq. 1 with 
E = (2.80 ± 0.03) MPa in (a) and ( 1.32 ± 0.04 ) MPa in (b) where 
black, red, green and blue are equal to 600, 1000, 1400 and 1800 

μl/h, respectively. Deformation of channel height as a function of 
distance from the outlet along the microchannel c before soaking 
and d after, measured using confocal microscopy with solid lines of 
theoretical values from Eq.  3 using Young’s modulus values previ-
ously described
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the same flow rates, the pressure was reduced indicating 
an increase in channel cross section. The data in Fig. 2 were 
compared to theoretical pressure values calculated using 
Young’s modulus of oil-absorbed PDMS measured through 
AFM nanoindentation. The nanoindentation showed that 
after exposure to mineral oil and its subsequent absorp-
tion, the Young’s modulus changed to E = (1.32 ± 0.04) 
MPa, a reduction of 53%. Using this reduced modulus, the 
theoretical values agree with the measured values while 
also maintaining proportionality constant � = 0.7.

Raman spectroscopy was used to show the depth of 
penetration of mineral oil into PDMS when flowed through 
a microchannel. The spectra of pure mineral oil and PDMS 
were taken and are shown in figure S1. The PDMS peak at 
709 cm−1 was used for normalisation of all spectra, and the 
mineral oil peak at 2849 cm−1 was integrated and plotted 
against time and distance in figure S3. The white dashed 
line in the figure shows the edge of the channel, and it can 
be seen that the mineral oil is diffusing into the PDMS over 
time. The data were fitted to calculate the diffusion coef-
ficient, D, of mineral oil into the PDMS. This was modelled 
as a one-dimensional diffusion with a constant reservoir 
of material available. The Raman intensity as a function of 
distance at various times is shown in Fig. 3. The intensi-
ties of Raman signal increased as time progresses, and the 
solid lines shown are fitting of a one-dimensional diffu-
sion. From these diffusion profiles, a diffusion coefficient 
D = (4.7 ± 0.4) × 10−12 m2 s−1 was obtained. This result is 
comparable to diffusion coefficients obtained for similar 
solvents measured by Dangala et al. through bulk swelling 
experiments [22].

4  Conclusions

The Young’s modulus of the walls of a PDMS microchannel 
is the key in determining the pressure drop profile and 
deformation of the channel under flow. The diffusion of oil 
into the walls of a channel vastly decreases the modulus 
causing increased deformation under the same pressure. 
The diffusion of mineral oil into the PDMS polymer matrix 
over a period of 3 h was shown to reduce Young’s modulus 
by 53% when measured through AFM nanoindentation. 
This significant change in fluid flow profile in the channel 
over time could interfere with pressure sensitive experi-
ments, for example the growth of cells in a biological mim-
icked system. As cells can grow on the scale of days, the 
presence of a PDMS soluble fluid will greatly interfere with 
the initial flow profiles.

Raman spectroscopy showed the permeation of min-
eral oil into PDMS when flowed through a microchannel 
and indicated that the oil was absorbed sufficiently far 
into the polymer matrix to change the effective Young’s 
modulus. The diffusion coefficient of mineral oil into PDMS 
was obtained using a one-dimensional Fickian diffusion 
model and agrees with previous studies of hydrocarbon 
oil absorption in to PDMS polymer [22].

A method for measuring pressures in the microchan-
nels on-chip was developed using a regulated air supply 
to balance internal pressure exhibited by fluid flows. The 
4-point measurement along the channel with measure-
ments of Young’s modulus of PDMS shows that this tech-
nique provides an accurate measurement of pressure that 
agrees with current models derived for internal pressures 
of thick-walled PDMS microchannels. The channel profile 
was measured through devices where the channel walls 
had been soaked with mineral oil showing an increase in 
the wall deformity compared to a fresh device under the 
same flow conditions leading to lower internal pressures. 
Confocal microscopy of the channels showed the increase 
in channel cross-sectional area leading to the reduced 
pressures that were measured.

Although previous studies showed methods to improve 
resistance against pressure-induced deformation and 
swelling [25, 26], the change in material properties due to 
the solvent absorption is an important factor to be con-
sidered when designing applications with PDMS devices. 
This work shows that the introduction of fluids during 
experimentation can modify the local PDMS properties 
and change the pressure distribution along a channel. This 
may be a benefit as devices become larger and more com-
plex where high back pressures could become destructive, 
especially for soft polymer devices. The increasing research 
into biological systems using microfluidic devices requires 
careful considerations of material choices when designing 

Fig. 3  Raman intensity versus distance away from the microfluidic 
channel shows the infiltration of mineral oil into PDMS. As a func-
tion of time, the Raman signal increases indicating permeation of 
oil into the bulk polymer. The solid lines show theoretical values 
calculated through a one-dimensional Fickian diffusion model



Vol.:(0123456789)

SN Applied Sciences          (2020) 2:1501  | https://doi.org/10.1007/s42452-020-03288-8 Research Article

vessels where fluid structure interactions are being 
observed. The time-dependent change in local material 
properties can skew observations, and maintaining con-
stant parameters is essential for realistic in vitro studies.

Datasets for this paper are publically available in 
the University of Leeds Data Repository (https ://doi.
org/10.5518/737)
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