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SUMMARY

My Ph.D. research is mainly focused on passive RF sensing, in particular on the
design and development of nanomaterial based flexible sensors for high frequency
applications utilizing 3D/Inkjet printing technologies. One major advantage of
nanomaterial based RF sensing platforms is the easy realization of completely passive
flexible remote sensors with high sensitivity in miniaturized packaging. The utilized 3D
and inkjet printing technologies inherently make feasible the large-scale fabrication of
flexible sensors at a very low cost. To demonstrate the potential of the proposed approach,
address effectively the major challenges, and stress the achieved advances in the field of
wireless sensing, my research introduces the design and development of a passive RF gas
sensor and two RF strain sensors, with a 2D bow-tie antenna and a 3D dipole antenna,
respectively. This work also includes the thorough discussion of the first generation of
stretchable RF sensors highlighting a hand gesture RD design for wearable remote and
passive sensing platform that takes full advantage of novel stretchable conductors
developed as part of the reported research.
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CHAPTER 1
INTRODUCTION

Over the last five years, the ubiquitous “Internet of PCs” is rapidly moving towards a much
larger “Internet of Things” (IoT) in which 50 to 100 billion devices will be connected to the
Internet by 2020 [1]. Sensing devices, as the essential part of IoT, typical measure some physical
parameters of an object and convert them into electrical signals. Those electrical signals can be
received and processed by the object itself or other objects in the Internet. Examples include a
tactile sensor for a touch-sensitive elevator button or an atomic layer deposition (ALD) based metal
oxide sensor for ozone detection.
For many applications, wires are impractical and a wireless device is needed. The explosive
development of microwave circuits has recently allowed sensors to be easily integrated in wireless
devices for remote sensing applications. The combination of the sensor and the radio frequency
(RF) device creates a feasible system that is capable of wirelessly tracking and wirelessly
monitoring various time-conditions of human health or ambient environment. The variations of
physical parameters such as chemical absorption, pressure, and strain are transformed into
detectable variations of RF parameters, such as scattering parameters or radar cross section (RCS).
Through the use of Radio Frequency Identification (RFID) technology and real-time cognition
approaches, the performed research presented in this thesis could create the first generation of a
truly intelligent and ubiquitous network of flexible RF sensors.

1.1 Motivation
The first implementations of IoT have redefined business practices, created new industries
and provided an unprecedented level of security, comfort, and convenience in our daily lives.
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Wireless sensors, as the critical part of IoT, are responsible for monitoring changes of objects’
properties and wirelessly communicating with the rest of Internet. The ability to monitor and
sensor health and environmental conditions in real time over large areas is typically a difficult and
expensive task, especially when it comes to monitoring in harsh environments. Whether it is
monitoring suspension bridges that experience immerse forces from storms and earthquakes on a
structural integrity point of view, detecting noxious gases in manufacturing facilities, or making
sure the vegetables or other perishable materials on the supermarket shelf are still fresh and being
kept at the correct temperature and humidity levels, these sensors and sensor networks have the
ability to greatly improve cognitive intelligence and knowledge of the environment around us, as
long as they come at the right price.
Current methods for deploying large-scale sensor networks involve miles of cabling that
deliver power and collect data, or battery operated wireless sensors, which pose a serious
environmental risk with the disposal of billions of batteries every year. While these methods are
necessary in some situations where real-time data or harsh environments prohibit manual
monitoring of critical environment parameters, the high cost, installation difficulty, and
challenging maintenance rarely justify their use over manual inspections and monitoring.
Among sensor design specifications, sensitivity is the most critical one. Sensitivity
indicates how much the sensor’s output electrical signal changes as a function of the measured
physical state changes. Generally, sensors can be divided into active sensors and passive sensors.
An active sensor needs an internal or external power supply, which makes continuously nonintermittent charging a major problem. On the other side, a passive sensor can be interrogated
utilizing the incident reader’s energy through an attached antenna, without requiring a permanent
electrical connection to the interrogation system or power supply. Flexible sensors can wrap
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around complex curvilinear shapes or biological tissues, and allow for an easy tuning of the
resonant frequency and/or scattering parameters caused by mechanical deformation. In order to
create a completely ubiquitous network, the sensors need to be inexpensive. Therefore, modern
industry has a strong demand for highly sensitive, power efficient, flexible, low-cost and rugged
methods to remotely sense the condition of objects the human body and ambient environment. As
this demand has been dramatically increased over the past 5-10 years, novel materials and
patterning methods become crucial to delivering reliable solutions.
Especially, nanomaterial-based RF sensing is a very fast-growing field. Advanced
Nanotechnology enables the implementation of novel highly sensitive, miniaturized, flexible and
wireless sensing devices that can monitor body, structural health and environmental conditions
and enable correlation of multimodal sensors. Flexible electronics don’t have a universally agreed
definition, but this term typically includes bendable, stretchable, foldable, and other non-rigid
electronics [2]. Thanks to the development of advanced material science, there are many options
for conductors in flexible electronics ranging from well-established copper, silver, indium, and tin
oxide to various nanoparticle metallic inks. More recently there has been developed highperformance nanomaterials, such as carbon nanotubes (CNT) and graphene. Various
manufacturing techniques, such as inkjet printing, have been widely used in this area due to their
low cost, the lack of environmentally-detrimental processes, the quick fabrication time and the
wide range of materials that can be used on flexible substrates.
Today, the most common gas sensors are solid-state and semiconducting metal oxide
devices, which are inexpensive and highly sensitive [3-7]. However, these sensors usually require
operation at high temperatures (200°C - 600°C), that enhance the chemical reactivity between the
sensor materials and the gas molecules. Furthermore, the high-cost and time-consuming
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manufacturing processes of wireless gas sensors make them unable to meet the large-scale
demands of industry and personal use. In my research I have used low cost and extremely sensitive
carbon nano-materials, environmentally friendly flexible substrates, and inkjet printing technology
for fast material patterning to overcome these limitations.
The development of highly deformable artificial skin with strain sensing capabilities is a
critical technology to the areas of wearable computing [8], tactile sensing in robotics [9] and
Structure Health Monitoring (SHM). SHM means an automated method for tracking the health of
a structure by combining damage detection algorithms with structural monitoring systems, based
on work by J. Lynch and K. Loh [10]. One of the most widely used methods is to detect structural
deformation with embedded strain sensors in an artificial skin [11]. However, the typically
required wires between the strain sensors and the interrogating base-stations increase the
complexity of the design and the cost of replacing damaged or degraded sensors. By implementing
the strain sensors in a wireless fashion through the incorporation of energy coupling and
communication functionalities, it is possible to integrate the data acquisition and signal processing
system in the same sensor unit [12]. With potentially hundreds of wireless sensors installed in a
single structure, the resulting wireless monitoring system can be better equipped to screen for
structural damage by monitoring the behavior of critical structural components, thereby
implementing localized damage detection. Due to the fact that power consumption is a major
limitation of wireless sensors operating on batteries, “zero-power” wireless sensors, such as
passive RFID sensors, can be a good solution. This thesis introduces a RFID-enabled strain sensor
utilizing printed flexible conductors, which are silver-filled electrically conductive adhesives
(ECA). The whole flexible sensor device can be wrapped around generic mounting objects. The
changes in the object’s dimensions will be reflected to resulting changes in the dimensions of the
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flexible strain sensor, thus leading to a shift of the resonant frequency. The acquired resonant
frequency is then used to calculate the strain on the object.
Additionally, there is a pressing demand for more accurate, lower cost and more
comfortable techniques to wirelessly detect human body motion in Wireless Body Area Network
(WBAN) or Smart Wearable Systems (SWS) [13]. These networks join several devices worn by a
human, such as navigation devices and health monitors. An example of a SWS is shown in Figure
1. SWS is important for health care and worker protection in extreme working conditions (e.g.
mines or oil platforms) [14, 15]. Hand gesture sensor/recognition is a common category of SWS.
Hand gesture is a very useful communication method, especially in low- or no- visibility scenarios
operators with limited mobility, and in harsh environments. Examples include underwater
applications, smoke filled rooms or for patients on ventilators. A hand gesture sensor for patients
on ventilators can give a timely signal to nurses. In emergency situation, it can even save a patient’s
life. Traditionally, wired sensors are used to monitor a patient’s heart rate pulse, temperature and
other bio-information. These wires can restrict the mobility of a patient whereas wireless wearable
sensors can bring a much higher freedom to the patient’s movement.

Figure 1 Example of a smart wearable system [13]
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Current approaches for hand gesture sensors use vision-based hand gesture sensors or
wearable Hand Data Glove (HDG). Vision-based hand gesture sensor/recognition is a popular
technology, which generally includes four types camera technologies: video camera [16], depth
camera [17, 18], time of flight (TOF) camera and stereoscopic camera. Depth camera which can
sense directly depth images, is different from traditional video camera. Microsoft Kinect and
AUSU Xtion the popular ones [19-27]. TOF cameras, such as Mesa Swiss Ranger, determine
pixel depths in one of two ways: by measuring the round-trip flight-time of light projected onto
the scene and reflected back to the sensor, or by measuring the phase-shift of the reflected light
[28-31]. Stereoscopic camera capture two simultaneous imagines from a pair of calibrated video
cameras, and use image registration methods to create a disparity map that approximates per-pixel
depth [32-34]. Vision-based gesture sensor/recognition system is usually limited by the threshold
of the depth/range estimation, influenced by the environment color and light and requiring
effective methods for capturing and processing images. And most importantly, there cannot be
objects between the cameras and the hands. Wearable Hand Data Glove (HDG) is another popular
technology for hand gesture sensor/recognition, which can address these above limitations. Hand
Data Glove (HDG) is an electronic device equipped with sensors which can sense the movements
of hand and fingers individually, and pass those movements to computer in analog or digital signal
wirily or wirelessly [35]. These sensors can be accelerometer [36, 37], bend/flex sensor [38, 39],
infrared sensor [40] or force sensor [41], and so on. Following the flexible/stretchable conductor
quick developments, there are more comfortable HDGs reported in the past five years. But all of
these HDGs need batteries [35, 37] or wired with energy source [42, 43] to record and
communicate the real-time hand gestures.
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This thesis proposed a comfortable HDG technology for hand gesture sensor/recognition
system using passive chipless RFID, which is easy to wear and without the battery burden. The
chipless RFID technology will be discussed in Section 2.3.2. This thesis applied the same flexible
conductor (ECA) to the development of the novel chipless RFID based hand gesture sensor, using
3D printing technology. The present approach relies upon the strain-dependent behavior of the
propagation of electromagnetic waves in resonance/scattering based systems. Common
movements of the joints in the hand produces distinguishable differences in electromagnetic
signature for various hand gestures. By continuously monitoring the electromagnetic signature of
the gestures using a strain sensor at each hand joint, we can uniquely code and characterize various
hand gestures across a wide range of movements using a short-range reader (50cm interrogation
distance). Chipless RFID technology, added on the top of in-house-made ECA materials, could
provide a potentially very promising solution to lowering the total system cost of this type of
wearable sensors [44].

1.2 Research Objectives
The sensors presented in this thesis have involved a multidisciplinary research effort.
Therefore, the description of each sensor will include a nanomaterial study section, an
electromagnetic design section, and a fabrication process section. To optimize the sensors
performance in practical remote-interrogation passive sensing platforms, the introduced sensors
will be investigated in real gas/strain scenarios.
The objective of the proposed research is the design and fabrication of novel, low-cost,
battery-free and flexible wireless gas/strain sensors with enhanced sensitivity and miniaturized
size by utilizing nanomaterials on 3D/Inkjet printers. The thesis groups the development of passive
wireless sensors into three sections:
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Use of carbon nanomaterials to detect extra low concertation of gases



Use of electrically conductive adhesives to fabricate and utilize antennas as strain
sensors



Use of electrically conductive adhesives to pattern cascaded spiral resonators as a
hand gesture sensor

1.3 Significance
The significance of this work is that it is among the pioneering efforts to develop
nanomaterial-based flexible RF sensors for wearable health and ambient environment monitors
utilizing 3D/inkjet printing technologies.
The ability to monitor and sense environmental conditions in real time over large areas is
a difficult and expensive task. First, this thesis presents the first time inkjet printed graphene based
wireless gas sensor to overcome this task. The in-house-made graphene oxide ink is under a
pending patent. The novel ink feathered the novel gas sensor a great sensitivity. It shows a potential
low-cost way for industry standard manufacture of passive gas sensors.
Secondly, Chapter 4 introduces two flexible/stretchable strain sensor prototypes using
novel flexible/stretchable conductors. The in-house-developed ECA materials have a conductivity
of 1.51×104 S/cm and can maintain conductivity above 1.11×103S/cm, even at a large stain of
240%. One strain sensor is based on a 2D bow tie antenna. The other one is based on a 3D antenna.
Note that not just the antenna was printed using a commercial 3D printer, but the substrate is
printed on the same printer as well. The novelty of this design points out the bright future of
flexible electronics.
Thirdly, a novel 3D printed wearable hand gesture sensor is a combination of chipless
RFID technology and flexible/stretchable conductors fabricated by a commercial 3D printer. This
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section shows the bright future of wearable flexible electronics for WBAN and SWS applications
and the huge potential of 3D printing technology in this area.

1.4 Dissertation Outline
The outline of this dissertation is as follows. Chapter 2 provides a thorough literature
survey of the related state-of-the-art in the areas of remote sensing, while highlighting the novelty
of the research work presented in this thesis. Chapters 3 and 4 present the two main types of
nanomaterial-based sensor systems: a gas sensor and two strain sensors. For the gas sensor, carbon
nanomaterials were chosen to be inkjet printed on Kapton substrate for proof-of-concept
demonstration purposes. The strain sensor section includes the introduction of in-house-made
silver-filled ECA and its application to two strain sensors: one with a 2D bow-tie antenna and one
with a 3D dipole antenna. The 2D antenna was fabricated by stencil printing on a silicone substrate.
The 3D antenna was 3D printed on flexible 3D printed NinjaFlex. In Chapter 5, a hand gesture
sensor is designed based on cascaded spiral resonators and implemented and tested using the same
flexible ECA. Chapter 6 discussions the conclusions and some potential directions for future work.
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CHAPTER 2
LITERATURE REVIEW

2.1 Sensor Background
The Internet of Things (IoT) has attracted a growing attention from both academia and
industry over the past decade. The IoT is the network of physical objects or things embedded with
electronics, software, sensors, and network connectivity, which enables these objects to collect
and exchange data [45]. Sensors form a critical part of the IoT by providing the interface between
an object’s physical state and its representation communicated to the rest of the Internet. For
example, the Global Positioning System (GPS) sensors in smart phones provide geo-location data,
which the phone can communicate to others. Sensors can measure anything from motion to
chemical environment changes, as shown in Figure 2. In other words, sensors are the eyes, ears,
noses and hands of the IoT.

Figure 2 Sensors in the Internet of Things[46]
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The term “sensor” is defined as “a device that receives a signal or stimulus and responds
with an electrical signal” [47]. The “stimulus” can be any kind of an input physical property. The
“electrical signal” can be channeled, amplified, and modified by electronic devices. All sensors
are either passive, active, or a hybrid of the two. The passive sensors directly convert the input
stimulus energy into output energy without the need for an additional power source, e.g. utilizing
piezoelectric materials. Active sensors require an internal power source to produce their output
signal, e.g. utilizing temperature sensitive resistors.
There are numerous sensors available in the IoT. It is necessary to classify sensors in order
to study them. In considering the applications, sensors can be classified as, but not limited to:
Table 1 Types of Sensors[48]
Sensor categories

Sensing Application Examples

Acoustic

Geophone, hydrophone, seismometer,etc.

Automotive

Crank sensor, defect detector, MAP sensor, speedometer, etc.

Chemical

Breathalyzer, carbon dioxide sensor, hydrogen sensor, pellistor, etc.

Electric current,

Ammeter, current sensor, magnetometer, metal detector, voltmeter,

magnetic, radio

etc.

Flow

Air flow meter, gas meter, mass flow meter, etc.

Ionizing radiation,

Geiger counter, neutron detection, particle detector, etc.

subatomic particles
Navigation instruments

Air speed indictor, altimeter, gyroscope, variometer, etc.

Position, angle,

Accelerometer, inclinometer, rotary encoder, etc.

acceleration
Optical, light, imaging

Colorimeter, Nichols radiometer, Photodiode, etc.

Pressure, force, density

Anemometer, barograph, hydrometer, oscillating u-tube, etc.

Thermal, temperature

Bolometer, calorimeter, thermocouple, thermometer, etc.

Proximity, presence

Motion detector, occupancy sensor, reed switch, etc.
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2.2 Nanomaterial Based Sensors
The term nano in SI units means 10-9. Nanomaterials typically have at least one dimension
smaller than 100nm. Nanomaterial science is currently in the forefront of scientific technological
discussions, debates and developments as scientists, policy makers and entrepreneurs endeavor to
fully harness its capabilities and unleash a broad range of novel applications, including sensors.
By enhancing the interactions that occur at the nanoscale level, nanomaterial-based sensors can
offer significant advantages over conventional sensors. Nanomaterials are small, lightweight and
have high surface-to-volume ratio, making them the best candidates to dramatically enhance the
sensitive detection of chemical and biological analytes in ambient environment [49]. At the
extreme nanoscale limit, it has been reported that nanomaterials can detect a single molecule or
atom [50-54]. Ultra-fast response is another benefit of nanomaterial based sensors’ dynamic
performance, since nanostructures minimize the time taken for a molecule to diffuse into and out
of the same volume [49]. Generally, nanomaterial-based sensors can respond in a few seconds to
one minute [55] enabling very effective alarm configurations capable of averting various potential
disasters.
Nanomaterial-based sensors have already found applications in numerous fields, like
physical sensors, electro sensors, chemical sensors, optical sensors, biosensors, etc. For instance,
a large array 3D array of circuitry integrating of piezotronic transistors based on vertical zinc oxide
nanowires has been reported as active pressure/force sensor matrix for tactile imaging [56]. Highly
sensitive optical sensors based on fluorescent polymer nanofiber films have been also reported
[57]. Multiple nanothermocouples can be circumferentially mounted on a catheter balloon to
become an arterial wall temperature sensor system [58]. Polymer nanofibers have been used in
developing functional sensors, as the high surface area of the nanofibers enhances their sensitivity.
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Poly(lactic-co-glycolic) acid (PLGA) nanofibers have been employed as a novel sensing interface
for developing chemical and biochemical sensors [58, 59].
The market for nanomaterial based sensors is constantly growing due to the dramatically
decreasing cost of nanomaterials. Advances in nanotech-logy have already significantly facilitated
further the nanomaterial-based sensors’ integration with sophisticated electronic signal processing
and communication circuits to form the critical backbone of IoT.

2.3 Radio Frequency Sensing Platforms
Most of the existing sensors require a power supply. The connection of wires for power
and data transmission renders the system complex, difficult to maintain and costly. Wireless
sensors are commonly needed in various remote monitoring applications in health care,
environmental observation and industry. A typical wireless sensor is a device that is capable of
sensing, processing data, transmitting, and communicating to other wireless devices [48].
There are two approaches in the implementation of wireless sensor systems: a completely
passive system (no battery) and a sensor system with internal battery. Recharging or replacing
these batteries remains a major issue of the latter and limits the operational life in the field [60-62].
Promising alternative power technologies in the sensor node level are being heavily researched,
including efforts utilizing power-harvesting [63-65] and solar power [66]. While these
technologies feature a large coverage range and a good sensitivity, most of them increase the
complexity, the size and the cost of these active sensor systems. Therefore, passive wireless sensor
technology has grown in the past decade, due to the elimination of the requirement for permanent
electrical connections to an interrogation system and internal or external power supply.
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RFID tags are the basic components that are bound to realize mass-scale networks with
uniquely identified tagged items, obtain real time sensing data and generate a lot of new sensing
applications based on the data. For RFID-enabled sensor tag, the sensor is usually integrated onto
the tag antenna and the sensing-related electrical signals are communicated through common RFID
technologies.
2.3.1 Passive RFID-enabled Sensor System
Passive RFID technologies have attracted a broad attention for their numerous inherent
advantages: low-cost, security, long read distance, fast data transfer and low-power consumption.
RFID use electromagnetic waves to identify physical objects and enable them to be connected into
the ubiquitous networks of the IoT [67]. Typical passive RFID sensor systems consist of two main
hardware components: a transponder/tag containing a sequence of electronic codes used for the
identification of an object and a “gateway” device called an interrogator/reader for collecting
information from the tags, as shown in Figure 3. Inside an RFID tag, there is an integrated circuit
(IC) chip used for reading/writing and storing functionalities. The IC of the tag has an internal
memory containing a unique electronic product code (EPC), which is used for identification
purposes.

Figure 3 RFID-enabled sensor system mechanism
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At the beginning of the communication process, the reader sends a continuous unmodulated
carrier wave, which is received by the tag antenna. The incoming signal is routed to the tag’s IC,
which uses its internal rectifier to transform the weak alternating current into direct current (DC).
Next, internal voltage doublers are used to charge a capacitor, which acts as a power storage device
to allow short operation periods without the presence of the carrier wave. After the capacitor is
charged to a sufficiently high DC voltage, the tag is ready to communicate and receive commands
from the reader [68]. The reader sends commands by means of amplitude shift keying (ASK), to
which the tag replies by backscattering. During backscattering, the IC switches its input impedance
between two states (“load modulation”), reflecting and absorbing, according to the data contained
in its internal memory, while the reader sends an unmodulated carrier wave. As the IC’s input
impedance is in the absorbing state, the input impedance is ideally the complex conjugate of the
antenna impedance, allowing maximal power transfer between the antenna the IC. In the reflecting
impedance state, the IC’s input impedance is ideally short circuited, producing a complete power
reflection of the carrier wave back to the reader [69]. By switching its input impedance, the IC
produces either an ASK or phase shift keyed (PSK) response, depending on the modulating
impedance [70].
The schematic of a typical RFID tag and its equivalent circuit is shown in Figure 4. The
power reflection coefficient of the RFID antenna can be calculated to evaluate the reflected wave
strength in the following formula

=

−
+

∗

(1)
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where ZL and ZA represent the complex impedance of the load and the antenna terminals,
respectively [71].

Figure 4 (a) RFID tag schematic; (b) The equivalent circuit
For RFID-based sensor systems, the load impedance is the critical part, strongly depending
on the environment or other physical quantity variations, such as temperature, strain or humidity.
For every variation in the tag’s load impedance values, the power level of the received and
reflected signals' changes. Based on the Friis free space transmission formula, the power level of
the received signal at the RFID tag antenna is following

=

(

4

)

(2)

where PT is the power fed into the reader antenna, GR and GT is the gain of the reader antenna and
the tag antenna respectively, λ is the wavelength of the carrier frequency, and d is the distance
between the reader and the tag.
Due to the mismatch between the load and the tag antenna, some portion of the received
power would be reflected back, called Pref.
=

(3)
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For RFID-enabled sensors, η varies by the changes in the sensed quantities, therefore, the
received power at the reader PR also varies accordingly, utilizing the Friis free-space transmission
formula again, assuming no polarization loss and that all other parameters remain constant during
the sensing interrogation time.

=

(

) =

4

(

)

4

(4)

Radar cross section (RCS) can be calculated from the reflected power as following

=

S

=

=
4

π|

+

|

(5)

Since the return loss |S11|2≈PR/PT, the RCS can be expressed and calculated by the return loss S11
[72]

=|

|

(4 )

(6)

When the sensor is directly integrated with a RFID tag, sensing can be based on the RCS
variation of the RFID tag for an effective amplitude modulation, or on the tracking of the frequency
shift of the RFID tag for an effective frequency modulation. In general, a RFID reader is
considered to be fixed and associated with its respective domain. For more cost-effective and largescale sensor system in IoT, mobile readers with location or cell ID concept can be considered [73].
This is illustrated in Figure 5 with the aid of the given example of sensor IDs. In this model, the
sensor deployment field is divided into a large number of cells or locations, and each cell is
assigned a unique cell ID. A reader can move from cell to cell while reading the sensor tags. The
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size of a cell and the numbers or readers determine the cost and performance of the sensor system.
A smaller cell size and more readers give better performance, but at higher cost.

Figure 5 Cell RFID-enabled Sensor System Concept [73]: reader 003 located in cell 1242 and
reader 009 in cell 1248
RFID tags alllow for automated tracking, as well as complex data management, reliability
and non-line-of-sight reading, which make them a competitive replacement to optical barcodes[74].
The prime reason why RFID tags have not replaced optical barcodes is their relatively high cost,
which is mainly due to the silicon IC chips [44, 75-79]. Additionly, the assembly process of
integrating silicon chips with tag antennas and substrates is not standardized yet; thus, the
production yield and efficiency is limited.
In recently years, chipless RFID technique has attracted a significant attention in the
pursuing of low-cost RFID tags. Contrary to conventional chip-enabled RFID tags, passive
chipless RFIDs with no IC chips can offer a more competitive price than normal silicon IC based
tags [80]. The lowest attainable cost per chip-enabled tag is approximately five cents with the
employment of modern, relative inexpensive chips for passive RFID tags [81, 82]. In contrast,
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chipless RFID tags are expected to be less than two cents or even at a sub-cent level that would be
very comparable to optical barcodes [81, 83]. However, the removal of the chip from the tag makes
it inflexible for a large coding capacity.
2.3.2 Passive Chipless RFID Sensor System

Numerous investigations on chipless RFID tags have been reported. Table 2 shows a
summary of recently reported chipless RFID tags based on the electromagnetic properties of
metallic structures. Different chipless RFID tag solutions are compared in terms of components,
scalability (increment in size with number of bits), size, coding capacity and operating frequencies
in the table.
Table 2 Summary of Recently Reported Chipless RFID Tags
Classes

Time
domain

Components

Scalability

Size

Coding
capacity
[Bits]

Operating
frequencies

SAW [84]

Y

Various

>1

Various

TL [85-88]

N

11.2×5.3 cm2

4

UHF

capacitor [89]

N

Length=40cm

8

1-3.5 GHz

Spiral resonator
[76]

N

8.8×6.5 cm2

35

3-7 GHz

Dual-L resonator
[90]

Y

52×22.3 mm2

6

4-7 GHz

Y

4×4 cm2

1

8.2 MHz

Y

N/A

5

5-6 GHz

SRR array [93]

Y

8.6×5.4 cm2

4

8-12 GHz

“C”-like resonator
[94]

Y

4×2 cm2

22.9

2.5-7.5 GHz

Frequency Single LC [91]
domain
Dipole barcode [92]
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Table 2 Summary of Recently Reported Chipless RFID Tags (cont’d)
Space filling curve
[95, 96]

Y

N/A

3

3-4.5 GHz

Elliptical dipole
[97, 98]

N

30.25×25 mm2

6

0-15 GHz

N

12×5.5 cm2

3

2.17-2.51 GHz

N

1.65×1.65 cm2

16

6-13 GHz

Y

N/A

6

3.2-5.2 GHz

Frequency Patch antenna [99]
domain
Dual polarized I
slot [100]
Multi-resonant
dipole antenna
[101]

Based on the adopted encoding principles for the identification, these tags are generally
classified into two categories: time-domain-based RFID tags and frequency-domain-based RFID
tags. Time-domain-based RFID tags usually exploit transmission lines (TLs) to propagate RF
waves and utilize either microwave circulators [85, 102] to introduce propagation delays or
capacitors [89] to introduce reflections, for the encryption of binary ID codes. For frequencydomain-based RFID tags, interrogation is possible only if the reflections from the environment are
negligible and not mixed with the signals from other tags. In the frequency domain, ID codes are
likely encoded into spectrum signatures. The ID codes can be recognized by observing the
presence of either resonant frequencies [76, 81, 92, 94] or specific phases and phase differences
[99, 103], or both [94]. In general, frequency-domain chipless RFID tags can feature large coding
capacities and miniaturization at the same time compared to time-domain chipless RFID tags. For
most frequency-domain chipless RFID tags, their size increases almost linearly with the coding
capacities, because of the required extra components. It has to be stressed that there exists a
bandwidth limitation to encode a large number of bits within a specific spectrum. A commonly
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used solution to alleviate this issue is to place frequency-domain based signatures in ultra-wideband (UWB) bands, typically referring to the spectrum from 3.1–10.6 GHz [104]. To utilize UWB
bands, the corresponding regulations, especially the emitting power restrictions formulated by the
Federal Communication Commission (FCC), have to be followed requiring power spectral density
only up to −41.3 dBm/MHz [105], in order to avoid interference with other charted radio
applications.
2.3.2.a Surface Acoustic Wave Based Sensor System
In the current market, the most successful commercialized chipless products are relying on
surface acoustic wave (SAW) tags [106, 107]. The most attractive merits of these tags exist in their
compatibility with present RFID band regulations (2.45 GHz) as well as in their large coding
capacity (up to 96-bits) [84]. SAW devices are based on the piezoelectric effect and on the surfacerelated dispersion of elastic waves at low propagation speeds [108]. Typically device substrates
are made of a single piezoelectric crystal, which generate surface charges when it is elastically
deformed in certain directions, e.g. quartz (SiO2), lithium-niobate (LiNbO3), and lithiumtantalate
(LiTaO3).
SAW-based sensors utilize an interdigitated transducer (IDT), connected to a tag antenna,
to convert the RF signal into an acoustic wave. The acoustic wave then travels across the surface
of the device substrate to the interdigitated transducer, reflecting the wave back to the IDT in a
series of echoes like bar code signals. These echoes are converted back into EM waves at the IDT
by the piezoelectric effect and transmitted through the tag antenna. The echo pulses allow for the
effective identification of the tag. Figure 6 shows the schematic of a typical passive SAW tag.
Sensors can be designed to quantify many different phenomena, because the characteristics of the
surface wave can be modified by the changes in the surface properties as a result of various
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physical phenomena [109, 110]. Those SAW devices are the only up-to 96-bits and chipless RFID
tags currently available commercially [84].

Figure 6 Diagram of a SAW based sensor tag
However, the main drawbacks of the SAW tags are that they necessitate the use of submicron lithographic process and expensive piezoelectric substrates [73, 78, 100] keeping the cost
of SAW tags close to that of the chip-enabled RFID tags. A more aggressive approach to adress
this issue is to develop printable chipless RFID tags. However, most of the reported types of timedomain chipless RFID tags lack an acceptable coding capacity or sufficient miniaturization. For
this reason, more printed frequency domain chipless RFID tags have been reported than time
domain tags.
2.3.2.b Frequency Domain chipless RFID Sensor System
A number of frequency domain chipless RFID tags have been reported. MEMS based strain
sensors and LC/RC circuit sensors are listed in Table 3. A low-cost chipless RFID system for
secure near-field data transfer is presented with a 9-bit tag [111]. It uses a frequency shifting
principle by length variation of the dipoles and complex higher order mode detection techniques.
Another design uses a multi-resonant dipole antenna attached to a monopole antenna to encode
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bits [101]. However, it requires dual-side printing alignment and number of dipoles increases
linearly with the number of bits. A chipless tag using a stub-loaded multiple patch antenna has
been reported in [99], where data is encoded in the cross-polarized backscattered phase. However,
if the backscattered phase is varied due to multipath, then it may cause bit-encoding errors. Two
split ring resonators (SRRs) are used to encode each bit. It also is too large for many applications.
Preradovic et al. successfully demonstrated a compact 35-bit chipless RFID system with a multifrequency signal to detect the variation in the magnitude and phase of the received interrogation
signal and to decode the binary information stored within the structure of the 35-bit low-cost tag,
as shown in Figure 7 [76].
Table 3 Comparison of various types of wireless strain sensors [9]
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Figure 7 UWB 35-bit chipless RFID tag [76]
Most of these resonator and antenna based strain sensor systems’ principle is based on the
resonant frequency changing due to the dimension’s change [112-119]. The detailed techniques of
these resonator/antenna based strain sensor systems are listed in the Table 4 for comparison.
Table 4 Resonator/antenna Based Strain Sensor Systems' Techniques Comparison
Papers

Techniques

[114, 115]

Split rings and metamaterial based strain sensor

[116]

A dipole antenna based strain sensor

[117]

A rectangular microstrip patch antenna based strain sensor

[112, 113]

A rectangular microstrip patch antenna with a IC chip based RFID strain sensor

[119]

A circular microstrip patch antenna based strain sensor
Chipless tags could potentially possess a longer communication range –mainly depending

on the reader’s sensitivity - since it is unnecessary to use transistors as do silicon-based tags where
a threshold voltage is a requisite to power up IC chips [80, 98]. A monolithic chip typically requires
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-15 dBm at the chip terminals to start the communication [98]. The power required to read the tag
significally increases while the read range increases. Meanwhile chipless RFID tags do not have
such an issue. There are a number of chipless RFID sensor systems reported in the past decade. In
Chapter 5, a compact strain sensor system will be presented based on a chipless RFID tag with
resonators. As mentioned in Section 1.1, a wireless strain sensor system can be used for SHM,
WBAN or SWS.
2.4 Nanomaterial-Based Radio Frequency Sensors
The combination of nanotechnology and RF sensing technology has enabled the
development of numerous novel highly efficient, miniaturized, inexpensive and fast response
wireless sensors. The first nanomaterial based RF chemical/gas sensor was introduced in 2002
[120]. This sensor used a RF resonator coated with CNT to achieve sensitivity to ammonia in
quantities as low as 92.69 ppm with a resulting maximum frequency shift of 6.25 MHz. The first
nanomaterial based RF strain sensor was presented in 2005 [121], using a conductive coaxial
electromagnetic cavity and an antenna with a sensitivity of 2.45 kHz per micro strain (µɛ). The
relatively simple system architecture and small size of passive nanomaterial-based RFID sensing
systems open up new possibilities, such as on-demand sensor systems as a smart skin for strain. In
ambient conditions and biomonitoring sensing applications, they can act as Machine-to-Machine
(M2M) communication nodes when integrated to Wireless Sensor Networks (WSNs). This smart
skin can be embedded into clothes or directly wrapped around non-planar and biological surfaces
and widely used to monitor human body motions and offer new opportunities for real-time health
monitoring [122-124].The nanomaterial-based RF sensor systems could potentially be one of the
most enabling factors to implement realistic large-scale topologies of IoT in the future [125]. This
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new field is still in its infancy, but product requirements and technical capabilities point to a bright
future for nanomaterial based RF sensors.

2.5 Flexible Electronics
The electronics of the future will be soft, conformal, and rubbery, widely known now-adays as “flexible electronics”. Devices will be flexible, stretchable, twistable, and deformable into
curvilinear shapes, thereby enabling applications that would be impossible due to the rigid, brittle,
and planar nature of the electronics of today [126]. Flexible electronics is a wide-open and rapidly
developing field of research, development, and pilot production, especially in the past two decades
[127]. However, the concept of flexible electronics has a long history. In the 1960’s, the first
flexible solar cell arrays were made by thinning single crystal silicon wafer cells to ~100 µm and
then assembling them on a plastic substrate to provide flexibility [128]. In 1968, Brody and
colleagues made the first flexible thin film transistor (TFT) of tellurium on a strip of paper and
proposed using a TFT matrix for flexible displays.
Flexible can mean many qualities: bendable, conformally shaped, elastic, light weight, nonbreakable, roll-to-roll manufacturable, foldable, stretchable or wearable. From an electronic
engineering point of view, flexible electronics mean –among others- conformally shaped displays
and sensors, electronic textiles, soft robotics and electronic skin [9, 11, 128-132].
Historically, the strategy for enabling flexibility in rigid materials has involved a simple
idea of mechanics- any material can flex as long as it is sufficiently thin. For a thin film, there is a
well known relationship between strain and thickness, described by

ɛ=

(7)

2
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where ɛ is the strain, d is the thickness of the thin film and substrate, and r is the bending radius
[133].
Today, two general approaches are mainly used for the fabrication of flexible electronics.
The first utilizes conventional rigid materials, but employs wavy or arc-shaped structures that are
capable of accommodating applied strains of 100% or more [134-136]. The second approach is to
maintain the conventional circuit layout, but embed stretchable or flowable conductive materials,
such as conductive polymers [137, 138], conductive polymer composites [139] or liquid metal
alloys [140-142] to implement fully stretchable conductive lines. The fabrication processes of the
first approach are more complex and expensive, leading to more and more attention on the second
approach.
Liquid metals, mainly Gallium Indium (GaIn) Eutectic, are low cost and highly scalable
flowable conductive materials. However, they are commonly toxic and have a low melting point.
For example, GaIn’s melting point is 10.2°C, which is well below the average operational
temperature required for consumer electronics. The crucial part of embedded flexible conductors
is to maintain a high conductivity during bending, stretching, or even folding. Besides liquid metal,
other flexible conductive materials mainly consist of composites formed from conductive particles
embedded in a polymeric resin, such as epoxy, polyimide, polyurethane or silicone. In these
composites the polymer provides the properties of flexibility, toughness, physical shape and
structure, while the metallic fillers, such as silver, gold, nickel, copper, or carbon, provide electrical
conductivity. Previous studies have mostly focused on 1-D high aspect ratio fillers, such as CNTs
and silver nanowires [136, 143-145]. However, the conductivity is maintained only if the applied
stress is in the longitudinal direction of the fillers and extension in other directions causes poor
conductivity. 2-D conductive flake fillers have significantly higher overall conductivity in all
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directions and therefore have become a trending solution [146, 147]. Compared to metallic, mainly
tin-lead (Sn-Pb) alloy, solder technology, polymer-based composites like ECAs are not just the
ideal interconnect alternatives [148, 149]. They also feature numerous advantages, such as
environmental friendliness (elimination of lead usage and flux cleaning), mild processing
conditions (enabling the use of heat-sensitive and low-cost components and substrates), fewer
processing steps (reducing processing cost), low stress on the substrates, and fine pitch
interconnect capability (enabling the miniaturization of electronic devices) [149-155]. Specially,
polymer-based ECAs offer the advantage that they can be processed at low temperature (T <
150°C), which is significantly lower than metallic solders.
ECAs have been commonly classified into three categories with respect to conductive filler
loading level: isotropically conductive adhesives (ICA, with 1-10 µm sized fillers), anisotropically
conductive adhesives / films (ACA / ACF, with a typical 3-5 µm sized conductive fillers, or in a
film form) and non-conducting adhesives (NCA , no conductive filler particles) [148]. NCA
bonding technology requires no fillers and instead uses a relatively high bonding pressure to make
direct physical contact between two conductive surfaces and a permanent joint by NCA resin
curing solidification [156-158]. NCA doesn’t have conductivity by itself. Based on the percolation
theory, the percolation threshold depends on the shape and size of the fillers, but typically in the
order of 15~25% volume fraction [159, 160]. For ICA, the loading level of conductive filler
exceeds the percolation threshold, as shown in Figure 8, proving electrical conductivity in all
directions [161-163]. For ACA/ACF, the loading level of conductive fillers is far below the
percolation threshold, which is insufficient for inter-particle contact and prevents conductivity in
the XY plane of adhesive. Therefore, they provide a uni-directional electrical conductivity in the
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vertical or Z-axis [164, 165]. In electronic packaging industries, ICAs have attracted more and
more attention due to their uni-directional electrical conductivity.

Figure 8 A typical percolation cureve showing the abrupt increase in conductivity at the
percolation threshold [149]
In ICAs, the conductive fillers provide the composite with electrical conductivity through
contact between the conductive particles. The possible conductive fillers include silver (Ag), gold
(Au), nickel (Ni), copper (Cu) and carbon in various sizes and shapes. Silver flakes are the most
popular conductive fillers. Beside their intrinsic flexibility, high conductivity, simple process and
low cost, they are unique among all the cost-effective metals by nature of silver conductive oxide.
Oxides of most common metals are electrical insulator. Copper powder, for instance, becomes a
poor conductor after aging.
ECAs have been adapted as interconnect materials for electronic packaging industries in
the past two decades. With the increased electrical and mechanical performance of ECAs, there
are more and more potential applications for flexible electronics in WBAN, flexible display[166169], flexible energy storage devices [170, 171] and SWS. In Chapter 4 and 5, we will introduce
ECA based strain sensors.
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2.6 Patterning Technologies for Flexible Electronics
The Patterning processes for functional materials, such as those compared in Table 5, are
among the key technologies to enable flexible electronics.
Table 5 Feature Comparison of Patterning Processes [172]

Additive patterning processes are more material efficient compared with subtractive
patterning processes, since the patterned material is deposited only in the desired position. These
processes eliminate the need for etching and material waste. Direct patterning means less
intermediate material/process involved. For flexible patterning processes, contact during the
process can lead several problems, such as contamination or perturbation (scratches) of the
physical structure of the underlying materials. Scalability is another consideration for patterning
processes, which is desirable for the translation of small scale research and prototype processes to
industrial scales via roll-to-roll processing, which is well known for its use in the newsprint
industry. The roll-to-roll technology shown in Figure 9, where the substrate is printed on as it
comes off a reel. The printing is followed by in-line curing, where the material is cured on the
substrates. This method can print conformal electronics that are kilometers long, if required, which
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makes printing an optimal fabrication method [173]. For manufacturing at industrial scales, of
course, cost is another consideration. This thesis focuses on two additive, non-contact, scalable
and low-cost patterning processes: inkjet printing and 3D printing technologies.

Figure 9 Roll-to-roll printing process used in an industrial environment

2.6.1 Inkjet Printing Technology
Traditional wet etching techniques, which form the backbone of the conventional PCB
fabrication process, involve complete metallization of substrate laminates and subsequent selective
etching of portions of the metal layer on top of the substrate. Milling machines are also used to
realize circuits on metal laminated substrates. They operate like plotting machines, with milling
bits that selectively remove unwanted metal from the PCB boards. Both methods suffer from a
significant amount of waste during the fabrication process. Up to now, most typical fabrication
processes on flexible substrates have been taking place in a clean-room environment or are
subtractive processes meaning that they are expensive and have detrimental environmental effects
due to the hazardous chemicals required, while being especially wasteful for circuits which do not
contain large metal areas.
Printing technologies have been playing an ever increasing role in the growing field of
flexible and conformal electronics. This is due to their low operation cost, ability to deal with
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flexible substrates, and capacity to work at a large scale [174]. Printing processes, such as inkjet
printing, are strictly additive and therefore do not waste material. For flexible electronics,
piezoelectric inkjet is by far the most common technology in inkjet printing, which uses an
electrostatic potential difference (normally 5 ~ 12 V) between a charged electrode attached to the
ink cartridge and the base plate on which the substrate is mounted [175]. The two stages of
piezoelectric inkjet printing process are presented in Figure 10. The cost effective and "green"
nature of inkjet printing technology as a fabrication method on low cost organic flexible substrates,
such as paper, make it ideal for large scale roll-to-roll processing with high repeatability. It is
especially suitable for fabrication of large area circuits that do not contain large metal areas, such
as wireless sensors and RF communication and control modules [176].

Figure 10 The piezoelectric inkjet printing process [177]
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A number of manufacturers have produced print heads that are designed specifically for
the printing of functional materials (such as silver nanoparticles, SU8, PMMA) through microsized nozzles in the past two decades [178-180]. Several nozzles can run at once to pattern multiple
materials simultaneously. Once the materials are patterned onto the substrate, curing methods such
as heat, laser, or atmospheric modification, melt or link the printed nanoparticles into bulk
structures [178, 181, 182]. The entire process can be completed in a matter of minutes allowing
for rapid production at large scale. An example of this process is shown in Figure 11. Because of
the wide variety of materials, the use of nano-enabled ink has become more and more popular for
flexible electronics up to the millimeter-wave frequency ranges. In Chapter 3, Inkjet printing
carbon nanoparticles will be applied in the gas sensor fabrication process.

Figure 11 (a) Diagram of an in-line laser sintering process to anneal printed nanoparticles; (b)
SEM of non-annealed printed silver nanoparticles; (c) SEM of sintered silver nanoparticles; (d)
an inkjet printed RFID array.
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2.6.2 3D Printing Technology
The enormous diversity of materials and support materials that can be used for flexible
electronics requires different patterning processes in order to handle the different combinations of
properties and complex structures. 3D printing is the technology of building physical objects up
layer by layer, based on detailed digital blueprints [183]. Even though 3D printing has been used
in some industries for three decades, freely available softwares, the falling cost of 3D printers, and
increasing number of 3D printing materials are bringing 3D printing technology to the mainstream.
The advantages of 3D printing technology include time saving and the capability to fabricate
complex full 3D structures with multiple materials which are not possible with standard fabrication
methods. The rapid growth in 3D printing technology offers unique advantages in terms of optimal
non-orthogonal shapes, on-demand deposition of nanostructures and antennas, as well as
multilayer stretchable hermetic RF packages for flexible RF modules.
2.6.2.a Different Types of 3D Printers
In the past decade, the growing affordability of 3D printers has brought 3D printing
technology more attention. So far, there are several different types of 3D printer technologies in
the market: fused deposition modeling (FDM), stereolithography (SLA), selective laser sintering
(SLS), Selective laser melting (SLM), electronic beam melting (EBM), digital light
processing(DLP), laminated object manufacturing (LOM) and micro dispensing.
FDM, for which the patent was first filed in 1989 by S. Scott Crump [184], is the most
popular technology in the current 3D printer market. This technology begins to slice a 3D model
file, usually in a STereoLithography (STL) file, into horizontal layers with a collection of paths.
The FDM printer head pushes a filament through a heated extruder. The material is extruded
through the printer nozzle while following the paths. The material feed rate and printing speed can
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be controlled in the sliced file. After finishing one layer, the extruder will be moved up by a single
layer height. New thermoplastic materials are constantly being introduced into filament form for
FDM printers. Some popular ones include: acrylonitrile butadiene styrene (ABS), polylactic acid
(PLA), polyethylene terephthalate (PET), polyvinyl acetate (PVA), NinjaFlex and polycarbonate
(PC). In Chapter 4, the 3D antenna based strain sensor has NinjaFlex printed part.
SLA is the oldest technology in the history of 3D printing and the second most popular in
the current market. SLA printers turn liquid plastic into solid object layer by layer by a laser. There
are more and more SLA machines showing up in the market, like Carbon3D and 3D Systems,
VisJet and Loctite. They use different liquid plastic, so the printing quality and the printing time
varies in a large range.
Among all the current 3D printing technologies, micro dispensing , which belongs to direct
writing additive manufacturing (DWAM), is a good option for various materials and random
patterns [185, 186]. Micro dispensing machines include nScrypt, Hyrel 3D, Optomec, Nordson
Asymtec, and Camelot. Micro dispensing usually pushes the material through the printer nozzle
directly onto the desired area. The nScrypt 3D printer uses a patented valve near the dispensing
nozzle to accurately control the start point and the end point of the material flow. Figure 12 shows
the cross section of the valve assembly from nScrypt. The valve rod is driven by a moto and travels
along the channel of the valve body with a resolution of 0.1 µm [187]. The shape of the pen tip is
specially designed to reduce the pressure needed to push material through the nozzle with a small
size, such as 50 um or 12.5 um. The assembly is capable of handling materials with an extreme
viscosity range from 0.001 to 1000 PA·s. Figure 13 shows the printing samples by SmartPumpTM.
In Chapter 5, the hand gesture sensor is printed by nScrypt SmartPumpTM.

35

Figure 12 nScrypt Inc. SmartPumpTM valve assembly (by Xudong Chen in nScrypt) [188]

Figure 13 SmartPumpTM printing results (a) SmartPumpTM during printing process; (b) SEM
of 50 µm wide conductive lines; (c) SEM of 100 µm diameter adhesive dot. [187]

2.6.2.b 3D Printing Materials for Flexible Electronics
In the past few years, a flurry of new flexible materials have emerged in the 3D printing
market. NinjaFlex and FilaFlex [189] feature the best performance during the stretch tests among
the new materials [190]. NinjaFlex is the most popular flexible/stretchable 3D printing material
[191, 192] and it is also able to bond to PLA and ABS, which are the most common 3D printing
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materials potentially enabling 3D printing to be applied to numerous new areas, such as flexible
electronics. Nevertheless, it has to be stressed that most previously reported NinjaFlex projects
have only been in the DC or low frequency domains. In Chapter 4, the substrate of the strain sensor
is printed by NinjaFlex by FDM technology.
In the past decade, flexible/stretchable conductive materials by direct writing method has
been attracting more and more attentions in wire bonding [166, 193], strain sensor [42] and RF
components [194]. These technologies are still in their infant stage, not mature enough to be
commercialized. In Chapter 5, the hand gesture sensor is 3D printed using an in-house produced
ECA.
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CHAPTER 3
NOVEL INKJET-PRINTED GRAPHENE-ENABLED WIRELESS GAS
SENSORS

The early and accurate detection of hazardous chemicals is advantageous for both industrial
use and for environmental cognition, and is of benefit to both the public and private sectors. Recent
advances in materials science have led to the employment of novel nanomaterials, such as carbon
nanotube (CNT) and graphene, for chemical sensing applications [50-55, 120]. These materials
alter their properties in the presence of a given substance by absorbing the chemicals on their
surface. Chemical/physical absorption produces changes in material properties such as real and
imaginary impedance, DC resistance, or effective dielectric constant [112]. These changes can be
exploited to determine the presence of various chemical compounds by translating the material
effects into measurable electrical quantities, such as changes in voltage, current, resonant
frequency, or backscattered power amplitude.

3.1 Carbon Nanomaterials
This study will consider the use of graphene as a means to enhance the sensitivity
performance, and as a means to introduce selectivity into the functionality of gas sensor efforts.
Graphene is a single planar layer of carbon atoms with exotic physical properties including high
mobility of charge carriers (200K cm2V-1s-1), and high thermal conductivity (~5K Wm-1K-1) [52].
Most importantly, as a zero bandgap semiconductor, graphene’s high metallic conductivity and
low charge carrier density enable extreme sensitivity, because small variations in charge carrier
density yield notable changes in conductivity. Single gas molecule detection has been
demonstrated in a prototype device [52].
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Graphene was chosen in the proposed work for three reasons.

Firstly, it exhibits

remarkable electronic and mechanical properties [195-197], and graphene oxide materials can be
easily dispersed in water for ink [54]. Previous work in our group on a CNT based wireless gas
sensor found that the short lifetime and poor dispersion of CNT ink limited the obtainable material
performance [112, 178]. Secondly, since graphene is an extremely low-noise material
electronically, graphene offers clear advantages in terms of minimum detection levels compared
to other solid-state gas sensors, such as those created from CNT [52]. Lastly, graphene’s ability to
be functionalized for a wide range of chemicals makes it an ideal candidate for the development
of portable and wearable sensors with a broad detection spectrum. The ability to deposit graphene
oxide materials via inkjet printing of aqueous solutions on low cost, flexible, and environmentally
friendly substrates opens the possibility of mass producing such devices and taking advantage of
economies of scale.

3.2 Reduced Graphene Oxide (RGO) Based Gas Sensor Prototype
The proposed work establishes for the first time the principles of wireless gas sensor design
utilizing graphene thin films. It combines both analog and digital wireless remote transmission
principles with graphene-based enhanced selectivity, featuring the first ever inkjet-printing of an
aqueous graphene solution on flexible Kapton substrates. Regarding the digital transmission
scenario, the coupling of gas sensing with power-efficient wireless data transmission is achieved
by deploying Intel's Wireless Integrated Sensing Platform (WISP) [198]. WISP adds
microcontroller functionality to traditional RFID tags, which operate as the sensor's integration
platform. The WISP can be programmed to sample a variety of different responses and produce
gas detection results taking advantage of additional processing, such as time-averaged stabilized
or normalized difference gas-induced material changes.

39

The core of the wireless gas sensor is a prototype board made from graphene deposited
onto Kapton substrate by inkjet printing. There are six fabrication/integration steps for this
prototype.
3.2.1 Creation of Graphene Oxide Ink
The first step in the sensor development process was the creation of stable, long-life, inkjetprintable graphene-based inks. This was accomplished by first converting the graphene into
graphene oxide (GO) powder. Unlike pristine graphene, which has very poor dispersion in
common solvents, GO exhibits excellent solubility in water due to the existence of hydrophilic
functional groups on the surface [199], rendering it an excellent candidate for development of
environmental friendly water-based inks. After deposition, pure graphene was obtained by the
reduction of GO, which reverts to the conjugated basal plane and restores the electrical properties
of the material. The reduction of GO is one of most promising methods for low-cost, high-yield
and scalable preparation of graphene materials [200].
The GO was produced by chemical oxidation of graphite, which introduces oxygencontaining functional groups to exfoliate pristine graphite into individual GO sheets. GO was
prepared with Hummers’ method [201]. Specifically, graphite flakes are placed into a NaNO3
/concentrated H2SO4 solution in an ice bath. Subsequently, KMnO4 is slowly added to the solution
while maintaining the temperature under 20°C. The mixture is stirred in the ice bath for 2 hours,
then for an additional 30 minutes in a 35°C water bath. After that, 70°C water is added slowly to
the flask. The heat generated via exothermic reaction raises the solution temperature to 98°C.
Additional 70°C water is added, followed by hydrogen peroxide solution to terminate the reaction.
The mixture is filtrated and washed with water to remove excess acid and inorganic salts. The
resulting GO is dried overnight at 55°C to produce the GO powder. For this gas sensor prototype,
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dry GO powder was dispersed in a water/glycerol solution and sonicated to form a homogenous
dispersion to prepare the GO ink. Figure 14 shows brown color GO ink in an inkjet printer cartridge.

Figure 14 GO ink in an inkjet printer cartridge

3.2.2 Fabrication via Inkjet Printing

Inkjet printing of electronics has been enabled by the discovery of printable conductive
nanoparticles. In [202], the silver ink has been characterized up to 12.5 GHz and the highest
conductivity by inkjet printing achieved 1.1×107 S/m. These nanomaterial-based inks also consist
of nanometer sized particles of CNTs, graphene, or a wide range of semiconducting and polymer
compounds, in addition to metals, as long as the particles are small enough to be printed through
the micron-sized nozzles of an inkjet printer head. Several nozzles can be run at once to pattern
multiple materials simultaneously. Once the materials are patterned onto the substrate, curing
process, such as heat, laser, and atmospheric modification, melts or links the printed nanoparticles
into bulk structures [181, 182, 202]. The entire process can be completed in a matter of minutes
allowing for the rapid production at large scale. An example of this process is shown in Figure 15.
Because of the wide variety of materials this process can deposit, the use of nano-enabled ink has
become popular for printing RFID-based antennas, sensors, and even CNT-based diodes and
transistors [203-205]. This makes the printing process a very appropriate process to integrate
monolithic integrated sensors, antennas, and RFIDs into smart skins.
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Figure 15 Diagram of an in-line laser sintering process to anneal printed nanoparticles

For this gas sensor prototype, a Dimatix Materials Printer (DMP-2800) series material
deposition system was used to print both the silver and GO inks, as shown in Figure 16. The
substrate is 125-um-thick Kapton 500HN polyimide film by DuPont [206]. Before printing, the
Kapton substrate was treated by UV-Ozone to improve its hydrophilicity. The treated Kapton
demonstrated improved performance during printing compared to the native Kapton substrate,
enabling higher resolution prints and more layers to be printed during a given cycle.

Figure 16 Dimatix Materials Printer

The fabrication process involved deposition of 10 layers of conductive silver onto the
kapton substrate, followed by 17 to 27 layers of graphene oxide. First, the 10 layers of silver ink
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were deposited and cured at 120°C for 8 hours. Cabot’s CCI-300 conductive silver nanoparticle
ink was used to print here. Based on [202], 10 layers of silver ink and the curing time make sure
the good electrical performance of the silver electrodes. Next, two layers of GO were deposited
and cured at 80°C for four hours to serve as a foundation for further prints. These two foundational
layers overlapped the silver pads by 0.5mm to ensure optimum connectivity. These two foundation
layers need to be reduced as the method in Section 3.2.3. Next, the GO was deposited in five layer
increments with curing in between to ensure the highest consistency between samples. After the
reducion of the GO thin film, another two layers of silver ink was printed following the previous
10 layers silver traces. Figure 17 (a) illustrates the printing of GO ink. Figure 17 (b) shows the
completed sensor elements prototypes prior to reduction of the GO thin films.

Figure 17 (a) GO ink drop ejected from printer head; (b) GO thin films inkjet printed in-between
and overlapping inkjet printed silver traces on a Kapton substrate.

3.2.3 Reduction of Graphene Oxide
After printing and curing, each sample was reduced to obtain the desired graphene from
the GO. Due to the requirements for the reduction process of graphene oxide, we fabricated the
samples on Kapton substrates. After thermal reduction, the resistance became as low as 150Ω,
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approximately 1000 times better than the performance mentioned in current literature [207].
Reduction was achieved by placing the printed GO thin films in a hydrogen and argon atmosphere
under elevated temperature. The samples were reduced at 200°C for 30 min and 300°C for another
30 min. The heating rate was 5°C/min. After reduction, the samples were left to cool to room
temperature. Scanning electron microscopy (SEM) was used to determine the overall quality of
the graphene thin films (i.e. presence of defects in the print, etc.), and to make adjustments in
processing to further prints. Figure 18 provides SEM images of both the initial GO and (reduced)
RGO thin films. The wrinkles on the surface of the samples in Figure 18 are typical characteristics
of GO and RGO thin films produced by chemical oxidation methods. The wrinkles are due to
structural defects caused by oxygen functional groups. Oxygen bonds created in exfoliating the
graphene oxide from graphite distort the carbon bonds, producing the “characteristic” wrinkles in
the RGO thin films. These wrinkles are reduced, but still present after the reduction process.

Figure 18 (a) SEM image of the inkjet printed GO thin film; (b) SEM image of the inkjet printed
RGO thin film [208].
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3.2.4 Final Packaging Steps
One important fabrication factor, which was explored in the framework of this work, is the
impact of the contact between silver and graphene on system performance. Based on
experimentation, we determined that the application of an additional 10 layers of silver on top of
the graphene guarantees better connectivity between the graphene and silver traces. It also helps
to de-embed any additional impedance which would offset the measured change of impedance
unevenly among different samples of similar dimensions. We perform this step to reduce the
variability between samples.
Optimization of the RGO thin films was performed in order to obtain the proper sensor
area to ensure maximum sensitivity while obtaining the requisite intrinsic impedance to ensure the
sensor’s operation. To determine the optimum sensor area, three patterns of RGO material were
produced from left to right, as shown in Figure 17 (b). It was expected that the larger surface area
of the last pattern would yield the highest sensitivity. Based on previous efforts on thin film design,
it was estimated that between 15-25 layers of the material would be necessary to achieve the
desired resistance for the given dimensions of the RGO pads. To validate this assertion, samples
of both 15 and 25 layer versions of the patterns were printed and reduced. The measured results
confirm the assertion as shown in Table 6 below. These values represent the average resistance
values for a given combination of RGO pad dimension and thickness (# layers). The resistance
value did increase for increasing pattern area/dimension, and decrease for higher numbers of
printed layers.
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Table 6 Average intrinsic resistance values of RGO thin films
#
LAYERS

PATTERN 1 PATTERN 2
1mm×3mm 2mm×3mm

PATTERN 3
3mm×3mm

17

501.9 Ω

1123.8 Ω

2014.8 Ω

27

248.2 Ω

488.0 Ω

818.8 Ω

3.2.5 Integration with WISP
After the validation of the DC performance of inkjet-printed RGO, we present the gas
sensor prototype based on RGO DC performance and integrated with WISP platform. WISP is
presented as an available off-the-shelf device that has been optimized for wireless sensing. The
presented sensor prototype is a fully passive, battery-free, and programmable RFID tag that can
be powered and read by off-the-shelf Generation 2 (EPC Gen2) UHF RFID readers [178]. It has
an on-board microcontroller for sensing and computing functions and is a multi-functional
platform. The block diagram of a WISP is shown in Figure 19, which includes power harvesting,
sensor, signal processing, and modulation/demodulation capabilities. The WISP is solely powered
by the RF energy generated by any commercial RFID Reader. This RF energy is rectified by a
charge pump consisting of diodes and capacitors to charge the on-board capacitor. Whenever
located within the interrogation zone of an RFID reader, the WISP based gas sensor is
automatically activated and begins the transmission of the sensed information through the EPC
Gen2 protocol.
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Figure 19 Block diagram of the WISP RFID wireless sensor platform.
EPC Gen2 is a standard that defines the physical and logic requirements for passivebackscattering RFID systems operating at 860-960 MHz, that are regarded as the most practical
and cost effective RFID systems. A passive tag memory layout is composed of four main sections
as defined in Gen2 protocols, there are: reserved, electronic product code, tag identification, and
user memory banks. In Gen2, the reader issues commands to tags within the read range to access
data found in the tags Gen2 packet. These commands can be:


Select command: used to effectively select the tag to be communicated with;



Inventory commands: include the query command followed by ACK (acknowledge)
and NACK commands. The inventory command represents the handshake of the
RFID passive communication.



Access command: include the write, read, and kill commands responsible for
accessing a tag in order to read from, write to, or make inaccessible.
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The deposited graphene sensors shown in Figure 17 (b) are connected with the WISP RFID
tag. As the conductivity of the RGO changes upon exposure to gas, the graphene sensor is used in
a resistor divider configuration with a fixed resistor, which is placed across the WISP regulated
1.8 V and ground rails. When the WISP is interrogated by the reader, the voltage from the voltage
divider circuit is read by the WISP's analog to digital converter (A/D), processed, and sent to the
reader in the EPC Gen2 packet.
3.2.6 RGO-Based WISP Gas Sensor
Recently reported RGO-based inks have enabled the implementation of an inkjet-printed
graphene NH3 gas detection sensor that has a very rapid recovery time and high sensitivity [207,
208]. As demonstrated in [208], GO, which is the precursor to graphene, is inkjet printed onto a
UV-ozone treated Kapton substrate with silver contact pads, as described in Section 3.2.2.
Sintering GO using heat and laser can both be used for this process [20]. The printed GO is then
inserted in post processing to reduce the GO to sheets of RGO, following the steps in Section 3.2.3.
The deposited graphene sensors with printed silver electrodes are used to connect with the WISP
RFID tag, as shown in Figure 20. As the conductivity of the RGO changes upon exposure to gas,
the graphene sensor is used in a resistor divider configuration with a fixed resistor, which is placed
across the WISPs regulated 1.8 V and ground rails. When the WISP is interrogated by the reader,
the voltage from the voltage divider circuit is read by the WISP's analog to digital converter (ADC),
processed, and sent to the reader in the EPCGen2 packet.
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Figure 20 RGO-based WISP gas sensor
This RGO-based gas sensor was placed in an isolated gas chamber, as shown in Figure 21
(a), to expose the sensor to NH3 and CO to characterize its sensitivity. The measurement setup is
shown in Figure 21 (b). Figure 22 (a) and (b) show the extracted sensitivity, which is the change
in DC resistance of the sensor over the initial (zero gas concertation) resistance. Resistance
changes of up to 6% were realized with response times of less than five minutes when NH3 was
applied. Upon the removal of the gas at t = 15 minutes and application of air, the sensors recover
30% of the change caused by the gas within five minutes. This allows for reuse of the sensors,
which is required for low cost and long-term end solutions. Figure 22 (b) shows the selectivity of
the film between CO and NH3 showing a noticeable difference in the characteristic response of the
sensor to each gas. This can be used in data analysis to identify the type of gas present as well as
the exposure amount.
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Figure 21 (a) RGO-based gas sensor in a gas chamber; (b) Measurement setup

Figure 22 (a) Measured response of RGO thin films in presence of NH3; (b) Measured response
of RGO thin films to NH3 and CO.
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3.3

RGO-Based Passive UHF RFID Gas Sensor
Another RGO-based inkjet-printed prototype, that is integrated with a UHF RFID platform,

thus allowing the simultaneous interrogation of multiple wireless sensors, is presented in this
section. The RFID reader sends an interrogating signal to the RFID tag, which consists of an
antenna and an IC chip. The IC responds to the reader by effectively varying the “sensor-enabled”
antenna input impedance, thereby modulating the backscattered radiation levels. The modulation
scheme often used in RFID applications is ASK. The IC impedance switches between the matched
state and the mismatched state, altering levels of backscattered radiation to allow the transmission
of the appropriate [209]. As illustrated in Figure 23, the RGO thin film is integrated with the
printed antenna by direct-write methods, and acts as a tunable part of the antenna with an
impedance value determined by the concentration of the target gas. The RFID reader monitors the
backscattered power level. Once the power level changes, it shows that there is a variation of the
RGO film impedance, therefore, the wireless sensor detects the existence and the concentration of
the target gas.
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Figure 23 Conceptual diagram of the RFID-enabled wireless gas sensor module.

The power level of the received signal can be calculated using the Friis free-space equation
as:
=

(8)

where Pt is the power transmitted from the reader antenna, Gt and Gr are the gains of the reader
antenna and the antenna, respectively, and d is the distance between the reader and the tag.
The design goal for the tag antenna was to achieve an almost omnidirectional read pattern
while maintaining a maximum read range. The maximum read range of a passive UHF RFID tag
depends on the gain and the quality of impedance matching between the tag antenna and IC [210].
The read range can be optimized by selecting an IC with low-power consumption, maximizing the
antenna gain, and arranging a complex-conjugate impedance match between the IC and tag
antenna for maximal power transfer to the RFID IC [211]. The T-matching network is an effective
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way to modify the input impedance of a dipole by introducing a centered short-circuit stub, as
shown in Figure 24 [212] .

Figure 24 T-matching configuration for a dipole (left) and its equivalent circuit (right)
To demonstrate the printability of carbon-based nanoparticle inks, a preliminary prototype
was developed and shown in Figure 25, which is made from RGO directly deposited onto Kodak
photo paper. Graphene was chosen because of its special electronic and mechanical properties
[195, 196]. Cabot’s CCI-300 conductive silver nanoparticle ink was used to print the external
circuitry - a dipole antenna, and the interconnect between the RGO thin film and the antenna.

Figure 25 The antenna tags with RFIC printed on photo paper with different RGO sensing areas

This fabrication process, shown in Figure 26, includes:
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1) Deposition of the GO ink on paper substrate;
2) Curing and reduction of the GO thin film;
3) Alignment of the RGO film and printing of the antenna;
4) Sintering of the printed silver Cabot ink;
5) Integration of a RFID IC chip on the tag.
In step 2, after printing and curing, each sample was reduced to obtain the desired graphene
from the GO. SEM was utilized to observe the overall quality of the graphene thin films (i.e.
presence of defects in the printed films, etc.), and to make adjustments in processing to further
prints. The wrinkles on the surface of the samples shown in Figure 18 were observed here too,
which are likely indicative of minor defects in the structure [213].

Figure 26 The fabrication process of the RFID-enabled gas sensor prototype.
The inkjet-printed tag prototypes were tested using a KIN-TEK FlexStream gas generator
for the accurate control of the gas concentrations. The measurement setup was capable of
producing reliable mixtures up to 50 ppm of nitrogen dioxide gas diluted in nitrogen gas. A
Tagformance Lite RFID reader (Voyantic Inc. 2011) was adopted for measuring the minimum
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required transmitted power to excite the RFID tag. The measurement setup is presented in Figure
27. At each frequency point, the reader varies the transmitting power down from 30 dBm until the
power is not able to activate the RFID chip. After the reader sweeps throughout the entire
frequency range from 800 MHz to 1 GHz, the minimum required transmitted power level versus
frequency curve can be obtained. When the impedance of the antenna-based sensor varies due to
the gas exposure, the antenna resonant frequency changes accordingly. Therefore, gas sensing can
be achieved utilizing the relationship between the transmitted power to read the antenna-based
sensor and the gas concentration.

Figure 27 KIN-TEK FlexStream gas generator meausrment setup
The tags presented in Figure 25 were exposed to 20 ppm NH3 as a proof-of-concept for the
gas sensing test. After exposure to the target gas, the resulting mismatch of the impedance between
the antenna and the IC chip caused the backscattered power level to be reduced compared to the
original power level around 915MHz target frequency. A 600% difference in terms of the
minimum interrogation power level was observed at the target frequency by the received antenna
in less than 1 minute. This confirms the great potential of the presented approach to be the
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foundation of the large-scale conformal RFID-enabled carbon-based smart skins for gas sensing
applications.

3.4 Summary and outlook
Two graphene-enabled inkjet-printed wireless sensing topologies have been presented for
gas sensing platforms that can be easily integrated with smart skins. These sensors exhibit the very
important properties of zero/low-power operation and high sensitivity as well as a good selectivity.
Cognitive printed smart skins relying on these approaches have the potential to greatly enhance
the safety and longevity of large structures plus the quality of life in everyday environments, such
as grocery store food aisles, or airport luggage safety check. In addition, by using industry-standard
RFID platforms for sensing, it would be possible to leverage the low-cost, low-power benefits of
the proposed platform along with the ease of integration with current and future rugged RFID
systems.
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CHAPTER 4
A NOVEL WIRELESS STRAIN SENSOR USING STRECHABLE
CONDUCTORS

There is a pressing demand for deformable artificial skin with strain sensing capabilities in
the areas of wearable computing, soft robotics, SHM, WBAN and SWS. Artificial skin with
flexible sensors is usually called smart skin. Smart skin can be wrapped around generic objects in
different applications. For strain sensing applications, changes in the object’s dimensions will be
reflected in changes to the dimensions of the flexible strain sensors. An important research topic
is on methods for wirelessly detecting these dimensional changes. In the past, there have been
several different methods for RF strain sensors, such as a split rings and metamaterial based strain
sensor [114], a dipole antenna based strain sensor [116], and a rectangular microstrip patch antenna
based strain sensor [112, 117, 119, 124].
In this chapter, two flexible wireless strain sensors are discussed. The main part of the
presented novel wireless strain sensors is an antenna made of silver-filled electrically conductive
adhesives (ECAs). The antenna handles both radiating and sensing functions and the whole
flexible sensor device can wrap around the test object. Changes in the object’s dimensions are
reflected in a change in the dimensions of the antenna, resulting in a shift of the resonant frequency
of the antenna. The strain on the object can be calculated based on the acquired resonant frequency
of the antenna. First of all, a novel ECA material will be introduced. Afterwards, a 2D stretchable
bow-tie antenna will be produced by stencil printing and a 3D stretchable dipole antenna will be
fabricated by a 3D printer for 2D and 3D strain sensing applications.
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4.1 Silver-filled Electrically Conductive Adhesives
ECAs feature numerous advantages compared with liquid metal alloys and thin rigid metal
material with wave or arc-shaped structures, such as environmental friendliness, mild processing
conditions, fewer processing steps, low stress on the substrates, fine pith interconnect capability
and low temperature process environment (T<150°C). ECAs are conductive particles embedded
in a polymeric resin. Here ECAs mainly refer to ICAs, which are with 1- 10 µm sized fillers and
have uni-directional electrical conductivity. The conductive particles provide the composite with
electrical conductivity through contact between the conductive particles. The polymeric resin
provides the properties of flexibility and toughness. Silver flakes are the most popular conductive
fillers, because of their intrinsic flexibility, high conductivity, simple process and the nature of
silver conductive oxide. Several critical issues of ECAs are presented in this section.
4.1.1 Enhancement of Electrical Conductivity
High conductivity is one of the most critical requirements for the silver-filled ECAs to be
used in stretchable antennae, because it will directly affect the conduction loss and thus the
radiation efficiency. We take two approaches to enhance the conductivity of conventional ECAs.
As the first approach, a long-chain hydride-terminated polydimenthyl siloxane (H-PDMS)
is used as the curing agent of the ECA. Commercial silver flakes are usually covered with a thin
layer of lubricant, whose component is generally long chain fatty acid. The carboxylic group of
the fatty acid can interact with the silver surface to form a silver carboxylate salt complex, while
the hydrocarbon chain facilitates the dispersion of silver flakes and prevents oxidation [214].
However, these lubricants are insulating by nature, posing a significant energy barrier to electron
conduction between neighboring silver flakes. Therefore, reducing agents were added to ECAs to
chemically reduce the lubricant to nano/submicron-sized silver particles, and these in situ formed
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nano/submicron-sized particles may then facilitate the sintering of the silver flakes during curing
[215]. As a result, the high molecular weight of long-chain H-PDMS not only provides a high
elasticity due to the low cross-linking density of the formed silicone matrix, but also enhances the
electrical conductivity via the generation and sintering of silver nanoparticles [216].
In the second approach, we modified the filler particles through the iodination of the silver
flakes. It was found that the nonstoichiometric Ag/AgI nanoislands sparsely formed on the silver
flake surface by iodination treatment could activate the silver surface by exposing fresh silver from
inside flakes to the surface. The exposure of fresh silver at the flake surface further facilitates the
sintering between silver flakes during curing.
The combination of these two surface modification methods forms a strong electron
conduction network and reaches an initial conductivity of 1.51×106 Sm-1 filled with 80 wt% silver
flakes, which is comparable with conventional epoxy-based ECAs and in the same order of
magnitude with many metals [217].
4.1.2 Maintaining High Conductivity during Stretching
The largest challenge for stretchable electronics, especially RF devices, is that the
conductivity features a significant drop under mechanical strain. This is usually due to the piezo
resistive effect, which has been extensively studied [218-220]. The conductivity after stretching is
given by
≈

(

−

)

(9)

where σ0 and σ1 are the conductivity values before and after stretching, h is Plank’s constant, φ is
the height of the tunneling potential barrier, m is the mass of an electron, and s0 and s1 are the
average interparticle distance between fillers before and after stretching, respectively. According
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to this equation, there are two ways to maintain conductivity after mechanical deformation, either
reduce the tunneling potential barrier φ, or minimize the interparticle distance s1 during stretching.
The surface modification methods mentioned above remove the insulating lubricant off the
silver flake surfaces and thus they reduce the tunneling potential barrier φ between the silver flakes,
which not only benefits the initial conductivity, but also mitigates the conductivity change upon
stretching. In order to minimize the interparticle distance s1, the shape and morphology of the silver
fillers used in ECA are carefully engineered. Silver flakes are stacked parallel to each other by
applying a shear force during the printing processes [221]. As a result, even after stretching, the
stacking allows silver flakes to keep the tunneling distance almost unaltered within a certain strain
range, because the sliding between parallel flakes in the X-Y direction does not significantly alter
the distance between these flakes, show in Figure 28 (a). The resistance can be kept almost constant
for a certain range of tensile strain. In addition to the shape design, secondary textures due to the
in situ formation of silver nanoparticles from the chemical reduction of the silver carboxylate
complex (lubricant) are another important factor in reducing the interparticle distance. As
illustrated in Figure 28 (b), these secondary textures could reduce the tunneling distance without
changing the filler loading. This texture not only enhances the electrical conductivity of ECAs in
the static state but also mitigates the interparticle separation in the stretched state.
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Figure 28 (a) Schematic illustration and SEM images of the silver flakes before and after stretching;
(b) SEM images and schematic illustration showing the roughening process of the silver flakes by
H-PDMS can decrease the interparticle distance between neighboring flakes [222].
To measure conductivity changes while stretching, a strip of ECA was printed on a silicone
substrate and cut into a dumbbell shape. The specimen was then mounted on a tensile tester
(Instron Microtester 5548). Real-time electrical resistance change was measured by a typical fourwire method with all wires “soldered” to the ECA strip with additional ECA. The applied strain is
recorded by the tensile tester. The setup is shown in Figure 29.

Figure 29 The illustration of the setup to measure conductivity change during stretching ECA
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The conductivity of the ECA drops to 5.03×105 Sm −1 after embedding in the substrate, yet
it is still higher than previously reported stretchable conductors. Figure 30 (a) shows the
conductivity change as a function of the applied tensile strain of the silo-ECA compared with
previously reported stretchable conductors. A general trend emerges: the metal-filled conductive
composites [146, 147, 223] have significantly higher conductivity than carbon-filled conductive
composites [145, 224-227], while some CNT-based composites can maintain high conductivity at
larger elongations due to their high aspect ratio [226]. The conductivity of the novel ECA
introduced in this thesis features a conductivity that is two orders of magnitude higher than that
of

conventional

silver/PDMS

composites

[146],

and

is

comparable

with

gold

nanoparticle/polyurethane composites [147]. More importantly, the reported in-house developed
ECA features better elasticity than previously reported metal/polymer composites and can
maintain a high conductivity at large deformations. For example, even at a strain of 240%, the
conductivity is still as high as 1.11×10 5 Sm

−1

, indicating that the external stress only leads to

sliding between overlapping flakes and does not change the tunneling distance significantly. In
addition, the conductivity change remains within 25% after 1000 cycles of stretching at 50%
applied strain, as shown in Figure 30 (b).
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Figure 30 (a) Conductivity change of the in-house developed ECA as a function of tensile strain
compared with the values from previous studies; (b) The conductivity of ECA after cycling at 50%
strain and 100% strain features the same order of magnitude with many metals [222].
4.1.3 Synthesis of ECA
The silicone matrix for the silo-ECAs was prepared by mixing vinyl-modified PDMS
(Wacker® V1K) and hydride-terminated PDMS (Gelest® H41) with a molar ratio of 1:1 and 50
ppm platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex (Sigma-Aldrich Co.) as a
catalyst. The iodination treatment of silver flakes was performed by dispersing the flakes
(Silflake® 144) in an ethanol solution of iodine (0.5µmol L-1) for 1 hr. Then a simple filtration
was performed to wash out remaining iodine, and the flakes were dried in a vacuum oven for 24
hours. In this silo-ECA formulation, 80 wt % treated silver flake and 20 wt % of silicone mixture
were homogenized for 5 mins.
The commercial silver flakes are covered with a thin layer of lubricant, whose composition
is a long-chain fatty acid. The existence of the long chain fatty acid is demonstrated by Raman
spectrum and thermogravimetric analysis (TGA). In the Raman spectrum in Figure 31(a), the
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presence of carboxylate groups on the surface of silver flakes was verified by the symmetric
(νs(COO−)) stretching at 1395 cm−1 and asymmetric (νas(COO−)) stretching at 1590 cm−1
[228].The strong intensity of these peaks indicates that the surfactants are acids bonded to the
surface as anions. The peak at 923 cm−1 is assigned to the C–COO− stretching [228].The peaks at
1094 and 1167 cm−1 are from the C-C backbones [229]. The peaks at 1288 and 1459 cm−1 are
attributed to the twist and scissor of methylene groups [229]. The SERS peaks of C–H stretching
of the lubricant on Ag are well-resolved in the region of 2800-2950 cm−1 [215]. In the TGA result
in Figure 31(b), an obvious weight loss occurs at 207°C, which is attributed to the decomposition
of the long-chain fatty acid lubricant [215]. All silver flakes were characterized as received.

Figure 31 (a) Raman spectrum of the silver flakes; (b) TGA of silver flakes.
H-PDMS is able to chemically reduce the lubricant into silver nanoparticles during the
curing process of Silo-ECA. To support this, silver stearate was reacted with H-PDMS at 160°C
for different durations. A dark brown precipitation was observed immediately after the silver
stearate and H-PDMS were mixed. The mixture was centrifuged at 5000 rpm for 15 minutes. The
nanoparticles precipitatation were re-dispersed in toluene, and then characterized by UV-Visible
spectroscopy, XRD and TEM. As shown in Figure 32(a), the peaks around 420-440nm in UVVisible spectra are attributed to the surface plasmons from the generation of Ag nanoparticles
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[230]. The nanoparticles were also characterized by XRD in Figure 32 (b). The peak at 38.3° and
44.3° resulted from (111) and (200) faces of silver, respectively. After mixing H-PDMS and silver
stearate, the small and broad peak indicate an immediate formation of silver nanoparticles. After
20 minutes reaction, the peak becomes sharp, indicating the growth of crystal sizes with a longer
reaction time. The nanoparticles formed after 20 minutes’ reaction were also clearly observed by
TEM, shown in Figure 32(c).

Figure 32 (a) UV-visible spectra and (b) XRD of the formed silver nanparticles after reacting
silver stearate with H-PDMS for different durations. (c) TEM images of formed silver
nanoparticles after 20 minute reaction.
4.1.4 Electrical Characterization of ECA
To measure the electrical conductivity of the in-house developed ECA, its paste was cast
in a Teflon mold (22 mm × 7 mm × 0.5 mm). After curing at 160°C for 1 hour, the bulk resistance
of the film was measured by the four-wire method with a Keithley 2000 multimeter. The thickness
was measured with a profilometer (Heidenhain ND 281, Germany). Electrical conductivity σ was
then calculated by
=

(10)

where R is the bulk resistance and l, w, and t are the length, width and thickness of the film,
respectively. The results show excellent conductivity under strain and are presented in the red line
in Figure 30 (a).
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High conductivity and elasticity, as well as easy fabrication, make the in-house made ECA
a promising building block for stretchable RF devices for wirelessly strain sensors. For proof-ofconcept demonstration purposes, one 2D bow-tie antenna and one 3D dipole antenna were
designed using the Ansoft high frequency structural simulator (HFSS) Version 14.0. Stencil
printing and 3D printing technologies were used for the fabrication process.

4.2 Stretchable 2D Bow-tie Antenna
A 2D bow-tie antenna made of silo-ECSs is presented here. The substrate characterization,
the design of the antenna, the fabrication steps and the measure results are discussed in order.
4.2.1 Silicone Substrate Characterization
The silicone substrate, Elastosil® M 4642, was selected in this study. To do the tensile test
of the silicone substrate, a piece silicone substrate in a dumbbell shape was mounted on a tensile
tester (Instron Microtester 5548), as shown in Figure 33(a). The applied strain is recorded by the
tensile tester. The tensile test results are shown in Figure 33(b). The silicone substrate (Elastosil®
M 4642) has an elongation at break of 787%. The circle patterns and the line patterns formed by
soft-lithography on silicone substrate are presented in Figure 33(c) and (d) to prove that it is
suitable for patterning by soft-lithography. The dielectric constant and the dissipation factor of the
silicone substrate from 10MHz to 1GHz are measured by an RF impedance analyzer (Agilent
E4991A). The results are in Figure 33(e) and (f). A low dielectric constant of 3 and dissipation
factor <0.01 are shown.
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Figure 33 (a) The dumbbell shape for the tensile test of silicone substrate on Elastosil® M 4642.
(b) The tensile test result of the silicone substrate. (c) The circle patterns and (d) the line patterns
formed by soft-lithography on silicone substrate. (e) The dielectric constant and (f) dissipation
factor of the silicone substrate from 10MHz to 1GHz.
4.2.2 Design of the Bow-tie Antenna
As a proof-of-concept stretchable prototype, a quarter-wavelength bow-tie antenna on
silicone substrate was simulated in HFSS. The dimension of the quarter-wavelength bow-tie
antenna is shown in Figure 34 (a). The silo-ECA conductors can be rationally designed to achieve
1) a high conductivity at both static state and stretching state for a high radiation efficiency; 2) a
proper viscosity to enable stencil printing or soft-lithography for high-resolution and large scale
fabrication; and 3) cross-linking with the silicone substrate to eliminate delamination and leaking
issues.
The dimension changes of the fabricated quarter-wavelength antenna during stretching was
simulated using COMSOL multiphysics®. A rectangular substrate (35mm×30mm×0.7mm) was
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stretched in the simulation, with the assumption that the silicone substrate has a Poisson's ratio of
0.49 [231].

Figure 34 (a) The dimension of the bow-tie antenna; (b) the prototype of the bow-tie antenna.

Figure 35 (a) shows the simulated return loss of the ECA based bow-tie antenna without
strain. Then the dimension change results from COMSOL were taken into HFSS. Up to 100%
strain was added, the center frequency results are presented in Figure 35 (b).

Figure 35 (a) ECA-based antenna return loss without strain; (b) ECA-based antenna center
frequencies under different strains.
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4.2.3 Fabrication of the antenna Prototype
Another advantage of the hereby-presented silo-ECA is the printability of the material in
fine patterns, which is critical for the fabrication of stretchable antennas. Figure 36 (a) and Figure
36 (b) illustrate the two processes to fabricate the antenna pattern. In the stencil printing process,
ECA is stencil-printed on a PTFE board and is partially cured. Then the ECA pattern is covered
by silicone. After curing the ECA and silicone, the bonded silicone substrate and ECA are both
peeled off from the PTFE board and form the stretchable antenna. It should be noted that during
the curing process, cross-linking occurs at the interface between ECA and silicone substrate,
eliminating the delamination issues. In the soft-lithography process, a master mold is fabricated
by patterning a silicon wafer via photolithography. Then the silicon wafer is treated with
1H,1H,2H,2H-perfluorododecyltrichlorosilane to make it hydrophobic and to facilitate the peeling
of the silicone substrate from the silicon wafer. A silicone prepolymer is poured onto the master
mold and is cured to form an elastomeric mold. After peeling off the silicone elastomeric mold,
the silo-ECA is dispensed into the cavity of the silicone substrate to form the conductive pattern.
Figure 36 c-f show the printed lines and circles created by the two methods. Patterns on the scale
of hundreds of microns can be accurately replicated through both methods, though the softlithography process can duplicate shapes with clearer definition and more uniform thickness.
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Figure 36. (a) Stencil printing process to fabricate a stretchable antenna. (b) Soft-lithography
process to fabricate a stretchable antenna. Lines printed by (c) stencil printing and (d) softlithography. Circles printed by (e) stencil printing and (f) soft-lithography.
4.2.4 Measurement results of 2D antenna based strain sensor
High conductivity and elasticity, as well as facile fabrication, make the in-house-made siloECA a promising building block for stretchable RF devices. For demonstration purposes, one
quarter-wavelength bow-tie antenna as designed in the Section 4.2.2 is fabricated through the softlithography process, as shown in Figure 37 (b). It is clear that the fabricated antenna samples have
a high fidelity to the original design.
The reflected electromagnetic (EM) power of this bow-tie antenna was measured by a
R&S®ZVA8 vector network analyzer (VNA) and compared with the simulated data. If the antenna
radiates efficiently at a certain frequency, the majority of incident EM power is radiated into space
with little reflected power. The measured resonance frequency lies in 3.50GHz at the range of
50MHz-4GHz, very close to the simulated value of 3.45 GHz. The S11 of the real antenna is 17.7dB, also slightly lower than the simulated value of -16.9dB, which indicates that the antenna
is better matched with 50Ω input with all the loss. The bandwidth of the actual antenna is larger
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than that of the simulated data, resulting in a lower Q factor. This lowered Q factor should result
from the conduction loss of the ECA material.

Figure 37. (a) The design of bow-tie antenna; (b) Bow-tie antenna prototype fabricated by softlithography process; (c) The measured and simulated reflected EM power as a function of
frequency.

The bowtie antenna has also been tested on the tensile tester(Instron Microtester 5548) for
the strain test. The setup is illustrated in the Figure 38.

Figure 38 The setup of the bow-tie antenna on the tensile tester

Figure 39 demonstrates the performance of the quarter-wavelength antenna under different
tensile strains. The dimension change of the antenna is simulated by finite element analysis and
then fed to the HFSS to predict the reflected power of the deformed antenna. In order to determine
the actual antenna performance under strain, the prepared quarter-wavelength antenna is mounted
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on the tensile tester and its reflected power is measured by the VNA during stretching. As shown
in Figure 39 (a), the resonance frequency decreases monotonically from 3.45 to 2.42GHz as it is
stretched up to 60% strain, demonstrating the tunability of the fabricated antenna over a wide range
of frequencies by simple mechanical modulation. The consistent agreement between measurement
and simulation suggests the frequency tuning can be predicted theoretically. Figure 39 (b) shows
that the reflected power of the antenna is kept below -15dB when the antenna is stretched by up to
60%, indicating that the high-quality radiation efficiency is maintained during stretching. After
retracting, the resonance frequency returns to 3.45 GHz. It should be noted that the antenna could
be stretched to a strain larger than 60%, but the connections with the SMA connector become weak
and may cause antenna mismatching.

Figure 39. (a) The simulated and measured resonance frequency of the quarter-wavelength
antenna as a function of tensile strain; (b) The simulated and measured reflected power of the
quarter-wavelength antenna as a function of tensile strain.

In conclusion, we have developed silo-ECA materials that have a conductivity of
1.51×104S/cm and can maintain conductivity above 1.11×103S/cm, even at a large stain of 240%.
By using the stretchable silo-ECAs as a conductor pattern and pure silicone elastomers as a base
substrate, stretchable antennae can be fabricated by stencil printing or soft-lithography. The
resulting antenna’s resonance frequency is tunable over a wide range by mechanical modulation.
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The strain sensitivity is around 1.71 MHz/µɛ. This fabrication method is low-cost, can support
large-scale production, has high reliability over a wide temperature range, and eliminates the
concerns of leaking or delamination between conductor and substrate experienced in previously
reported micro-fluidic antennae.

4.3 Stretchable 3D Dipole Antenna
A 3D diple antenna made of ECAs is presented in this section. The substrate RF
characterization, the design of the 3D antenna, the printing prototype process and the measurement
results are discussed in order.
4.3.1 3D Printing NinjaFlex and NinjaFlex RF Characterization
Due to the flexibility and low cost of NinjaFlex, NinjaFlex (color: snow white) was selected
for the strain sensor substrate in this study. First, we will discussed the printability of NinjaFlex
on the 3D printer. Then the RF characterization of NinjaFlex will be presented.
4.3.1.a 3D Printing NinjaFlex
Most commercial low-cost 3D printers today are using fused deposition modeling (FDM),
of which the patent was first filed back in 1989 by S. Scott Crump [184]. This technology feeds a
plastic filament into a heated extruder and then precisely lays down the material [183]. A variety
of adjustable options of this technique affect the printing quality. Important properties include
layer height, amount of top and bottom solid layers, amount of perimeter walls, solid/infill patterns,
and infill densities.
A layer height of 100 microns is considered standard and is achievable for most 3D printers
in the market today, such as the Stratasys Dimension 1200es and the Printrbot Simple Metal [232,
233]. The amount of both top and bottom layers both affects the mechanical strength of those sides;
if there are not enough layers, the top layer may become porous. An increase in the amount of
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perimeter walls increases the strength of the print, but one wall suffices to create a non-porous
surface. Various benchmarking 3D printable infill patterns have been tested. During testing, a
Hilbert curve pattern is preferable for solid layers to create a non-porous bottom and top layer. As
many printers by default print rectilinear, the rectilinear pattern was chosen for fabrication
repeatability among different printer models [233]. The density can be easily varied arbitrarily,
and the material is typically characterized for densities of 40%, 70%, and 100%, as shown in Figure
40, which can lead to varying mechanical properties.

Figure 40 Variety of infill Rectlinear patterns available to print in slic3r. Left to Right: 40%,
70%,100%.
The proof-of-concept 3D-printed 3D antenna presented in this paper was fabricated on a
100% infill density cube shell for operation up to 3GHz. All samples tested were made on the
Hyrel System 30 3D printer [234], as shown in Figure 41. This hardware uses a modified version
of the Repetier controller software called Repetrel, which still uses the common slicing CAD
software slic3r [235, 236].

Figure 41 Hyrel System 30 3D printer

74

4.3.1.b NinjaFlex RF characterization
The most important electrical characteristics of any new material are the dielectric
permittivity and the loss tangent. Due to the lack of information of NinjaFlex's properties in
wireless/RF frequencies, a microstrip-fed ring resonator was chosen for the material
characterization up to 3GHz [178].
The design of the ring-resonator was aided by the ANSYS HFSS. Two microstrip feeding
lines were adopted to excite the ring and to collect the transmitted power. These feeding lines were
separated by the resonator through 0.8 mm gaps. The line width is set to achieve a characteristic
impedance as close as possible to 50 Ohms by assuming a dielectric permittivity close to 3 and a
substrate thickness of 1.27 mm. The gap was set intentionally large in order to more accurately get
the loaded and unloaded quality factors of the resonator in case the transmitted power was very
low and noisy measurements were expected. Moreover, this distance was also chosen to relax the
constraints due to the process variations.
The design of the central part of this component, the ring, concerns mainly two dimensions:
the radius and the width of the strip. The first one was set to achieve a resonant frequency as close
as possible to 2.4 GHz. Starting from this point, the width of the ring strip had to be chosen in
order to avoid higher modes [237] and to take into account the constraints of the manufacturing
technique. As the ratio of the width and the summation of inner and outer radius had to be lower
than 0.05, the chosen width was the maximum one that satisfies this relationship. The final design
of the resonator is shown in Figure 42.
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Figure 42 Design of the ring resonator for the characterization of NinjaFlex’s properties up to
3GHz. The distance between Port-1 and Port-2 is 48.9 mm while the overall width of the substrate
is 40 mm. wS=3 mm gap=0.8 mm, R=13 mm wR=1.3 mm

The ring structure was manufactured on three different substrates made of NinjaFlex of
40%, 70% and 100% densities (infill). As the material had never before been adopted for any
electronics application, a proper manufacturing technique was chosen. Since chemical etching
involves acids, the risk in damaging NinjaFlex was very high using the traditional etching-based
metallization fabrication approaches, thus making additively manufacturing approaches a very
attractive alternative. Inkjet printing is a possibility for characterization. Nevertheless, a potential
issue that could reduce the quality of printed conductors was the high porosity that 3D printed
materials commonly exhibit. Thus, the metallization option initially utilized was the employment
of a high precision milling machine, widely adopted for in-lab PCB realization. A 0.025 mm thick
copper foil was stacked on the top of the substrate through a thin layer of epoxy glue. The Gorilla
Glue epoxy solidified allowing the milling machine to mill with additional precision [238]. The
electromagnetic characterization hereby proposed exploits not only the dielectric substrate but also
considers the thin film of glue that is required to manufacture copper clad NinjaFlex. The bottom
is fully grounded through its complete coverage with copper. The measurement setup involved an
R&S®ZVA8 vector network analyzer (VNA). The input and output feeding lines were connected
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to the VNA thanks to standard SMA-to-microstrip connectors fastened to the circuit with
conductive epoxy glue. The ring resonator under test is shown in Figure 43.

Figure 43 The ring resonator realized on the 3D printed NinjaFlex substrate.

Figure 44 below shows the frequency peaks for the samples with the three different
densities (infill percentages). As expected, the higher infill densities lower the resonant frequency.
This phenomenon is due to the high percentage of air in the substrate for low infill sample that
lowers the effective permittivity. Starting from these measurements the dielectric permittivity can
be retrieved for each sample [178].
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Figure 44 Measurements of the transmission parameter of the three different ring resonators. The
frequency shift due to different infill percentages can be noticed.
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Figure 45 below shows the value of εr versus the infill percentage as well as the calculated
loss tangent for the same substrates at 2.4GHz. The results show high losses compared to standard
microwave substrates and as expected. The higher value of loss tangent (0.06 @2.4 GHz) and the
dielectric permittivity of 2.98 @ 2.4GHz are related to the sample with 100% of infill.
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Figure 45 Dielectric permittivity and loss tangent versus the infill percentage of the 3D-printed
NinjaFlex samples around 2.4 GHz.

4.3.2 Design of 3D Antenna
The geometry of the proposed 3D dipole antenna is depicted in HFSS in Figure 46. The
substrate is a 30mm×30mm×30mm 3D-printed hollow cube made of 100% infill NinjaFlex
(relative permittivity 2.98 and loss tangent 0.06 @ 2.4 GHz) [239]. The dipole antenna with two
perpendicular arms was realized with ECA by 3D printing as well. As shown in Figure 46 (a), the
dipole was placed on the top surface of the cube and bent towards two other surfaces on the side.
The feed port of the dipole was located in the center of the top surface. The two arms extended to
the edge of the top surface, then bent along two other vertical surfaces. This 3D structure makes it
simple to quantitatively analyze the antenna topology change caused by strain.
The structure was a cube with a hollow, which is a rotated 45° smaller cube. The reason
for this structure design was to ensure the best quantity of 3D-printed NinjaFlex and simplify the
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folded and stretchable antenna sections to be used as a train sensor. The tested strain directions are
shown in Figure 46 b. The simulated return loss results are in the Figure 46 c. The black line
shows that the center frequency is at 2.4GHz without any external strain. The two different lengths
of 0.6mm and 1mm were added on the antenna section of the front side of the cube to emulate the
dimension variations under different external strains. The featuring resonant frequency shifts given
by the red and blue lines, respectively.

Figure 46 (a) 3D antenna on a 3D-printed hollow cube; (b) tested directions of applied strain on
the front and the back surfaces of the cube; (c) The return loss of the dipole antenna with and
without strains.

4.3.3 3D Printing Antenna Prototype
The “strain sensing” cube with the antenna traces in the three of its faces was first 3D
printed by the Hyrel System 30 3D printer using NinjaFlex (snow white) filament. Then the
antenna traces were filled by the ECAs based on the design in HFSS. Between the two antennas
perpendicularly placed branches on the top surface, an impedance matching balun was added to
allow for the low-loss connection of the SMA connector that was utilized for the insertion loss
tests for different strain levels, as shown in Figure 47.
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Figure 47 The ready-to-test 3D printed strain sensor prototype

4.3.4 Measurement Results of 3D antenna based strain sensor
The strain experiments involved the application of different strain levels on the front and
the back sides of the cube (Figure 47) and the subsequent recoding of the strain-included shift of
the center frequency of the antenna. There were two different levels of strain applied on the cube
during the experiment. The measurement and the simulation results are presented in the solid lines
and the dashed lines, respectively, in Figure 48. 30MHz and 50MHz of the center frequency shifts
were observed for the two strain levels strain1 and strain2 leading to respective elongations of
0.6mm and 1mm in the front side antenna sections, in both simulations and experiments although
there were some slight differences in the absolute values. So the sensitivity of the strain sensor is
around 0.5 MHz/µɛ.
Due to the cubic 3D structure and the direction of the applied strain, the most significant
length change of the antenna is the part of the antenna on the front side of the cube. After applying
strain on it, this part of the antenna was stretched by the underlying 3D printed NinjaFlex material
causing a decrease of the resonant frequency.
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Figure 48 The S11 parameter measurement and simulation results of the 3D-printed strain sensor
prototype under two levels of strain

We noticed that the center frequency of the antenna has a 200MHz shift between the
simulations and the measurements. It might be caused by the process of filling ECAs into traces
process, potentially introducing air bubbles. Also the RF characterization of NinjaFlex was using
the copper foil instead of printed ECAs. This can bring the measurement error as well. In the future,
it is planned to 3D print both ECAs and NinjaFlex at the same time by two extruders on the Hyrel
System for the NinjaFlex RF characterization and the fabrication of the prototype.
The first ever 3D printed flexible RF strain sensor system was presented in this section.
The common 3D printing material – NinjaFlex - was RF characterized and a 3D antenna was
designed and fabricated by NinjaFlex and stretchable ECAs as well. It brings a huge potential for
future 3D printed RF applications, such as wearable RF circuits and 3D flexible sensors.
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4.4 Conclusion
In-house-produced ECA has been applied on a flexible 2D strain sensor and a flexible 3D
strain sensor. This chapter shows the bright future of flexible electronics in strain sensor
applications, which can bring a revolution in SHM, soft robotic, wearable electronics, etc.
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CHAPTER 5
A NOVEL 3D-PRINTED WEARABLE HAND GESTURE SENSOR

Human-computer interaction (HRI) keeps moving towards the natural and intuitive user
interfaces. Human beings have a good manipulating ability with their hands and thus interfaces
like keyboard, mouse and touch screen are popular ways to interact with computers [35]. Hand
gestures, including movements and positioning of hands, are an appealing way to interact with
such a system as they are already nature parts of how human being communicate [240-242]. Hand
gestures can be classified into two categories: static gestures (the user assumes a certain pose or
configuration) and dynamic gestures (with prestrike, stroke, and poststroke phases). In sign
language, some gesture have both static and dynamic elements. The basic goal of hand gesture
sensor/recognition is to have an automated system that can identify the specific hand gestures and
also use these gestures to communicate and control the devices or virtual environment. In generally,
hand gesture sensor/recognition applications fall into four areas:


Interactive displays/tabletops/whiteboards [20, 34, 243, 244]



Robot motion control [31, 33, 245]



Sign language recognition [24, 27, 242, 246, 247]



Virtual reality training/game [248, 249]

5.1 Different Technologies for Hand Gesture Sensor
In Section 1.1, common approaches for hand gesture sensors have been discussed. There
mainly are vision-based hand gesture sensors or wearable Hand Data Glove (HDG). A visionbased gesture sensor/recognition system is usually limited by the threshold of the depth/range
estimation, influenced by the environment color and light and requires effective methods for
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capturing and processing images. And most importantly, there cannot be objects between the
cameras and the hands. Wearable HDG is another popular technology for hand gesture
sensor/recognition, which can address these above limitations. Table 7 lists various HDGs during
the past decade. Especially, following the flexible/stretchable conductor developments, there are
more comfortable HDGs reported in the past five years. But all of these HDGs need batteries or
wired with energy source to record and communicate the real-time hand gestures. However,
wireless depth sensors are expensive or not appropriate for use Flex-sensor-based smart gloves are
bulky, with rigid components [15], or with an internal/external battery [43], or not real-time
applications [40]. Therefore, a novel approach is desirable.
This thesis proposed a comfortable HDG technology for hand gesture sensor/recognition
system using passive chipless RFID, which is easy to wear and without the battery burden. The
chipless RFID technology has been discussed in Secession 2.3.2. a spiral resonator topology was
chosen for chipless RFID tags of the hand gesture sensor.

Table 7 Hand Data Gloves Based on Different Technologies
HDG

Sensor

Rigid/Flexible

Wireless

Real time

Passive

[35]

Bi-Flex Bend

Rigid

Yes

Yes

No

Yes

No

(Bluetooth)

[37]

Tri-axis accelerometers

Rigid

Yes
(Bluetooth)
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Table 7 Hand Data Gloves Based on Different Technologies (cont’d)
[43]

Strain sensor based on

Flexible

No

No

No

Flexible

No

Yes

No

Flexible

No

Yes

No

Flexible

No

Yes

No

piezoresistance

[42]

Strain sensor based on
conductive carbon
grease ink

[129]

Strain sensor based on
silver nanowire
stretchable conductor

[250]

Strain sensor based on
Si nano-membrane
gauges

5.2 ECA Based Wireless Hand Gesture Sensor Concept
In this thesis, a static design of the first 3D-printed wearable hand gesture sensor has been
investigated. Among all the gesture recognition, finger counting is an important expression during
static gesture [17, 18, 22, 251]. In our preliminary proof-of-concept sign of the hand gesture sensor,
a strain sensor is placed on the four joints of the hand, as presented in Figure 49 (a). The sensor is
made from four cascaded spiral resonators, with each resonator having a slightly different resonant
frequency. All the resonators are then coupled with a microstrip transmission line that is
terminated on both ends with receiving and transmitting antennas. A reader sends out a multifrequency interrogation signal and the four resonators of the hand gesture sensor node create a
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unique spectral signature for numerous individual hand gestures, as shown in Figure 49 (b). The
transmission and receive signals are cross-polarized in order to achieve isolation between them.

Figure 49 The proposed chipless RFID based wearable hand gesture sensor system

The presented chipless hand gesture sensor encodes the data regarding the gesture directly
on the frequency spectrum itself. The varying spatial topology of the relative positions of the four
resonators produced in a given gesture causes the resonators to resonate at particular frequencies
and to create narrow, high Q factor stopbands. The hand gesture sensor retransmits the received
interrogation signal and the resulting backscatter radiation contains information characterizing the
gesture encoded in both magnitude and phase.
The design process started with the initial goal of obtaining the ability to encode the various
positions of the four fingers as presented in Figure 50 (a). The layout for the hand gesture sensor
is presented in Figure 50 (b) – here the Tag Rx/Tx antennas are located on the backside of the hand.
The four resonators are placed on the largest joint of each finger, also known as the
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metacarpophalangeal (MCP) joint. Each resonator is placed on a 5mm×5mm area to accurately
represent the available space above each MCP joint. Due to the required narrow cavity resonant
bandwidth and the size constraints, the compact rectangular spiral resonator topology is chosen
here [252].

Figure 50 RFID hand-gesture sensor tag

The proposed hand gesture sensor is built on silicone rubber. A ground plane of ECA is
placed beneath the silicone to isolate the hand gesture sensor from the human body. The stencil
printing process is used for this prototype for its low cost and 3D printing will be applied for the
future work.
Due to the hand joints’ limited size, a 4-bit chipless RFID based hand gesture sensor was
designed with around 270 MHz separation between each other in the frequency range of 1.5-3GHz
for proof-of-concept, as shown in Figure 51. The four resonators introduce a gesture-specific
variable attenuation and phase ripple to the transmitted interrogation signal at the designed
resonant frequency, which can be detected at the reader side. Based on the resonators of silo-ECA
under 50% strain and a total bending of 90ᵒ, the simulation results of each gesture using the
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Computer Simulation Technology (CST) STUDIO SUITE® 2014 are shown in Figure 52, which
presents the respective attenuation and phase ripple. The Q factor values of the 4 resonators
fabricated with silo-ECA are in the range of 50-70.

Figure 51 The design of the chipless RFID tag
Table 8 Four resonators' parameters
f0 [GHz]
1.872
2.169
2.361
2.682

BW [MHz]
30
39
30
54

Figure 52 Simulated insertion loss for each gesture
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Q
62.4
55.6
78.7
49.7

5.3 Cross-polarized RFID Antenna
The operating frequency bandwidth of the RFID tag antenna determines the number of bits
that can be used or encoded into the tag. The wireless hand-gesture RFID-based sensing tag
requires preferably an omni-directional or wide-beamwidth wideband antenna. The chosen
microstrip-fed UWB trapezoidal antenna has a simple structure and a large bandwidth. The
microstrip line is designed around a 50 ohm impedance at 2.3 Ghz. The trapezoidal antenna is
matched to the microstrip line, which then transfers the power through the multi-resonator system.
As the RFID antennas will be located on the back side of the hand, there is only very small need
for the flexibility of these antennas compared to the resonators at the joints. A benchmarking RFID
antenna was printed on photo paper (Ɛr =3.1, tanδ =0.05) using silver nano-particles with inkjet
printing technology [253]. The preliminary tag antenna prototype that can be easily integrated in
a wearable glove or uniform and can be coupled inductively with the resonators is presented in
Figure 53.

Figure 53 Inkjet printed RFID antenna prototype on paper: top and bottom sides

The hand sensor tag includes two UWB antennas: one is for receiving the interrogation
signal, the other is for transmitting the signal passing through the resonant structures back to the
reader antenna. In order to minimize the cross-coupling of these two antennas, the reader and tag
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antennas are cross-polarized, which introduces further restrictions on the sensor tag's positioning
and orientation.
The measured vs simulated return loss of the inkjet printed trapezoidal antenna is presented
in Figure 54 below. This antenna can cover the 2-3 GHz band for the 4 resonators of the hand
sensor. The realized gain is 2.52 dBi.

Figure 54 Simulated and measured return loss of tag antenna

5.4 Reader Tx/Rx Antenna Design
The reading range highly depends on the radiation pattern and on the gain of the
interrogating reader antenna. The LPDA is one of the preferred candidates for the implementation
of an effective reader antenna interrogating the hand gesture sensor due to its inherent good
isolation between two cross-polarized antennas, which are 90 degrees to each other, directive
radiation pattern, and very high bandwidth. A custom designed LPDA reader antenna on
RT/duroid 5880 (Ɛr =2.2, tanδ =0.0009) is proposed for this hand gesture sensor system, due to
the requirement of high gain and reliability, as shown in Figure 55.
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Figure 55 The top view of the proposed LPDA reader antenna

5.5 3D-printed Wearable Hand-gesture Sensor Prototype
A benchmarking proof-of-concept 4-resonator circuit was fabricated by 3D printing siloECA on silicone, as shown in Figure 56. A copper sheet at the bottom of the silicone acts as the
ground plane, which will be replaced with ECA in the future. The ECA conductivity remains
almost invariant under a 50% strain. Nevertheless, the current ECA can not guarantee the ECA
uniformity using the proposed stencil printing method, due to the resonators’ 100 um thickness
and the 200 um gap between the transmission line and the resonators. It would be necessary to use
SmartPumpTM from nScypt Inc., as introduced in Section 2.6.2, in order to fit for the circuit design
without impairing the mechanical and electrical properties of the composite.

Figure 56 3D printed hand gesture chipless RFID tag
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5.6 The Hand-gesture Sensor Tag Measurement
Test results for two specific gestures are presented in Figure 57 below. The first gesture
has all four fingers out, whereas the second gesture has the pinky at 90 degrees. The resonant
frequency for the resonator on the pinky finger was shifted by 136 MHz in response to the bending
action. However, other frequencies were also shifted by up to 70 MHz. It is believed that the
copper sheet at the bottom of the silicone substrate negatively affected the isolation of each finger’s
action. We plan to use ECA instead of a copper sheet to make the tag more flexible in the next
prototype to prevent this issue. We have recorded the gesture signatures into our data bank for later
machine learning exercises.

Figure 57 Hand-gesture sensor’s insertion loss measurements for two gestures

5.7 Conclusion
This chapter has presented the concept of a novel chipless RFID-based stretchable handgesture sensor system, which can be realized using silo-ECAs. 3D printing technology has been
applied in the prototype fabrication, which shows the 3D printer having a promising future in
flexible electronics.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

In Chapter 3, a first ever inkjet printed graphene based wireless gas sensor was introduced.
It has fast response, high sensitivity, even selectivity to hazardous gases.
In Chapter 4, a common 3D printing material – NinjaFlex was first time RF characterized
up to 10 GHz. A 3D antenna based strain sensor system was designed and fabricated by fulling 3D
printing NinjaFlex and ECAs.
In Chapter 5, a chipless-RFID-based stretchable hand gesture sensor was first time 3D
printed by a commercial 3D printer. It’s a promising pursue for more accurate technique to
wirelessly detect hand gesture in robust environments.
The current work status has been outlined. There are still steps remained in order for this
proposed research to be completed.


Gas Sensor

The inkjet printed graphene based gas sensor can be tested with more types of gases to
verify the selectivity for the gas bank and keep working on sensitivity enhancements.


Strain Sensor

The conductivity of the in-house-produced ECAs can be improved by changing the recipe
of the ECAs. The 2D antenna based strain sensor can be printed by 3D printer. For the 3D antenna
based strain sensor can be printed by ECAs and NinjaFlex at the same time in the near future.


Hand Gesture Sensor
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The Tx/Rx antennas need to be designed and integrated with the resonators sensor tag. The
sensing system needs to be completed with a RFID reader. A smart glove with the sensor tag on
the top can be fully 3D printed in the near future.
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