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Abstract: Thin polydimethylsiloxane (PDMS) membranes have been employed as an optical reflectance-based 
pressure sensor. A unique PDMS membrane transfer method has been utilized using a polystyrene coated silicon 
wafer which allows for multiple uses and ease of scalable manufacturing of the device structures. The device is 
produced using the transfer method and common PDMS preparation and bonding techniques onto a glass 
substrate. Light intensity reflected off the membrane is recorded as pressure in the sensing environment changes, 
and a measurable reflectance intensity change is detected with a photodiode. Device testing in both dry and humid 
environments has shown a sensitivity of 0.6 millivolts per Torr, an 8.6 mTorr limit of detection and a  
33 millisecond response time. 
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1. Introduction 
 

Polydimethylsiloxane (PDMS) is a commonly and 
widely used polymer due to several advantages over 
other materials, including but not limited to high 
flexibility, cost effectiveness, biological and 
environmental compatibility (non-toxicity), chemical 
and mechanical robustness, hydrophobicity and ease 
of fabrication. These characteristics have allowed for 
the widespread use of PDMS in a broad range of 
scientific fields including microfluidics [1], soft 
lithography [2], sensor technology [3], protective 
coatings [4] and analytical chemistry [5]. 

Within the sensor technology field there has been 
increased usage of PDMS as the active component of 
devices, often replacing stiffer materials in order to 
take advantage of its flexibility. Piezoresistive sensors 
as an example measure a change in resistance of a 
deformable membrane given a pressure differential  

[6, 7]. PDMS has been used in this context as the 
diaphragm material resulting in highly sensitive 
devices [8–13], with limits of detection as low as  
4.5 mTorr [12]. These types of devices require 
electronic components in order to operate, increasing 
the complexity required for packaging and integration. 
The intrusion of these components into the sensing 
environment can also cause issues by introducing 
contamination and leakage, which are detrimental in 
many fields. 

For applications where electrical circuitry is 
unwanted, optical sensing provides a reliable 
alternative with different sensors and methods 
available. Devices using extrinsic Fabry-Perot 
interferometry are frequently reported [14–20], using 
a diaphragm attached at the end of an optical fiber. 
Measurable shifts in the reflectivity spectrum of the 
interferometer occur as deflection of the diaphragm 
arises due to pressure changes. Zhao et al. [20] took 
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advantage of the flexible nature of PDMS by building 
their devices with a polymeric membrane, reaching 
high sensitivities in the µTorr range. Improvement of 
this technology will clearly have broad applications; 
however, interferometers require precise optical 
alignment and complex integration schemes. 

Pressure sensors which monitor the deformation of 
elastomer membranes for pressure sensing have been 
reported in the modern literature and a subset are 
discussed in the context of the present work [20–24]. 
This type of approach has been modeled in the 
literature for diaphragm based pressure sensors [25] as 
well as PDMS membranes [26]. Orth et al. [21] 
assembled 2D arrays of elastomer membranes 
enabling sensing of pressure fields in microfluidic 
devices, with sensitivity in the Torr range. Tsai & 
Kaneko [23] reported a pressure sensor based on 
PDMS deformation, which induced a change in color 
intensity of a colored fluid within a sensing chamber 
and focused on pressure sensing in the kilotorr range, 
with pressure waves of up to 16 Hz being detected. 
Chaudhury et al. [24] demonstrated a pressure sensor 
based on a PDMS membrane. Their device operated 
by pressurizing an internal sealed cavity causing a 
deflection in the membrane. The reflected light was 
collected with a CCD detector and the data was 
processed with a MATLAB image contrast algorithm 
in order to extract the pressure. The achieved 
resolution of 375 mTorr is not as remarkable as other 
sensors, but the ease of fabrication is desirable in order 
to scale production to real world applications. Given 
this body of work it is clear that ease of fabrication of 
PDMS membrane devices with enhanced sensing 
properties remains an active field of study within 
pressure sensor technology.  

In the present work an optical PDMS-based 
pressure sensor with millitorr resolution was 
fabricated via scalable processing schemes. A 
previously developed methodology for rapid PDMS 
membrane fabrication was adopted [27], allowing 
reliable and reproducible sensor fabrication.. The 
devices performed well in both dry and humid 
environments reaching a lower limit of detection of 8.6 
mTorr, enabling broad applications such as live 
monitoring of catalytic reactions [13] as well as 
pressure monitoring of drug delivery systems for 
glaucoma research [28, 29].  

 
 

2. Experimental Methods 
 
A critical aspect with regards to the sensor design 

and fabrication is the repeatable fabrication schemes 
that have been utilized for the reliable transfer of 
PDMS membranes. For the current work a polystyrene 
coated wafer has been adopted to serve as the 
membrane transfer substrate [27] and is described as 
follows. This approach was chosen based on literature 
of PDMS membranes produced on a polystyrene petri 
dish [30]. For thin PDMS membranes in the micron 
range, the non-uniformity of petri dish creates uneven 

films, so the choice of a uniform transfer substrate is 
highly desirable.  

In order to circumvent the problems associated 
with the polystyrene petri dish, polystyrene pellets 
were dissolved in anhydrous toluene 99.8 % (Sigma 
Aldrich) resulting in a 2 % solution by weight. The 
solution was heated to 60 °C for 2 hours with 
continuous mixing in order to ensure full dissolution 
of the polymer. Silicon wafers were cleaned with 
piranha solution (3:1 H2SO4:H2O2) for 10 minutes, 
rinsed with DI water, dried with a nitrogen gun and 
were then used as the substrate. The wafers were 
placed on the spin coater and DI water was poured 
onto the surface until fully covered. They were then 
spun at 3000 RPM for 1 minute with a 3 second ramp 
up step. This step was employed in order to remove 
particles from the surface and dry the wafer. Once the 
first spin process ended, the polystyrene-toluene 
solution was immediately poured onto the Si wafer 
through a 0.22 µm pore size syringe filter fully 
covering the surface and spun using the same 
parameters. After spin coating was completed, the 
wafers were placed in a conventional oven at 60 °C 
overnight to ensure complete evaporation of the 
solvent, resulting in a thin uniform polystyrene layer 
over the entire surface of the wafer. This wafer serves 
as the membrane transfer substrate. 

Polydimethylsiloxane (PDMS) used in the 
fabrication of the sensors is commercially available as 
Sylgard 184 silicone elastomer kit (Dow Corning 
Corporation). A base-curing agent (10:1 weight ratio) 
was mixed in a glass petri-dish, stirred with a spatula 
for 3-5 minutes and degassed with a roughing vacuum 
for 5-10 minutes until all bubbles disappeared. The 
sensors were produced from two components which 
were fabricated separately. For the first component 
(PDMS base) a glass slide cleaved into a square  
(2.5 by 2.5 cm) was used as the substrate. The 
substrate was cleaned using a conventional solvent 
rinse method including an acetone and an ethanol step. 
The substrate was thoroughly dried with a pressurized 
air gun and PDMS was poured over the entire surface. 
A second glass slide cleaned with the same method 
was lowered onto the PDMS, raised above the squared 
glass substrate by 1 mm. This flattens the PDMS 
creating a uniform film of 1 mm in thickness. The 
second component (PDMS membrane) was fabricated 
using the polystyrene coated wafer as the substrate. 
The wafer was placed on the spin coater and cleaned 
with DI water as previously described. PDMS was 
poured over the wafer covering most of the surface and 
spun at 1000 RPM for 1 minute with 10 seconds of 
ramp up time. For both base and membrane 
components, the PDMS was fully cured overnight in a 
conventional oven at 60°C. A profilometer was used 
to record the PDMS membrane thickness of 70 μm, 
which agreed with the estimated value for the spin 
coating parameters listed above. 

To create the sensors, a circular cavity was 
stamped out of the center of the PDMS base and 
removed. Both membrane and base were 
simultaneously treated with O2 plasma at 



Sensors & Transducers, Vol. 239, Issue 12, December 2019, pp. 34-40 

 36 

approximately 30 Watts and 200 mTorr operating 
pressure for 30 seconds. After venting the process 
chamber, the base was bonded onto the membrane 
wafer by bringing the two surfaces into contact. The 
bonded device was lifted off the wafer and excess 
membrane was removed. The polystyrene coated 
wafer serving as the transfer substrate for the PDMS 
membrane was able to be used repeatedly for multiple 
membrane samples. 

Sensing was conducted in a system schematically 
depicted in Fig. 1. Fig. 1a and b show a side view of 
the assembled setup and an extruded view of the 
components respectively. An Ocean Optics lab-grade 
reflection probe was used to direct light onto the 
sample and to collect the reflected light, seen in  
Fig. 1b (1). The source light is transported via six 
individual fibers surrounding a seventh fiber which 
collects the reflected light. Each of these fibers is  
400 µm in diameter, and the probe has an acceptance 
angle of 24.8° in air. The sensor depicted in Fig. 1b (3) 
was placed inside of the chamber Fig. 1b (4) and a 
removable glass window Fig. 1b (2) was used to seal 
the chamber. Light was transmitted through the glass 
window onto the device. Gas flow was controlled with 
an Environics Series 4000 gas mixing system, and the 
gas outlet was directed towards a two valve setup  
(Fig. 1c): a needle valve and an electronic solenoid 
valve. When the solenoid valve was open, the chamber 
pressure was held at atmospheric pressure. When the 
solenoid was closed, the gas flow was restricted 
through the needle valve causing the system pressure 
to increase to a predefined setpoint. Multiple pressure 
setpoints were controlled by increasing the gas flow 
rate, which in turn increased the chamber pressure 
when the solenoid was closed but had negligible 
effects when it was open. An MKS 910 DualTrans 
transducer was used to independently record the 
system pressure during the experiments. 

 
 

 
 

Fig. 1. Schematic of the pressure sensing bench:  
(a) Assembled side view; (b) Extruded side view where 1  
is the optical fiber, 2 is the glass window, 3 is the sensor 

and 4 is the sensing chamber, and (c) Top view. 
 
Sensing experiments were conducted while 

recording the reflected light intensity from the PDMS 

membrane. System pressures were varied between 
atmospheric to pressure setpoints of 0.5, 1, 1.5, 2, 2.5, 
3, 4 and 5 Torr (above atmospheric). An Ocean Optics 
LS-1 white light source was used in the experiments 
and the reflected light was collected via the reflection 
probe and directed through a convergence lens onto a 
Melles Griot photodiode. The voltage generated by the 
photodiode was measured with an Agilent 34970A 
data acquisition unit.  Custom Python scripts using the 
open source RPi.GPIO library were developed to 
control data collection and solenoid operation 
simultaneously via TTL signal communication 
through the Raspberry Pi GPIO interface. 

 
 

3. Results & Discussion 
 
The PDMS membrane in the sensor behaves as a 

parabolic mirror, which is the known shape thin 
membranes adopt under uniform load [31]. This 
deformation is a known phenomenon: it has been 
modeled for pressure sensor applications [25]; and for 
PDMS membranes in particular [26]. The intensity of 
light reflected off a curved membrane is characteristic 
of the unique deformation for a given pressure 
differential. In Fig. 2, a schematic of the convergence 
of reflected rays is presented. This was simulated in 
Python by calculating the angle between the incident 
rays and the membrane. The equation used to model 
thin curved membranes given a pressure differential 
has been previously reported in literature [31].  

 
 

 
 

Fig. 2. Membrane deformation and ray tracing schematic of 
PDMS membrane under (a) atmospheric pressure P1 and 

(b) P2 > P1. 
 
 
From classical optics, the angle of the reflected 

rays with the normal equals that of the incident rays. 
With the system initially at atmospheric pressure  
(Fig. 2a) the membrane is expected to be nearly flat, 
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causing the reflected rays to diverge and the collected 
intensity to be less than the source intensity. When 
pressure in the surrounding environment is increased 
above atmospheric, the pressure differential between 
the sealed device cavity and the surroundings induces 
a deformation in the PDMS membrane shown 
schematically in Fig. 2b. This deformation causes the 
reflected rays to converge closer to the membrane with 
increasing pressure differential, which in turn 
generates the increase in reflected intensity. This 
behavior is expected for small membrane 
deformations only (low pressures). For larger 
deformations (high pressures) where the focal distance 
of the mirror is shorter than the probe distance, rays 
will diverge past the focal point and collected intensity 
would subsequently decrease with increasing 
deformation. 

Fig. 3a shows the sensing trace of a pressure 
sensing experiment. Five 5-seconds on/off pressure 
cycles were conducted successively for each pressure 
set point (0.5, 1, 1.5, 2, 2.5, 3, 4 and 5 Torr) in a dry 
nitrogen environment. The baseline between cycles 
was collected at atmospheric pressure. The signal 
change of each cycle is well defined above the noise, 
even for the lowest pressure of 0.5 Torr. This 
discernible trend implies sub-Torr pressure resolution 
for the devices. To confirm this, a calibration curve 
shown in Fig. 3b was created by averaging 30 data 
points within each cycle and subtracting the averaged 
signal between pressure on and off. The five separate 
signal changes for each pressure setpoint were then 
averaged to yield the calibration points, with a final 
propagated error on the order of ±2 microvolts for each 
pressure (not visible on graphs). Based on the mean 
value and the estimated error, the signal to noise ratio 
was calculated to be 48 dB. From the linear calibration 
curve, the sensor sensitivity is equal to 0.41 millivolts 
per Torr, and the theoretical lower limit of detection 
(LOD) [32] is equal to 8.6 mTorr, calculated as three 
times the standard deviation of the measurements 
divided by the slope of the calibration curve. The 
linearity of the response is in agreement with literature 
[26] which showed a linear behavior for small PDMS 
membrane deformations.  

The sensor response loses its linearity for pressures 
above 5 Torr. Initially, larger signal changes are 
noticed for fixed ΔP increases. At approximately  
15 Torr the signal change reaches a maximum and 
begins to drop from there onwards with increasing 
pressure. This feature happens when the focal point of 
the curved membrane drops below the fiber probe 
distance, and reflected rays diverge instead of 
converging towards the collection probe. Fig. 4 shows 
one cycle of pressure change from atmospheric to  
25 Torr. When the system pressurizes, signal increases 
and then decrease as the membrane sweeps through its 
pressure dependent deformations. When pressure is 
released, the opposite is noticed. It takes longer for the 
system to pressurize than to depressurize, which is the 
pressurization trend is more defined in this figure. This 
is discussed in more detail later. 

Due to potential applications in biological and 
humid environments, the pressure test was also 
conducted in a high humidity nitrogen stream to 
ensure the device operation and sensitivity. The 
nitrogen flow was directed through a water reservoir 
in order to acquire water vapor content, and the test 
was conducted as described previously. Since the 
nitrogen flow was fully directed through the reservoir, 
nearly 100 % relative humidity was achieved. The 
system was allowed to stabilize overnight in humid 
nitrogen prior to testing. Fig. 5 shows the sensing trace 
and calibration curve for the same pressure setpoints 
as in the dry nitrogen experiment. Table 1 lists the 
averaged signal change between the five repeats for 
each set point. 

 
 

 
 

Fig. 3. (a) Sensing trace of a pressure sensing experiment 
in dry nitrogen with pressure set points of 0.5, 1, 1.5, 2, 2.5, 
3, 4 and 5 Torr; (b) Calibration curve of the averaged signal 

change for each pressure set point. 
 
 

 
 

Fig. 4. Single repeat of pressure sensing at 25 Torr 
above atmospheric pressure. 
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Fig. 5. (a) Sensing trace of a pressure sensing experiment 
in humidified nitrogen with pressure set points of 0.5, 1, 
1.5, 2, 2.5, 3, 4 and 5 Torr; (b) Calibration curve of the 

averaged signal change for each pressure set point. 
 
 
The sensor response in humid nitrogen is similar to 

the response in dry nitrogen, with a slight increase in 
sensitivity from 0.41 to 0.61 millivolts per Torr and 
propagated error on the order of ±2.8 microvolts. At 
elevated humidity levels, PDMS has been shown to 
aggregate water into the material [33], which leads to 
the decrease in the elastic modulus in polymers [34], 
[35] and thus the increase in sensitivity is consistent. 
In this experiment, signal to noise was estimated at  
46 dB and the limit of detection was calculated to be 
8.9 mTorr, which are nearly identical to that of the dry 
nitrogen experiment.  It is important to note that the 
increase in signal for the humidified nitrogen test is 
reproducible, and the sample signal decreases again 
when tested in dry nitrogen. 

 
 

Table 1. Averaged signal change for pressure sensing 
experiments in dry and humid nitrogen gas. 

 
ΔP 

(Torr) 
Dry N2    (mV) 

N2 + H2O 
(mV) 

0.5 0.21 0.31 
1.0 0.41 0.61 
1.5 0.65 0.97 
2.0 0.91 1.34 
2.5 1.27 1.86 
3.0 1.51 2.16 
4.0 2.47 3.47 
5.0 3.21 4.50 

 

It is difficult to determine the response time of the 
sensor given limitations with the current instruments; 
however, a response time discussion is warranted 
given its importance in typical applications. When the 
present system is pressurized by closing the electronic 
solenoid, the stored potential on the valve’s coil is 
dissipated through a flyback diode. This means the 
system does not instantly reach the desired pressure 
setpoint. Additionally, given the low gas flow rates 
used for these setpoints (between 45 to 185 SCCM), a 
certain amount of time is required for the desired 
pressures to build up within the system. This is 
noticeable in the slow signal rise when the system is 
pressurized (Fig. 6a). On the other hand, when 
depressurizing the system, the electric potential is 
applied instantly to the solenoid and the pressure is 
released immediately (Fig. 6b). The first data point 
recorded in the present experiments is 33 milliseconds 
after the valve actuated and shows in all cases that the 
signal returned to the baseline, implying the response 
time was less than that of the data collection interval. 

 
 

 
 

Fig. 6. (a) Signal rise during chamber pressurization;  
(b) Signal drop when system is brought to atmospheric 

pressure. 
 
 
Another indication of the sensor’s fast response 

was noticed while performing the humidity 
experiments. If the water level in the reservoir was 
filled too high, the nitrogen was forced to bubble 
through the water. When the bubbles burst on the 
reservoir’s outlet, noise spikes were seen in the data. 
This effect is depicted in Fig. 7 where (a) shows five 
repeats for the 1 Torr pressure cycle and (b) shows a 
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closeup of the third repeat. The noise seen in the data 
was due to system pressure fluctuations caused by the 
bursting of N2 bubbles. The periodicity of the noise 
increased with higher pressures, since larger gas flows 
were used to control these setpoints. The gas flow was 
directly related to the bubble bursting frequency. 

 
 

 
 
Fig. 7. (a) Five repeats of the 1 Torr cycle within a pressure 
sensing experiment; (b) Close up of the third repeat within 
the 1 Torr cycle. High noise is noticed in the data, attributed 
to the bursting of nitrogen bubbles within the system. 

 
 
These results are encouraging for several reasons. 

The sensitivity achieved by our sensor is comparable 
with electronic devices [9] and although there are 
devices with higher sensitivity [12], the limit of 
detection observed in the present study is comparable. 
Furthermore, optical reflection based sensors from 
previously published membrane studies have not been 
able to achieve such sensitivities [14]–[19]. Our 
device is sealed inside of the sensing chamber and 
light generation and collection is non-invasive, 
realized completely from the outside. This eliminates 
the need of electrical wiring, elaborate light sources 
and fiber probe insertion into the sensing environment, 
which in turn eliminates contamination and potential 
leaks.  

Possible applications of a pressure sensor with 
these attributes include real time monitoring of 
catalytic reactions [13] as well as glaucoma research, 
where changes in the internal pressure of a testing 
system relates to the treatment’s efficacy [28], [29]. 
Furthermore, there is large room for improvement of 
this PDMS sensor considering this is a first-generation 
device. Future work will focus on improving 
sensitivity as well as measuring and fine-tuning 
response time limiting hardware and software. 

Optimization of membrane size and thickness will be 
explored, and the addition of 3D structures onto the 
membrane in order to measure wavelength 
dependency of the reflected light. 

 
 

4. Conclusion 
 
In this manuscript we proposed a new method for 

pressure sensing with sub-Torr sensitivity. We 
described the device production techniques which 
involve conventional PDMS preparation and bonding, 
with a unique reusable polystyrene coated wafer for 
PDMS membrane transfer. The PDMS membrane 
devices were tested in a sensing chamber with pressure 
setpoint control in order to generate a sensing trace. 
Calibration curves were constructed from the sensing 
data and a linear trend was discerned. Further data 
analyses revealed the sensor sensitivity of 0.41 and 
0.61 millivolts per Torr and limit of detection of  
8.6 and 8.9 mTorr for tests in dry and humidified 
nitrogen respectively. 
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