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ABSTRACT

Flexible Electronics for Large Area Sensing and
Stimulation

Caroline Yu

Advancements in soft materials and hybrid flexible electronics have enabled developments in

flexible circuits and wearables. Where rigid electronics are extremely precise over small physical

areas, flexible electronics have the capability to sense over large curved areas. From the onset of

epidermal electronics and flexible transistors, there have been great advancements in sensing over

soft curved objects, such as human skin or brain tissue.

This thesis focuses on hybrid flexible electronics to sense and stimulate over large areas. The

aim of the systems presented is to provide insight into complex navigation and sensor processing

systems. In addition to the design, fabrication, and characterization of each device, several impor-

tant characteristics of each device are investigated: material choice, curvature limits, and device

sensitivity. The first device presented in this thesis uses strain gauges to track the bending of neuro-

surgery navigation stylets for catheter placement. The strain gauge fabrication and characterization

is presented. Adhesive testing, stylet bending modeling, and noise techniques are also discussed as

they were found to be critical components of the system. The device’s limit of detection is 1 mm

tip displacement. The purpose of the second set of devices presented is to gain object information

from curved or edged robotic structures. Three sensing modes were explored: piezoelectric, strain,

and capacitive. The piezoelectric sensor was founded to have a 6.7 times increase in sensitivity

when an open-cell foam compliant layer is used. The strain sensor was found to have a gauge factor

of 2.83 on a silicone layer and 1.5 on a polymer layer. The combination of the piezoelectric and

strain sensing modes is presented. The capacitive sensor is able to detect object shape using inverse

problem mathematical techniques. The third device and system presented is a flexible electrode

array for stimulating the electroreceptors of electric fish. The spatial and temporal control of a

conformal stimulation array enables the decoding of motor signals in the brain. The array fabrica-



tion and system development is presented. Surface modification of the electrode array successfully

altered the surface energy of the array to match that of the fish for the optimal array-fish interface.

In summary, the development and integration of these flexible electronic devices has been

achieved. It was found that the interface between the flexible electronic devices and binding objects

is critical to device sensitivity and reliability.
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Chapter 1

Introduction

1.1 Motivation and Approach

Flexible technologies have brought about signi�cant advancements in many �elds, including con-

sumer and medical industries. Because of their lightweight nature and ability to perform in high

strain orientations, 
exible technologies enable users to perform functions not possible with rigid

devices. To highlight two use cases of 
exible technologies ushering in a new era of consumer and

medical devices, 
exible displays and wearable medical monitoring devices will be presented.

Flexible displays take advantage of 
exible substrates and advancements in fabrication pro-

cesses. From Xerox PARC's electronic paper introduced in the 1970s [1] to Samsung's most recent

OLED-based foldable phone [2], 
exible displays use thin bendable substrates. In the case of elec-

tronic paper, a thin layer of transparent plastic was used. In the case of OLED-based displays,


exible plastic is also used instead of the standard glass substrates used in organic light emitting

diode displays. Because OLED deposition does not require high temperature fabrication processes,

roll-to-roll fabrication on plastic substrates is possible [3]. In addition to large advances in fabrica-

tion techniques, 
exible displays are a testament to how advanced circuitry can help scale a device

to high resolution and a multi-billion dollar industry. This thesis takes inspiration from 
exible

displays by using 
exible printed circuit board substrate materials to reduce device weight and

stretchable substrate materials to enable high device-bending angles.
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Wearable medical monitoring devices have gained traction from improved sensor sensitivity

and device lifetime. The most common health monitors include heart rate, blood oximetry, blood

pressure, and ECG. Beyond these sensing modes, much work is still in the research and development

phase. The focus on 
exible electronics that conform to the human skin has ushered in a multitude

of skin-like health monitoring devices [4{6].

From a more general standpoint, various materials and processes explored for 
exible technolo-

gies include piezoresistive composites [7], silver nanowire networks [8], carbon nanotube �lms [9],

and printing processes [10]. From a sensor device standpoint, an extensive list of sensor types has

been explored [11]. The greatest challenges in 
exible technologies include reliability and adaptabil-

ity. To address the challenges of adopting current sensor technology to a 
exible version, material

exploration and characterization as well as sensor optimization is needed.

The sensors and systems presented in this thesis consist of sti� metals patterned on 
exible and,

sometimes, stretchable materials. From a materials standpoint, these devices are therefore hybrid

devices, where the metal and substrates respond di�erently to mechanical strain. The mechanics

of hard �lms on soft substrates has been extensively explored and has ushered in a new �eld of

systems that combine hybrid biomedical and movement sensors with advanced circuitry and data

analysis [12].

Each sensor presented in this thesis follows the same design approach: design, fabrication,

characterization, design optimization, device prototype, and, �nally, system development. Sensor

design was completed in Layout Editor. Fabrication was completed in Columbia University's Nano

Initiative cleanroom and the Columbia Laboratory for Unconventional Electronics. Custom PCBs

were designed with Altium CircuitMaker and fabricated by PCB Minions. Various PCBs were also

fabricated and assembled by MacroFab. Custom setups were built for each sensor's characterization.

1.2 Concepts

There are several concepts that this thesis is based upon. From materials to sensor technology,

these concepts establish a foundation for 
exible and miniature sensor technologies.
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1.2.1 Flexible Materials

The 
exible devices presented in this thesis have either polyimide or polydimethylsiloxane (PDMS)

as their substrate. Polyimide is a polymer widely used in the electronic industry because of its

resistance to heat and chemicals. For example, DuPont's Kapton CR polyimide �lm shrinkage at

400� C is 0.6% [13]. Both materials can be spin-coated and cured to form a thin layer. Other 
exible

material options include polyethylene naphthalate (PEN) and silicone rubbers (Eco
ex).

Property PDMS Polyimide

Young's Modulus (MPa) � 400 5000

Tensile Strength (MPa) 2.24 192

Mass Density ( g
cm3 ) 0.97 � 1:4

Dielectric Constant 2.3 - 2.8 4 (106 Hz)

Table 1.1: Flexible material properties [13][14].

1.2.2 Piezoelectric Sensing

Piezoelectric materials generate electric charge from mechanical movement. Various movements

of interest include pressure, force, or strain. Piezoelectric materials have a net dipole moment.

When the material is mechanically stressed, charge is generated. A piezoelectric transducer can

be modeled as a charge source with a shunt capacitor and resistor, as shown in Figure 1.1. The

capacitance is determined by material size and properties while the resistance accounts for the

dissipation of static charge [15]. When metal is placed on the top and bottom of the material, the

charge generated can be measured by reading the voltage across the capacitor stack.

Polyvinylidene di
uoride (PVDF) is the piezoelectric material chosen for the relative movement

sensor presented in this work. PVDF has several properties that make it attractive for robotic

tactile sensing: high mechanical to electrical conversion, large piezo strain constant, reasonable �lm

thickness for sensor development, and relatively low Young's modulus compared to other polymers.
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Figure 1.1: PVDF circuit model [15].

1.2.3 Strain Sensing

The classic strain gauge consists of a 
exible substrate and a patterned metal foil. When the strain

gauge is a�xed to an object that bends, it will change in resistance while bending or compressing

along an axis. An example commercial strain gauge (Figure 1.2) has a base resistance of 350 
,

grid size of 2.5 mm� 2.9 mm, and aluminum as the self-temperature-compensation material.

Figure 1.2: Commercial strain gauge [16].

A strain gauge's gauge factor (GF) relates applied strain to change in resistance:

GF = �
� R
R0

where � is the strain applied to the strain gauge, � R is the change in resistance from the applied
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strain, and R0 is the base resistance of the strain gauge. Thin-�lm strain gauges on 
exible polymers

act on the same principle; however, the strain mechanism varies with the material. The resistance

of a thin-�lm strain gauge can be found using the following equation:

R =
�L
tw

where � is the material resistivity, L is the trace length, t is the trace �lm thickness, and w is the

trace width.

1.2.4 Capacitive Sensing

Capacitive sensors typically have a parallel plate capacitor plates and are used for pressure sensors

in robotic applications. In the parallel plate con�guration, the capacitance modulates if the distance

between the two plates change:

C =
� 0� r A

d

The fringing �eld of an object can also be used as a capacitor sensor. In this con�guration, a

di�erent permittivity object will modulate the electric �eld as shown in Figure 1.3. Typically, elec-

tromagnetic simulations are performed to characterize the electric �eld with appropriate boundary

conditions. Common applications include touch buttons, liquid level sensing, and object proximity

detection.

Figure 1.3: Typical fringing capacitance sensor [17].
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1.3 Thesis Structure

This thesis is organized into four chapters:

Chapter 1 discusses a strain sensor to track the bending and tip location of neurosurgery

placement stylets.

Chapter 2 discusses three types of 
exible sensors to augment robotic grasping: piezoelectric,

strain, and capacitive. The design, fabrication, characterization, and application of each sensor is

presented along with the integration of sensing modes onto a one-layer device.

Chapter 3 discusses a 
exible stimulation electrode array for neuroscience applications. The

design, fabrication, and characterization of the electrode array is presented. The system design is

also presented.

Chapter 4 presents a low-cost low-power BLE-connected IoT module for monitoring soil health

and environmental features including temperature, light intensity, soil moisture, and pH. The PCB

design, BLE usage, and experimental data are presented.

Two projects in the appendices are presented. The �rst appendix discusses an ITO electrode

array for neuronal recordings. The second appendix discusses correlating a mouse's external envi-

ronment with neural responses by combining sound detection and mouse head and pinna movement

data on a small implanted PCB.
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Chapter 2

Strain sensor for the tracking of

neurosurgery stylet bending 1

2.1 Motivation

A sensing device by its simplest de�nition consists of a sensor that transforms an input to an

electrical signal. The electrical signal is conditioned and integrated into a part of a system.

The �rst sensing device presented in this thesis consists of a strain gauge sensor to track the

bending of a navigation stylet during surgical insertion. Neurosurgery procedures are often complex;

surgeons need to locate tissue and how it relates to neighboring brain tissue before and during

a procedure. For procedures that remove a meningioma, or often-benign slow-growing tumor,

navigation and senses are used to remove the tissue with minimal brain damage. Polymer catheters

are typically navigated and placed by using trackable metal stylets. Various technology exists to

track the stylet as a whole entity [18]. An example navigation and white matter simulation is

shown in Figure 2.1. Synaptive Medical's BrightMatterT M Guide system incorporates dynamic

tractography with intraoperative instruments. Surgeons are therefore able to accurately execute a

1Based on C. Yu, K. Kam, M. R. Cavallari, and I. Kymissis, Tip Tracking of Surgical Navigation Stylets Us-

ing Integrated Strain Sensors, 2020 IEEE International Conference on Flexible and Printable Sensors and Systems

(FLEPS), Submitted.
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planned approach and minimize any unwanted tissue damage.

(a) (b)

Figure 2.1: (a) Surgical navigation with white matter tractography and stylet tracking [18]. (b)

Operating room with navigation technology. [18]

As the navigation stylet is placed into the brain to reach the desired location, pressure from

brain tissue has been found to bend the stylet tip. Although the stylet as a whole entity may be

accurately tracked, the precise location of the tip is unknown. In this environment, a mechanical

or non-optical option is necessary to locate the stylet tip location.

Various sensors have been demonstrated to measure tissue hardness as well as surgery or EEG

electrode bending. These sensors include force sensors [19{22] and a piezoresistive tactile sensor [23].

Previously demonstrated electrode bending measurement systems use material assumptions and

implementation plans [24{27]. These sensors have several characteristics that make it unsuitable

for the application at hand such as having a large form factor, being di�cult to add onto existing

systems, and requiring line of sight for optical tracking. Hosseinabadi et al. (2019) demonstrated

a complete system that tracks robotic shafts using optical force sensing with tenths of microns

accuracy; however, the diameter of the device is more than eight millimeters, which is unsuitable

for neurosurgery applications [28].

The key requirements for this application include high accuracy for stylet tip de
ections between

1 mm and 1 cm and being minimal in size when integrated with existing navigation systems. This
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chapter discusses a strain gauge sensor and system for tracking the bending of neurosurgery stylets.

The strain gauges are integrated at the base end of a surgical stylet to track its bending. The

location of the strain gauges at the base end of the stylet allow for minimal to no contact with

brain tissue. When force from brain tissue at the stylet's tip causes the stylet to bend, the strain

gauges wrapped around the stylet are strained and their resistances change. The fabrication and

characterization of metal strain gauges on polydimethylsiloxane (PDMS) as well as polyimide is

demonstrated. The strain gauges can record movement in a two-dimensional plane and are wrapped

around a 1.3 mm diameter industry-grade stylet used in neurovascular surgical procedures. By

combining strain gauge design optimization, device-stylet adhesive optimization, and low-noise

signal processing techniques, the device presented in this chapter has a limit of detection of 0.75

mm tip displacement.

2.2 Methodology

2.2.1 Fabrication and Adhesion

A thin-�lm silver strain gauge sensor is patterned onto PDMS (Sylgard 184, Dow Corning) and is

then adhered to a 1.3 mm diameter ventricular catheter placement stylet (Brainlab).

Figure 2.2: Strain gauge sensor serpentine design with electrode pads.
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A serpentine strain gauge design is used to provide a large base resistance in a small surface

area as shown in Figure 2.2. The base resistance is calculated using Equation 2.1 where R is the

base (unstrained) resistance,� is the resistivity of thin �lm silver, L is the total length of the strain

gauge trace, t is the thin-�lm thickness, and w is the serpentine trace width. The fabricated device

has a total trace length of 16.5 cm, trace metal �lm thickness of 60 nm, and trace width of 25� m.

Each strain gauge has a base resistance of 3.3 k
 over a surface area of 14 mm2.

R = �
L
tw

(2.1)

The fabrication process 
ow is shown in Figure 2.3. First, a glass carrier (100 mm soda lime, Uni-

versity Wafer) is cleaned, treated with UV/ozone plasma, then exposed to trichloro(1H,1H,2H,2H-

per
uorooctyl)silane (Sigma Aldrich) in a desiccator as an anti-adhesion monolayer. PDMS is

spin-coated to a thickness of 70� m using the static dispense technique and cured at 100� C for

1 hour (Dow Corning). 60 nm of silver is thermally evaporated and positive photoresist (S1811)

is spin-coated onto the silver. The sample is then exposed using a mask aligner (S•USS MicroTec

MA6) and developed in AZ300MIF (Integrated Micro Materials). The silver is wet-etched using

silver etchant (Transene).

Figure 2.3: Strain gauge sensor fabrication process 
ow.

To adhere the strain gauges onto the stylet, the PDMS is peeled o� the fabrication carrier glass

wafer by rolling it onto a carrier rod. Then, the strain gauge is rolled o� the rod onto silicone gel

adhesive (PS-1829, Polymer Science) and placed on top of acrylic double-sided tape (3M-9629PC,
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3M). Finally, the acrylic side is rolled onto the navigation stylet. Spring-back 302/304 stainless

steel wire was used as a phantom stylet (McMaster Carr). A navigation tracker was 3D printed

with an area to hold and stabilize the heat seal connection on a custom PCB.

Pull-o� strength adhesive testing was performed to determine the adhesive strength of various

adhesives to PDMS and the stylet (ASTM D4541-17) (Figure 2.4). The adhesive characteristics

taken into consideration were adhesive material, adhesive thickness, and backing material. Various

adhesive materials have di�erent bonding strengths to PDMS and metal. The adhesive's thickness

a�ected the ease of the adhesion process and gauge factor. The backing material a�ected the ease

of the adhesion process as well.

For the adhesive characterization testing, various adhesives were attached to a 
at thin layer of

stainless steel. PDMS was then adhered to the top adhesive layer. Tweezers were securely a�xed

to an Admet force testing machine to pull the PDMS layer. PDMS delaminated from the adhesive

layer or both the PDMS and the adhesive delaminated from the stainless steel layer; whichever

condition occurred demonstrated which interface had stronger adhesion. A simple ranking of ad-

hesive strength was �rst generated to determine which adhesives should be tested using the pull

strength test. Adhesives are shown in Table 2.1 and 2.2.

The combined adhesive stack of PS-1829 and 3M-9629PC has a pull strength of 1.33� 0.081

N/cm while PS-2151, a double-sided silicone gel / acrylic adhesive, has a pull strength of 1.18�

0.143 N/cm (Figure 2.5).
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Figure 2.4: Pull-o� strength adhesive testing setup.

Figure 2.5: Adhesive pull-strength results.

Tape Material Thickness (� m) Adheres well to:

3M 4905 VHB 500 polycarbonate, acrylic

3M 9629PC Acrylic 89 high/low surface energy plastics

3M 9626 Acrylic 50 irregular surface plastics

3M F9469PC Acrylic 130 broad range of surfaces

Table 2.1: 3M adhesive list.
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Adhesive Adhesive

Stack

Adhesive + Material Stack Total Adhesive

Thickness (� m)

General

Pull

Scale (1

- 10)

PS-1829 silicone gel silicone gel + stainless steel

sheet

180 2

PS-1829 silicone gel silicone gel + double stick

acrylic tape + stainless steel

sheet

7

PS-2041 silicone gel +

polyurethane

carrier +

acrylic

silicone gel + polyurethane

carrier + acrylic + stainless

steel sheet

220 2

PS-2041 silicone gel +

polyurethane

carrier +

acrylic

acrylic + polyurethane carrier

+ silicone gel + stainless steel

sheet

220 6

PS-2151 silicone gel +

polyurethane

carrier +

acrylic

silicone gel + polyurethane

carrier + acrylic + stainless

steel sheet

220 2

PS-2151 silicone gel +

polyurethane

carrier +

acrylic

acrylic + polyurethane carrier

+ silicone gel + stainless steel

sheet

220 7

Table 2.2: Polymer Science adhesive list and characterization.
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2.2.2 Modeling

Once the strain gauges are adhered to the stylet, the stylet's bending and tip displacement from an

unbent position is calculated using a cantilever beam de
ection model, as represented in Equation

2.2 [29]. In this model, y is the tip displacement of the stylet, F is the applied force at the tip, E

is the elastic modulus of the stylet, I is the moment of inertia about the stylet's neutral axis, x is

the position along the length of the rod with origin at the de
ecting end, and L is the length of the

stylet.

y =
F

6EI

�
� x3 + 3L 2x � 2L 3

�
(2.2)

The device is placed at the base of the stylet for maximum strain, as shown in Figure 2.9.

Placing the sensor at the base end of the stylet also limits contact with brain tissue; the device is

expected to remain outside the brain during a neurosurgical procedure (Figure 2.6).

The sensor consists of four strain gauges. When the device is wrapped around the stylet, one

pair of strain gauges covers one quadrant of the stylet's circumference. Another pair of strain

gauges is placed on a quadrant translated 90 degrees from the other quadrant. This placement of

strain gauges allows two axes of movement to be tracked simultaneously, which are represented as

x and y in Figure 2.6. Each pair of strain gauges consist of two strain gauges, which track strain

along two di�erent sections of the stylet. Electrode contact pads utilize four-terminal sensing and

are oriented perpendicular to the length of the stylet for eliminating connector delamination.

The system block diagram is shown in Figure 2.7. The present setup uses source-meter circuitry,

where 
exible heat-seal connectors connect the device's electrode pads to a custom printed circuit

board (PCB) with corresponding metal pads. The custom PCB connects to a current source and

microcontroller analog inputs (Atmel SAM3X8E). Exponential moving averaging on the microcon-

troller processor is used to reduce high frequency and summing noise. The processed data is sent

to a PC serial monitor for tracking and storage.
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(a) (b)

Figure 2.6: (a) Cross-section of the device / stylet. (b) Device adhered to the base of the stylet.



CHAPTER 2. STRAIN SENSOR FOR THE TRACKING OF NEUROSURGERY STYLET
BENDING 17

Figure 2.7: System block diagram.

The stylet tip displacement is determined by using the gauge factor of the device and the change

in resistance with applied strain as shown in Equations 2.3, 2.4, and 2.5 [29]. �R is the measured

change in resistance,Rb is the strain gauge's base resistance, GF is the gauge factor of the device,

E is the stylet's elastic modulus, and z is the section modulus of the stylet.

y = �
F l 3

3EI
(2.3)

�
3yEI

l3
= F =

E�z
l

(2.4)

F l
Ez

= � =
� R

Rb � GF
(2.5)

To simulate y displacement at each x location along the stylet, the cantilever beam model was

placed into Matlab. A setup was built to measure the experimental displacement of the stylet when

a force is applied at the tip, as shown in Figure 2.9. Simulation results compared to actual results

are shown in Figure 2.10.
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Figure 2.8: Cantilever beam model veri�cation: setup for applying varying force at the stylet tip

while the stylet base is clamped.

Figure 2.9: Cantilever beam model veri�cation: simulated stylet location and slope with 0.1 N

applied at stylet tip.
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Figure 2.10: Cantilever beam model veri�cation: simulated vs. experimental rod location with

various tip displacement (1, 2.5, 5, 10, 15 mm).

The strain gauges were adhered to the stylet to determine the response to stylet tip displace-

ments in two directions. The measurement setup and characterization is shown in Figure 2.8. One

end of the stylet was clamped to a manual press. The other end of the stylet is displaced by various

amounts using a force testing system (Admet eXpert 5600). A source-meter unit (Agilent B2901A)

is used to source current and measure changes in voltage of the individual strain gauges.

Noise characterization was conducted to reduce the noise 
oor of the sensor. Because the

desired tip displacement to noise level ratio (SNR) of the device was relatively low when measuring

with a Keithley source/measure unit, it was necessary to use averaging and optimize the sampling

rate. The normalized resistance of the strain sensor over time at various sampling rates is shown in

Figure 2.11a. The corresponding standard deviation at each sampling rate is shown in Figure 2.11b.

The standard deviation with respect to average window using simple moving averaging is shown

in Figure 2.12. As expected, there is a decrease in noise when the average window is increased

from 0 to 100 samples. With a simple moving average, the limit of detection is 1.1 mm stylet tip

displacement.

When the sensor is connected to the analog inputs of a microcontroller instead of a source/measure

unit, the noise 
oor is an order of magnitude higher. Therefore, it is necessary to utilize other aver-
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aging techniques to achieve the same noise 
oor when using benchtop tools. When using a simple

moving average, it is necessary to average over nearly 1000 samples at 100 kHz to achieve the same

noise 
oor of 0.014. However, the e�ective sampling rate is 100 Hz, which is still greater than the

maximum benchtop sampling rate.

Using an exponential moving average with a smoothing factor of 0.2, older observations are

discounted less fast. This type of average also reduces the summing noise error found by using a

simple moving average. It was found that this average reduces noise from poor contact connections.

At an e�ective sampling rate of 30 Hz, the noise level is 0.0043 V at rest, which corresponds to

� 200 � m tip displacement. This noise 
oor is an order of magnitude less than that when using

a simple moving average, and allows the limit of detection to be less than the required 1 mm tip

displacement limit of detection.

Figure 2.11: Noise 
oor characterization. (a) Normalized base resistance of the strain sensor at

rest. (b) Standard deviation at various sampling rates.
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Figure 2.12: Simple Moving Average.

To eliminate drift and decrease contract manufacturing cost, a copper strain gauge on polyimide

was also explored. Polyimide is a polymer commonly used in 
exible printed circuit boards and as

a thermal or electric insulation layer. As polyimide �lms are 
exible but not stretchable, the higher

tensile sti�ness allows for easier handling during fabrication processes and more uniform bending.

Contract manufacturing exploration was performed. Companies that provide fast turn-around

time are able to pattern copper traces on polyimide �lm. Typically, this companies have relatively

thick trace limitations. Companies with longer turn-key time are able to pattern higher resistance

metal on polyimide �lm. A comparison of vendor capabilities with the work performed in this

chapter is shown in Table 2.3.
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Company PCB Minions All-Flex Prototype

Metal Material Copper Inconel 600 Silver/gold

Minimum Trace Width ( � m) 100 127 � 20

Minimum Trace Thickness (� m) 12 12.7 0.06

Metal Resistance (m
/square) 0.6 78.4 � 400

Substrate Material Polyimide - Varies

Substrate Thickness 25.4 � m 130 Varies

Cost � $300 $8.50 for 500 N/A

Turn-key Time 5 business days 5 weeks 2 days

Table 2.3: Vendor comparison for strain gauge sensor

Figure 2.13: Copper strain gauge on polyimide responds linearly over 1 to 7 millistrain with a

gauge factor of 0.624.
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2.2.3 System Integration

The �rst prototype consisted of strain gauges connected to a microcontroller breakout board. The

voltage across each strain gauge is measured using the analog inputs of a microcontroller. The

programmable microcontroller used in this project is Cypress PSoC 5LP, which has analog multi-

plexers and a 12-bit SAR ADC on board. The heat seal connectors allow the analog nodes to be

connected to the PSoC 5LP pins on a custom PCB (Figure 2.14).

Figure 2.14: Strain gauge sensor connected to PSoC 5LP custom breakout board.

Because of the low signal to noise ratio, a custom source-meter circuit was designed. A pro-

grammable current source (LT3092, Analog Devices) is used to provide current. The current is set

by the ratio of two resistor values. By taking into account the base resistance of the strain gauges

and expected swing values, the current source is designed to provide 250� A of current. A four

input sigma-delta ADC IC was used to measure the change in voltage across each strain gauge

(ADS1015, Texas Instruments). As the stylet bends and the strain gauge resistance modulates, the

ADC tracks the change in voltage, and thus, resistance of the strain gauges. The ADC commu-

nicates with external data collection and storage via an I2C bus. The schematics for each circuit

section are shown in Figures 2.15 and 2.16.

The custom PCB is shown in Figure 2.17. On the left-hand side of the PCB, exposed copper

electrode pads provide a connection input for the strain gauges. The pads correspond to the heat
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seal connector used (Elform). The PCB's inputs include power and ground pins and the PCB's

outputs include the I2C communication channels - clock and data lines. Test points allow for

debugging of the PCB. Altium's CircuitMaker software was used to design the PCB and PCB

Minions was used to fabricate the PCB.

Figure 2.15: Current source schematic.

Figure 2.16: ADC and peripherals schematic.
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Figure 2.17: Source-meter circuit PCB.

2.3 Results

To determine the gauge factor of the device, bending induced strain was applied to the strain

sensors. Acrylic arcs of various radii were manufactured and the strain gauges were bent over the

circumference of the arcs. The strain sensor's response to strain and corresponding tip displacement

is shown in Figure 2.18. The normalized change in resistance with response to strain is shown. The

range of applied strain corresponds to tip displacement from a neutral position from 3 - 11 mm.

The applied strain can be calculated using Equation 2.6, where T is the total device thickness

and r is the bending radius.

� =
T
2r

(2.6)

The stylet tip displacement can be estimated by knowing the gauge factor of the device and the

change in resistance with applied strain as shown in Equations 2.3, 2.4, and 2.5. The strain gauges

were adhered to the stylet to determine the response to stylet tip displacements in two directions.

The measurement setup is the same as that used for the rod bending characterization.

With a noise 
oor of 4.3 mV and corresponding noise displacement of 250� m, the minimum
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Figure 2.18: The gauge factor of the silver strain gauge on PDMS and the corresponding change

in resistance with respect to strain / stylus tip displacement.

detectable tip displacement in both axes is 750� m. When wrapped around and adhered to the

stylet, the strain gauges display linear behavior between 2 and 10 mm of tip displacement and have

a gauge factor of 1.5 under tension; this is comparable to 2.3 when the strain gauge is strained on

a planar surface. The sensor therefore provides linear behavior similar to state-of-the-art sensors

while being able to track the bending of a thin neurosurgery stylet. Neurosurgery research has

shown that ventricular catheter placement has errors ranging from 5.7 - 9.6 mm [11]. The device

presented in this work with tip displacement tracking of 1 - 11 mm compares well to the error

ranges present in the �eld.

The fabricated device is able to track two orthogonal directions. As shown in Figure 2.19, tip

displacement in the vertical direction leads to an increase in resistance response in the y direction

but not the x direction. The combination of the x and y strain gauge outputs can be used to

monitor tip displacement with two degrees of freedom.

To correlate the strain gauges' change in resistance to the stylet's tip displacement, one end of

the rod was secured with a manual press and the sensor was attached to the near end of the secured

end, as shown in Figure 2.8. This placement leads to the larger concavity when the rod is bent, as
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Figure 2.19: Tip displacement in the y direction showing no signal in the x direction.

shown in Figure 2.8. An Admet force testing system was used to apply various amounts of force at

the stylet tip while the strain gauges were connected to a source/measure unit (Agilent B2900A).

When wrapped around and adhered to the stylet, the strain gauges display linear behavior

between 2 and 10 mm of tip displacement and have a gauge factor of 1.5 under tension; this is

comparable to 2.3 when the strain gauge is strained on a planar surface. The sensor therefore

provides linear behavior similar to state of the art sensors while being able to track the bending of

a thin neurosurgery stylet. At the limit of detection of 1 mm, the signal to noise ratio is 2.64.

Compared to the fabricated device, the copper-on-polyimide device purchased had a lower gauge

factor. With 101.6 � m strain gauge trace width on 25.4� m thick polyimide purchased from PCB

Minions, the gauge factor of the device was found to be 0.624.

2.4 Conclusion and Outlook

For the �rst time, the tip of a 1.3 mm diameter neurosurgery navigation stylet can be tracked with

on-board strain sensors. The device presented can track tip de
ection between 1 and 11 mm in two

directions. The placement of the device at the base of the stylet does not interfere with existing
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navigation techniques as the device would not come into contact with brain tissue. The device is

also conformal so that the user's ability to hold the stylet is not compromised. An optimum 
exible

adhesive stack was determined for PDMS / metal stylet adhesion.

The strain sensor device and system design presented in this chapter will enable neurosurgery

companies to augment their existing navigation tools to aid neurosurgeons to reduce tissue damage

and streamline catheter placement. Because of the millimeter limit of detection required, the

adhesive characterization and signal processing presented were necessary components to the success

of the system.

Regarding future vendor fabrication and device implementation, sensor placement and consis-

tency will be a key aspect to producing uniform results when using the strain sensor. Alignment

marks on the design and rod can help vendors place and align the sensor onto the rod.

In the future, we plan to integrate a microcontroller for data readout and collection and a

Bluetooth Low Energy (BLE) module on a 
ex PCB circuit with a battery power supply for

real-time wireless data transmission during surgical procedures. Future testing of this system will

include surgical testing to analyze the stylet's movement through a brain tissue simulator model and

tip tracking with more than 2 degrees of freedom. Our proposed system would seamlessly integrate

with existing surgical navigation systems and can facilitate improved navigation procedures.
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Chapter 3

Electronic Skin for Robotics 1

3.1 Motivation

Sensors for robotics have enabled personable human interactions with robots, improved factory

throughput, and advances in robotic techniques. Various commercial and industrial robotic appli-

cations that use sensors include human gesture recognition, robot movement tracking, and monitor-

ing hard-to-access environments. Typically, the sensors embedded in robotic structures are rigid.

Their rigidity often allows high durability and manufacturability. Example sensors and systems are

shown in Figure 3.1.

Two speci�c drawbacks of using rigid sensors for robotics are (1) the inability to sense around

bent or edge areas and (2) having a low dynamic range. To enable sensor adaptability over a broad

range of robotic structures and increase available information and sensitivity for robotic learning

techniques, it is necessary to develop 
exible robust sensors.

The mechanical compliance and sensitivity of 
exible sensors have enabled improved haptic

feedback and object manipulation. Many 
exible sensors have been demonstrated for tactile ap-

plications [32{37]. These sensors are often relatively thick at 0.3 - 1 mm; their bending radius

is therefore limited. For a bending angle greater than 45 degrees, we propose using thin 
exible

1Based on C. Yu, M. R. Cavallari, and I. Kymissis, Tri-modal thin-�lm 
exible electronic skin to augment robotic

grasping, 2018 IEEE Micro Electro Mechanical Systems (MEMS), doi: 10.1109/MEMSYS.2018.8346698, 2018.
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(a) Taiker Robot [30]. (b) TDK Robot Sensor Solutions [31].

Figure 3.1: Commercially and industrially available robots.

materials as the substrate layer and thin-�lm metals as the sensing layer. This choice of materials

allows for active sensing areas to be bent and placed on edge and high curvature robotic structures.

The sensors presented in this chapter have thin piezoelectric polymer �lms or silicone layers as the

substrate layers and thin-�lm metals as the sensing layer.

Combining multiple tactile sensing modes into one device has also been extensively explored

[33, 38{41]. Someya et al. (2004) set the foundation for electronic skin with a large-area, 
exible

pressure sensor matrix with organic �eld-e�ect transistors [38]. Nawrocki et al. (2016) continues

work in Someya's group demonstrated 300 nm thick biocompatible electronic skin with tactile

sensors [39]. Work from Zhenan Bao's and John Roger's groups has demonstrated highly sensitive

resistive pressure sensors [40] and strain gauges [33]. The goal of the work presented in this chapter

is to enable a robot to sense relative and absolute pressure by augmenting robotic grasping with

piezoelectric and strain sensing modes. The key feature of the presented sensors is the ability to

place the sensors on varying robotic structures so that they do not necessarily need to be embedded

when the robotic hand is manufactured; this augmentation will allow for more rapid robotic grasping

testing and development.

The two robotic applications explored in this chapter are grasping and imaging. Robotic grasp-
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ing consists of enabling a robot to pick up objects in its surrounding environment. From perception

to planning to control, there are many aspects of robotic grasping that are currently being devel-

oped in the robotics �eld. There are several existing methods of robotic grasping. One method

is planning-based grasping, where the object geometry is known beforehand and stable grasps are

calculated using various algorithms. Planning-based grasping relies on simulating an object's geom-

etry and is unable to take into account any perturbation to a static object. Another method uses

vision and tactile feedback to more accurately execute a grasp. For example, sti� sensors can be

placed on the front pads of robotic �ngers for additional tactile information [42]. With closed-loop

post-execution grasp adjustment procedures to estimate grasp stability, a support vector machine

classi�er has been demonstrated to distinguish stable and unstable grasps across classes of tested

objects with a success rate of 81% [43]. The goal of the work presented in this chapter is to integrate

sensors with existing tactile feedback grasping techniques to further improve the accuracy of the

technique.

The second robotic application explored in this chapter is object imaging. An object's proper-

ties, including size and shape, are typically identi�ed using vision. The object's material, texture,

weight, and temperature are usually not needed for a robot to grasp the object. For example,

Amazon warehouses augment sorting completed by human workers by having a robotic system sort

objects using vision and pick up objects using vacuum technology. In non-warehouse environments,

such as future Smart Home environments, an object's properties will be of increasing importance to

robotic grasping techniques. Instead of implementing many cameras around a Smart Home room,

our goal is to use sensors integrated onto a robot's surface to augment current robotic grasping

techniques. Our secondary goal is to minimize the number and di�erent types of sensors needed

to successfully grasp an object with unknown properties a priori. The novel work presented in this

chapter includes a capacitance object proximity sensor that is used as a sweep sensor to determine

an object's shape using inverse problem mathematical techniques.

Within these two robotic application spaces, the fabrication processes, characterization, and

integration of three types of relevant sensors are presented. In Section 2.2, a large-area 
exible
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piezoelectric sensor is presented using a metal electrode capacitor structure with PVDF �lm. The

sensor is able to detect an object's time of touch on curved edges with high sensitivity and relia-

bility. In Section 2.3, a thin-�lm 
exible strain sensor, similar to that presented in Chapter 1, is

discussed. The sensor detects an object's applied force on a robotic structure. In Section 2.4, the

successful integration of the piezoelectric sensor and strain sensor is demonstrated, which allows

for relative and absolute movement to be measured simultaneously. In Section 2.5, a thin-�lm

fringing �eld capacitance sensor is designed to measure object proximity and time of touch. The

capacitance sensor is also presented as a solution to determining object shape without requiring

vision. Capacitance sweep data is used to reconstruct an object's surface pro�le.

3.2 Piezoelectric Sensor

Piezoelectric sensors transform mechanical stress and physical displacement into electric charge.

In this work, piezoelectric sensors were designed to target large curved or edge regions on the

OpenHand Model O and BarrettHand. The fabricated devices on both robotic hands are shown in

Figure 3.2. The designed sensors provide time of contact detection and slip detection.

PVDF is a piezoelectric polymer used for relative movement tactile sensing [44{53]. PVDF

was chosen as the substrate layer for its high d33 characteristic, inherent dipole moment, and �lm

form factor. A metal-PVDF-metal capacitor can measure the charge generated in the PVDF when

physically displaced. Several devices have been shown to use photolithographic processes to pattern

micrometer-sized features of metal over large area PVDF [54, 55]. With electrodes placed in speci�c

areas on the PVDF �lm, as shown in Figure 3.2, object localization can also be accomplished.
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