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Abstract
Technology is at an age where one the major goals in industry is to seamlessly integrate electronic
components into situations that have been thought previously impossible. Efforts have been made
to create a pressure sensitive skin for robots, create medical sensors that replace invasive
components with simple patches, and even put sensors into commonplace clothing items. With the
increase in demand that society is placing on sensors, there is more of a need for pressure sensors
that are completely flexible and aren’t held to the rigid restrictions of classical sensors. The goal
of this thesis is to approach the problem of creating a flexible pressure sensor by using a simple
capacitor designed to change its properties when pressure is applied. Through an iterative design
approach, a completely flexible, stretchable pressure sensor made from silver-films and a PDMS
dielectric layer has been created. The following paper walks through the fabrication process
developed in the lab’s efforts and presents a capacitive sensor with an average capacitance of .170
pF/mm^2 that shows a 4.32% increase in capacitance under a 25 g load.
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Introduction
1.1 Problem Statement
Historically, electronic components, circuits and sensors have been rigid, limiting their
application in flexible devices. However, as there has been an increase in need for non-rigid
electrical devices for medical, robotic, and other applications. As a result, there has been
increasingly more research directed towards converting previously rigid electronic components to
a flexible design. One such area of focus has been creating flexible pressure/ tactile sensors. One
of the most interesting applications to developing this technology is in robotic applications for use
as a skin-like sensory layer for sophisticated systems. The need for sensors that can handle some
degree of distortion and maintain functionality is important for use in these systems because it will
be useful to adhere a pressure sensor array to a non-flat surface or over moving parts without loss
of functionality. There is a wider array of applications that this technology would be useful for,
such as medical uses and control applications, as well as many uses that have not been considered
at this time.

A review of current literature shows that there has been research done by different groups
who have went about developing this technology in many different ways. Some solution methods
include but are not limited to capacitor, transistor, and piezoelectric sensors. Each of these
individual solutions explore a different possibility in design, each using a unique combination of
materials and approaches to solve the same problem. Despite research being done in this field,
there was no research uncovered that attempted to create a sensor using thin silver film capacitors.
Therefore, research into this solution method is valuable because successful results could
theoretically result in an alternative solution than what other labs have published results on.
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1.2 Objective
The main objective of this research is to design and fabricate a successful pressure sensor
using a flexible, stretchable, silver film design. This is the lab’s first attempt in creating this sensor,
so the purpose is mainly exploratory to determine the practicality and range of use of this design.
The major criteria for success in this design is the achievable capacitance per unit surface area and
percent change in capacitance to pressure input. Most design decisions made during this process
have been made to maximize these criteria. The reasoning for this is that these capacitances are
typically very small, and the mechanism for detecting pressure is measuring the differences in
capacitance when pressure is applied to the sensor. If the change in capacitance is too small, the
difference in capacitance may not be reliably detected. If the capacitance per unit area is too small,
the design would have to be made with too large of an area to be practical. After achieving a
suitable capacitance per unit area and sensitivity to pressure, the objective is to maximize
flexibility range and determine from there what potential this has for future design purposes.
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Literature Review
2.1 Literature Introduction
In general, the current research climate for these flexible pressure sensors falls into a few
main categories based on method of approach. These are primarily capacitor based sensors,
piezoelectric sensors, and transistor based designs. Each of these methods have their own benefits
and weaknesses and there is no clear dominant method of approach. This research falls into the
capacitor based design category, however when considering this field of technology one must have
a general understanding of the practicality of all methods of design. The following sections will
discuss comparable designs in each of these cases in order to put the design discussed in this paper
into a frame of reference related to recent published papers. The designs proposed in this paper
can be valuable because they hypothetically have a higher ease of fabrication and show functional
results without using highly specialized equipment or materials.
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2.2 Capacitor Designs
There are a handful of papers that discuss the use of parallel plate capacitors to create
flexible pressure sensors. The dominant designs tend to use nanowire/nanotube composite layers
with a PDMS dielectric layer to create a capacitor or array of capacitors that are used as pressure
sensors. The way that capacitor pressure sensors work is by using the compressibility of the PDMS
layer to allow for the distance between the parallel plates to change, therefore changing the
capacitance based on the relationship

𝜀0 𝜀𝑟 𝐴

𝑑

= 𝐶. When the dielectric layer is compressed, the

capacitance increases measurably, and from this increase the pressure can be detected.

A 2011 paper using a carbon nanotube design based out of Dr. Zhenan Bao’s lab1 shows
some of the most promising results. This design is a similar design to what is proposed in this
project, and it serves as a decent representation of the kind of results that the nanotube/wire can
present. Their design achieves a capacitance of about 3.325 pF/mm^2 and has shown great promise
as an effective method. Their design can also double as a strain sensor based on the change of
resistance in the nanotube layer with distortion. It is unlikely that the silver film capacitor will
achieve a higher capacitance per unit surface area due to the super-capacitive qualities of carbon
nanotubes. However, it may serve as a solution when using carbon nanotube composite layers are
not viable.
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2.3 Piezoelectric sensors
Piezoelectric materials are used in flexible pressure sensors due to their natural electrical
response to mechanical deformation. The major benefit of using these materials in flexible, skinlike pressure sensors is that piezoelectric materials do not require external power sources to
generate an electric charge. There is a great benefit to having a design that does not require
powered sensors, as incorporating a power source into design is not required. However, these
benefits are limited by the fact that the integrated circuit that interprets the signals from the
piezoelectric sensors will still require power.2, 3

2.4 Use of Transistors
Many designs at the forefront of this field incorporate the compressible capacitor dielectric/
piezoelectric materials into the gate dielectric of a transistor. When the gate dielectric material is
deformed the electric properties of the transistor measurably change and can be interpreted by a
circuit. Measuring capacitor values in real-time can be technically challenging because there is no
way to directly measure a capacitance value, as capacitance values are found using voltage and
current. By contrast, the transistor responds to the change in distance in the dielectric by exhibiting
changes in its output current, which is an electrical property that is much easier to measure and
interpret, allowing for faster processing of pressure data.4,5
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Methodology
3.1 Silver Film Fabrication
The conductive layers of the capacitor are made from PET thin film with silver and silicon
oxide layers deposited onto opposite sides of the film. This is achieved through Electron Beam
Deposition (E-beam deposition) for the purposes of this project. E-beam Deposition is a form of
physical vapor deposition were the target materials are bombarded by a beam of electrons produced
from a tungsten filament. The materials then are converted to a gaseous particulate state in order
to be deposited onto the substrate material. Throughout the process, the environment is kept under
vacuum below 2e-6 mTorr in order to ensure that no oxidation occurs during the process. The
growth rate of the layer is controlled by the power of the machine. To produce a dense film, the
growth rate is limited to below 5 Å/s. After this process, the silver films are kept in an isolated
container in order to avoid contamination. Despite this, the silver will gradually oxidize and
degrade. This is exacerbated by humid conditions and exposure to contaminants such as skin oils.
Precautions must be made in order to keep the silver in good condition before fabrication, or the
silver will peel off the film in later stages of fabrication.
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3.2 Dielectric Layer Fabrication
There were a few requirements when designing the dielectric layer for the sensor. The first
requirement was that the dielectric layer material had to have a significant ability to distort without
breaking. The material then had to have a sufficiently high dielectric constant to maximize
capacitance per unit surface area. These requirements led us to use PDMS dielectric layers, a
conclusion that most labs making flexible electronics have also arrived to.

Two PDMS variants were tested in the course of these experiments. The first attempts at
fabrication were made using Solaris from the company Smooth-On. Early tests with solid film
designs showed qualitatively that Solaris layers were too rigid to provide the desired range of
flexibility. As a result, the dielectric material was switched to Ecoflex 00-10, another PDMS also
made by Smooth-On. Designs with Ecoflex dielectric layers provide a much larger range of
flexibility and therefore Ecoflex was used for all subsequent designs.

Dielectric layer thickness has a large impact on overall capacitance of a design. Due to this,
a great deal of effort was made in refining our process to control thickness. The first dielectric
layers that were made in the lab were made by hand in petri dishes. This process allows for
dielectric layers to be successfully made, but there was only limited control over thickness and
there was a large amount of thickness variability throughout a single layer. The following table
shows the variations between samples and within a sample. These dielectric layers were easy and
quick to make and as a result were used in the early stages of assembly refinement. However, due
to the lack of thickness control this method was not suitable for later stage design iterations.
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Table 3.2.1: Solaris Pour Data

Sample #

Thickness Reading (microns)
1

360

290

290

320

2

410

310

400

430

3

250

200

260

300

4

310

330

350

320

5

250

220

270

280

6

360

300

340

350

7

700

780

680

670

8

330

380

340

420

9

450

340

480

250

The sensor design required a more replicable approach to achieve uniform thickness in
later design iterations. Therefore, all later design iterations used a spin coating process that
achieves a replicable thickness with low variability. A series of tests were done using 4 inch acrylic
disks spin coated with Ecoflex at various RPM’s to choose a suitable speed to get a desired
thickness. The results of these tests were as follows:
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2000 RPM
- Extremely thin, almost imperceptible layer
- PDMS would not peel off of the disk
1200 RPM
- Approximately 100 micron thickness
- Could be peeled off the disk but tore extremely easily
- The susceptibility to tearing made these layers extremely unreliable
900 RPM
- Approximately 110 micron thickness
- Layers were more reliable than those spun at 1200 RPM but ultimately not as easy to use
as those at 800 RPM.
800 RPM
- Approximately 120 micron thickness
- Out of all layers made, these were the most reliable and were used exclusively for the final
batch of sensors.

Through these iterative tests, it was determined that 800 rpm was the ideal speed to create
layers that would create the thinnest viable dielectric to maximize capacitance in the sensors. This
corresponds to a thickness of about 120 microns with acceptable uniformity throughout the layer.
The precision of these thickness measurements was limited by the micrometer available in the lab,
and reported thicknesses may be only accurate within a 10 micron range. These measurements
could be significantly improved by using a more sophisticated micrometer. For the purposes of
these experiments, greater precision was not necessary but the lack of precision should be noted.
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3.3 Patterning and Cutting Process
The patterning and cutting process of the silver films was not changed during the duration
of this project. However, numerous patterns were designed and fabricated in efforts to improve the
sensor. Variations between designs did not impact the overall process, therefore the design
variations will not be discussed in this section.

In preparation for the silver film to be successfully cut, it must be adhered to a material that
will keep the film from moving and tearing during the cutting process. The best solution that has
been found is the use of thermal release tape, which allows for the film to have greater rigidity
during the cutting phase and then be removed from the tape at later stages by simple heat exposure.
The thermal release tape must be adhered to the silver side of the PET film in order for the silicon
oxide side to remain exposed for later stages of fabrication.

All cutting patterns were designed in AutoCAD and saved as .dxl files. Any software that
could make 2D patterns and save them as .dxl files could be used without repercussions and
AutoCAD was only used due to familiarity.

The silver films were then cut using a Silhouette brand cutting machine. Any .dxl file can
be uploaded to Silhouette’s software and used to cut patterns out of a desired material. The
software has some limitations and exhibits errors when opening patterns designed with large
circular arcs. As a result, any circular portion of a design must be replaced by a series of line
segments approximating the circular shape originally desired.
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Once cut, the unwanted parts of the silver film are removed from the thermal release tape
by hand. Heating the thermal release tape by hotplate to temperatures slightly below its reported
release temperature allows unwanted sections of silver film to be peeled off with tweezers without
affecting the desired pattern. The temperatures used during this process ranged between 65-85℃
and this range was found using a trial and error process. Temperatures at the lower end of this
range make it harder to accidentally remove wanted sections but harder to remove the unwanted
sections. Using temperatures at the lower end of the range also increases the risk of peeling the
silver away from the PET film which can cause issues at later stages of fabrication. Heating the
film towards the higher end of the temperature range makes it easier to remove the unwanted
sections, but makes it much easier to unintentionally peel away the desired pattern. Ultimately, it
is recommended to increase the temperature until silver flakes no longer are left behind on the
thermal release tape but before the adhesive weakens to the point that it starts to break down.
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3.4 Assembly
At this stage of fabrication all the components previously made are bonded together in
order to create a functional capacitor. The components are as follows: Patterned silver film, a
mirror-patterned silver film, and the dielectric layer at the desired thickness. Unless the desired
capacitor is perfectly symmetric along an axis, the film used for the opposite side must be patterned
in a mirrored fashion. If not, alignment will not be possible.

To begin the bonding process, the PDMS dielectric layer is activated by ultraviolet/ozone
treatment for 6-8 minutes in order to prepare it for bonding to the silicon oxide layer of the silver
film. When exposed to specialized ultraviolet wavelengths and ozone the outer layer of the PDMS
forms a SiOx structure, allowing it to form O-Si-O bonds with silicon oxide if it is put into contact
with the silicon oxide shortly after activation. After activation of the PDMS, the silicon oxide side
of the film must be put onto the PDMS and pressure must be applied. After adhered to the PDMS,
the sensors are placed in an oven set to 80℃ for 10 minutes to fully cure the bond. During this
process, the PDMS forms an irreversible O-Si-O bond with the silicon oxide layer on the silver
film.

The sensors were then peeled from the acrylic plate with the thermal release tape intact.
With the other side exposed, the process is repeated with the mirrored silver film. When adhering
the silver to the other side of the sensor, special care must be taken to align the patterned films so
that capacitance will be maximized. Many errors in fabrication occur during this step, and great
efforts have been made to refine the alignment process. At the time of writing this, no fail-safe
solution has been found.

13

After both sides of the sensor are bonded to the dielectric, the thermal release tape needs
to be removed entirely. The tape’s adhesive is designed to break down at temperatures above
110℃. Using a hotplate, the sensor is brought to a temperature between 115-125℃ for
approximately one minute or longer. After this period, the thermal resist tape is easily removed
from the sensor without damaging the PDMS dielectric. At this point, the sensor is considered
complete and ready for testing of capacitive properties.
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Design Iterations and Results
4.1 Solid Pattern with Solaris
The earliest attempts at creating a functional sensor were made using Solaris PDMS and
silver films that were not patterned for stretchability. During these experiments, the main purpose
was to test the binding using the ultraviolet/ozone method and establish a temperature range of the
thermal release tape. It was through these early trials that the temperature ranges for steps involving
the thermal resist tape were established. The duration of time for ultraviolet/ozone exposure and
oven curing was also established during this period.

The results using Solaris as the PDMS dielectric were not promising. Solaris did not have
the flexibility range to allow the sensor to deform in the way that was intended. Early sensors did
exhibit capacitive qualities, but they did not perform well. As a result, Ecoflex was used for further
designs because it has a much higher flexibility and can be made into thinner sheets than Solaris
could.
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4.2 Mesh Design
The first design that was considered for use in the capacitor to make the sensor flexible
was a mesh-patterned design with 6 half circle arcs extending from each nodal point.
Figure 4.2.1: Mesh Node Unit

The above section is repeated as a unit cell to cover the entire surface of the desired area.
Figure 4.2.2: Mesh Sensor Design
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This pattern was originally used because the lab had previously used a similar pattern in
order to create single-layer, flexible circuits. While there had been success with using it previously
for those purposes, there were some problems when trying to use this design for the pressure
sensor. First, the pattern was inefficient in use of surface area, and as a result the capacitance per
unit surface area would suffer from the design. There were also problems when attempting to cut
the design and remove unwanted sections. Due to the sharp angles at each of the nodes, the design
was prone to breaking apart at the node sections, causing defects in the sensor that impact
performance. Finally, the design was difficult to align properly and it became an issue when
attempting to fabricate a final sensor. After several failed attempts to make a successful sensor
with this mesh design the need for a more efficient pattern became apparent. Revisiting this design
in the future may have merit, as this pattern allows for a large amount of stretchability.
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4.3 Solid Pattern with Ecoflex
The first tests making a solid pattern capacitor with Ecoflex were done using a dielectric
layer of unknown thickness created by pouring Ecoflex on the surface of a petri dish. The purpose
of this was to qualitatively examine whether Ecoflex gave a more viable flexibility range than
Solaris. After establishing that Ecoflex allowed for our desired range of movement, the goal was
to then make solid capacitors using dielectric layers of consistent thickness in order to make valid
statements about the maximum capacitance per unit area of our sensors. Since patterning removes
some surface area from the capacitor, the pattern design can be compared to the maximum surface
area results to calculate a surface area efficiency rate. The following data is taken from a large
batch of 15 mm by 20 mm solid sensors made using Ecoflex layers spun at 800 rpm on acrylic.
Table 4.3.1: Solid Pattern Test Data 800 rpm

Solid
Unit:pF

Load

0g

15g

Sample #
1
2
3
4
5
6
7

Average
St. Dev.

43.06
43.38
40.04
44.2
45.94
44.33
41.27
43.17
1.98

43.25
43.51
40.56
44.42
46.04
44.41
41.52

25g
%
0.44
0.30
1.30
0.50
0.22
0.18
0.61
0.51
0.38

%
43.42
43.74
41.27
44.56
46.44
44.92
41.88

0.84
0.83
3.07
0.81
1.09
1.33
1.48
1.35
0.80

The capacitance per unit area for these solid designs is .240 +/- .011 pF/mm^2 with an
average of .51% change with 15 grams of pressure and 1.35% change with 25 grams of pressure.
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4.4 Concentric Circle Design
The first attempt to create an alternative to the meshed design was made using a series of
concentric circles patterned in a way that would allow for stretchability.
Figure 4.4.1-2: Concentric Circle Design, and Zoomed View

The expected surface area ratio can be estimated by the following equation, where N is the
number of solid rings there are in the sensor, R is the solid path width, and r is the width of the
removed section.
Equation 4.4.1: Concentric Circle Design Area Ratio

This pattern is viable, however, when importing the design into Silhouette’s software the
.dxl file would not open correctly. This is how it was discovered that Silhouette’s software exhibits
errors when opening .dxl files with unusual circular arcs. As a result, this design was never tested
but has potential as a viable design.
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4.5 Spiral Design
After discovering that Silhouette shows this error in opening .dxl files, it was decided that
a new design would be made that used line segments to approximate a spiral design. The goal was
to also redesign the concentric circle design in a similar fashion and test the two against each other,
but time limitations prevented that from happening. However, the following spiral design was
successfully designed and fabricated.
Figure 4.5.1-2: Spiral Sensor Design and Zoomed View*

*Hatched area indicates desired silver area

The area ratio of this design can be calculated using the following equation, where N is the
number of loops made by the spiral, R is the width of the solid silver part, and r is the width of the
part that is peeled away.
Equation 4.5.1: Spiral Design Area Ratio
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These sensors, when fabricated, show an acceptable amount of flexibility and
stretchability. The results from testing a series of sensors are tabulated in the following table.
Table 4.5.1: Spiral Sensor Test Data 800 rpm

Coil
Unit:pF

Load

0g

15g

%

25g

%

Sample #
1
2
3
4
5
6
7
8

13.3
1.63
51.94
56.53
16.96
51.44
12.49
20.43

13.41
1.65
54.37
58.11
17.24
52.87
12.71
20.65

0.83
1.23
4.68
2.79
1.65
2.78
1.76
1.08

13.56
1.67
54.98
58.42
17.37
53.38
12.84
20.74

1.95
2.45
5.85
3.34
2.42
3.77
2.80
1.52

In this batch, a decent amount of sensors (5 of 8) showed defects in their coil which
causes a severe drop in capacitance. In the past, these coiled sensors have been defective about
50% of the time, which means that a coil might have a defect around 25% of the time, since each
sensor uses 2 coils. Looking at the sensors that don’t indicate defects we get the following data
out of this batch.
Table 4.5.2: Spiral Sensor Data No Defects

Coil

Load

0g

15g

%

25g

%

Unit: pF Sample #
3
4
6

51.94
56.53
51.44

54.37
58.11
52.87

4.68
2.79
2.78

54.98
58.42
53.38

5.85
3.34
3.77

These sensors have an average 53.30 pF per sensor with a diameter of 20 mm. This gives
the sensors a capacitance of .170 pF/mm^2 with a 3.42% change with 15 grams of used as a
weight and 4.32% change with 25 grams used as a weight.
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Discussion
5.1 Analyzing Data
When comparing the capacitance per unit surface area of the solid capacitor, .240
pF/mm^2, with that of the spiral sensor, .170 pF/mm^2, one reaches the determination that the
pattern has about a 70% surface area efficiency. This exceeded the expected efficiency. Using
equation 4.5.1, with N = 17, R = 350 μm, and r = 250 μm the following integral is obtained.

While this is unexpected, it is not unexplainable. Overall, the patterned sensors seem to
perform better than the solid sensors in compressibility and capacitance. These batches of sensors
used the same batches of spin-coated Ecoflex. Therefore, differences in the Ecoflex layer is not a
viable explanation. The silver films were also made from the same batch of films and would not
explain the discrepancy. A likely explanation is that the solid sensors are more likely to trap air in
the dielectric layer due to the lack of pathways for air to escape through during curing. The
patterned films have no visible air defects, while it is common for the solid films to have them.
This was noticed during early fabrication phases, but was not quantified until these final trials. It
appears that air in the dielectric not only decreases the resulting capacitance, but also drastically
affects the compressibility of the dielectric layer. This is shown by the 4.32% capacitance change
with a 25 gram load in the patterned sensors compared to the 1.35% change with an identical load.
A proposed solution to this is to cut lines in the solid capacitor in order to allow for air to escape
from the dielectric layer during fabrication. This consideration should be taken for any future work.
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Despite this discrepancy, the data shows that every sensor experiences a measurable
increase in capacitance with applied pressure. There is not a single sensor that was fabricated that
did not exhibit this trait, even the ones with perceived defects. Therefore, it can be definitively
stated that these pressure sensors fulfilled their purpose in creating a pressure sensitive capacitor
that exhibits measurable changes in capacitance. Improvements to fabrication methods and
component design that are listed in the ‘Future Research’ section would help these sensors
become viable to use in practical applications. At the moment, the sensors are not reliable
enough to be considered a complete solution. However, I am satisfied with the results and the
process can reasonably be refined into a competitive solution in flexible pressure sensing
technology.
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Future Research
6.1 Fabricate and Compare Designs
With more time, the first thing that the lab would work on would be to fabricate all
proposed designs and compare the results to see which is the most effective in a quantitative
comparison. The mesh design can be made viable if the design is scaled so that the nodes don’t
fail as often and if the alignment methods were improved. The concentric circle design is viable,
but would need a complete redesign in AutoCAD using line segments in order to circumvent the
errors in Silhouette when using circular arcs. However, there is only marginal room for
improvement with pattern designs, as all of them have comparable surface area efficiencies.

6.2 Experiment with Dielectric Layer
Thicker dielectric layers could allow for a larger amount of compressibility and therefore
a better sensor response to pressure. This project aimed to get the layer as thin as possible in order
to maximize capacitance per unit area. The intent was to find the thinnest viable layer and then
iteratively increase the layer thickness until a suitable tradeoff between capacitance and
compressibility is found.

There has been promising results in increasing sensitivity with microstructured PDMS in
published papers.6 Other groups within the lab have been experimenting with creating
microstructured PDMS using 3D printing technology, however the most promising
microstructured designs come from etched silicon wafers, which allow for much smaller featured
microstructures. Developing the capabilities to microstructure PDMS in the lab will allow for the
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lab to create sensors with sensitivities that are competitive with the frontrunners in this field of
technology.

6.3 Conductive Layer Design
While the lab currently has the abilities to make silver films, there have been promising
results published in using carbon nanotubes to create capacitor layers. Carbon nanotube layers
have been shown to increase capacitance per unit surface area and also allow for the fabricated
sensors to stretch without need for patterning. Developing the capabilities to fabricate these
nanotube layers will allow for the lab to take a huge step forward in developing these sensors and
they could have use in other unrelated applications.
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