Low-Cost Inkjet-Printed Wireless Sensor Nodes for Environmental and Health
Monitoring Applications

Dissertation by
Muhammad Fahad Farooqui

In Partial Fulfillment of the Requirements
For the Degree of
Doctor of Philosophy

King Abdullah University of Science and Technology
Thuwal, Kingdom of Saudi Arabia

November, 2016

2

EXAMINATION COMMITTEE PAGE

The dissertation of Muhammad Fahad Farooqui is approved by the examination committee.

Committee Chairperson: Atif Shamim
Committee Members: Khaled Nabil Salama, Aram Amassian, Emmanouil (Manos) Tentzeris

3

© November, 2016
Muhammad Fahad Farooqui
All Rights Reserved

4

ABSTRACT
Low-Cost Inkjet-Printed Wireless Sensor Nodes for Environmental and Health
Monitoring Applications
Muhammad Fahad Farooqui

Increase in population and limited resources have created a growing demand for a
futuristic living environment where technology enables the efficient utilization and
management of resources in order to increase quality of life. One characteristic of such
a society, which is often referred to as a ‘Smart City’, is that the people are well
informed about their physiological being as well as the environment around them,
which makes them better equipped to handle crisis situations. There is a need,
therefore, to develop wireless sensors which can provide early warnings and feedback
during calamities such as floods, fires, and industrial leaks, and provide remote health
care facilities.
For these situations, low-cost sensor nodes with small form factors are required. For
this purpose, the use of a low-cost, mass manufacturing technique such as inkjet
printing can be beneficial due to its digitally controlled additive nature of depositing
material on a variety of substrates. Inkjet printing can permit economical use of material
on cheap flexible substrates that allows for the development of miniaturized freeform
electronics.
This thesis describes how low-cost, inkjet-printed, wireless sensors have been
developed for real-time monitoring applications. A 3D buoyant mobile wireless sensor
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node has been demonstrated that can provide early warnings as well as real-time data
for flood monitoring. This disposable paper-based module can communicate while
floating in water up to a distance of 50 m, regardless of its orientation in the water.
Moreover, fully inkjet-printed sensors have been developed to monitor temperature,
humidity and gas levels for wireless environmental monitoring. The sensors are
integrated and packaged using 3D inkjet printing technology. Finally, in order to
demonstrate the benefits of such wireless sensor systems for health care applications, a
low-cost, wearable, wireless sensing system has been developed for chronic wound
monitoring. The system called ‘Smart Bandage’ can provide early warnings and longterm data for medical diagnoses. These demonstrations show that inkjet printing can
enable the development of low-cost wireless sensors that can be dispersed in the
environment or worn on the human body to enable an internet of things (IoT), which
can facilitate better and safer living.
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Chapter 1- Introduction

Wireless sensors can play a key role in developing a futuristic living environment
where electronics interact with humans in a more personal fashion in order to create
safe and healthy living through the efficient management of resources. Physical objects
and devices around humans can sense and communicate in order to provide feedback
about their surroundings and issue warnings for critical situations, thus creating an
internet of things (IoT). Humans living in such a ‘Smart City’ environment are well
informed of their surroundings and their personal conditions. Therefore, they are
equipped to handle crisis situations. An IoT can enable societies to develop effective
strategies for dealing with critical situations such as floods, fires, and industrial leaks. It
can also help to establish remote health care facilities which will reduce the burden on
health care providers.
The high cost is an issue in the implementation of such a network over large areas,
and it can be greatly reduced if a combination of few fixed nodes and many low-cost
sensors is used. An illustration of such a network is shown in Fig. 1.1. where a number
of scenarios have been depicted. In Fig. 1.1.(a), flood water is shown flowing at a
junction of two streets and carrying low-cost sensors. The fixed network nodes can be
mounted on the street poles. The fixed nodes can be one of two types: 1) the
monitoring network nodes which track the sensors, record their locations, and send
data to network servers where, based on the locations of the sensors relative to the
network node, flood-flow velocity and direction data are generated, or 2) the network
nodes that are relays or repeaters, which simply gather data from the sensors and pass
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Network Node

Sensors
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Figure 1-1: Few fixed nodes are connected to low-cost sensors for monitoring (a) floods,
(b) forest fires, (c) industrial gas leaks, and (d) critical health conditions.

it on to the adjacent network relay or the monitoring node. Using the flood velocity and
direction data, a city wide map can be produced showing flood extension directions and
speed, and early warnings can be issued. The monitoring network nodes can
communicate through the servers either through the internet or a GSM network; they
are expensive and few in number. The inclusion of network relays and low-cost sensors
reduce the overall cost of the network.
Similar network architecture can be implemented in remote areas such as the forests
shown in Fig. 1.1. (b) or in an industrial environment, as shown in Fig. 1.1. (c). In forests,
a large number of low-cost sensors can be dispersed which can monitor various
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environmental parameter of the surroundings such as temperature, humidity etc. These
sensors can communicate with a central monitoring node, which gathers the data and
sends it to the central server. In this way, real-time monitoring of forest environment
can be done which can result in the control of forest fires. Similarly, in an industrial
environment, such sensors can monitor the real-time concentration of different harmful
gasses in the environment. In the event of a gas leak, more efficient evacuation
strategies can be developed based on sensor data. Therefore, use of such disposable
wireless sensors can provide early warnings in critical environmental situations which
can save lives and properties.
Another essential application of wireless sensors is in remote health care application,
as highlighted in Fig. 1.1(d). The increasing number of patients, along with the rising cost
of health care services, has created a growing demand to monitor health in a personal
environment outside of a hospital. Low-cost, wearable sensors can monitor various
physiological parameters of the human body and can communicate to medical staff.
Hence, patients do not need to visit a physician for a routine check-up which usually
requires recording of body vitals such as temperature, heart rate, blood pressure etc.
but can also include examinations of other parameters related to a particular medical
conditions. Some of these parameters can be monitored at home which can reduce
patient’s visits to a clinic and hence lower the burden on health care providers. This is
especially useful for long-term medical conditions such as chronic wounds which require
continuous monitoring otherwise complications can occur [5].
All of the above applications require wireless sensors that are inexpensive and
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disposable, as they will be dispersed in the environment in large volumes. They should
also be light weight and compact so that they can easily blend into the environment as
well as flexible in case they need to be worn by humans. They should communicate
independently of their orientation in situations where they will be distributed in the
environment without any means of controlling their orientation. Therefore, cheap
material and low-cost, mass manufacturing techniques are crucial for their
development.
An attractive technique for easy, low-cost, rapid fabrication of electronics that can
enable mass production by roll-to-roll manufacturing is inkjet printing. It has been
around for few decades in homes and offices for producing graphics, but only recently,
it is becoming useful for the production of electronics mainly due to the development of
functional inks. The ability to additively deposit material in pico-liter volumes on a
variety of substrates reduces the cost of fabrication significantly and gives the designer
the flexibility to use a range of different materials. The global market for organic and
printed electronics is predicted to exceed over US$ 40 billion over the next 10 years [6].
The use of inkjet printing and cheap paper substrate can provide an attractive solution
for making low-cost wireless modules. This thesis focuses on the development of a lowcost, inkjet-printed wireless sensor for IoT.

1.1. Motivation
Electronics are increasingly being integrated into human societies with the aim of
improving quality of life and providing better and safer living. Electronics are required to
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work anywhere while sensing their surroundings and communicating with humans in
order to provide feedback and alerts for situations of crisis. As such, they must be lowcost or disposable; compact in order to easily assimilate in the environment; and
sometimes wearable. Additive manufacturing technologies such as inkjet printing
provide opportunities for low-cost manufacturing of electronics using cheap materials
which can also be flexible as required for some applications. This thesis aims to explore
inkjet printing and 3D printing techniques for the realization of low-cost, small form
factor, fully integrated wireless sensing systems. These sensors should be cheap enough
so that they can be disposed-off in the environment or thrown away after personal use.
Such sensors can work in an IoT in order to provide crucial information about the
environment , thus enabling humans to be better prepared for unfavorable situations.
In addition, health care can be cheap and hassle free if done in a personal environment.
Low- cost, wearable, wireless sensors can provide the solution in this regard which can
monitor body vitals and communicate with remote medical staff informing them about
any abnormalities. Due to these reasons, inkjet-printed wireless sensors will be
demonstrated in this thesis.

1.2. Objectives
The aim of this thesis is to demonstrate the development of low-cost, disposable, fully
integrated, packaged wireless sensors that can be used for real-time monitoring and
sensing applications. As a proof of concept, three applications of such wireless sensors
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have been shown which are flash flood monitoring, environmental monitoring, and
remote health care. The specific objectives of this work are to:

1. Design and realize an antenna that can achieve near isotropic radiation for
orientation insensitive communication while maintaining compact size and good
performance with embedded electronics.
2. Demonstrate a paper-based wireless module that meets the buoyancy
requirement for a flood-monitoring application
3. Demonstrate miniaturized, low-cost, and light-weight, wireless sensors that can
easily assimilate in the environment and maintain their operation even in
unusual situations such as while floating in flood water.
4. Realize fully inkjet-printed sensors that can monitor various physical parameters
such as temperature, humidity, and toxic gas levels.
5. Show the utility of additive manufacturing techniques such as inkjet printing and
3D printing to realize a fully integrated, compact wireless system having
functional packaging including sensors and antenna.
6. Develop a flexible and wearable wireless health care sensor that can interact
with humans throughout their daily routine life.

1.3. Challenges
As mentioned above, this thesis concentrates on the design and fabrication of inkjetprinted wireless sensors for real-time monitoring applications. The following challenges
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must be overcome in order to achieve the objectives that are outlined in the previous
section:

1. Antenna design that can fit in a small volume and at the same time radiate
almost equally in every direction in the presence of electronics is challenging.
2. Realizing a 3D inkjet-printed antenna on a package using a 2-D printer is
challenging. There is a possibility that the printed tracks may crack while bending
the substrate to form a 3D structure.
3. Designing a wireless sensor system that can operate in an unconventional
environment such as while floating in water, has many constraints with regard to
weight, size and antenna design, which are difficult to satisfy.
4. Realizing printed circuit board on paper (PCP) and other flexible substrates using
inkjet printing is not a conventional process. Moreover, soldering cannot be
performed, although low-temperature epoxies can be utilized, difficulties are
encountered during mounting of IC and other components due to the flexible
nature of substrates and the low bonding strength of epoxies.
5. In order to realize fully printed sensors as well as complex circuit layout,
multilayer, and multi-material inkjet printing is required. In such a process,
adequate wetting of the ink is required for high printing quality; this is
challenging due to the differences in surface energies of different materials.
6. Integration of inkjet-printed sensors, an antenna and a 3D printed circuit board
along with the packaging to form a complete wireless sensing module is a
complex process.
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1.4. Organization
The structure of this thesis is outlined below:
Chapter 2. Literature Review: A literature review is presented on loTs with emphasis on
its applications for environmental monitoring and remote health care. This is followed
by a description of a survey of inkjet-printed electronics including antennas and sensors
and then a review of 3D-printed electronics.
Chapter 3. Inkjet-printed Buoyant 3D Wireless Sensor for Flood Monitoring: A lowcost, real-time, flood-monitoring system comprising paper-based, 3D, buoyant sensors is
reported. The inkjet-printed floatable sensors can signal their IDs through orientation
insensitive communication while floating in flood water. Using this information, the
sensor locations can be determined with respect to fixed-network nodes. Through this
data, flood flow direction and speed can be found.
Chapter 4. 3D-Printed Disposable Wireless Sensor with Integrated Microelectronics for
Large Area Environmental Monitoring: A 3D inkjet-printed wireless sensor
incorporating fully printed temperature, humidity, and gas sensors for an
environmental sensing application is presented. The sensors are integrated into
wireless electronics including antenna and are packaged using 3D printing
technology.
Chapter 5. Inkjet-Printed Smart Bandage for Wireless Monitoring of Chronic Wounds:
A low-cost smart bandage is developed using inkjet printing on a
commercially available bandage strip. The bandage can sense bleeding, pressure,
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and pH values directly on a wound location. The disposable bandage is integrated
into reusable and flexible wireless electronics providing an economical wearable
solution for long-term, chronic wound monitoring.
Chapter 6.Conclusion: A summary of the work that was done in conjunction with this
thesis and insights into possible future directions of printed RF electronics with regards
to sensors and wearable electronics are presented.

1.5. Contributions
1. Using 2D inkjet printing, an innovative 3D antenna design has been done on
paper substrate achieving a near-isotropic radiation pattern.
2. An unprecedented paper-based 3D wireless module has been demonstrated in
which paper substrate has been used to realize a functional package as well as
an embedded circuit board containing the electronics. The module is designed
to be buoyant while maintaining operation and can be used for a real-time,
flood-monitoring application.
3. Fully inkjet-printed sensors to monitor temperature, humidity and H2S levels
have been demonstrated for the first time using a combination of 3D printing
and inkjet printing. Inkjet printing of nanotube ink and conductive polymer ink
on 3D-printed substrate has been demonstrated. The sensors show good
selectivities and sensitivities.
4. A 3D inkjet-printed SoP has been developed for real-time environmental
monitoring that incorporates fully printed temperature, humidity, and gas
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sensors.
5. A low-cost, inkjet-printed smart bandage for the real-time monitoring of chronic
wounds has been developed. The bandage can sense vital parameters on the
wound site and send this information wirelessly to remote medical staff. This is
the first multi-parameter wearable integrated wireless wound monitoring
system
6. Three patents have been filed based on the work of this thesis
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Chapter 2- Literature Review

As described in chapter 1, this thesis aims to develop low-cost, miniaturized, fully
integrated, packaged wireless sensors utilizing an additive manufacturing technique;
namely, inkjet printing. In this chapter, an overview of IoT is presented in the beginning
with a focus on low-cost sensor networks for environmental and health monitoring
applications. This is followed by a report of work on inkjet-printed electronics and a
detailed review of inkjet-printed antennas and sensors. Finally, the latest work in 3Dprinted electronics is presented.

2.1. Internet of Things
Sensors play an integral role in today’s technology driven world. They provide
information about various physical parameters such as temperature, pressure, humidity,
pollution levels, sound levels, proximity, and motion. They are a key element in many
systems that include automation and control, security and surveillance, and monitoring
and forecasting. These sensors are often required to communicate since in many
applications, hundreds or thousands of sensors are located in remote or inaccessible
areas. Earlier work on wireless sensors started in the defense industry when the United
States Defense Advanced Research Project Agency (DARPA) initiated the distributed
sensor network (DSN) program in 1980 [7]. Subsequent major efforts were made by
academic institutions such as the Smart Dust project by the University of California at
Berkeley in 1999 [8]. The major goal of these efforts was to reduce the size and power
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requirements of wireless sensor nodes. The Smart Dust project aimed to realize a
complete sensor system that can be integrated into a tiny module the size of a grain or
dust particle. These particle-sized nodes could then be easily dispersed throughout the
environment to monitor various parameters. One of the major limiting factors in the
size reduction of wireless sensor nodes has been the size of the antenna. Antenna size
should be comparable to the wavelength of frequency at which it operates so that it can
radiate efficiently. Hence, required antenna dimensions are large, especially at low
frequencies in order to achieve a significant communication range. Therefore, smart
dust concept till now has not been able to materialize. A group at the University of
Michigan has recently created a 10.6 mm3 wireless temperature sensor node [9], but
this can only communicate up to a distance of 7 m.
Growth in wireless communications and networking has resulted in a similar trend for
wireless sensors with rapidly increasing applications. Wireless electronics are
increasingly becoming part of human life. Together with the growth of the internet, a
new paradigm called IoT is being envisioned in which electronics will be everywhere,
sensing and communicating with humans and this will be a prominent feature of this
network. The International Telecommunication Union (ITU) defines IoT as “a global
infrastructure for the information society, enabling advanced services by
interconnecting (physical and virtual) things based on existing and evolving
interoperable information and communication technologies” [10]. Objects or things
ranging from home appliances; personal gadgets such as cell phones, watches, and
laptops; vehicles; buildings; and industrial infrastructure will be equipped with sensors,
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actuators, controllers, and wireless electronics in order to sense, operate, and
communicate. CISCO defines IoT as “simply the point in time when more “things or
objects” are connected to the Internet than people” [11]. It is estimated that 50 billion
devices will be connected to the internet by 2020 [11]. IoT is expected to play a major
role in the improvement of many sectors of human life by enabling the efficient
utilization and management of resources, and thus realizing the concept of a ‘Smart
City’. It can help to implement intelligent traffic control, smart security and surveillance,
pollution control, agriculture and food quality and safety, as well as advanced defense
infrastructure. IoT can also play a key role in environmental monitoring, disaster
management, and the provision of remote health care services, thus significantly
improving quality of life. First ever IoT has been recently installed in South Korea which
provides several monitoring, tracking and control services to its subscribers [12].

2.1.1. Environmental Monitoring: Floods, Forest Fires, and Air Pollution Detection
The ability to monitor the environment provides numerous benefits; it helps with
issues such as pollution, global warming, and water management. In addition, it is vital
for making accurate weather forecasts, which also helps to effectively deal with crisis
situations in cases of extreme weather conditions. Real-time monitoring in disastrous
situations such as flash floods and forest fires can result in saving lives and property. A
flash flood is distinguished from a regular flood based on the time required for flooding
which is significantly lower for flash floods as compared to regular floods. Floods are a
major natural source of economic disasters. According to one study, major floods
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between 1999 to 2009 caused an estimated loss of 55 billion Euros [13]. In addition,
more than two billion people were affected with an estimated death toll of around
539,811 between 1980 and 2009 [14]. Forest fires are also responsible for thousands of
fatalities each year, with the increase in global temperature resulting in more fire
incidents. According to one report, annual mortality caused by forest fires is 339,000
[15]; this is primarily due to respiratory diseases which are caused by air pollution, to
which the forest fires contribute. Reducing air pollution is one the major challenges
faced by today’s world. Pollution directly affects quality of life and is a cause of several
diseases. Some of the primary consequences of pollution are acid rain, smog, and ozone
depletion.
The emission of harmful gases from the industry is also a major cause of air pollution,
which needs to be monitored and controlled in order to meet the safety requirements.
One of the major toxic emissions from the industry is hydrogen sulphide (H2S) gas. H2S
is generated in large amounts in petroleum refineries, coal and natural gas processing
plants , and is a byproduct in the manufacturing of rubber, dyes, and the tanning of
leather [16]. It is also produced by the bacterial decomposition of animal and human
waste and is found in considerable amounts in sewers. H2S is a harmful gas that can
cause severe eye and throat irritation, headache, and loss of sleep and appetite .
Prolonged exposure to levels of more than 100 ppm of H2S can cause death [16].
Moreover, it is a highly flammable and explosive gas which can cause life threatening
conditions if it is not handled properly [16]. Therefore, detecting H2S levels can be
crucial for maintaining a healthy and safe environment.
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In order to deal with the above mentioned situations, large area monitoring capability
is required. Existing methods for monitoring of floods, forest fires, and industrial
emissions rely on fixed network nodes or watch towers [17] , surveillance aircrafts, and
satellite-based remote sensing [18]. Fixed nodes can have infra-red or optical cameras
for video recordings and digital imaging [17], water level detectors [19], smoke
detectors, lightning detectors since fires are often started by a lightning strike, as well as
sensors to record temperature , humidity, and gas levels [20]. Aircraft surveillance
cannot provide continuous real-time monitoring over the specified area, which is
expensive. Satellite-based monitoring suffers from delayed response, as obtaining realtime data is difficult and requires a number of low-orbiting satellites to always be
present over the region, which is not practical.
Real-time monitoring over large areas is a difficult task as the cost of installing a fixednetwork infrastructure becomes unreasonably high. In such cases, mobile sensing can
provide an attractive alternative where a small number of fixed network nodes work in
combination with a large number of low-cost, miniaturized, mobile sensors to monitor
large areas. Such a system has been used in [21] to significantly improve the traffic flow
estimates. In this work, accurate traffic flow models were created using data that was
gathered from fixed vehicle detectors in addition to mobile sensors, which in this case
were GPS-based cell phones located in the vehicles. A similar approach was adopted in
[22] to generate a traffic flow model. However, instead of using cell phone data, the
vehicles were equipped with short range transceivers to send their location information.
Another such network has been proposed in [23] to sense a variety of parameters in
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fresh water such as salinity, temperature, and pollutant concentration for
environmental-monitoring applications. However, the mobile sensor developed in [23]
is bulky, heavy, and expensive which prohibits its use for large area applications.
It can be seen that there is a need to develop low-cost, disposable, small form factor,
fully integrated wireless sensor nodes incorporating the antenna that can be used for
real-time environmental monitoring applications. Such sensors can be dispersed in the
environment in large numbers without a fixed network infrastructure, thus providing an
economical solution for real-time large area monitoring applications.

2.1.2. Remote Health Care
In addition to large area environmental monitoring applications, IoT can also be useful
for health care applications. In this case, sensor nodes are required that can reliably
monitor various physiological parameters while maintaining flexibility, such that they
can be easily worn by the patients. A number of sensors have been developed to
monitor the vital signs of the human body, including body temperature [24], heart rate
[25], electrocardiogram [26] , electroencephalogram [27], and blood pressure [28]. The
goal is to monitor a patient’s health outside of the hospital in a personal environment.
In this way, patients do not have to visit hospitals for routine check-ups which would
reduce the burden on health care providers.
One area of health care that has received relatively less attention from the research
community is chronic wound monitoring. There is currently no commercially available
wireless device to continuously monitor the wound healing process. Patients have to
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visit clinics in order to have their wounds assessed. The tests that are done mainly aim
at finding how the healing is progressing and if there are any signs of infection. These
can include visual inspection to find out if there is any increase in the wound dimensions
and depth. Complete blood count (CBC) can provide information about the presence of
infection. Patients may need to hospitalize if complications have occurred such as they
may need to undergo amputation due to severe infection as a result of untreated foot
ulcer which is a type of chronic wound. The wound healing process is affected by a
number of parameters that include pH, pressure, temperature, humidity, and dissolved
blood oxygen levels [29]. A frequent and irregular bleeding pattern is also an indication
of a perturbed healing process [30]. Sensing devices that have been reported in the
literature, which monitor parameters related to the wound healing process, include
bandages in solution form that can be painted onto the skin to form a thin film [31]. The
film emits oxygen dependent phosphorescence that can be used to map the oxygen
levels of the underlying skin tissue. A polyaniline (PANI) based potentiometric sensor
realized on a bandage strip has been reported to detect the pH levels of a wound [32].
In another example, a flexible electrode array has been developed through the inkjet
printing of a gold nanoparticle on flexible polyethylene naphthalate (PEN) to measure
the impedance spectrum of the tissues for the early detection of pressure ulcers [33].
Electrodes have been demonstrated to measure moisture levels [34] as well as
bacteria [35] in wound dressings. A hydrogel-based wireless sensor for the pH
monitoring of wounds has been fabricated [36]. These reports describe the sensing of a
single parameter related to the wound healing process. Furthermore, the designs are
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not optimized for wearability and cost, some require complex fabrication processes, and
none have an integrated wireless module, thus rendering them unsuitable for remote
health monitoring applications. A close example is a wireless telemetry system that has
been demonstrated to monitor the pressure and humidity levels in compression
bandages [37]. However, the system dimensions are large as commercial sensors have
been used that are not integrated and are connected through wires.
Hence there is a need to develop low-cost, wearable, fully integrated wireless sensor
system that can be used for chronic wound monitoring applications. Such sensor should
be able to provide real-time wound progression data for early detection of infection so
that complications can be avoided. Patients can wear such system outside of a hospital
and the medical staff can remotely access the wound healing data which would reduce
the cost of visits and hospitalization.

2.2. Inkjet-printed Electronics
As mentioned in the previous section, one of the design constraints in the realization
of sensor nodes is the cost. When hundreds or thousands of sensor nodes are required
for a particular application, they need to be low-cost and disposable. In order to satisfy
this requirement, low-cost mass production techniques and cheap materials must be
used. Inkjet printing is an attractive technology for low-cost, large-scale production of
electronics [38] ; this has been available for decades in graphics printing. The recent
development of functional inks has sparked interest in the use of this technology for
fabricating electronics [39]. Inkjet printing is an additive fabrication technique in which
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small volumes of material are deposited in precise locations using a digitally controlled
process. Hence, material wastage is reduced and there is no need for expensive masking
steps that involve harsh chemicals which are used in conventional photolithographybased processes, as highlighted in Fig 2-1. In addition, the cost of operating and
maintaining a clean room environment is avoided. The ability to deposit material on a
variety of substrates including cheap materials such as papers and plastics is another
advantage of inkjet printing. A comparison of inkjet printing fabrication with other
methods has been done in [4] for fabricating Lab-on-a-chip (LOAC) as shown in Fig. 2-2
for point-of-care-test (POCT) applications. It can be seen, that inkjet printing is the most
economical method for low volumes as well as high volumes of production.

Figure 2-1: Comparison of photolithography-based fabrication with inkjet printing. Inkjet
printing avoids expensive masking steps and harsh chemicals for etching and enables
direct patterned deposition of material.
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Figure 2-2: Cost and volume comparison for common LOAC fabrication technologies.

For these reasons, inkjet printing will be explored in this thesis to realize low-cost
wireless sensors.
Inkjet printing has been used to develop passive components such as antennas [40],
capacitors [41], inductors [41] and sensors [42]. The reason for solely making passive
components is that inkjet printing is useful for fabricating large area electronics and
radio-frequency (RF) passive components are large devices (size is proportional to the
wavelength of operation). In order to realize a fully integrated electronic system, active
devices are also needed. In this regard, a hybrid approach can be adopted, in which
inkjet-printed, passive devices are integrated with conventional silicon-based, active
electronics. In addition to antennas and passive components, printed circuit boards
(PCB) can be realized using inkjet printing on cheap, flexible substrates for low-cost and
flexible electronics. In one demonstration, a circuit board along with a dipole antenna
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(a)

(b)

(d)
(c)
Figure 2-3: Inkjet-printed antennas on (a) paper [40], (b) kapton [43], (c) leather [44] and
(d) LCP [1].

was inkjet printed on paper substrate [45]. The circuit components including a
commercial temperature sensor were then mounted using a conductive epoxy.
However, there is no report of a fully integrated, packaged, inkjet-printed wireless
sensor device.

2.2.1. Inkjet-printed Antennas
The first inkjet-printed antenna designs were reported around 2007 [46]. Since then
several antenna designs on a variety of flexible substrates, such as paper [40], Kapton
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Figure 2-4: Inkjet-printed cubic antenna with near isotropic radiation [2].

[43], leather [44], and liquid crystal polymer (LCP) [1] have been reported as shown in
Fig. 2-3 . Inkjet-printed antenna designs have primarily targeted RFID applications, as
they can be produced in a low-cost roll-to-roll fashion. A multiband antenna for wireless
local area networks [47]; an artificial magnetic conductor (AMC) based antenna for
telemedicine applications [43]; and an antenna design for 60 GHz industrial, scientific,
and medical bands [48], which use inkjet printing, have also been reported.
Since inkjet printing is primarily a 2D manufacturing technique, most of the reported
inkjet-printed antennas are planar antennas. To achieve small form factor with
embedded sensor electronics as well as equal radiation in all directions (isotropic
antenna), 3D antenna designs can be useful. A 3D, cube-shaped antenna design using
inkjet printing has been reported with the intention of embedding electronics inside of
the cube as shown in Fig. 2-4, [2]. This antenna utilizes an electronic band gap (EBG)
structure to isolate the antenna from the embedded circuit and to achieve nearisotropic radiation. This is the only inkjet-printed, near-isotropic antenna that has been
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reported. The antenna is comprised of three layers of cubic structure. The inner most
cube is made entirely of metal to shield the electronics inside, the middle cube contains
the EBG element, and the top cube contains the antenna. The radiation is nearly
isotropic which is desirable for sensor communication requirements. However, the
paper does not demonstrate the embedding of electronics.

2.2.2. Inkjet-printed Sensors
Inkjet printing can be useful for the realization of sensors, as sensors also fall in the
category of large area electronics, where a high level of integration is not required. In
addition, inkjet printing can produce sensors on flexible materials, which brings
additional advantages for wearability and robustness. Inkjet printing sensors have been
demonstrated to sense a variety of physical parameters, which include temperature
[49], humidity [50], strain [51], gas levels [52], and proximity effect [53]. Here, a review
of temperature, humidity, and gas sensors is presented as these kind of sensors are the
focus of this thesis

2.2.2.1.

Temperature Sensors

Temperature is one the most important physical parameters. Monitoring temperature
is critical for many applications, including industrial monitoring, environmental
monitoring, and health care. The performance of reported inkjet-printed temperature
sensors is summarized in Table 2-1. Inkjet-printed temperature sensors have been
reported that mostly utilize the temperature-dependent resistive properties of
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conductors. A typical structure of the sensor is shown in Fig. 2-5. Gold (Au) and silver
(Ag) nanoparticles (NPs) have been inkjet-printed to realize temperature sensors. The
Ag-NP-based temperature sensor has been reported with a sensitivity of 0.0043/0C [49].
This is defined in terms of the temperature coefficient of resistance (TCR) given by:

 =

∆
 − 
=
 ∆  ( −  )

where ΔT is the change in temperature with respect to a reference temperature T0,
which is usually room temperature (25 0C), and ΔR is the change in resistance with
respect to resistance R0 at temperature T0. Metals usually exhibit lower TCR values and
hence are not the best materials for sensing applications. Inkjet-printed graphene
showed a higher sensitivity with a negative TCR of -0.0148/K [54]. However, the
response was not linear. Conductive polymers have been used for a number of sensing
applications because of their inherent conductive properties, which can be affected
significantly by external stimuli [55], due to which they can show higher sensitivities.
However, inkjet-printed polymers have not been demonstrated for temperature sensing
applications and this area will be explored in this thesis.
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Table 2-1: Inkjet-printed temperature sensors
Sensing Material

Mechanism

Sensitivity
(TCR)

Substrate

Ref.

Glass

[56]

Paper

[57]

Hexanethiol coated Au NPs

Resistance

-

Ag NPs

Resistance

0.001/ 0C

Graphene

Resistance

0

-0.0148/ K

PET

[54]

Ag NPs

Resistance

0.0023/0C

Kapton

[58]

Ag NPs

Resistance

0.0043/0C

PET

[49]

R(T)

METAL CONTACTS

SENSING MATERIAL

Figure 2-5: Typical structure of inkjet-printed temperature sensor utilizing the
temperature dependent resistance, R(T), of the sensing material.

2.2.2.2.

Humidity Sensors

Inkjet-printed humidity sensors have been reported that utilize the humiditydependent dielectric properties of the substrates. As such, humidity sensors that have
been reported are usually capacitive sensors having typical geometries as shown in Fig.
2-6. The work done on inkjet-printed humidity sensors is shown in Table 2-2. Paper,
Kapton (polyimide), and polyethylene terephthalate (PET) are the substrates that have
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Table 2-2: Inkjet-printed humidity sensors
Sensing Material

Mechanism

Substrate

Sensitivity

Ref.

CAB

Capacitance

Paper

[57]

PET

5 fF/ % RH (20-60% RH)
125 fF% RH (60-80% RH)
3.2 fF/ % RH

CAB

Capacitance

CAB

Capacitance

PET

0.86 fF/% RH

[59]

Polymer

Capacitance

PET

8 fF/% RH

[60]

[50]

INTERDIGITATED
ELECTRODES
SENSING MATERIAL

C(RH)

Figure 2-6: Typical structure of inkjet-printed humidity sensor utilizing humiditydependent dielectric properties of the substrate or the sensing material which results in
humidity-dependent capacitance, C(RH).

often been used to develop humidity sensors, mainly because of their flexible nature.
Few demonstrations include the inkjet printing of an electrode and the sensing material,
which are fully printed sensors. Humidity sensors that utilize the moisture sensitive
properties of materials usually suffer from temperature dependent sensing
characteristics since the ability of a material to absorb moisture depends on its
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temperature [61]. Moreover, such sensors sometimes demonstrate hysteresis due to
the moisture retaining effects of the materials [61]. It will be useful if the moisture
dependent properties of the air can be measured directly without the need for a sensing
material by measuring the dielectric constant of the air. This approach will be utilized in
this study.

2.2.2.3.

Gas Sensors

Inkjet-printed gas sensors have been demonstrated to monitor various gas
concentrations. Gases that are critical from an environmental pollution perspective have
primarily been targeted. Sensors to detect ammonia (NH3) [52], nitrogen dioxide (NO2)
[62], carbon monoxide (CO) [63] and volatile organic compounds (VOCs) [62], [64] have
been reported. There are also inkjet-printed H2S gas sensors (Table 2-3), which utilize
the change in resistance of the sensing material upon exposure to a gas. H2S sensors
have been developed that utilize tungsten oxide (WO3) NPs [65], polyaniline (PANI) [66],
and carbon nanotube (CNT) [63] as the sensing materials. The WO3-based sensor
operates at a temperature of 220 0C. Thus, it is difficult to use for environmental
monitoring applications. None of the H2S sensors that have been reported are fully
inkjet-printed. Only the sensing layers have been inkjet printed on photo lithographically
defined electrodes on silicon or screen-printed electrodes on PET.
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Table 2-3: Inkjet-printed H2S gas sensors
Sensing Material

Mechanism

Sensitivity

Substrate

Ref.

ΔR/R (%/ ppm)

2.3.

WO3 nanoparticle

Resistive

Silicon

[65]

PANI

Resistive

-0.2

PET

[66]

CNTs

Resistive

-0.37

Silicon

[63]

SWCNTs

Resistive

-

Silicon

[67]

3D-printed Electronics

The additive nature of inkjet printing technology has many advantages which have
been mentioned above. One advantage is the controlled deposition of material in small
volumes that enable inkjet printing to realize fine features. This is advantageous for
making planar geometries, but realizing 3D geometries is not possible with this volume
of material deposition. For this reason, all of the inkjet-printed devices must be realized
on non-printed substrates. It would be beneficial if the substrate itself could also be
realized using additive manufacturing methods, which would reduce the cost of
manufacturing further. 3D inkjet printing has the capability to resolve this issue as it has
all of the advantages of conventional 2D inkjet printing and it can deposit large volumes
of material layer by layer to build 3D objects. In addition to substrates, it can also enable
the low-cost manufacturing of packages for the electronics devices. Moreover,
functionalities can be added to the packages in order to make the size more compact
through the use of different functional inks. Therefore, a combination of 2D and 3D
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inkjet printing techniques can enable the development of completely integrated,
packaged, wireless sensor systems.
Many physical objects have been fabricated by 3D inkjet printing [38]; but only a few
RF devices have been fabricated, such as reflectors and lenses [68].One of the major
advantages of 3D printing is the easy fabrication of complex structure which would be
very difficult to fabricate using conventional techniques. Recently, 3D inductors and
capacitors have also been developed using inkjet printing [69]. A 3D-printed package has
also been developed for energy harvesting applications [3] as shown in Fig. 2-7, which
includes an inkjet-printed antenna. However, the electronics inside have been realized
by conventional etching techniques on a Rogers substrate and are connected to the
antenna on the package through coaxial cables. Therefore, the system is not fully
integrated.

Figure 2-7: 3D printed antenna for energy harvesting [3] .
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2.4.

Summary

This chapter highlighted the importance of developing economical, small form factor
fully integrated, packaged, wireless sensors for environmental monitoring and health
care applications. Although many sensor node designs have been reported, none meet
the requirements of disposability and small form factor along with antenna integration
and packaging. It is also shown that inkjet printing has the potential to develop
complete wireless sensor nodes that incorporate the sensors, electronics, and antenna.
Health care applications have not benefitted from the additive manufacturing
techniques and wearable, inkjet-printed, wireless sensors can be developed to monitor
personal health. Significant work has been done on inkjet-printed sensors, but fully
printed sensors in which the substrate has also been printed, have not been
demonstrated. Therefore, there is enough room for research in the development of
completely integrated wireless sensor nodes using 2D and 3D inkjet printing techniques
for real-time environmental monitoring and health care applications, which will be
pursued in this study.
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Chapter 3- Inkjet-Printed Buoyant 3D Wireless Sensor for Flood Monitoring
As mentioned in Chapter 2, floods are one of the leading causes of natural disaster
fatalities worldwide. Accurate real-time data on the flow rate and direction of water
during floods can lead to reductions in the loss of lives and property by identifying
efficient evacuation strategies and providing improved protection to vulnerable and
critical locations. Acquiring such data requires monitoring of floods as they happen,
although such flood monitoring systems are nonexistent in most parts of the world with
few regions having installed fixed sensor nodes to detect water levels mainly on rivers
and some rely on satellite data [18]. At present, flood detection, prediction, and
response efforts rely mainly on simulation models of water propagation across
hydrological basins. Such simulation models require many parameters that are difficult
to identify in advance and often yield inaccurate results. These include the terrain
altitude and runoff coefficient, which is a dimensionless coefficient that provides the
percentage of rainfall appearing as storm water run-off over a surface. Even small errors
in altitude data and uncertainties in runoff coefficients can yield largely different
simulation results. For example, in [18], simulated discharge rates of rivers during floods
varied significantly from actual discharge rates. Satellite remote sensing for flood
monitoring has also been employed in [70], [71], though acquiring highly accurate
weather data in real time through satellites during critical weather conditions is difficult
and requires several low-earth-orbiting satellites.
Adding real-time flood data through direct measurements as in [17], [19] can
dramatically improve the results compared with pure simulation methods, but this
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requires a fixed sensing infrastructure. Fixed sensors are feasible for monitoring rivers
that have established and known water routes but not for areas where new water
channels can form and water routes are not known in advance, as is the case with
flooding in urban or remote areas. In such cases, a large number of fixed sensors will be
needed to accurately monitor a given area and as discussed in Chapter 2, this will make
the cost of implementation high. Mobile sensing provides an economical alternative for
real-time flood sensing. Mobile sensors sense the flow by drifting along with the fluid
and this is known as the Lagrangian specification of fluid flow. Mobile sensors are thus
referred to as Lagrangian sensors [23]. One such sensor for water monitoring was
presented in [23] to sense a variety of parameters, such as water salinity, temperature,
and pollutant concentration. However, it is bulky and heavy (~7 kg), prohibiting its use in
urban areas. It is also expensive (~US$1000), making it uneconomical for large-scale
monitoring.
One way to reduce the cost of sensors is to use low-cost materials and fabrication
processes. Inkjet printing on paper substrate provides an attractive solution for the lowcost implementation of such sensors. Though inkjet-printed, paper-based sensors have
been demonstrated before [45], [57], they have not targeted real-time flood monitoring
applications. One of the requirements for flood monitoring is that the antenna radiates
almost equally in every direction. A 3D antenna that works on all sides of the sensor is
ideal. Though many 2D inkjet-printed antennas on paper substrate have been
demonstrated [40], [47], there are few reports of 3D antennas on paper substrate.
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In this chapter, a buoyant, 3D Lagrangian sensor with embedded wireless electronics
for real-time flood monitoring application is presented. Light-weight, cheap and
biodegradable paper substrate has been used in combination with inkjet printing to
realize the buoyant sensor. The design also includes an innovative, near-isotropic 3D
antenna that can fit on a compact paper-based cube package of the sensor. Field tests
have been conducted in water which show that the sensor can communicate up to a
significant distance while floating in water, regardless of its orientation. These mobile
buoyant sensors can work in conjunction with fixed network nodes in order to generate
real-time, flood-monitoring data.

3.1.

System concept

An economical flood sensing system is proposed in which the Lagrangian sensors are
used for the real-time monitoring of floods (the system is illustrated in Fig. 3-1. Each
sensor consists of a transmitter with an integrated microcontroller which stores the
unique ID of the sensor. When required, the sensors are released by the fixed nodes and
establish communication by periodically transmitting their IDs. These sensors are
tracked by the wireless network infrastructure and based on their location relative to
the network nodes, flood flow velocity and direction data is generated in real-time.
Thus, a map can be generated that shows inundated areas and possible extension
directions of the flood as shown in Fig. 3-1. Two cases, namely urban and remote areas,
are considered for the proposed flood-monitoring system.
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3.1.1. Urban flood sensing system
Flood sensing in cities is economically feasible if the network nodes are part of a larger
network, such as the traffic sensor network demonstrated in [72]. The proposed floodsensing system in an urban environment is illustrated in Fig. 3-1, where flood water is
shown flowing at a junction of two streets and is carrying the Lagrangian sensors. The
fixed network nodes are mounted on street poles along the streets. Two types of
network nodes are employed. One is a monitoring network node, which houses the
Lagrangian sensors, releases them when required, tracks their locations through fixed
receivers, and sends the data to the network server. The other network node is referred
to as the network relay. It is simply a repeater that receives data from the Lagrangian
sensors and passes it on to either the adjacent network relay or the monitoring node.
The number of network relays is larger than the number of monitoring nodes and
because the network relays are less expensive, their inclusion reduces the overall cost of
the system.

3.1.2. Remote area flood-sensing system
The Lagrangian sensors can also be used in conjunction with unmanned aerial vehicles
(UAVs) to monitor floods in remote areas for which there is no economic incentive to
build a fixed sensing infrastructure. In this proposed system, a number of UAVs
equipped with hundreds of sensors are sent to an area where a flood could occur based
on rain forecasts. After their fall, these sensors will either settle on the ground if there is
no flood, or be carried away by flood water. In a no flood situation, the stationary
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Urban Flood Sensing

Remote Area Flood Sensing

Lagrangian Sensor

Flood Map

Figure 3-1:. Urban flood sensing: The sensor network contains a small number of
monitoring network nodes (black), which also house the sensors, while most of the
nodes (red) act as network relays. Remote area flood sensing: The proposed UAVbased, flood-sensing system architecture in remote areas showing the interactions
between the UAVs and the ground control station during flood monitoring operations.
Flood Map: A city wide or large-scale map can be generated showing possible directions
of flood extension.

locations of the sensors will provide information about the absence of flooding. The
presence of sensors prior to the flood enables tracking of flood water fronts in case the
area becomes flooded. Tracking the flood water front is much more useful than tracking
the water flow in an already inundated area, as the water flow velocity gradually
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reduces after the flood. Tracking the flood water front is also essential because it helps
with the quick establishment of flood water extension direction and speed. After
dropping the sensors, the UAVs can track their locations through on board receivers.
The complete system, illustrated in Fig. 3-1, shows multiple UAVs monitoring a given
area collaboratively, enabling a map of these sensors to be quickly established. The
UAVs have radio links between themselves and a ground control station. The inter-UAV
link serves as a backup in case any UAV loses its communication with the ground station.
The ground station sends control commands to UAV to sense in areas where the
uncertainty is high based on current estimations. The initial sensing locations are based
on a map of the probability of flood occurrence, which can be generated using historical
flooding data. In return, UAVs also send the current sensor locations to the ground
station, which are used as input data, together with the precipitation data for flood
estimation and forecast algorithms.

3.2.

Lagrangian Sensor Design considerations

Due to unusual environmental application, the proposed sensor must adhere to
several design constraints. The sensor must be light weight and buoyant, but at the
same time it should not be carried away by winds and it must operate for a significant
duration after falling on the ground or in flood water. It should also be able to
communicate in all directions since there is no mechanism to control its orientation in
water or on the ground. The sensor should be low cost and environmentally friendly as
it will ultimately be disposed of in the environment. The sensors should be insensitive to

52

wind effects (i.e., have a relatively high terminal velocity), which is the velocity of a
falling object under no net force such the acceleration becomes zero.
The terminal velocity of the sensors that was chosen is 10 m/s, which should greatly
reduce wind sensitivity. Let m be the mass of the sensor, A its cross section, Cx its drag
coefficient, ρ the density of the fluid in which the sensor is moving, and g the
acceleration due to gravity. The terminal velocity is given by (1):
=



(1).



The shape of the sensor that was chosen is a cube due to its symmetric geometry and
relatively easy fabrication; the cube has a drag coefficient of 1.05. The value of g is 9.8
m/s2 and for air, ρ is 1.2 kg/m3. The unknown parameters, which need to be determined,
are m and A. To meet the buoyancy requirement, the sensor must have a density lower
than the density of water, which is 1000 kg/m3. The volume of the cube can be written
in terms of its cross-sectional area as A3/2. Therefore:


Density of Sensor =  =







≤ 1000

(2).

The impact safety constraint limits the mass and velocity of the sensor such that
physical injuries to any human being can be avoided when the sensors are dropped in
urban areas. The projectile velocity (v) and mass (m) of a projectile that are required for
skin penetration or injury are related as follows [73]:
= 162.1# $.%&√

(3)
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Based on (3), m<<50 g for the chosen terminal velocity of 10 m/s. For safety, a mass of 2
g was chosen for the implementation, which yields a volume of over 2 cm3 to satisfy (2).
The dimensions of the cube are also constrained by the wavelength used for the
transmission. Atmospheric absorption effects become noticeable above 10 GHz [74],
which imposes a sub-10GHz operating frequency. An operating frequency of 2.4 GHz
was chosen such that the IEEE 802.15.4 protocol can be utilized. At this frequency, the
transmission wavelength is about 12 cm. Thus, the required antenna dimensions are
much larger than the size of the sensor. Given the unpredictability of its orientation
upon impact, the antenna should radiate in a near isotropic fashion. In addition, the
antenna must radiate while in the air and while floating in water. An additional
constraint on the dimensions and weight of the sensor is dictated by energy and range
considerations. IEEE 802.15.4 imposes a limit of 100 mW of equivalent isotropically
radiated power (EIRP) on signals transmitted in the 2.4 GHz band. This transmitter
power limits the range of the sensor and requires the UAV to fly at low altitudes. The
transmission rate should be high enough to ensure that a sensor is reliably detected by a
UAV flying directly above it at a velocity of approximately 30 m/s. This implies that the
transmission frequency should be above few Hz, but not much higher to limit the risk of
packet collisions (if a large number of sensors are present within the area) and to
conserve the battery. Typical transmitters operating in IEEE 802.15.4 consume
approximately 30 mA current (supply voltage of ~ 3V) for maximum power transmission.
Thus, a 40 mAh battery can sustain sensor operation for few hours with low data rates.
Such a battery can weigh approximately 500 mg with a volume of around 0.7 cm3.
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Finally, the sensor must be as inexpensive as possible. Paper is one of the least
expensive materials, costing about one-tenth the price of plastics [75]. It is also
environmentally friendly and biodegradable, which is desirable since the proposed
sensor should be able to be dispersed in any environment. Paper is light weight, which
helps to satisfy the impact safety constraint on the sensor. Another attractive feature of
paper is its compatibility with the inkjet printing process, which is a relatively new
method used to produce electronic circuits. Inkjet printing is an additive process, which
can help to reduce material wastage considerably. Inkjet printing on paper can result in
large-volume manufacturing of low-cost electronics using roll-to-roll and reel-to-reel
processing. The use of paper as the substrate for the sensor circuit, antenna, and
packaging along with the use of the inkjet printing process makes the cost of the
proposed sensor low.

3.3.

Lagrangian Sensor Design and Manufacturing

The model of the sensor is shown in Fig. 3-2. The sensor has been developed using inkjet
printing on paper substrate. The choice of paper for the substrate makes the sensor
light enough to meet the buoyancy requirements as discussed in the previous section.
Paper is not only used as the substrate for the electronics, it is used in realizing the cubic
package of the sensor, which encloses the sensor electronics and battery as highlighted
in Fig. 3-2. The functional package of the sensor contains a novel near-isotropic antenna
design which enables equal radiation in all directions. Inkjet printing is not only
appropriate for paper substrate, it also reduces the cost of fabrication, which is critical
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for realizing disposable sensors. The cube-shaped sensor measures 13 mm on each side
and has a volume of approximately 2.2 cm3, which satisfies the safety constraint as
dictated by (3). The functional packaging and embedding of electronics allow the sensor
design to fit in a compact volume. The following discussion provides the details of the
sensor antenna design as well as the fabrication and integration.

Figure 3-2: The proposed sensor model.

3.3.1. Antenna Design
The four major goals of the antenna design are presented below, along with the
details of the techniques that are adopted to meet these design goals.
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3.3.1.1. Near-Isotropic Radiation Pattern
As mentioned above, the Lagrangian sensor must communicate in all directions since
there is no mechanism to control its orientation. The center of gravity can influence the
orientation of the sensor while floating in water. As the sensor mass is non-uniformly
distributed, it is difficult to find the exact center of gravity. However, due to the
presence of styrofoam and electronics, the center of gravity is likely to be in the lower
half of the cube due to which the sensor is more probable to float in the water having
the orientation shown in Fig. 3-2 with the lower half immersed. However, strong water
currents can toss the sensor on any of its faces during floods, hence the orientation can
be changed and hard to determine. Therefore, the sensor antenna must have a nearisotropic radiation pattern. In addition, the transmitter output is differential and the
antenna should preferably have a differential topology to avoid the use of a balun. To
achieve this, a novel 3D implementation of a dipole on a cubic structure is proposed in
this work. If a cube structure has radiating elements on most of its faces, the radiation is
expected to be near isotropic, provided each face radiates equally and in phase with the
others. A 1.5λ0 dipole operating at 2.4 GHz, where λ0 is the free space wavelength,
can be wrapped on a cube that is 1 cm in length, such that most of the faces have a
portion of the antenna.
A 1.5λ0 dipole has multiple nulls in its radiation because of the phase reversal of
currents along the dipole length, as shown in Fig. 3-3(a). By orienting the dipole arms in
a 3D fashion, such that the current directions are not exactly opposite to each other, the
nulls can be minimized and a near-isotropic radiation pattern can be obtained, as shown
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in Fig. 3-3(b). Though the antenna was designed in 3D, it is inkjet printed in 2D on paper
substrate and then folded in its 3D form. The 2D geometry of the antenna is shown in
Fig. 3-4(a). The 3D geometry of the antenna is shown in Fig. 3-4(b); it consists of a dipole
wrapped on a cube that is 13 mm x 13mm x 13mm. To further illustrate the mechanism
to achieve the near-isotropic radiation pattern of the antenna, the direction of currents
along the z-axis and x-axis are shown in Fig. 3-5 along with their associated radiation
patterns. The currents along the z-direction produce an omnidirectional radiation
pattern along the x-y plane with nulls on the z-axis. Although the direction of currents
changes along the x-axis, it can be seen that the stronger currents flow in the same
direction and radiate in an omnidirectional pattern in the y-z plane with null on the xaxis. The patterns from these individual current elements add up to make a nearisotropic pattern with minimized nulls, as demonstrated in Fig. 3-5.

(a)
(b)
Figure 3-3: 1.5 λ0-long dipoles with current directions and radiation patterns. (a) A
straight dipole. (b) The 3D orientation of the dipole arms gives a near isotropic radiation
pattern
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3.3.1.2. Gain
Since the antenna is designed for near-isotropic radiation as described above, the
antenna gain is expected to be around 0 dBi. To incorporate the antenna on the cube
surface, meandering has been done which decreases the radiation efficiency since
currents flow in opposite directions in the meandered structure, resulting in the
cancellation of fields in the far-field region. However, if meandering is done on the
dipole arm where the current is minimal (i.e., towards its end) its effect on radiation
characteristics is minimized and the effective length of the dipole can be shortened
[76]. As planned, the current distribution on the antenna shows that the meandered
part has minimal current, as shown in Fig. 3-4(b). The simulated radiation pattern of the
antenna is shown in Fig. 3-5. The antenna has a maximum simulated gain of close to -1
dBi and the radiation pattern is near isotropic with a maximum variation of
approximately 7 dB in air. With 3dBm of transmitter power, the sensor is expected to
communicate up to a distance of approximately 100 m in air with a receiver of -100 dBm
sensitivity.

3.3.1.3. Conjugate Impedance Matching with the Transmitter
Since the antenna is fed by a transmitter chip, the best solution would be to optimize
the antenna impedance to conjugately match the transmitter circuit impedance (ZTX=
69-j29 ohm) without the need for any external matching circuit elements. The
impedance of the dipole (ZD) can be changed by varying the length and width of the
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(a)

(b)

Figure 3-4: (a) The 2D geometry of the antenna (dimensions in mm). (b) The proposed
3D antenna with current distribution.

wire. In this case, the length has been restricted to 1.5λ0 in order to fit the dipole on a
Figure 3-5: Radiation from current elements in different directions adds up to give a
near-isotropic pattern.

small cube and to achieve a near-isotropic radiation pattern by suitable placement of
antenna arms on all of the faces of the cube.
A parametric analysis was conducted to examine the effect of the width on the
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(a)
(b)
Figure 3-6: Variation in the antenna’s impedance in relation to (a) width and (b) glue
thickness.

antenna impedance and the simulated results are presented in Fig. 3-6(a). By choosing
an appropriate value of trace width, the antenna impedance can be tuned, giving the
designer flexibility to match to a variety of circuit impedances. Fig.3-6(a) shows that the
impedance becomes significantly more inductive by decreasing the width of the trace,
which is useful because the output impedance of the transmitter circuits is primarily
capacitive. Another factor that influences the antenna’s impedance is the deposition of
glue on the cube surface to make the sensor water proof for this application. The effect
of glue has also been investigated in the simulations and the results are presented in Fig.
3-6(b). The glue thickness affects the impedance significantly; thus, the antenna’s
impedance must be optimized with the appropriate thickness of glue. The width of the
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dipole is 0.2 mm, which leads to ZD close to ZTX. The simulated impedance along with the
measured results are shown in Fig. 3-12.

3.3.1.4. Performance with Embedded Electronics in Water
Since the transmitter chip and the battery are embedded in the 3D cube and both of
these components mostly consist of metallic parts, a perfect electric conductor (PEC) is
utilized to model their effects on an antenna's performance (see Fig. 3-4(b)). The
proposed sensor is intended to be operated in air and in water. The performance of the
antenna while immersed in water must therefore be assessed. To protect the sensor
from water, a 100 um thick coating of glue was included in the simulation model as
noted above. The reported dielectric constant of glue is 3.3 and its dielectric loss is 0.06

Figure 3-7: Radiation patterns of three orientations with the antenna in the water.
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[77]. Simulations with the antenna half immersed in water were conducted and the
radiation patterns for three different orientations, indicated by tilting of the letter ‘A’,
are shown in Fig. 3-7. The maximum realized gain of the antenna dropped to
approximately -12 dBi. The drop in the gain was expected due to the lossy nature of
water and its effect on the antenna’s impedance. Even with this lower gain, which
results in a maximum equivalent isotropically radiated power (EIRP) of -9 dBm, the
sensor is expected to communicate up to a distance of more than 50 m, provided the
receiver has a sensitivity of -100 dBm. As shown, the antenna radiation pattern remains
near isotropic above water, which is important because even though the antenna is half
immersed in water, it communicates with the receiver through air. The unique 3D
antenna design ensures that the half of the antenna that is above water has enough
radiating elements to produce a near-isotropic pattern in air. The level of immersion of
the sensor in water can vary as the inclusion of debris and sand can change the density
of flood water. Simulations have also been performed with the sensor immersed in onethird of water and then immersed in two-thirds of water. The radiation pattern as well
as the gain of the sensor antenna remains similar to the half immersed case as shown in
Fig. 3-7.

3.3.2. Fabrication
The fabrication was done using a Dimatix materials inkjet printer DMP-2831, as shown
in Fig. 3-8. The printer uses cartridges that have 16 nozzles and two different cartridges
are available with 1 pl and 10 pl drop volumes; 1 pl drop volume cartridges provide finer
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resolution (~ less than 100 μm feature size) than 10 pl drop volume cartridges. In this
work, 10 pl drop volume is used since the minimum feature size required is around 200
μm which is achievable with this drop volume . The inkjet printing was done on Kodak
photo paper using UTDAg silver nanoink by UTDots [78], made from silver nanoparticles
with an average size of 10 nm dispersed in an organic solvent. In order to get optimum
printing quality such as minimum feature sizes and best conductivities of metal traces, it
is necessary to optimize the inkjet process in terms of drop spacing, number of printed
layers and sintering times and temperatures. Too small drop spacing can result in
bulging of line traces and too big drop spacing can give gaps between the drops, hence
discontinuous lines [79]. Sintering temperature and duration dictate the conductivity of
the printed metal traces. Higher sintering temperature and longer time give better
conductivity. Also conductivity increases with printing more number of layers. Inkjet
printing of silver nanoparticles on paper substrate has been characterized in [40]. Same
process parameters have been used in this work. A drop spacing of 20 μm has been
used. Four layers of ink are printed and sintered at about 160 0C for 40 minutes giving
the track sheet resistance of about 0.3 Ω/square.

3.3.2.1. Fabrication issues and remedies
Realizing inkjet-printed electronics on paper has numerous advantages. However,
there are still some challenges in the post processing of these modules. The cracking of
printed traces on flexible substrates, mounting of complex packaged ICs, and realization
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of vias for multilayer circuits are problems, and their solutions are being researched
actively.

Figure 3-8: Dimatix DMP-2831 materials inkjet printer which has been used in this work.
Also shown is the close up view of the nozzles during jetting of ink.

3.3.2.1.1. Cracking of printed tracks
The standard printer paper (without any coating) is not suitable for inkjet printing of
conductive tracks as the ink becomes diffused in the paper preventing the formation of
continuous metal tracks. Hence, a resin-coated paper is typically used for inkjet printing
of conductive traces. The issue with the resin coating on the paper is that it becomes
brittle and is liable to crack when it is sintered. Non-resin-coated synthetic paper (for
example Teslin) is available and is suitable for inkjet printing of conductive inks.
However, this paper is expensive.
Regardless of the resin coating, the printed metal tracks crack when they undergo high
degrees of bending, such as that required to form the cube structure of this sensor, as
shown in Fig. 3-9. It is observed through experiments that if the printed structure is
sintered after the bending, the cracking is reduced. The edges of the cube are the most
affected regions, where the printed tracks experience the maximum strain during
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Figure 3-9: Cracking of inkjet-printed tracks can result due to the presence of resin
coating on photo paper. Sintering after bending the paper reduces cracks. However,
extreme bending such as that at the corners of the cube still causes cracks, as shown
here.

IC

Laser

Paper

Force

Perforations
(a)
(b)
Figure 3-10:(a) Realizing perforations on paper using a laser system in order to aid
bending of the paper. (b) Mounting of a QFN package on a thin and flexible surface.

bending. The portion of the track across the crease of the cube cracks and nearby
patterns on the plane faces of the cube also suffer from cracking. To reduce this
problem, a Universal Laser Systems™ Professional Series PLS6.75, 75W and 10 μm laser
has been used to make perforations along the edges of the cube as shown in Fig. 310(a). The perforations help to reduce cracking by reducing the amount of strain on the
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substrate during bending, but it is difficult to avoid cracking on the creases. Circuit
Works® CW2460 conductive epoxy is used to fill in the cracked tracks.

3.3.2.1.2. Vias
Realizing inkjet-printed vias is also difficult compared to conventional circuit board
vias, particularly on paper. Inkjet-printed vias have been shown on polymer substrate by
dissolving the polymer with a solvent [80]. However, paper does not behave the same
way as a polymer, so this technique is not suitable for paper substrate. Moreover, paper
is thick (~220 μm) and filling these deep holes (created by lasers) through inkjet printing
is impractical (the thickness of one inkjet-printed layer is ~0.5 μm). For simplicity, vias
holes in this work have been created using laser and filled with conductive silver epoxy.

3.3.2.1.3. Mounting of components
Placing simple surface-mount components such as resistors, capacitors, or simple IC
packages on paper is easy, but placing complex IC packages such as ball grid array (BGA)
and quad flat no-lead (QFN) is challenging. Paper does not have an absolutely flat
surface compared to the typical hard substrates. Therefore, when components are
placed, there are chances of gaps between the package pins and the pads on the
substrates, as shown in Fig. 3-10(b). A slight downward force is required to ensure the
complete connection of the package with the pads. Due to the flexible nature of paper,
the connections experience stress and may break. This issue is further enhanced by the
fact that typical soldering cannot be performed on these inkjet-printed traces on paper
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substrates. Both the traces and the paper are liable to become damaged in the process
of soldering due to high temperatures. The low temperature solder pastes and epoxies
are used instead. However, this results in lower bonding strength and consequently,
weaker connections. In order to overcome this issue, nonconductive epoxy can be
applied on top of the components.

3.3.3. Integration
Conventional printed circuit boards (PCBs) such as FR4 are bulky, expensive, and nonbiodegradable. Using conventional PCBs in the proposed sensor can affect the density
constraint, which is essential for the buoyant feature of the sensor. Therefore, the PCB
has also been inkjet printed on the same paper to keep the design light weight and low
cost. This is referred to as printed circuit paper (PCP) instead of the conventional PCB.
The sensor circuit consists primarily of Texas instruments® (TI) CC2530 transmitter chip
with few external components, including a crystal resonator. The transmitter includes
an on-chip microcontroller to store the unique ID of each sensor and can support data
rates of up to 250 kbps, which is well above the requirement for this particular
application.
The layout of the PCP is determined with consideration of the required connections
for the transmitter chip. The circuit is powered by a thin Lithium-polymer battery with
dimensions of 2mm x12 mm x12.5 mm. The thin (2 mm thick) battery from
PowerStream Technology®, is light weight (0.45 gm.) and suitable for this design. It can
provide 10 mAh, which is sufficient for thirty minutes of continuous sensor operation.
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For longer durations (few hours), a 40 mAh battery can be used which is slightly thicker
but can still fit inside the cube structure. To further optimize the size, the space
available inside the 3D sensor is utilized for circuit and battery implementation. As
demonstrated in Fig. 3-2, the transmitter IC is mounted on top of the PCP, whereas the
polymer battery is connected on the backside. Styrofoam (not shown here) is placed
below the PCP and the battery to provide mechanical support to the sensor structure. A
differential feed line connects the transmitter IC to the antenna. The complete sensor
weighs only 1.2 gm.
Fig. 3-11(a) shows the PCP for the transmitter IC and Fig. 3-11(b) shows the PCP after
vias are made and components have been mounted. In this work, conductive silver
epoxy is used to connect the components on the PCP. To remedy the issue of the
weaker connections mentioned above, the PCP has been coated with Alteco® nonconductive epoxy after mounting the components, as shown in Fig. 3-11(c). Fig. 3-11(d)
shows the 2D inkjet-printed antenna on a flat paper substrate. As mentioned previously,
since the antenna layout is printed in 2D, an origami-style approach is adopted in which
the antenna printed on flat paper is folded in the shape of a cube, as shown in Fig. 311(e). The paper cube also forms the sensor package. Fig. 3-11(f) shows the PCP with a
battery placed on its bottom and connected through vias. The PCP with the battery
placed on its bottom side is mounted on a piece of Styrofoam to provide mechanical
support to the sensor structure. A small gap is left in the package where the antenna
connections are made from the PCP. An open package sensor is shown in Fig. 3-11(g)
where the Styrofoam can be clearly seen. The sensor is then coated with super glue to
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make it hermetically sealed. The complete fabricated 3D sensor with the embedded
circuit is shown in Fig. 3-11(h).

(a)

(b)

(d)

(c)

(e)

(h)
(g)
(f)
Figure 3-11: (a) The PCP. (b) The PCP with mounted components. (c) The PCP coated
with non-conductive epoxy. (d).2D inkjet-printed antenna. (e) Folding the antenna to
form the sensor package. (f) The PCP and battery. (e) A partially packaged sensor. (f)
The complete sensor after fabrication.
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3.4.

Measurements and Results

The measurements include testing of the sensor antenna to verify near isotropic
radiation as well as the field tests which include testing of the complete sensor while in
water. The details of these measurements are as follows:

Figure 3-12: Simulated and measured antenna impedance. The antenna is mounted with
U.FL connectors (inset).

3.4.1. Antenna Input Impedance
The differential input impedance of the antenna has been measured using an Agilent
PNA series network analyzer and two-port, single-ended measurements. As shown in
Fig. 3-12 (inset), ultra-small, surface-mounted U.FL coaxial connectors manufactured by
Hirose Electric Co., Ltd. are used to connect the antenna to the network analyzer. ZD is
calculated using the differential reflection coefficient obtained from two-port Sparameters with a differential port impedance of 100 Ohms. The simulated and
measured impedances of the antenna are shown in Fig. 3-12 along with the conjugate of
ZTX (ZTX*). The measured impedance curves follow the simulation trends and are close to
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(a)
(b)
Figure 3-13: (a) The antenna inside the anechoic chamber. (b) The measured 3D
radiation pattern.

(a)
(b)
Figure 3-14: The measured radiation pattern. (a) The y-z plane. (b) The x-y plane.

the required impedance for matching the transmitter circuit at 2.4 GHz. The slight
discrepancy, which is mostly in the real part of the impedance, could be caused by a
number of factors. These include the thickness of the glue coating, which is not
uniform as it is done manually; the width of the antenna tracks, which varies slightly
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because of printing tolerances; and the effect of the small U.FL connectors, which are
not part of the simulation model.

3.4.2. The Antenna Radiation Pattern
The radiation pattern was measured using a Bazooka balun to excite the differential
antenna from a single-ended 50Ω source as shown in Fig. 3-13(a). The measurements
were conducted in a Satimo® StarLab near-field measurement system. The measured 3D
radiation pattern of the antenna is shown in Fig. 3-13(b). As shown, the radiation
pattern is near isotropic with a maximum gain of approximately -1.5 dBi, which is close
to the simulated gain of -1 dBi. The measured radiation patterns along the x-z plane and
x-y plane are shown in Fig. 3-14. The gain in the y-z plane is almost the same in all
directions as required for isotropic radiation, but there is a larger gain variation along
the pattern in the x-y plane. This variation is likely due to the presence of the balun. In
addition, since the antenna is made by manually folding the paper into a cube, slight
inevitable discrepancies in the cube’s dimensions can also affect the isotropic behavior
of the antenna. The cross-polarization levels are 10 dB below the co-polarization levels
in any direction.

3.4.3. Field Tests
To assess the performance of the 3D sensor in a more realistic environment compared
to the anechoic chamber, field tests were performed. The fabricated sensor was tested
in air and in water. Though the test setup in water does not capture the harsh
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Figure 3-15: The radiation pattern in air.

environment of a flood, it can at least confirm the buoyancy of the sensor and indicate
its performance in water compared to air. A Texas Instruments® SmartRF05 evaluation
board was used in the measurements. This board contains a CC2530 transceiver, which
was programmed to function as the receiver with a sensitivity of -100 dBm. The
antenna’s radiation pattern in air (Fig. 3-15) and in water (Fig. 3-16) has been measured
in an active state (fed by the transmitter chip). During the water tests, the sensor is
dropped in a Styrofoam box containing water as shown in Fig. 3-16(a). As shown, the
sensor remains almost half immersed in water and is able to communicate, indicating
that it is buoyant and hermetically sealed.The radiated power is measured at a fixed
distance in two planes around the sensor. The measured power values are then
normalized to the maximum output power available from the sensor. These
measurements provide a more accurate radiation pattern as there is no balun or
connector close to the antenna, which can disturb its isotropic behavior. During the
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(a)
(b)
Figure 3-16: (a) The test setup for field tests in water. (b) The radiation pattern of an
antenna half immersed in water for two different orientations of the antenna shown in
the inset.
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(b)
Figure 3-17: Range tests. (a) Stationary sensor. (b) Flowing sensor in two different
orientations shown inset.

tests in water, measurements were taken only above the surface of water and hence
water. As expected, the gain of the only the upper half of the pattern is shown in Fig. 316(b). The results show that the in variation in the radiation pattern does not exceed 7
dB in any direction in air or water. The proposed 3D antenna therefore exhibits near
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Figure 3-18: Range tests of the flood sensor in a cluttered environment for two
orientations.

isotropic radiation characteristics. Field tests on the communication range were also
conducted in still water (Fig. 3-17(a)) and in flowing water with a flow velocity of 4.5
cm/s (Fig. 3-17(b)). The tests confirm that the sensor is able to communicate over 100 m
while in air and 45 m while floating antenna decreases when the sensor is placed in
water and thus results in a shorter communication range. Nonetheless, this
communication range is sufficient to be tracked by a network node. In addition, as
shown in Fig. 3-17(b), the variation in received power levels remains around 7 dB for
different orientations of the sensor in water, indicating near-isotropic behavior. Flood
water usually contains debris which can affect the communication range of the senor.
Hence, measurements have also been performed with the sensor flowing in water in a
cluttered environment having different objects of wood, plastic and metal flowing along
with the sensor. The results are shown in Fig. 3-18. It can be seen that the range of the
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sensor has decreased slightly due to the presence of objects which can scatter or
attenuate the radiation.

3.5.

Conclusion

A low-cost, disposable, buoyant wireless sensor for the real-time monitoring of floods
has been demonstrated in this chapter. The light-weight, paper-based sensor can
communicate effectively while floating in water in order to predict water flow direction
and speeds. These sensors can be dispersed in the environment in large numbers and
establish an IoT in order to issue early warnings and provide real-time data in situations
of flooding. The sensor was fabricated using a low-cost, inkjet printing technique on
paper substrate. Moreover, utilizing an origami approach, a functional 3D cubic package
was formed, which encloses the sensor electronics. A novel 3D near-isotropic antenna
that enables orientation insensitive communication from the sensor was also been
developed. Some issues have been encountered during fabrication of the sensor such as
the mounting of complex IC packages on PCP and cracking of inkjet-printed traces under
bent conditions. Methods for addressing these issues have been discussed and
demonstrated.
Further improvements can be made with the use of stretchable conductive inks and
water-proof encapsulating inks, which are currently available for screen printing
methods and are expected to be developed for inkjet process in future. The use of such
inks is expected to entirely suppress the issue of cracking when developing 3D devices
using 2D inkjet printing methods. Furthermore, hermetic encapsulation, which in this
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work has been done by the manual coating of glue, will also be possible with inkjet
printing techniques. The fabrication of the sensor demonstrates a hybrid approach in
which a silicon chip is integrated with an inkjet-printed circuit and antenna, which is a
step forward in realizing all inkjet-printed 3D electronics. This work shows that it is
possible to realize ultra-miniaturized, fully integrated and packaged wireless sensor
nodes using inkjet printing for large area monitoring applications.
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Chapter 4- 3D-Printed Disposable Wireless Sensor with Integrated Microelectronics
for Large Area Environmental Monitoring

As highlighted in chapter 1 and 2, large area real-time monitoring of the environment
is beneficial as it can provide early warnings in crisis situations which can save lives and
property. As discussed, current methods for the real-time large area monitoring rely on
satellite based remote sensing, and fixed sensor nodes or watch towers. Satellite-based
monitoring suffers from delayed response whereas fixed network infrastructure
becomes too expensive when installed over large areas. By using a combination of few
fixed network nodes and many low-cost, mass producible, disposable wireless sensor
nodes that can be dispersed into the environment in large numbers, a low-cost network
solution can be implemented for large area monitoring applications. The dispersed
sensing nodes must have small form factors as well as the ability to communicate
equally in all directions since their orientation in the environment will be random once
they are dispersed. These wireless sensors can be part of an IoT system that can ensure
safe and healthy living.
A demonstration of this concept was shown in Chapter 3 for the case of flood
monitoring, where a disposable, paper-based, inkjet-printed wireless sensor was
developed that could communicate while floating in water for real-time acquisition of
flood data. The flood sensor was developed using 2D inkjet printing on planar paper
substrate for making the sensor circuit board as well as the sensor package. The latter
required manual folding of the paper into 3D form to realize the near-isotropic antenna
on package. A better approach would be to utilize low-cost
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Figure 4-1: Low-cost large area monitoring. Many disposable wireless sensors dispersed
in the environment communicate with few fixed nodes for real-time large area
monitoring of the environment.

additive manufacturing techniques such as 3D printing, for the automated development
of the 3D sensor package along with the circuit board. 3D printing can enable the
development of substrates and packages for electronics as it can deposit large volumes
of material layer by layer to build 3D objects. At the same time, inkjet printing can
enable planar deposition of a wide range of materials for the realization of sensors and
circuits layout. Therefore, a combination of 2D and 3D inkjet printing techniques can
enable automated development of fully integrated, packaged, low-cost wireless sensors.
As representative test cases for this approach, two critical environmental situations
that require large area monitoring are presented here. These are forest fires and
industrial gas leaks, as illustrated in Fig. 4-1. As mentioned in chapter 2, forest fires are
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responsible for thousands of fatalities each year. An increase in global temperature is
resulting in more wild fire incidents and dry weather contributes to the occurrence of
wild fires. Therefore, the monitoring of temperature and humidity over a large remote
area such as a forest can help with forest fire incidents by issuing early warnings.
Emissions of toxic gases in the environment such as H2S can also cause health related
issues and fatalities when exposed to higher concentrations. Therefore, large area
monitoring of H2S levels can also be beneficial in keeping the emission levels within
safety limits and providing early warnings in an event of a sudden leak.
In this chapter, consistent with the theme of the thesis, a low-cost, fully integrated,
packaged, 3D-printed wireless sensor node for real-time environmental monitoring
applications is presented. The developed wireless sensor incorporates fully inkjetprinted sensors to monitor humidity, temperature, and H2S gas levels. The sensors have
been realized on the walls of the 3D-printed sensor package, which has resulted in a
reduction in size and cost of the wireless sensors. The cube-shaped functional package
also contains the sensor antenna which ensures equal radiation in all directions, thus
enabling orientation insensitive communication. The microelectronics have also been
realized on a 3D-printed circuit board that is enclosed in the package.

4.1. System Design and Operation
The system-level design is depicted in Fig. 4-2. The antenna and the sensors to
monitor temperature, humidity, and H2S levels are realized outside of the 3D-printed,
cube-shaped package, whereas the microelectronics are integrated on a 3D-printed
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Figure 4-2: System Design. The wireless sensor node consists of a 3D-printed functional
cube package which contains the sensors and the antenna. The circuit board is also 3Dprinted and contains the microelectronics enclosed in the package. The interaction of
the three sensors with the microelectronics is also shown.

substrate which is contained inside the package. Two types of sensing mechanisms are
used: Temperature and H2S are detected by resistive sensing and humidity is detected
by capacitive sensing. The changes in capacitance and resistance are processed by the
electronics and the information is sent in a wireless fashion using the IEEE 802.15.4
(ZigBee) standard that operates around 2.4 GHz. The electronics are comprised of a
microcontroller with integrated memory, a capacitance to digital converter (CDC), an
analog to digital converter (ADC), voltage dividers to convert the resistance change into
voltage, a transmitter, and a battery to power the electronics. The wireless
communication is done through an antenna on the package that radiates equally in all
directions for orientation insensitive communication.
The CDC continuously compares the humidity sensor capacitance to a reference
capacitance. When the sensor capacitance changes as a result of humidity change, the
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difference in the capacitance is stored in the CDC and read by the microcontroller using
a serial parallel interface (SPI). The output from the resistive sensors is processed in a
similar fashion to the capacitive sensor. The change in resistance of the temperature
sensor and H2S sensor is converted into a voltage change by voltage dividers. This
voltage is converted into a digital signal by the ADC. The microcontroller continuously
reads the CDC and the ADC and sends its reading wirelessly through the transmitter.

4.1.1. Sensor Design
As mentioned previously, the sensor node senses three parameters: temperature,
humidity, and H2S levels. In order to sense these parameters, two types of sensing
mechanisms are used: capacitive sensing and resistive sensing. Humidity is sensed by a
capacitive sensor, whereas the temperature and H2S are sensed by resistive sensors.

4.1.1.1. Humidity Sensing
As highlighted in Chapter 2, humidity sensors typically utilize the moisture dependent
dielectric properties of materials. Therefore, they are usually capacitive sensors. In this
work, an air capacitor has been formed by metalizing two sides of a 3D-printed air
channel such that the air acts as the dielectric of the capacitor as shown in Fig. 4-3. The
advantage of this design is that it does not suffer from temperature dependent sensing
characteristics as well as hysteresis effects which are often encountered in sensors that
utilize humidity dependent characteristics of materials [61].
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Metallization

Air Channel
Figure 4-3: Humidity sensor. 3D-printed air capacitor measures the dielectric constant of
the air, which changes with humidity.

The capacitance (C) of a metal-insulator-metal capacitor is given by C=ε0εr A/d, where
A is the area of the electrodes; d is the separation between the electrodes; εr is the
dielectric constant of the insulator between the electrodes, which is air in this case; and
ε0 is the permittivity of free space. The humidity is sensed due to the change in εr of the
capacitor. When the humidity changes, the concentration of water molecules in the air
changes accordingly, which changes the εr of the air, resulting in a change in capacitance
of the air capacitor. The air capacitor has A of 20mm x 20mm and d of 1.2 mm out of
which air channel has a thickness of 0.5 mm and the 3D-printed dielectric has a
thickness of 0.7 mm.
The humidity measurements were performed using the in-house measurement setup
shown in Fig. 4-4. Dry air (N2) and humid air have been flowed in varying ratios in order
to have a range of humidity conditions. The flow control has been achieved through the
use of mass flow controllers (MFCs). Humid air is produced by flowing N2
through a water reservoir. A metallic chamber has been fabricated which has a gas inlet,
an exhaust and a port for connecting the measurement equipment such as the LCR
meter used in this experiment (Agilent 4982A). A commercial humidity sensor
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(Honeywell HIH4000) has also been placed inside the chamber in order to verify the
humidity settings. The results of these measurements are shown in Fig. 4-5 (a). For
lower values of humidity, the capacitance change is small as compared to the higher
values of humidity, for which the capacitance changes significantly. This may be due to
the large difference between the εr of air (εr =1) and water (εr = 80). For lower humidity
values, the εr of air dominates and the change in capacitance is small, whereas for
higher humidity values, the εr of water dominates and the change in capacitance is
large. This behavior has been typically observed in inkjet-printed capacitive humidity
sensors [49]. Regardless, the change in capacitance is large enough that it can be
detected by the CDC, which can sense changes in capacitance of up to femto-Farads.
The capacitance changes from 1.9 pF to 3.9 pF for humidity values from 10% to 90%,
which gives a sensitivity of 25 fF/%RH. The sensor capacitance has also been measured
for increasing and decreasing values of humidity and the results are shown in Fig. 4-5(b).
It can be seen that the data overlap for increasing and decreasing humidity values which
shows that the sensor has negligible hysteresis. This was expected as the sensor is not
utilizing any material which can show moisture retaining characteristics. The
performance of the sensor has been compared with previous reports in table 4-1. Inkjetprinted cellulose acetate butyrate (CAB) has been utilized a number of times for the
realization of humidity sensors. One CAB based sensor shows a hysteresis of 4.4 fF [59]
which is the reduced value obtained after coating the electrodes with an
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Figure 4-4: Gas measurement setup. Humidity is controlled by varying the flow of N2 and
humid air in the metallic measurement chamber through MFCs. Humid air is obtained by
flowing N2 through water reservoir. The setup has the inlet for H2S as well.

(a)

(b)

Figure 4-5: Humidity sensor characterization. (a)The capacitance of the air capacitor
changes in response to changes in humidity with larger changes for higher humidity
values.(b) The sensor show negligible hysteresis effect.

electrodeposited metal. The sensitivity of the sensor (25 fF/%RH ) presented here is
comparable to the previous inkjet-printed humidity sensors.
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Table 4-1. Inkjet-printed capacitive humidity sensors
Sensing Material
CAB

Substrate
Paper

Sensitivity
45 fF/% RH

Reference
[57]

CAB

PET

2.36 fF/ % RH

[59]

CAB

PET

4 fF/% RH

[50]

CAB

PET

3.5 fF/% RH

[49]

Polymer

PET

14 fF/% RH

[60]

Air

3D Printed

25 fF/%RH

This work

4.1.1.2. Temperature Sensing
Conductive polymers have been used for a number of sensing applications because of
their inherent conductive properties which can be affected significantly by external
stimuli. Thus, they can show higher sensitivities and are very well suited for sensing
application [55]. Therefore, the resistive temperature sensor in this work is comprised of
a meandered line structure made of a polymer material (as shown in Fig. 4-6).
PEDOT:PSS has been chosen as the conductive polymer material since it has been
reported to show temperature dependent conductivity characteristics [81]. Moreover,
PEDOT:PSS can also be inkjet-printed as shown in [82] for the fabrication of solar cells.
Initial fabrication runs revealed that PEDOT:PSS could not be inkjet-printed directly on
the 3D-printed substrate. The ink showed poor wetting due to which discontinuous lines
were printed. SU-8 is a dielectric polymer which shows high chemical resistance to many
solvents and can also be inkjet printed with good wetting characteristics [83]. Hence, a
layer of SU-8 has been inkjet-printed on the 3D substrate prior to PEDOT:PSS printing.
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PEDOT:PSS

PEDOT:PSS
3D-Printed
Substrate

Test Leads

(a)
(b)
Figure 4-6: Temperature sensor. (a) Schematic of the sensor. (b) Fabricated sensor.

(a)

(b)

Figure 4-7: Temperature sensor characterization. (a) Sensor demonstrates an almost
linear response against temperature. (b) Humidity has little effect on the performance
of the sensor.

Inkjet printing of PEDOT:PSS on the SU-8 showed good wettability and hence
conductive printed lines were obtained. The sensor schematic and a fabricated
prototype are shown in Fig. 4-6. In order to characterize the sensor against
temperature, the sensor was measured using a Quantum Design Physical Properties
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Measurement System (PPMS). The results are shown in Fig. 4-7(a). The room
temperature (25 °C) value of the inkjet-printed resistive sensor is approximately 1.5MΩ.
Since PEDOT:PSS is a conductive polymer, the resistance is expected to decrease with
increasing temperature [55]. This is because due to increase in temperature, some of
the valence electrons gain high enough energy to become free electrons. Thus, the free
electrons concentration in the polymer increases resulting in an increase in conductivity.
As shown, the sensor exhibits a negative temperature coefficient of resistance (TCR) and
the resistance decreases almost linearly with increases in temperature. Since the sensor
will be dispersed into the environment, humidity can affect its reading. Therefore, the
resistance of the sensor has been measured at room temperature (25 °C) for varying
humidity values. Fig. 4-7(b) shows the results which confirm that there is very little
effect of humidity on the resistance of the sensor. Therefore, the sensor is expected to
function properly under different humidity conditions. The performance of the sensor is
compared to previous inkjet-printed sensors in Table 4-2. The TCR of the sensor is
0.018/°C at room temperature (25 °C), which is higher than previously reported
sensitivities. As discussed before, conductive polymer based sensor are expected to
show higher sensitivities that is why PEDOT:PSS was chosen for this work. The only close
value is that of a graphene-based sensor (TCR of -0.0148/°C), but the response is not
linear [54].
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Table 4-2. Inkjet-printed resistive temperature sensors
Material
Ag NPs

Sensitivity (TCR)
1/0C
0.001

Substrate

Reference

Paper

[57]

Ag NPs

0.0023

Kapton

[58]

Ag NPs

0.0043

PET

[49]

Graphene

-0.0148

PET

[54]

PEDOT:PSS

-0.018

3D-printed polymer

This work

4.1.1.3. H2S Sensing
H2S sensors have been reported that mainly utilize semiconducting metal oxides as
the sensing material [84]. Nanostructures such as nanotubes can be attractive
candidates due to their large surface area to volume ratio and hollow geometry which
allow easy interaction with gas molecules. As such nanotubes can show higher
sensitivities and fast response [85]. Carbon nanotubes (CNTs) have been used for the
realization of different gas sensors including H2S [45], [67]. However, fully inkjet-printed
H2S gas sensor has not been shown yet. In this work, H2S sensing has been done using a
fully printed CNT-based resistor. The resistive sensor is comprised of an interdigitated
electrode on which a film of CNT is formed as shown in Fig. 4-8. The fingers of the
electrodes are 0.2 mm wide and are separated by 0.45 mm. The default value of the
resistor is around 150 Ω when no gas is present. The gas measurements were performed
using the same measurement setup as the setup for humidity, Fig. 4-4. The sensor was
exposed to increasing concentrations of H2S under a relative humidity of approximately
45% at room temperature (25 0C) and the results are shown in Fig. 4-9(a). The resistance
changes drastically for concentrations of gas as low as 3 ppm. Once exposed, the
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resistance continues to change for increasing concentrations of H2S. The sensing
mechanism can be explained by the dissociation of H2S on the nanotubes. H2S breaks
into S and 2H+ on the surface of the nanotubes giving away two electrons which are
adsorbed by the nanotubes. CNTs primarily behave as p-type semiconductor with hole
as the majority charge carriers. The adsorption of electrons decreases the number of
holes resulting in an increase in the resistance of the sensor. This behavior is consistent
with previously reported CNT based gas sensors [67], [85]. However, for higher levels of
gas concentrations, there is a lower increase in the resistance which indicates saturated
behavior. One possible reason is that after certain concentration of H2S, there are very
less holes left in the CNTs so that further exposure of gas does not produce significant
change in resistance. In order to investigate the selectivity, the sensor was also exposed
to 10 ppm level of hydrogen, methane and sulphur dioxide. As can be seen in Fig. 4-9(b),
the senor demonstrates high selectivity towards H2S. The effects of temperature and
humidity on the performance of the sensor were also investigated and these results are
also shown in Fig. 4-9(c) and 4-9(d). There is a slight decrease in the resistance of the
sensor with temperature. This is consistent with semiconducting behavior of the CNT
which should show a negative TCR. However, the change is very small and the trend is
opposite so the temperature should not affect the gas sensing capability of the sensor.
The humidity also has negligible effect on the sensor resistance. CNT based resistive
humidity sensors have been reported which show change in conductance in response to
humidity. However, the CNTs used in these reports are functionalized with carboxylic (COOH) groups in order to enhance the sensitivity [86], [87].
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Figure 4-8: H2S sensor. (a) Schematic of the sensor. (b) Fabricated sensor. CNT is not
clearly visible due to its transparent nature

(a)

(c)

(b)

(d)

Figure 4-9: Gas sensor characterization. (a)The sensor can detect volumes of gas as low
as 3 ppm. (b) The sensor was also exposed to 10 ppm concentrations of H2, CH4 and SO2
and showed high selectivity towards H2S. (c)&(d) Temperature and humidity have little
effect on the performance of the sensor.
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4.1.2. Antenna Design
As mentioned before, the wireless sensors should communicate in all directions since there is
no mechanism to control its orientation in the environment. Thus, the sensor antenna must
have a near-isotropic radiation pattern. This was the requirement for the flood sensor also. The
transmitter chip used here is also the same having a differential output. Therefore, the same
design concept as was described for the flood sensor antenna in chapter 3 has been followed
here. A 1.5λ0 dipole operating at 2.4 GHz, where λ0 is the free space wavelength, has been
wrapped on a cube, such that most of the faces have a portion of the antenna. The geometry of
the 3D antenna is shown in Fig. 4-10. The cube dimensions are 21mm x 21mm x 21mm. These
dimensions are dictated mainly by the circuit board which contains two chips, the CDC chip and
the transmitter chip having integrated microcontroller, memory and ADC. For

customized design, all the microelectronics can be integrated on one chip which will
reduce the size of the sensor considerably. The mechanism of near-isotropic radiation
has been illustrated in Fig. 4-10. The dipole arms have been orientated on the cube such
that there are two orthogonal directions of the radiation currents. The radiation from
these two currents add up to make a near-isotropic pattern. The antenna has been
simulated in the presence of electronics that are located inside of the cube to include
the effect of the circuit on antenna performance. The simulations were carried out in
Ansys HFSS. The results show that the antenna radiates a near-isotropic pattern as
expected and that the sensor electronics has little effect on the operation of the
antenna. The maximum simulated gain of the antenna is around 0.5 dBi which is
expected from a near isotropic antenna. The difference between the maximum and
minimum gain is around 8 dB which indicates near-isotropic radiation.
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Antenna with associated currents

Sensors

Radiation Pattern

Fig. 4-10 Antenna design. Wrapping of 1.5 λ0 dipole over a cubic structure produces a
near-isotropic radiation for orientation insensitive communication. Different
orientations of the antenna (indicated by tilting of ‘A’) produce nearly the same pattern.

Multilayer tracks

Inkjet-printed tracks

Microcontroller
+
Transmitter

3D-printed
Board

CDC

Figure 4-11: 3D-printed circuit board. The circuit board has been realized on 3D-printed
substrate. Multilayer inkjet printing of metal and dielectric has been performed as
highlighted in the SEM, in order to form circuit connections. Mounting of components
has been done using conductive epoxy since conventional soldering is not suitable due
to high soldering temperature.
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4.1.3. 3D-printed Circuit Board and System Integration
In this work, a fully inkjet-printed, double-layer, printed circuit board (PCB) was
developed comprising 3D-printed substrate. In order to meet the routing requirement
of the circuit layout, two metallization layers were made by the subsequent inkjet
printing of metal and dielectric on the top side of the substrate as highlighted in Fig. 411. The circuit consists primarily of a Texas instruments® CC2530 transmitter chip, which
also contains the microcontroller, memory, and ADC and an ON Semiconductor®
LC717A00AJ CDC chip with few external components, which include a crystal resonator
and a battery. The components have been mounted on the circuit board using
conductive epoxy paste that can be cured at a low temperature. The on-chip
microcontroller reads and stores the sensor readings in the memory. Furthermore, the
transmitter can support data rates of up to 250 kbps, which is well above the
requirement for this particular application. The circuit is powered by 45 mAh thin
lithium-polymer batteries with dimensions of 2mm x12 mm x12.5 mm. The thin (2 mm
thick) battery from PowerStream Technology® is light weight (0.45 gm.) and suitable for
this design. Three batteries have been placed inside of the sensor package giving a total
capacity of 135 mAh. A differential feed line connects the transmitter IC to the antenna
outside.
The cubic package of the sensor was fabricated by 3D printing. After printing the
package, the antenna and sensors were inkjet printed on the package walls and the
functional package enclosed the circuit board and the battery. The 3D-printed air
capacitor was placed at the bottom of the package. The complete device is comprised of
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an assembly of three parts: the air capacitor, circuit board, and package as highlighted in
Fig. 4-12, which also shows the fabricated prototype.

.

Figure 4-12: Device Assembly. The sensor node is comprised of an assembly of a 3Dprinted functional package, circuit board and the air capacitor.

4.2. System Tests
System level measurements have been performed that involve the wireless tests of
the fully integrated sensor. First, RF tests were performed and the active radiation
pattern of the antenna was measured. This is necessary since the antenna is surrounded
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(a)
(b)
Figure 4-13: RF measurements. (a) Active radiation pattern measurement of the
antenna shows a near isotropic radiation pattern. (b) The wireless sensor can
communicate to a receiver 100 m away. The communication range remains almost the
same for different orientations of the sensor, showing orientation insensitive
communication.

Hot Plate

Wireless
Sensor

Receiver

Figure 4-14: System measurements. Test setup for wireless measurement of the
temperature sensor. The receiver shows a hexadecimal value corresponding to the
temperature of the sensor as well as the values for the humidity and gas.

by sensor electronics that can affect its radiation properties. The active pattern, shown
in Fig. 4-13(a), is near isotropic with the maximum variation in gain of around 7 dB [88],
[89]. This allows an almost equal communication range from the sensor regardless of its
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orientation. Field tests were conducted to measure the communication range and the
results are shown in Fig. 4-13 (b). The range was measured with three different
orientations of the wireless sensor. The sensor can communicate up to a distance of 100
m regardless of its orientation.
Wireless tests of each sensor were also conducted. Fig. 4-14 shows the setup for
measuring the temperature sensor. The wireless sensor was placed on a hot plate that
was set at a temperature of 40 °C. A ZigBee evaluation board (Texas Instruments
SmartRF05) has been programed to function as a receiver. The board has a display
which shows the hexadecimal value corresponding to each humidity, temperature, and
gas (H2S) value. The hexadecimal value is obtained from the ADC in the case of
temperature and H2S, and CDC in the case of humidity. As shown in Fig. 4-14, the values
are ‘dc’, ’b6’ and ‘36’ for humidity, temperature and H2S respectively. ‘dc’ corresponds
to humidity of about 57%, ‘b6’ corresponds to temperature of 40 °C and ‘36’
corresponds to 0 ppm of to H2S. These values are wirelessly transmitted from the
sensor and displayed at the receiver. At the final calibration stage of the sensor, these
values can be linked to unique temperature, humidity, and H2S levels, which can then be
displayed on the monitors at a base station and early warning can be issued if required.

4.3. Fabrication
The wireless sensor has been fabricated in three parallel steps as highlighted in Fig. 415, which comprise the fabrication of sensor package, air capacitor and circuit board.
These are then assembled together in order to realize the complete wireless sensor

98

node as illustrated in Fig 4-12. Necessary pads have been provided on each part for the
electrical connection during the assembly. In order to increase robustness, adhesive
glue and conductive epoxy have also been used in the assembling process. The details
of the fabrication for each part are described below.

4.3.1. 3D printing of the sensor package, air capacitor and circuit board
The process starts with the 3D printing of these three parts which is done together
using a Stratasys Objet260 Connex1 3D printer. The printer uses a proprietary
VeroBlackPlus photo curable polymer which has a dielectric constant of 2.8 and a loss
tangent of 0.02. The printer settings should be chosen so as to print the model in a ‘High
Quality’ mode which gives finer surface profile and uniform material deposition as
compared to ‘High Speed’ mode which provides faster print speed but with lower
quality. Along with the main model material (VeroBlackPlus), the 3D printer also prints a
supporting material in order to build the 3D objects. This material has to be removed
from the printed objects. The supporting material can be removed by washing the 3D
printed parts in pressurized water. However, if there are fine features in the part such as
dipped in 5% solution NaOH for 2 hours and then washed in tap water in order to
remove the supporting material completely. After 3D printing of the parts, the surface
of the part which needs to be inkjet-printed has to be cleaned with isopropanol (IPA),
dried with N2 and exposed to ultra-violet ozone (UVO) for 5 minutes.
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Figure 4-15: Fabrication steps. Fabrication involves three parallel processes for the
fabrication of sensor package, air capacitor and circuit board.
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4.3.2. Inkjet printing on the sensor package and air capacitor
The metallization of the antenna and sensor electrodes of the temperature and H2S
sensor has been done using inkjet printing of silver-organo-complex (AOC) ink that has
holes and gaps and it is difficult to remove the material by washing, then the part can be
been developed in house [90]. Dimatix 2831 materials printer has been used in this work
also for the 2D inkjet printing. As described in chapter 3, inkjet printing process
requires optimization in terms of drop spacing, number of printed layers, sintering times
and temperatures. Such optimization was done here as well. The AOC ink has been
printed with 30 μm of drop spacing. Five layers of ink have been printed and each layer
has been cured using a UV lamp for five minutes giving the final sheet resistance of 0.3
Ω/sq. Since cube is a 3D structure and inkjet printing is a 2D process, in order to inkjet
print metal on the 4 side-walls, the cube is rotated by 90 degrees after each inkjet
printing process. After metallization of the package, the sensing materials has been
inkjet-printed. Again, prior to inkjet printing, the 3D -printed surface has to be cleaned
with IPA, dried and treated with UVO as mentioned above. For the H2S sensor, four
layers of CNT ink (CNTRENE, Brewer Science) have been inkjet-printed on the sensor
electrodes. After each layer, the ink is dried under a UV lamp five minutes. For the
temperature sensor, as mentioned before, two layers of SU-8 have been inkjet-printed
on the particular area of the sensor prior to the printing of PEDOT:PSS while the metal
electrodes are kept exposed. The drop spacing for SU-8 is 20 μm. The post processing of
inkjet-printed SU-8 has been done following the guidelines in [91]. After printing of SU8, eight layers of PEDOT:PSS (655201 Sigma-Alrdich) have been inkjet-printed with 20
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μm of drop spacing. After each four layers, the printed tracks were heated using a UV
lamp for five minutes. The metallization of the air capacitor followed the same process
as that of the sensor package.

4.3.3. Inkjet printing on the circuit board
The first metallization layer on the circuit board has been inkjet-printed following the
same process as described above using the AOC ink. As mentioned before, the routing
requirements for the sensor electronics need two metallization layers. Therefore a layer
of dielectric has been inkjet-printed on particular locations where the metal tracks need
to be overlapped. The same VeroBlackPlus ink which was used by the 3D printer has
been utilized in the inkjet printing of dielectric. It was found during the printing that the
dielectric ink showed too much wetting and it spread over the metal traces. Hence, prior
to printing, the board was dipped in a 0.3% by volume solution of PFDT (1H,1H,2H,2Hperfluorodecanthiol), (660493 Sigma-Alrdich), in IPA for 15 minutes. PFDT modifies the
surface so that it becomes hydrophobic with reduced wettability [92]. After the PFDT
treatment, the board was washed with IPA and dried in N2 and this was followed by the
inkjet printing of dielectric with drop spacing of 20 μm. Two layers of dielectric have
been printed. After each layer, the board was baked for five minutes at 80 0C, then put
in the UV light source for thirty minutes in order to cure the dielectric ink. Prior to
printing of the second layer, the board was treated with UVO for five minutes. Once the
dielectric was printed, the second metallization layer has been printed following the
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same procedure as described above using the AOC ink. After inkjet printing of the circuit
board, the components were mounted using silver epoxy (CircuitWorks CW2430).

4.4. Conclusion
In summary, a fully integrated and packaged wireless sensor for environmental
monitoring applications is presented. The sensor was developed using low-cost additive
manufacturing technologies; namely, inkjet printing and 3D printing. Measurements
have shown that the sensor can communicate readings of temperature, humidity and
H2S levels up to a significant distance. Hence, it is possible to monitor large areas by
dispersing these sensors into the environment to provide early warnings in crisis
situations. This work demonstrates that it is possible to develop fully integrated and
packaged electronic devices using 3D inkjet printing. It is expected that printers which
can deposit metal and dielectric at the same time will be available in the near future.
Such printers will greatly reduce the time and steps that are required to develop these
sensors.
The temperature and H2S sensors were realized on the walls of the 3D-printed
package so that they are exposed to the environment. This is also true for the capacitive
humidity sensor whose air channel is exposed externally. Since the sensor will be
dispersed in the environment in random locations, a protective coating is required on
these sensors so that they are not affected by dust, rain water etc. For the H2S and
humidity sensor, a porous membrane can be made using inkjet printing, which will allow
only gas molecules to pass through it. A similar membrane was inkjet printed in [93] for
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the separation of H2 and CO2. For the temperature sensor, alumina is a good choice for
the protection layer as it is an electric insulator and it will not short out the resistive
sensor, and a good heat conductor. It is also possible to inkjet print alumina [41].
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Chapter 5- Inkjet-printed Smart Bandage for the Wireless Monitoring of Chronic
Wounds

The work presented in the last two chapters demonstrates low-cost, small form factor,
fully integrated, packaged, and disposable wireless sensors that can be dispersed into
the environment for large area environmental monitoring applications. In this chapter,
the utility of such a wireless sensor system for health care applications is discussed. The
requirements for the sensors to be low cost, light weight, miniaturized, and disposable
are equally valid for health care applications. In addition, the wireless sensors need to
be flexible, such that they can be comfortably worn by patients. As a proof of this
concept, a disposable and wearable wireless sensor system has been designed for
chronic wound monitoring applications.
Chronic wounds represent an area of human health that presents a significant
challenge to modern health care providers. They affect more than nine million people in
the United States and Europe. The annual cost to treat chronic wounds exceeds US$ 39
billion [94], [95]. Wounds can be broadly classified into two categories: acute wounds
and chronic wounds. Acute wounds follow an orderly healing process and close in a
short period of time, whereas chronic wounds do not follow an orderly healing process
in a predictable amount of time. Chronic wounds either do not heal or heal slowly and
reoccur after healing. Wounds that do not heal within three months are considered
chronic [96]. Diabetic, obese, and elderly people tend to suffer from them most often
[97], [98], and if the treatment is not done in a timely manner, infections and
complications can occur.
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The diagnosis and treatment of chronic wounds are complex and pose a major
challenge to the health care staff because the initial symptoms of a chronic wound are
subtle and it is difficult to differentiate them from those of an acute wound [99]. It is
therefore difficult to assess whether the healing process has been perturbed or not. One
of the major causes of disruption of the healing process is bacterial infection. An
infection can result in the overgrowth of a newly formed, capillary-rich granulation
tissue over the wound. This condition is referred as overgranulation and it can hamper
the healing process. Overgranulation results in a protruding, friable flesh that is sensitive
and bleeds easily. As such, chronic wounds often show frequent and irregular bleeding
[30]. Changes in pH values have also been related to the presence of infection. An
infected wound shows a slightly basic pH due to certain enzyme activities, bacterial
colonization, and the formation of protein structures [100].
Chronic wounds can be classified into three major categories: diabetic foot ulcers,
venous leg ulcers, and pressure ulcers. These wounds vary in dimensions, depth, and the
amount and composition of wound exudate. Pressure ulcers can develop if a part of the
body is under sustained pressure for a long period of time. Such a situation usually
occurs when a patient lies in the same position for a long time after a surgical operation
in the intensive care unit (ICU) or if the patient has limited mobility. Obesity and
inactivity due to age can increase the probability of pressure ulcers. The pressure causes
reduced blood flow in the tissue that can lead to tissue death and subsequently, an
infection.
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The discussion in Chapter 2 highlighted the need to develop a system that can
wirelessly monitor chronic wounds in real time as there is currently no commercially
available wireless device to continuously monitor the wound-healing process. Devices
that have been reported in the literature mostly lack wireless capability and integration.
At present, patients rely on medical staff for a physical inspection of the wound, which
requires repeated trips to clinics or prolonged hospitalization. After surgical treatments,
patients are manually repositioned every hour to relieve pressure in order to avoid the
development of pressure ulcers.
Wound healing is a complex process. Therefore, accurate diagnosis and treatment
may require information about a number of factors that can affect wound healing. An
attractive solution is a low-cost, wearable, compact, wireless, real-time, wound
monitoring system that can be worn by patients in everyday life. Such a system should
be able to issue early warnings to patients regarding any abnormality in the healing
process, and wirelessly send the data recordings of multiple parameters related to the
wound-healing process to the remote medical staff. In this way, health care providers
would have access to the history of wound progression that could be vital in the
diagnosis and treatment processes.
Adhesive bandages are commonly used to protect wounds from the external
environment and augment rapid healing. In this work, for the first time, a complete
wearable system to wirelessly monitor chronic wounds using a simple bandage strip is
presented. The system called smart bandage is comprised of inkjet-printed sensors that
have been realized on a disposable bandage to monitor bleeding, pH levels, and external
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Figure 5-1: System Design. The smart bandage assembly is comprised of two parts: a
disposable part and a reusable part. The sensors are printed on a disposable bandage
strip. The wireless electronics, which include an inkjet-printed circuit board and antenna
are made on a kapton tape that can be detached and reused on another bandage. This
approach reduces the cost of the system and maintains the disposability of the bandage
which has been in contact with the wound. The bandage can communicate wirelessly to
a patient’s smart phone, which can then connect to remote health care providers over
the mobile network or the internet.

pressure on the wound site. Moreover, wireless electronics have been smartly
integrated through a sticker on the bandage, so that it can be detached and reused on
another bandage, thus maintaining the disposability of the bandage strip which has
been in contact with the wound. The wearable smart bandage can alert the patient and
the health care providers regarding any abnormality in the wound healing process
through the integrated wireless module. The wireless capability can enable the smart
bandage to be part of an IoT, which allows continuous monitoring and the acquisition of
long-term wound progression data. The sensor and the circuit board and antenna were
developed using a low-cost inkjet printing process and flexible substrates which make it
attractive in terms of wearability and cost. The smart bandage system can be used to
monitor any type of chronic wound regardless of its size, as the sensor dimensions are
scalable. The proposed smart bandage can be worn in daily life and it provides an
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attractive solution for remote health monitoring. Thus, it can reduce the burden on
health care services to meet the growing demands of the population.

5.1. Smart Bandage System Design
The system-level design is depicted in Fig. 5-1. As mentioned above, the system has
been designed as a combination of a disposable part and a reusable part to reduce the
cost. The sensors that detect bleeding, pH levels, and external pressure on the wound
are on a disposable bandage, whereas the electronics are integrated on a flexible
kapton tape which can be detached and reused multiple times. Two types of sensing
mechanisms are used: A capacitive sensor detects bleeding and pressure levels on the
wound and a resistive sensor detects pH levels on the wound. The changes in
capacitance and resistance are processed by the electronics and the information is sent
in a wireless fashion using the IEEE 802.15.4 standard that operates around 2.4 GHz.
The detachable electronics are comprised of a transmitter with an embedded
microcontroller, a capacitance to digital converter (CDC), an LED to inform the patient
about the status of the bandage, and a battery to power the system. The wireless
communication is done through an inkjet-printed loop antenna that is integrated with
the circuit. The smart bandage can wirelessly communicate with a personal smart phone
to provide wound progression data in a patient’s personal environment. This data can
then be sent from the patient’s smart phone to remote health care providers using
either the mobile network or the internet.
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The CDC continuously compares the sensor capacitance to a reference capacitance.
When the sensor capacitance becomes greater than the reference capacitance as a
result of bleeding or external pressure, the CDC outputs logic high. This output goes into
one of the ports of the microcontroller. The output from the resistive sensor is
processed in a similar fashion to the capacitive sensor. The change in resistance of the
sensor is converted into voltage change, which goes into another port of the
microcontroller. The microcontroller continuously monitors the voltage level on these
two ports and as soon as it detects a signal, it activates the transmitter and the LED.

5.1.1. Sensor Design
As discussed previously, the smart bandage senses three parameters that are related
to chronic wounds: irregular bleeding, pH levels, and external pressure. In order to
sense these parameters, two types of sensing mechanisms are used: capacitive sensing
and resistive sensing; these mechanisms are highlighted in Fig. 5-2. A capacitor is
formed by placing two electrodes on either sides of the bandage strip. The capacitance ,
C, of a metal-insulator-metal capacitor is given by C=ε0εr A/d, where A is the area of the
electrodes, d is the separation between the electrodes, εr is the dielectric constant of
the insulator between the electrodes and ε0 is the permittivity of the free space. The
bleeding is sensed due to the change in εr of the capacitor. When the wound starts to
bleed, blood from the wound penetrates into the bandage and changes the εr of the
bandage resulting in a change of capacitance. The external pressure is sensed due to
the change in d. When pressure is applied to the bandage, the two electrodes of the
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Figure 5-2: Sensor designs. Two sensor electrodes are mounted on the top and the
bottom sides of the bandage forming a capacitor. (a) The bleeding is sensed when the
blood from the wound penetrates into the bandage and changes the dielectric constant
to εr1, which is greater than εr. (b) The external pressure is sensed when the pressure
changes the distance between the electrode to d1 which is less than d. (c) The pH levels
are sensed when the resistance of the carbon based bottom electrode changes in
response to pH.

capacitor are pressed together and result in a smaller d. The change in d causes a
change in capacitance. The pH levels on the wound site are detected by the changes in
the resistance of one of the electrodes which is made using carbon based ink. When
exposed to a solution containing hydronium ions (H3O+) in the case of an acid, or
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hydroxide ions (OH-) in the case of a base, the carbon reacts with these ions resulting in
a change in its conductivity. The two electrodes are placed on the top and bottom side
of the bandage. The bottom electrode has a rectangle mesh geometry that has lines
with a width of 1 mm and gaps of 2 mm as shown in Fig. 5-3(a). This geometry allows
the blood to seep into the bandage and allows the bandage pad to be in contact with
the wound. In order to connect this bottom electrode to the electronics on the top side
of the bandage, part of this electrode has been folded across the bandage such that it is
accessible from the top as shown in Fig. 5-3(b). The top electrode is in the form of a
rectangular patch with dimensions of 14 mm x 20 mm, and is part of the detachable
electronics, as shown in Fig. 5-3(c). The two electrodes are therefore separated by the
thickness of the bandage strip. The bottom electrode as shown in Fig.5-3(a), also forms
the carbon based resistive sensor in addition to being a part of the capacitive
sensor. Since the bandage strip has a limited area, this technique efficiently utilizes the
area on the bandage by integrating two sensing mechanisms into one set of electrodes.

5.1.2. Antenna Design
A planar, rectangular loop antenna was designed for this application. A loop antenna
was chosen because of its planar design, differential operation, and efficient area
utilization. As shown in Fig. 5-3(c), the area inside of the loop can be utilized to place the
electronics resulting in a compact design since there is a limited area on the bandage to
place the sensor and the electronics. The loop antenna has been designed in an
electromagnetic simulator (Ansys HFSS) such that the electronics located inside the loop
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are part of the simulator model. Thus the effect of these circuits on the antenna
performance can be included in the simulations. The results show that the antenna
radiates in an omnidirectional pattern as expected and that the sensor electronics have
little effect on the performance of the antenna. The antenna operates at 2.4 GHz and
has dimensions of 23.8 mm x 46.5 mm. The maximum simulated gain of the antenna is
approximately 0.5 dBi.

5.1.3. Printed Circuit Board on Kapton and System Integration
Conventional printed circuit boards (PCBs) are hard, bulky, and rigid. The use of such
PCBs for a wearable application is not suitable. In this work, a double-sided, detachable
circuit layout has been inkjet printed on kapton adhesive tape to keep the design light
weight, flexible, conformal, and comfortable for wearability as shown in Fig. 5- 3(c) and
5-3(d). The circuit consists primarily of a Texas instruments® CC2530 transmitter chip
and an ON Semiconductor® LC717A00AJ CDC chip with few external components, which
include an LED, a crystal resonator and a battery as shown in Fig. 5-3(e). The transmitter
includes an on-chip microcontroller to store the bleeding, pH, and pressure data of the
wound and can support data rates of up to 250 kbps, which is well above the
requirement for this particular application. The circuit is powered by a thin lithiumpolymer battery with dimensions of 2mm x12 mm x12.5 mm. The thin (2 mm thick)
battery from PowerStream Technology®, is light weight (0.45 gm.) and suitable for this
design. If the bandage communicates after every 5 minutes in order to provide wound
progression data, the battery can operate the system for up to 55 hours. The battery
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can also be replaced or recharged by connecting commercially available charging system
to the bandage. For this purpose, appropriate connections can be provided on the
detachable electronics portion of the bandage. As mentioned above, the complete
circuit is located inside of the loop antenna to optimize the space. A differential feed
line connects the transmitter IC to the antenna. The kapton PCB tape is shown in Fig. 53(e) after mounting of the components.
The circuit makes electrical contact with the bandage through pads placed on the
bottom side of the kapton PCB tape. When the kapton tape is attached, these pads
connect to the folded portions of the bottom electrode on the bandage, which is shown
in Fig. 5-3(b). The use of inkjet printing to realize a circuit board on Kapton tape makes
the electronics detachable and reusable. The tape can be attached to the bandage
before it is worn by the patient as highlighted in Fig. 5-3(f). Finally, to simplify the proof
of concept, the detachable electronics were covered from the top by another disposable
bandage strip in order to demonstrate a packaged smart bandage, as shown in Fig. 53(g). Once used, the disposable bandage strip can be removed, as shown in Fig. 5-3(h),
and the electronics can be reused on another bandage, which reduces the overall cost
of the system.
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Figure 5-3: Fabrication and assembly steps. (a) Bottom side of the bandage showing
printed, carbon-based sensor electrode. (b) Top side of the bandage showing folded
connection of the bottom electrode. (c) Top side of inkjet-printed circuit board on
kapton tape. (d) Bottom side of the circuit board highlighting vias and pads for
connecting bottom sensor electrode. (e) Detachable electronics comprising Kapton
printed circuit tape after mounting of the components. (f) Electronics being mounted on
the bandage. (g) Smart bandage enclosed by a bandage strip acting as a cover package.
(h) The detachable electronics can be easily removed from the bandage after use.
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5.2. Fabrication
The bandage is fabricated using a low-cost inkjet printing process on flexible
substrates. The fabrication of the bandage takes place in two parallel processes. The
steps involved in these two processes are highlighted in Fig. 5-4. The first process
involves the fabrication of the bottom sensor electrode on paper substrate. Paper is one
of the least expensive materials and it costs around one tenth of plastic [75]. It is
flexible, biocompatible, and biodegradable. Thus, it is suitable for this application.
Carbon ink is used for the metallization of the bottom electrode. The bottom sensor
electrode is made using carbon-based ink manufactured by Bare Conductive. The ink is
compatible with the screen printing process. The ink is spread on office paper using a
squeegee in a similar fashion to screen printing. The sheet resistance of the trace
formed by the ink is approximately 90Ω/square. A laser is used to cut the paper along
the pattern of the electrode. The electrode is then attached to the bottom side of the
bandage using glue. A portion of the electrode is folded across the bandage such that it
can be accessed from the top by the sensor electronics.
The second process involves the fabrication of sensor electronics and the top sensor
electrode on kapton tape, which is placed on the top of the bandage. The tape has a
thickness of 110 μm and a width of 1 in. A Silver nanoparticle-based ink is used with an
average particle size of 10 nm (UT Dots Inc. UTDAgIJ1) for the inkjet printing of the top
electrode, circuit board, and antenna. A double-sided, printed circuit board was
fabricated on the tape using inkjet printing. The inkjet printing is done using the Dimatix
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Figure 5-4: Fabrication process. Two parallel fabrication steps are involved in the
realization of the smart bandage system. Bottom electrode fabrication using carbon ink
on paper and wireless electronics fabrication using double-sided, inkjet-printed circuit
board on kapton. (a) Carbon ink spreading on paper. (b) Cutting of bottom electrode
using a laser. (c) Separated bottom sensor electrode. (d) Processing of bottom side of
the kapton tape. (e) Inkjet printing bottom side of the circuit board. (f) Inkjet printing
top side of the circuit board. (g) Mounting of circuit components using silver epoxy. (h)
The bottom electrode and the integrated electronics are mounted on the disposable
bandage strip. (i) Bottom view of the smart bandage. (j) Top view of the smart bandage.
(k) Finally, another disposable bandage strip is put on top of the detachable electronics
for packaging purpose.
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2831 materials printer shown in Chapter 3 (Fig.3-8). Before printing, a laser is used to
selectively remove the adhesive from the backside of the tape, such that it becomes
suitable for inkjet printing the bottom side of the PCB. In addition, via holes are made
using the laser to connect the two sides of the circuit. At this time, the tape is cleaned
with acetone to remove any contaminants. The circuit is inkjet printed with 80 um of
drop spacing and six layers of ink. The tape is then put in the oven for sintering at 170 0C
for 1 hour. The sheet resistance of the printed tracks on kapton tape is around
0.4Ω/square. After printing the circuit, the components are mounted using silver epoxy
paste, as typical soldering is not feasible on inkjet-printed tracks due to the high
temperature of the soldering process which is around 280 0C. The circuit is then
attached to the bandage similar to a sticker in order to realize the complete system. A
commercially available adhesive bandage strip which has a length of 3 in. and a width of
1 in was used in this work.

5.3. Measurements and Results
Tests were performed to characterize the sensors and determine their sensitivity.
Multiple sensors were fabricated and tested in order to show the reproducibility of the
results. Field tests were also conducted in order to test the complete integrated system
and to determine the communication range. Finally, wearability tests were performed
which show that the system can operate reliably when worn by a patient. The details
are described below:
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5.3.1. Bleeding and Pressure Sensing
The capacitive sensor placed across the bandage senses bleeding. Blood has an εr of
58 at normal body temperature [101] and a loss tangent (tanδ) of 1.2 [102], [103]. In
order to mimic blood, a mixture of ethanol and saline was made that has a similar εr and
tanδ as that of blood, as shown in Fig. 5-5 (a). The properties of the mixture were
confirmed using the dielectric assessment kit DAK-12 from Speag, which is shown in Fig.
5-5(b). Fixed volumes of this mixture were deposited on the bandage and the
capacitance was measured across the two sensing electrodes using Agilent E4982A LCR
meter. The capacitance is proportional to the dielectric constant between the
electrodes. As illustrated in Fig. 5-5(a), a few micro liters of fluid created a significant
change in capacitance. The initial capacitance value (C0) of different samples varies
from 2.4 pF to 2.7 pF, which may be due to the slight misalignment of the top and
bottom electrodes since they were placed manually. This error can be reduced by
making alignment marks on the bandage strip for the placement of detachable
electronics and bottom electrode. Readings were taken on four bandage strips for
different volumes of blood mixture. There are variations in readings between the
bandage strips as shown by the error bars, which can be due to the discrepancy in
depositing the blood solution on the bandage. There is a possibility that a small amount
of solution remained on top of the bottom electrode, which prevented it from
penetrating into the bandage.
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Figure 5-5: (a) Blood was modeled by a mixture of ethanol and saline solution, and
sweat was modeled by a saline solution (b) Measurement setup for measuring the
dielectric properties of fluids. Measured properties, blood: εr= 63, tan δ= 1.24, sweat:
εr= 79, tan δ= 1.05

When a patient wears the bandage, other body fluids such as sweat and wound
exudate can also seep into the bandage, which can result in an erroneous signal. An
evaluation of capacitance change under the influence of such body fluids was also
implemented. Sweat and exudate are mostly water and contain electrolytes [104].
Sweat has an εr of 86 and a tanδ of 1.08 [105], [106]. To mimic such fluids, a saline
solution was used (Fig. 5-5). Fixed volumes of the saline solution that were similar to the
blood mixture were deposited on the bandage and the capacitance change was
measured. As shown in Fig. 5-6(a), there is a significant difference in the change of
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capacitance for saline and blood. A mixture of sweat and blood fluids in equal amounts
was also put on the bandage. The change in capacitance remains similar to that of pure
blood fluid. This difference in capacitance along with the readings of quality factor Q,
discussed below, can help in distinguishing the blood from sweat.
To measure external pressure using the capacitive sensor, different values of mass
were put on the bandage in an area (A) of approximately 1 cm2. The standard calibration
weight set from Mettler Toledo was used for this purpose. Masses (m) of 50 gm, 100
gm, 150 gm, 200 gm, and 300 gm were applied to the bandage. The pressure (P)
corresponding to each mass was calculated using the relation P=(m*g)/A where g is the
acceleration of gravity. The results are shown in Fig. 5-6(b). A pressure of approximately
6 mmHg produces a capacitance change of approximately 13%. Studies have shown that
a pressure of more than 60 mmHg can result in muscle damage if applied for more than
an hour [107], [108]. The maximum variation in the capacitance change under external
pressure is around ±2.3 %.
The quality factor (Q) of the capacitive sensor was also measured for different values
of external pressure and for different volumes of blood and sweat mimicking fluids in
order to investigate the selectivity of the sensor for these three stimuli. The change in Q
for applied pressure as well as blood and sweat volumes is shown in Fig.5-6(c). In the
case of external pressure, there is a small change in Q of the sensor (less than an 8 %
decrease) for increasing values of pressure, whereas in the case of blood and sweat,
there is a significant decrease in the Q, which is expected due to the lossy nature of
these fluids. Therefore, external pressure can be clearly distinguished from blood and
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sweat exposure for all values of pressure, bleeding, and sweating by measuring the Q
values of the sensor in addition to the capacitance.

Figure 5-6: Capacitive sensor characterization. (a) Sensor capacitance is measured for
fixed volumes of sweat and blood (where sweat and blood are represented by
equivalent properties fluids) as well as for a mixture of these two fluids. The difference
in capacitance change for blood and sweat is significant which shows that the senor will
be able to detect blood even in the presence of sweat. The error bars show the variation
in change of capacitance for different samples.(b) Sensor capacitance is also measured
under the influence of external pressure on the bandage in the range of 5-100 mmHg.
The maximum error in the measurements is approximately ±2.3%. (c) The change in Q is
different for the cases of external pressure, bleeding, and sweating. This difference
allows for the selective detection of the three stimuli.
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Moreover, due to the difference in the dielectric constant and loss tangent of blood
and sweat, there is a noticeable difference in the change of Q for both of these fluids. In
the case of blood, the mean decrease in Q varies between 56 and 66 % for different
volumes, whereas for sweat, it varies between 75 and 79 %. For mixture of sweat and
blood, the decrease in Q varies between 65 and 70 %. Furthermore, the decrease in Q is
not greatly affected by the volume of the fluids. Thus, by measuring the Q of the sensor,
it is also possible to isolate the readings of bleeding and sweating in addition to external
pressure. However, in order to measure Q, the capacitance to digital converter (CDC) in
the attached electronics of the bandage must be replaced by an impedance to digital
converter (IDC), which is also commercially available [109].

5.3.2. pH sensing
For pH measurements, different acid and base solutions were used in addition to
water, which is close to neutral pH. For an acidic pH, acetic acid (CH3COOH) and
hydrochloric acid (HCl) were used and for a base, ammonium hydroxide (NH4OH),
potassium hydroxide (KOH), and sodium hydroxide (NaOH) were used. Acidic solutions
were prepared to have a pH near 2 and 4, water has a pH of approximately 8, and basic
solutions have a pH of 10 and 13. The pH values were measured first using a Hanna
Instruments HI3222 pH meter. Line traces were made using manual screen printing of
carbon ink that has an initial resistance (R0). The traces were exposed to 5 μl of each of
the pH solutions. The resistance changed immediately after exposure and required time
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Figure 5-7. Resistive sensor characterization. (a)The resistance value decreases for
increasing levels of pH. The maximum variation of the resistance change is
approximately ±2.6%, as shown by the error bars for the case of CH3COOH, H2O, and
NH4OH. The variation is small for the range of pH values in chronic wounds (pH 5.4 to
8.6). (b) Conductivities of pH solutions show a different trend against pH as compared to
resistance change against pH.

to stabilize due to absorption of the solution. The resistance was measured and the
results are shown in Fig. 5-7(a). The resistance decreases with increasing pH values and
different acid and base solutions with the same pH produce similar changes in
resistance. The sensor only responds to the concentrations of H+ and OH- ions and the
reading is not affected by the presence of other anions and cations.
In order to confirm that the change in resistance is due to different pH values of the
solutions and not due to their different conductivities, the conductivities of the
solutions were measured and are shown in Fig. 5-7(b). The conductivities of pH 2 and pH
13 solutions are significantly higher since these solutions have higher ionic
concentrations. The conductivity trend is different from that of resistance against
different pH values. Hence, the resistance of the sensor does not seem to change due
to conductivities of the solutions.
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The change in the resistance of the carbon-based electrode can be due to the
adsorption of OH- and H+ ions on the electrode surface. Carbon, in this case, acts as a
conductor with free electrons as the charge carriers. The adsorption of H+ ions in the
case of an acid results in a decrease in concentration of electrons on the surface of the
electrode (H+ is an electron acceptor). This causes a decrease in conductivity. The effect
of OH- ions in the case of a base is the opposite, which results in the increased
concentration of electron carriers and the conductivity. Similar behavior has been
observed in the case of graphene [110], [111], and carbon nanotubes [112]. The
maximum variation in the change of resistance due to pH is approximately ±2.6 % and
the pH values in chronic wounds vary from 5.4 to 8.6 according to one study [113]. In
this range of pH, the variation in measurements is small.

5.3.3. System Tests
System-level measurements were performed that involve the wireless tests of the
bandage with mounted electronics. First, an active radiation pattern measurement of
the antenna was measured. This is necessary since the antenna is surrounded by sensor
electronics that can affect its radiation properties. The active pattern is shown in Fig.5-8
along with the reflection coefficient of the antenna. The active pattern is
omnidirectional as expected from a loop antenna. In addition, the antenna is impedance
matched at the operating frequency of 2.4 GHz.
The wireless tests were performed while the bandage was worn on the human body.
Informed consent was obtained from the human subject prior to the experiments. All

125

0°

15°

30°

-15°

-30°

Reflection Coefficient, dB

45°

-45°

x-z plane
y-z plane

60 °
75°

-60 °
-75°

90°

-90°
-30
-20

105°

-105°

-10

1200°

-120°

135°

(a)

150 °

-135°

(b)

165° ±180° -165°

-150 °

(a)
(b)
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Figure 5-9: On-body test setup. The bandage (with exposed electronics) is worn on the
forearm. When there is no bleeding, the receiver displays a ‘Bandage OK’ sign as shown
in the left picture. When there is bleeding, which is modeled by injecting blood
mimicking fluid underneath the bandage, the bandage communicates with the receiver
that displays a ‘Change Bandage’ sign as shown in the right picture.

on-body experiments were performed in accordance with applicable guidelines and
regulations, and the experimental protocol for on-body testing was approved by the
KAUST Institutional Biosafety and Bioethics Committee (Approval # 15IBEC34). To
implement the tests, a fluid was injected underneath the bandage using a narrow tube
that was attached to a syringe containing the fluid; the setup is shown in Fig. 5-9. This
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setup was made to imitate bleeding from the wound. A ZigBee wireless receiver (Texas
Instruments SmartRF05 evaluation board) was used to receive an information signal
from the bandage. When the fluid is pumped from the syringe and reaches the bottom
side of the bandage, the transmitter on the bandage is activated and sends information
to the receiver. It is to be noted that the RSSI value displayed on the receiver in Fig. 5-9
is not important for deciding the need to change the bandage. The receiver only needs
to be in the communication range of the bandage in order to signal the change of
bandage sign. Field tests were conducted to measure the communication range of the
bandage (the results are shown in Fig. 5-10). The range was measured with the bandage
on a human body and in air. As the results show, a lower communication range of
approximately 60 m was observed when the bandage was placed on a body as the

Power Received, dBm

proximity effects of the body change the radiation characteristics of the antenna.

-80
-85
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-90
-95
-100
10 20 30 40 50 60 70
Distance, m

Figure 5-10: Range tests. The bandage can communicate to a receiver 60 m away when
worn on the body. The deterioration in the communication range is visible when the
bandage is worn on the body as compared to the case when the bandage is in air, due to
the effects of the body on the antenna performance.
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5.3.4. Bending Response and Wearability tests
Since patients will wear the designed bandage, it is necessary to evaluate its
performance in terms of flexibility and wearability. To perform flexibility tests, the
resistance of the bottom electrode and the capacitance across the bandage were
measured after each bend cycle. Fig. 5-11(a) and Fig. 5-11(b) show the results. The
resistance varies only slightly after the bending cycle. The capacitance value also does
not change significantly with a maximum variation of approximately 0.5 pF. The
capacitance of the sensor is also evaluated for different bending radii and when worn on
different body parts; the results are shown in Fig. 5-12. The capacitance changes when
the bandage is bent in air and a similar change in capacitance is observed when the
bandage is worn on the body. This may be due to the proximity effect of the body that
can change the fringing field of the capacitive sensor. The bandage was placed on the
wrist, elbow, and shoulder. The change in capacitance when worn on the wrist was
minimal. The elbow and shoulder resulted in a larger capacitance change due to the
curvature of these joints. Wounds are typically located on planar wound surfaces such
as the calf, foot surface, and sacrum where bending is not likely to affect the
performance of the bandage. If the wounds are located on joints such as elbows and
knees, bending can cause the capacitance to change. Bleeding can be distinguished from
bending based on the Q readings, Fig. 5-6(c), as bending is expected to have less effect
on the Q, similar to pressure. Moreover, in the case of pressure ulcers, long-term data
of external pressure is important and few errors due to bending would have less of an
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(b)

(a)

Figure 5-11: Effects of bending on sensor characteristics. (a) Resistance of the resistive
sensor and (b) Capacitance of the capacitive sensor after bending cycles of different
radii.

(b)

(c)

(d)

(a)
Figure 5-12: Wearablility tests. (a) Capacitance change under different bending radii and
on-body locations. Smart bandage (with exposed electronics) worn on (b) wrist,
(c) elbow, and (d) shoulder.
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bandage was subjected to several cycles of bending with different bending radii. The
effect on the overall outcome of the data. In order to reduce the errors due to bending,
separate sensors can be used to detect bending and pressure, as illustrated in Fig. 5-13
for the case of an elbow. Two sensors can placed on the elbow, one on the inner elbow
and the other on the outer elbow. The sensor on the inner elbow will only sense the
bending since the inner portion of the elbow is highly unlikely to experience external
pressure. The sensor on the outer elbow can sense both the pressure and bending. By
taking a differential reading of these two sensors, the effect of bending can be cancelled
out and only the reading due to pressure can be obtained . This is important for
applications in everyday life for the patient wearing the smart bandage to move freely
without affecting the operation of the bandage.

Inner elbow
Sensor for BENDING

BENDING

OP AMP

Outer elbow
Sensor for BENDING+PRESSURE

BENDING+PRESSURE

Bed or Chair

Figure5-13: (a) Placement of separate sensors for bending and pressure. (b) Schematic
of the circuit for differential measurements using an operational amplifier (op-amp)
inside the CDC.

130

5.4. Conclusion
A new low-cost smart bandage system that can sense multiple parameters for chronic
wound monitoring is presented in this work. The bandage can sense bleeding, pH levels,
and external pressure levels on the wound site providing important information for
chronic wound treatment. The bandage can communicate wirelessly to inform remote
medical staff about the status of the wound and inform the patient about the need to
change the bandage. Measurements have shown that the bandage is suitable for
wearability by a patient and requires low-cost materials and a cheap and simple
fabrication process. The proposed system also provides an attractive platform for the
integration of additional sensors for wound monitoring. These can include temperature
sensors and humidity sensors, as both of these parameters also play an important role
in the wound healing process. Thus, inkjet-printed, disposable, wearable wireless
sensors can be developed that can assist with providing remote health care facilities
through an IoT in order to increase the quality of life.
This work can be further advanced by performing in-vivo tests to establish the
reliability of the system in a real scenario. Moreover, for real-life applications, suitable
packaging is required for the detachable part of the smart bandage. One solution is to
package the detachable electronics in a disposable and removable sleeve for the
comfort of the patient and for the protection of reusable electronics. This will also
eliminate any chances of contamination. Once used by a patient, the sleeve is replaced
before the bandage is worn again by a patient. A similar design concept is used for
modern clinical thermometers to cover their tips. The reusable electronics has been
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realized on a kapton tape which can be attached and detached to bandage like a sticker.
To make the attachment and detachment more easy and robust, conductive Velcro can
be used on the portion of the pads. Moreover, the contact resistance of the pads has to
be low enough as not to disturb the read out from the sensors on the bandage. In
addition, mobile applications can be linked to the smart bandage system which can
provide the patient with hand –held capability to monitor the wound healing process.
The smart bandage presented here is just a proof of concept which shows that many
health care monitoring systems are feasible using similar technique. Going forward, this
work can prove to be an important milestone in providing low-cost health care services
to an ever increasing global population, thus reducing the burden on modern health
care providers and government agencies.
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Chapter 6- Conclusion

This thesis focused on the realization of low cost, inkjet-printed, fully integrated wireless
sensors for large area environmental monitoring and remote health care applications.
The work presented demonstrates the utility of addictive manufacturing technologies
such as inkjet printing and 3D printing in fabricating fully integrated wireless systems.
There have been previous reports of discrete inkjet-printed devices such as antennas,
sensors and passives such as inductors and capacitors. Few reports also include
integration of sensors and wireless electronics with inkjet-printed antennas. In this
work, realization of complete systems including sensors, packaging and integration of
microelectronics and antenna using inkjet printing and 3D printing has been presented.
Disposable wireless sensors have been developed which can be dispersed in the
environment or can be worn by patients. These sensors can be a crucial part of an IoT
which can enable a safe and healthy living environment. The environment friendly
aspect of this research is based on the fact that additive manufacturing technologies do
not use harsh toxic chemicals as used by etching based fabrication and they also
produce much less amount of waste. Also they do not need a controlled environment
like a clean room for operation and can be operated in room environment. In this
research effort has been made to utilize biodegradable and environment friendly
materials such as paper, however this cannot be said for all the materials used in this
work. A summary of each of the contributions of the thesis is presented here which is
followed by a discussion on possible directions of future work.
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6.1. Inkjet-printed wireless sensor for flood monitoring
Floods are one of the major natural disasters. Currently, real-time large area
monitoring of floods is not available in most parts of the world and response efforts rely
mainly on few fixed sensors nodes on known water routes like rivers and dams as well
as satellite based remote sensing. These methods do not provide accurate flood data
and are not practical for large area monitoring. A better scheme is to use low-cost,
disposable, buoyant sensor nodes which can be dispersed in the flooded region or in
areas where the probability of flood occurrence is high. These sensor can relay the flood
data using few fixed monitoring nodes to central server where flood flow direction and
velocity can be predicted in real-time and early warnings can be issued.
For this purpose, inkjet-printed paper-based wireless sensor has presented that meets
the strict requirements of cost, size, buoyancy, and safety for flood monitoring
application. Paper has been used as the package material as well as the circuit board for
the embedded electronics in order to make the wireless sensor buoyant and disposable.
A novel 3D near isotropic antenna on a paper based package has been developed in
order to make the sensor small enough and also to meet the orientation independent
communication requirement. Measurements show that the sensor can communicate
while floating in water up to a significant communication range. Being low cost and
disposable, the developed sensors can be dispersed in the environment for large area
monitoring of floods.

134

6.2. 3D-printed wireless sensor for environmental monitoring
In addition to floods, other calamities also require large area monitoring capability.
Two such critical scenarios are namely forest fires and industrial leaks. Similar to floods,
current methods for the detection of these two dangerous conditions also rely on fixed
sensing nodes or watch towers and satellite based remote sensing. Forest fires can
cause large number of casualties and loss of property. Dry weather conditions as well as
increased temperatures facilitate forest fire incidents. As such monitoring humidity
levels and temperature can provide early warnings in case of forest fires. In addition,
industrial emissions of harmful gases such as H2S in the environment can also cause
health issues and even deaths if higher levels are present.
In order to provide large area monitoring of these harmful environmental conditions,
a 3D-printed, fully integrated packaged wireless sensor has been developed. The sensor
package, circuit board and an air capacitor for humidity sensing has been developed
through 3D printing. Moreover, fully inkjet-printed temperature and H2S sensor have
been realized on the package walls which also contain the sensor antenna. The
functional packaging allows the design to be compact which enables easy assimilation of
the sensor in the environment. The temperature sensor has a sensitivity of -0.18/0C
(TCR) and the H2S sensor can detect gas levels as low as 6 ppm. The sensitivity of the
humidity sensor is 25 fF/%RH. This work shows that low-cost additive manufacturing
techniques such as 3D printing and inkjet printing can be used to develop fully
integrated wireless systems.
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6.3. Inkjet-printed smart bandage for chronic wound monitoring
In addition to environmental monitoring, low-cost, inkjet-printed disposable wireless
sensors can also prove to be beneficial for health care application. Hence, as a proof of
concept, a wearable smart bandage system has been developed for chronic wound
monitoring. Chronic wounds affect millions of people around the world which require
billions of dollars of annual budget for treatment. The treatment and diagnosis of
chronic wounds is challenging as the early signs of their development are subtle.
Currently there is no commercial device for real-time wireless monitoring of chronic
wounds and the patients have to repeatedly visit hospitals in order to get the treatment
and this pose a major burden on health care providers.
The smart bandage system developed in this work comprises sensors that have been
printed on a disposable bandage strip. The sensors can monitor bleeding, pH levels and
pressure on the wound. These parameters are related to the healing process, and as
such, wound progression data can be monitored in real-time and early warning can be
issued in case the wound starts to bleed or the healing process is perturbed. The related
wireless electronics have been realized on a detachable substrate which can be reused
many times. This approach reduces the cost of the system. Measurements show that
the bandage is robust and flexible enough to be worn in everyday life. This work can
open new avenues of research in the field of wearable health monitoring systems which
can advance remote health care capabilities.
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6.4. Future work
The communication range of the flood sensor was evaluated in air as well as while
floating in an uncluttered outdoor environment with receiver sensitivity of -100 dBm
and sensor transmitter power of 3 dBm. Same outdoor environment was used for the
range tests of the environmental sensors and the smart bandage. These measurements
include the effects of propagation channel in a typical outdoor environment. However,
in actual implementation of these sensor devices, the propagation effects can be
different. For example, in the case of flood sensor, rainy weather and flowing debris can
affect the communication range. Similarly, forest environment can affect the range of
the environmental sensor. These actual environmental effects are difficult to include in
the measurements. Hence the communication range of the sensors in practical
scenarios can be different from that mentioned in the thesis. In order to predict the
range more accurately, simulation models of the propagation channels can be used
which take into account the above situations.
This work can be advanced in two domains. One is the improvement of inkjet printing
process and materials. Second is the improvement in system level design and
integration. As can be seen in this thesis, the conductivities of inkjet printed materials
are low which can result in higher losses in the circuit tracks as well as in the antenna.
Moreover, multiple layers of metal ink need to be printed which results in longer
fabrication time. Also sintering duration can be reduced if low temperature curable inks
are available. There is a need, therefore for low temperature curable and high
conductivity metal inks. Inkjet printing is particularly attractive for flexible and wearable
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applications. In this regard, current metal inks suffer from cracking issues. Therefore,
stretchable conducting materials are required which can be inkjet- printed. Such inks are
available in screen printing technology and are expected to be developed for inkjet
process also. This work can be pursued by researchers working in material sciences and
chemistry.
From engineering perspective, at system level , a major improvement can be made by
incorporating energy harvesting devices or renewable energy devices such as solar cells
which would make the system self-sustained for operation in remote areas as required
for environmental monitoring applications. Inkjet-printed solar cells have already been
reported [82]. Moreover, localization and tracking capability can also be included so that
the position of the sensor can be recorded in order to find the location of the affected
area. Inkjet-printed tracking device has also been demonstrated [114].
With regards to remote health care, the smart bandage developed in this thesis shows
a proof of concept which can be advanced for a variety of health care applications.
Additional sensors can be included to monitor temperature, pulse rate, glucose etc. An
important future step is the clinical trials of the proposed system in order to investigate
the performance of the system in real scenario.
Finally, a higher level of integration is possible if printing can be done directly on
silicon chips as opposed to using already packaged chips such as done in this thesis. This
will make the system more compact. This is although a far-fetched idea, but a humidity
sensor [115] and an antenna [116] has already been directly inkjet-printed on a silicon
chip. There are still challenges to be resolved such as making vertical interconnect from
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the chip to the inkjet-printed devices on top and also realizing high efficiency inkjetprinted antenna on a lossy silicon substrate.
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