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Abstract

Printed Biodegradable Wireless Soil Nitrate Sensor Nodes

by

Carol L. Baumbauer

Doctor of Philosophy in Electrical Engineering and Computer Science

University of California, Berkeley

Professor Ana Claudia Arias, Chair

Precision agriculture is a set of practices that seek to measure and understand di↵er-
ent conditions in space and time across a field, in order to manage water and fertilizer
e�ciently. Precision agriculture requires high spatial and temporal resolution data,
which comes from sensors. However, lack of simple, inexpensive, unobtrusive, low-
maintenance sensors that can be widely distributed across a field is a challenge for
precision agriculture producers. This thesis describes work towards a network of
printed, biodegradable, wireless soil nitrate sensors to meet this need. Sensor nodes
consist of potentiometric nitrate sensors, passive UHF-RFID antennas, and a silicon
chip to manage power and data communication. Over 95% of the mass of the node
is biodegradable.

The thesis includes a discussion of each part of the sensor stake. Fabrication tech-
niques for biodegradable substrates, conductors, and encapsulants are discussed. A
room-temperature process for printing highly conductive zinc on wood using beeswax
encapsulants is a key enabling process. Nitrate sensor operation and development
are described, and impacts of using biodegradable materials in nitrate sensors are
explored. I show the design, fabrication, and testing of compact RF antennas, and
discuss modifications which are required when using biodegradable materials. The
printed antennas are integrated with silicon integrated circuits to form passive RFID
tags. Requirements and challenges for integrating printed potentiometric sensors
with these tags are also discussed. Finally, the impacts of field-deployment are ex-
plored. This includes materials lifetime characterization, measuring nitrate sensors
in field soils, and validating passive RFID communication in growing crops.
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Chapter 1

Introduction

This thesis is about making wireless, passive, biodegradable soil nitrate sensors for
precision agriculture. Such sensors could be used to reduce waste in agriculture and
help scientists study soil biogeochemical processes. The constituent parts–passive
RFID, potentiometric nitrate sensors, and biodegradable electronic material–are use-
ful in a variety of areas as well. In the introduction, background information on
technology in agriculture, nitrate in the environment, wireless sensor networks, and
biodegradable electronics is presented.

1.1 Precision Agriculture Technology

Agriculture today is a high-tech business. From seeds which are carefully bred for
high yield, drought tolerance, or pest-resistance, to GPS-enabled harvesters which
produce spatial maps of yield data as they harvest, every step of the growing cycle
is touched by technology. Conventional commercial operations are largely shaped by
the advances of the Green Revolution of the 1940’s and 50’s: large monoculture fields,
mechanized planters, tillers, and combine harvesters, increased use of herbicides and
pesticides, and the substantial application of synthetic fertilizer, particularly to pro-
vide nitrogen, phosphorus, and potassium. These advancements increased average
US corn yield from 26 bushels/acre in the 1920s to 125 bushels/acre in the early
2000s [1]. The increase in production is a remarkable and needed achievement, but
it carries environmental costs. In particular, commercial farming can be ine�cient
in its use of water and fertilizer. Part of the problem is that conventional agricul-
ture treats one field as a uniform piece of land, but in reality there are significant
variations from one part of the field to another, which is evident in the areal color
photograph of a 22 acre field in figure 1.1a.
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Figure 1.1: a) Variations in field soil and crop conditions are visible through simple
color areal photography. b) A yield map is generated as the harvester harvests a
crop at the end of the season. Sensors mounted on the harvester estimate yield on-
the-go, which is paired with geolocation data from GPS mounted on the harvester.
c) Management zones can be drawn to divide areas of the field which will be treated
similarly. Historical yield data and soil data are used to designate management zones.

To improve e�ciency of large-scale agriculture, the field of Precision Agriculture
(PA) has emerged, which is a set of practices that seek to measure and understand
temporal and spatial heterogeneity within a field, in order to adjust treatments ac-
cordingly [2]. Early PA research and development dates back to the 1980’s when
researchers studying soil spatial variability took soil core samples every 30 m. In the
1980’s and 90’s, PA was primarily confined to academic research because the tech-
nology was expensive, slow, and labor-intensive. This meant that practices were not
profitable and therefore not commercially adopted on a large scale [3]. Significant
technological advances in the past 30 years have expanded what is possible with PA.
In particular, GPS with meter-scale accuracy, optical remote sensing capabilities,
and variable rate technology have made significant impacts.

PA begins with data, which comes from sensors. Recent and ongoing advances
in sensing can generate on the order of millions of data points per field per day.
All that data is processed either throughout the growing season or after harvest in
preparation for the next season. Statistical analyses are run; additionally machine
learning algorithms are being developed to find trends in the vast amount of data
that can be collected today. Information that comes from data processing is used
by growers to inform management practices. Once a decision has been made–for
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example, to fertilize at a certain rate on a certain day–equipment such as variable-
rate fertilizer sprayers can be used to implement that practice. Each of these steps:
sensing, management decisions, and actuation is described in more detail below.

Sensing

Agricultural sensors generally fall into two broad classes: remote and proximal sen-
sors. Remote sensors are optical imagers that rely on reflected sunlight and which
are mounted on satellites, airplanes, towers, or unmanned aerial vehicles (UAVs or
drones) which are far from the plants and soil. Simple visible-light color images
of bare soil provide information on soil texture and organic matter content, while
color images of growing crops can be used to spot nutrient deficiencies. Advances
in optics have enabled resolution of 40 cm from commercial satellite images, while
publicly available Landsat 8 images have 30 m resolution. Quantitative analysis is
done using normalized indices: ratios of light intensity between two or three spectral
bands. The Normalized Di↵erence Vegetation Index (NDVI) is one widely used index
which compares intensity in the red and near-infrared (NIR) bands. Multi-spectral
imagers, which divide the optical spectrum into bands of 50 nm wavelength ranges,
and hyper-spectral imagers, which have bands of only 10 nm, as well as cameras with
extended sensitivity to ultraviolet and infrared wavelengths are providing data for a
growing number of indices. These indices are more directly correlated with specific
crops, diseases, or deficiencies.

Proximal sensors are ground-based sensors which are located in or near the soil
or plants they are measuring. Proximal sensors for plant material are often optical
sensors, gathering data at the plant or row scale, rather than the field scale, as remote
sensing can do. Commercially available proximal soil sensors measure soil moisture,
electrical conductivity (EC) and temperature at a variety of depths, frequencies, and
spacial scales using a number of di↵erent techniques. Many soil moisture and EC
sensors rely on the principle that increasing soil water content increases the relative
permittivity of soil, which impacts how electromagnetic waves propagate through the
soil and determines the strength and location electric fields created in or near the soil.
Capacitive, time-domain reflectomertry (TDR), and frequency-domain reflectometry
(FDR) are all based on this fundamental physical relationship between soil moisture
and soil relative permittivity.

Another source of crop data is yield monitors mounted on combine harvesters.
As grain (or another crop) is harvested, the yield is measured and this data is tagged
with the GPS location of the combine at that moment in time. Several kinds of
sensors are used: impact plates which measure the force of grain landing on them,
and optical sensors where incoming grain blocks some or all of the light source.
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Figure 1.2: a) Landsat8 is a NASA satellite whose color images are publicly avail-
able data. Image from [4]. b) Reflectance spectra of healthy plants (solid green) and
stressed plants (dashed brown). The Normalized Vegetative Di↵erence Index com-
pares reflection from the red (red highlighted box) and near-IR (gray highlighted
box) to provide quantitative data about plant health. c) Drones o↵er a platform
higher-resolution, lower-area imaging. Image from [5]. d-f) Proximal sensors at the
Montana State University Horticulture farm d) shaded and aspirated air temperature
and humidity, e) soil moisture and electrical conductivity, f) soil water potential.

These sensors give a harvest rate in mass per unit time, which must be corrected
by moisture content of the crop material, and divided by the harvester’s speed [6].
After harvest, the yield for each point in space is assembled to form a map like the
one shown in figure 1.1b. Spacial resolution is limited by the cutting width of the
harvester.

To measure chemical concentrations of field soil, soil cores must be collected and
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Figure 1.3: To measure spacial variation of soil properties, soil cores are taken from
each square in a grid. The white circles represent sampling locations. If no correlation
is found between neighboring measurement points, a finer grid may be overlaid on
part of the field to find the range of variation.

brought back to a laboratory. There, samples are dried, ground, and filtered. Liq-
uids are run through the prepared soil sample obtain extracts which can be analysed
spectrographically or using other chemical techniques. Soil chemistry reports might
include a dozen or more elements, such as nitrate, phosphorus, potassium, magne-
sium, calcium, and sodium.

To measure the spacial variation of soil properties, a field is divided into a grid,
and samples are taken at random locations within each grid square, as shown in
figure 1.3. After chemical analysis has been done on each sample, the sample-to-
sample variation is calculated as a function of distance between sampling locations.
If near neighbors’ values are not more similar than samples from across the field, this
suggests that the spacial variation of that element is greater than the resolution of the
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grid. A finer sampling grid can be overlaid on the field, and more samples collected.
In this way, researchers have studied spacial variation of a variety of elements, across
soil types and geographies. For example, spacial variation for potassium in Montreal
is 574 m [7], electrical conductivity in the UK is 163 m [8], organic matter in Missouri
is 147 m [9], nitrogen uptake in China is 85 m [10], and phosphorus content in Spain
is 30 m [11]. Kerry et al report that measuring at half the spacial variation range is
su�cient for precision agriculture management [12]. Therefore, for nitrogen with a
spacial variation range of 85 m, one measurement would be needed every 43 m, or 2
sensors/acre.

Management

Management is the decision-making stage. Farmers manage, or make decision about,
which crops to plant where, when, and how densely; the type, timing, location,
and amount of fertilizer to use; when, where, and how much to water; the use of
pesticides, herbicides, or other chemicals; the use of cover crops, beneficial insects,
and other practices to improve yield, reduce waste, or provide other benefits to the
farm and farmer. The information provided by the analysis of data generated by
sensors enables farmers to fine-tune their management to account for variations in
time, space, or both.

Irrigation and fertilization events can be scheduled to account for temporal vari-
ation in weather patterns and plant growth. For example, irrigation schedules can
be adjusted so less water is used following a rainstorm. Weather station data can
be used as an input to such schedules, but real-time soil-moisture monitoring can
allow for even greater e�ciency. For example, Blonquist et al found that adjusting
irrigation of a turfgrass plot in Utah using soil-moisture sensor data used 16% less
water than a system based on weather station data and evaporation modeling, and
53% less water than a fixed rate system [13].

Other management techniques primarily address spacial variation. Site-specific
management zones have been a central concept in PA since 1986 [3]. When a field
is treated uniformly, variations arise from di↵erences in soil as shown by the color
photograph in figure 1.1a and yield map in figure 1.1b. A grower using management
zones would divide the field into two to four zones based on a combination of historical
yield data, remote sensing imagery, topography, and sometimes other specific soil
properties. Figure 1.1c shows a map of management zones. The following season,
the farmer will treat zone 1 di↵erently from zone 2 or 3, but treatment with a zone will
be uniform. The use of management zones allows growers to address spacial variation
without the need for a large number of sensors or soil sampling locations, but it is
not perfect. Yield maps can change from year to year, di↵erent data types might
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suggest conflicting zone boundaries, and zones for optimal nitrogen application might
not align with those for irrigation or pest management. Sensor-based management
o↵ers adaptable management accounting for both temporal and spacial variation at
very fine scales, but it requires a large number of sensors or sampling points: on
the order of hundreds of sensors per field. Sensor-based management of water and
nitrogen fertilizer in maize has been shown to improve nitrogen use e�ciency without
significantly decreasing yield, compared to a management-zone strategy [14].

Actuation

Some technologies used in PA now include variable rate irrigation systems and vari-
able rate fertilization. Center pivot irrigation systems can be programmed to provide
a specific amount of water to each approximately 5 x 5 m area. Variable rate sprayers
are mounted on GPS-enabled tractors and can be programmed for precision fertilizer
or pesticide application using spatially-tagged input data. The tools for precision ap-
plication have greater spatial resolution than the data that today’s proximal sensors
can measure. This means that if we had better sensors, we could operate the tools
that already exist more e�ciently.

The Impact of Precision

While some studies have shown yield increases as a result of variable-rate fertilizer
application, many others show no significant di↵erence in yield between uniform and
variable rate application. The e�ciency improvement comes by eliminating waste–by
not applying excess fertilizer in low-producing areas, where it would not be taken up
by plants anyway, and by reducing over-application of fertilizer as insurance.

Nitrogen use e�ciency (NUE) is defined in agriculture as the fraction of N applied
as fertilizer which is utilised by the plant and harvested as yield, represented by
equation 1.1

NUECROP =
YieldN

FertilizerN
(1.1)

NUE ranges from 17-50% depending on management strategies, environmental fac-
tors, and soil conditions [15]. At low fertilizer rates, NUE is high, as shown by the
steep slope in the lower left hand corner of figure 1.4a. When nitrogen is limited, the
plants use most of it. When nitrogen is abundant, each additional unit of nitrogen
added o↵ers diminishing returns; the plants do not take up as much of the nitrogen,
shown by the flat part of the curve in figure 1.4a.

Figure 1.4b shows the yield and expected profit margin as a function of fertilizer
application. While there is one clear peak of maximum profit, the price for applying
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Figure 1.4: a)Fertilizer application dramatically increases crop yields, though there
are diminishing returns. At low fertilizer levels, nearly all the additional nitrate is
translated into yield improvements, which is represented by the steep slope of the
line. At high fertilizer levels, overall yield is high, but nitrogen use e�ciency is low,
as each unit of added nitrogen does not translate to as great of an increase in crop
yields. Adapted from [16] b) The total fertilizer cost increases linearly with amount
of fertilizer applied because fertilizer has a fixed price per ton. Because the yield
increases diminish, there is a singular maximum profit point. Farmers target this
point, although nitrogen use e�ciency is typically low. Adapted from [17]

slightly more is minimal, while the risk of applying slightly not enough and losing
out on extra yield is significant. Therefore, farmers over-apply nitrogen to avoid
profit loss from sub-optimal yield. Increased certainty about how much nitrogen
is already available could reduce reliance on over-fertilization as insurance. While
over-fertilization makes sense on the individual farm scale, at the landscape scale, it
causes problems.

1.2 Nitrate in Agriculture and the Environment

Nitrogen is a vital element for plant growth. It forms part of the chlorophyll com-
pound, which enables photosythesis–the process by which plants convert solar energy
to sugars. Nitrogen also is part of proteins and the DNA molecule, making it foun-
dational for all life on earth.

Plants can take in nitrogen from the soil in the form of nitrate or ammonium.
Before the invention of chemical fertilizers, biological processes governed the con-
version of nitrogen between its many forms. These processes make up the nitrogen
cycle, which is illustrated in figure 1.5. Nitrogen in the form of N2 makes up 80%
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Figure 1.5: Nitrogen is converted from N2 gas to ammonium, nitrate, nitrite, and
compounds in tissues through a complex web of relationships involving bacteria and
other microorganisms, fungi, plants, and animals.

of earth’s atmosphere, but N2 cannot be directly used by most living things. A few
classes of prokayotes, known as nitrogen fixers, have the ability to convert N2 to
ammonia, NH3. This is an energetically demanding process, and nitrogen fixation
ability is rare. Some nitrogen fixing bacteria live freely in the soil, while many others
for symbiotic relationships with legumes such as clover, beans, and peas. The roots
of legumes form nodules for the nitrogen-fixing microbes to live in. Another group
of micro-organisms in the soil facilitate nitrification, or the conversion of NH3 to
nitrite, NO�

2 , while yet other bacteria and archea transform NO�
2 to nitrate, NO�

3 .
Denitrification and anammox are processes, again run by microbes, by which ”fixed”
nitrogen in the forms of NO�

3 , NO
�
2 , and NH+

4 are converted back to N2 gas. In-
complete denitrification produces nitrous oxide (N2O) a potent greenhouse gas. The
breakdown of biological materials, such as decaying plant matter and dead organisms,
includes ammonification, the process by which nitrogen in larger organic molecules
is converted to NH+

4 , which re-enters the cycle [18]
For millennia, the biological processes of the nitrogen cycle governed all ecosys-

tems. Human agricultural practices such as leaving fields fallow, crop rotation, the
application of compost, animal manure, or bone meal as fertilizer, and growing corn
and beans together, are all techniques to ensure adequate nitrogen for plant growth.
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Organic growers still rely on these methods, but large-scale agriculture production
uses synthetic chemical fertilizer to vastly increase yield. The application of nitrogen
fertilizer to maize can increase yield 60% or more [14].

Nitrogen fertilizer relies on the Haber-Bosch process, which converts N2 gas to
ammonia gas NH3 using a metal catalyst under high temperature and pressure.
Maintaining the conditions necessary for the reaction is extremely energy intensive:
at 30 GJ per ton of NH3 produced, Haber-Bosch nitrogen fixation accounts for 1%
of the world’s total energy use [19, 20]. The process also produces more than 2.16
kg CO2-equivalent in greenhouse gas emissions per kg NH3 fixed, which was 1.4% of
global carbon emissions in 2019 [19, 20].

Grain growers apply on the order of a hundred to a few hundred pounds of
nitrogen per acre, depending on the crop and field conditions [21]. At a cost of tens
of cents to a dollar (USD) per pound, with prices rapidly increasing in recent months,
it is the second highest cost for many crops, outdone only by seeds [22].

The nitrogen applied in fertilizer does not stay where it is applied. Nitrate in
particular is highly mobile, and is a commonly used form in fertilize. Some nitrate
is taken up by the plants, as intended. The rest either undergoes denitrification–
returning to atmospheric N2 or problematic N2O–or leaches to groundwater, or runs
o↵ into surface water, as illustrated in figure 1.6. Groundwater polluted with nitrate
can pose health risks for rural communities who get their drinking water from wells
[23]. Elevated nitrate in drinking water has been found to be associated with Blue
Baby Syndrome, cancer, and adverse reproductive outcomes [24]. Municipal water
systems, which usually draw from surface water, have filtration processes to keep
nitrate levels in check, but downstream ecosystems are impacted by excess nitrate.
In ponds, lakes, and coastal areas, abundant nitrate causes eutrophication and toxic
algae blooms [25].

These problems are well known and studied, but the tools for measuring nitrate
are limited. Nitrate concentrations in water can be measured using chromatography
or spectrographic methods in a laboratory [26, 27]. In order to use these tools, water
samples must be collected from the stream, lake, or aquifer. To measure nitrate in
soil, soil samples are collected from the field and potassium chloride (KCl) extractions
can be used to get a liquid exudate which contains all the nitrate that had been in
the soil. Nitrogen uptake by plants can be estimated by optical remote or proximal
sensing using NDVI or other indecies. At the landscape scale, mass balance equations
are used. Taking a known amount of nitrogen applied as fertilizer and subtracting
the amount taken up by plants and running o↵ in streams can provide and estimate
of the amount leached to groundwater. [28].

To prevent the consequences of excess nitrate in the environment, nitrate levels
must be monitored. To better characterize the nitrate problem, and better tailor
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Figure 1.6: Nitrate enters an ecosystem through fertilizer application in agricultural
settings or from wastewater. From there, it leaches to groundwater, contaminating
wells used for drinking water, or runs downstream to cause eutrophication in surface
waters. Improved monitoring through a distributed sensor network could help map
the movement of nitrate through the landscape.

nitrogen fertilizer inputs in agriculture, more frequent measurements over large areas
is needed. This could be achieved with a network of distributed wireless sensors.

1.3 Wireless Sensor Networks

A wireless sensor network (WSN) is a system of electronic objects which communi-
cate with each other wirelessly using electromagnetic waves, typically in the radio-
frequency bands. Wireless communications are designed, regulated, studied, and
built at several levels of abstractions, as illustrated in figure 1.7a. At the highest
level, the host layer governs user interface requirements for apps or programs that
want to run on the network, shown in figure1.7b. Below that is the network layer,
which addresses network architecture: which nodes can communicate with which
other nodes, and how data is routed through the network. One simple network ar-
chitecture is a star network, where one central hub can communicate with many
nodes, but each node cannot communicate with the other peripheral nodes. Alterna-
tively, in a distributed network, every node can communicate with every other node.
In a multi-hop system, data from far-flung nodes can be transmitted to a near neigh-
bor which relays that data towards the data collection center. These architectures
are shown in figure 1.7c. One level of abstraction below the network layer is the Data
Link Layer, which governs protocols, controls, multiplexing strategies, and collision
avoidance. IEEE 802 international standards that define WiFi, Bluetooth, 5G, and
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Figure 1.7: a) The ISO model divides a wireless network into four layers of ab-
straction: b) The host layer interfaces with user applications, c) The network layer
determines which nodes can talk to which other nodes, d) the data link layer de-
fines protocols, and e) the physical layer is concerned with antennas and the wireless
channel.

other broadly-used wireless protocols are defined at this level. Figure 1.7d shows a
schematic of orthogonal frequency-division multiple access (OFDMA) multiplexing,
which is a way to encode multiple users’ data in the same wireless channel, and is an
example of the type of protocol defined at the Data Link Layer. The least abstract
layer is the physical layer, which is concerned with antennas’ physical shapes, wave
propagation, and power loss in the environment. A physical antenna transmitting
RF waves is illustrated in figure 1.7e. Chapters (4-6) describes practical concerns at
the physical layer for antenna fabrication and deployment in the field, but the con-
straints on the physical system design are partly defined by requirements of higher
layers of abstraction.

In the United States, the Federal Communications Commission (FCC) governs
use of the electromagnetic spectrum by dividing it into frequency bands. Most bands
are reserved for specific uses, such as marine communications, or commercially li-
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censed TV broadcasts. There are two bands centered at 915 MHz and 2.4 GHz
which allow unlicensed access for industrial, scientific, and medical uses. The wire-
less protocols relevant for agricultural WSNs fall into these two bands.

There are many types of protocols defined at the Data Link Layer that have been
or could be used in agricultural settings. Table 1.1 lists ten of them. ZigBee is well
suited for many agricultural applications because it is energy e�cient, reliable, rela-
tively low cost, and able to form mesh networks which can cover large areas despite
the moderate node-to-node communication range. ZigBee nodes have a low duty cy-
cle, and sleep most of the time except to periodically transmit data. This makes the
protocol compatible with battery-powered nodes as the sleep mode preserves battery
life. SigFox is an ultra-narrowband, long distance, low data-rate protocol which has
been used in some agricultural applications despite its relatively high power and low
datarate. LoRa (Long range Radio) is a protocol designed for low power, wide area
communications. It uses a gateway or gateways to transfer information from the
LoRa network to a 3G/4G protocol to communicate with the outside world.

More familiar wireless protocols include Wifi, which is widely used and compatible
with many di↵erent types of devices. However, its short range and high power
requirements make it a poor choice for most agricultural applications. Bluetooth is
another ubiquitous protocol, o↵ering easy integration with most smartphones and
other “smart” devices. Classic Bluetooth has relatively high power requirements,
while Bluetooth Low Energy (BLE) uses similar protocols at lower power. Like
ZigBee, BLE nodes have sleep cycles which help preserve battery life. Both Bluetooth
and BLE have limited read ranges of about 10 m.

GPRS/3G/4G are packet-based protocols that operate on cellular networks. Nodes
communicate with cell towers, so node-to-node spacing is not a limiting factor, but
the field must be covered by cell networks. Communication delays can be relatively
long and depend on the number of users at a given time.

The protocols listed above (ZigBee, SigFox, LoRa, WiFi, Bluetooth, and BLE) all
require each and every node to have on-board power. The components required for
power management increase the cost, complexity, and size of each sensor node, limit-
ing deployment at the high spatial resolution needed for precision agriculture. Even
the cheapest or smallest batteries are ill suited for large scale deployment, as they
are non-rechargeable, so the nodes would need to be replaced or picked up to prevent
build-up of dangerous chemicals. By contrast, a system with one active reader and
many passive (battery-free) nodes is attractive for widespread deployment of nodes.
Battery-free wireless communication protocols work on backscatter principles, where
the passive nodes harvests energy from the RF signal sent by the reader, uses that
energy for power to take a sensor reading, and modulates its impedance to encode
data in the reflected signal back to the reader. Passive RFID is a commercially avail-
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Table 1.1: Wireless network protocols

Protocol Range Sensitivity Power Frequency Data Rate Reference

ZigBee 10-100 m -100 dB 10-37 mW
915 MHz

or 2.4GHz

20-250

kbps
[29, 30, 31]

SigFox 10 km -126 dBm 122 mW 915 MHz 100 bps [32]

LoRa 10 km -149 dBm
50-100

mW
915 MHz

18 pbs-37

kbps
[29, 32]

WiFi 20-100 m -95 dBm 100 mW 2.4 GHz 2-54 Mbps [29, 32, 31]

Bluetooth 8-10 m -97 dBm 10-30 mW 2.4 GHz 1-24 Mpbs [29, 31]

BLE 10 m 10 mW 2.4 GHz 1 Mbps [32]

GPRS/3G/4G

anywhere

w/ cell

service

915 MHz

or 2.4GHz

50-200

kpbs
[31]

Passive

RFID
10 m -85 dBm 5-10 µW 915 MHz

40-640

kpbs
[29]

LoRa

Backscatter

230m or

2km
-159 dBm 10 µW 915 MHz

18 pbs-37

kpbs
[29]

NFC 10 cm passive 13.6 MHz 424kbps [33]

able battery-free, backscatter system. LoRa backscatter is an area of active research
which could enable long-range battery-free wireless communication, but is not com-
mercially viable [29]. Near-field communication (NFC) is another widely used form
of communicating with passive objects in everyday life, but it is limited to very short
distances–10 cm or less–making it not suitable for use in agriculture.

Many sensors in agricultural settings today are not wireless networks at all, but
single-point hubs with one wireless uplink. For example, a typical weather station
like the one shown in figure 1.8a-b has a central modem which uses cellular networks
to upload data to an internet database. The individual sensors, such as temperature,
humidity, anemometers, soil moisture probes, and rain gauges, are physically wired to
a the central hub which includes a multichannel data logger, rechargeable batteries,
a solar panel, and a modem. Figure 1.8c shows one node using cellular networks. If
multiple nodes like this are spread across an area, they could form a network.

Figure 1.8d shows several soil moisture sensor nodes which communicate using a
general packet radio service (GPRS) based network within the field and one gateway
node which reports data to a farmer. Figure 1.8e shows a soil sensor node compatible
with RFID communications.

In conclusion, although many options exist for wireless sensor networks for agri-
culture, there are trade o↵s between power consumption/battery life, data rate, and
read range. Most systems involve complex nodes with onboard power, which re-
quires regular maintenance. Maintenance-free, widely distributed nodes should be
battery-free, which today means to passive RFID systems.
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Figure 1.8: a) single-point weather station with a temperature, anemometer, solar
radiation, rainfall, and other sensors wired to a central hub. b) The data logger
and cellular up-link modem inside the hub of the weather station. c) A stand-alone
soil moisture installation with solar power and cellular data upload capability. d)
Cellular-based soil moisture sensors deployed at IIT Kharagpur from [31] e) inkjet
printed soil moisture and leaf wetness sensor with RFID communication from [34].

1.4 Printing Technology

Printing enables mass manufacturing of low-cost devices at scale.
Printing encompasses many types of solution processing techniques, including

blade coating, inkjet printing, stencil printing, spray coating, screen printing, grau-
vure printing, and slot die casting. All are additive manufacturing techniques, mean-
ing that material is only deposited where it will be used. Many printing techniques
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are scalable to roll-to-roll processing, which is a high-throughput, low cost mass fab-
rication technique. Printing processes operate at substantially lower temperatures
than conventional PCB/silicon fabrication. This makes printing compatible with un-
conventional substrates like flexible plastic and biodegradable materials which would
melt at high temperate. Printed devices, whether working with thin or thick films,
have a planar geometry, and can be flexible and/or conformal. These attributes of
printing can turn into important advantages in di↵erent application spaces. In en-
vironmental monitoring, the mass-production element of printing and compatibility
with biodegradable materials is important.

Ink

All printing involves ink. Inks are liquid solutions containing a functional material
that gives the ink the desired electrical properties, a polymer binder to hold every-
thing together after the ink dries, additives such as surfactants to improve dispersion,
or other fluid properties, and a solvent system in which everything is dissolved. Inks
for printed electronics include conductive inks, often made from silver, gold, or car-
bon, semiconducting polymers, and insulators. Figure 1.9 illustrates the components
of a conductive ink. There are many commercially available inks that are specially
formulated for a particular printing technique. Inkjet ink is a thin liquid with viscos-
ity around 10-15 cps and solid content 30-40%. Spray coating ink is also a thin liquid
with viscosity 50-100 cps and silver content 35-40%. Additives in spray coating ink
can help with adhesion and mechanical flexibility. Screen printing ink (which can
also be used for stencil printing) is a paste-like ink with high viscosity on the order
of 30,000 cps and silver content > 80% after curing. Varieties of screen printing ink
are developed for adhesion to specific substrates, for very fine feature resolution, or
for particularly high conductivity.

To print materials or material combinations outside of what is commercially avail-
able, a researcher can make their own inks by mixing fillers, binders, solvents, and
additives in di↵erent ratios to achieve the desired viscosity, surface tension, adhesion,
and electronic behavior. The ink-making process specifically for conductive zinc ink
is described in more detail in section 2.2.

Once an ink has been made or selected, there are several printing techniques
available for ink deposition.

Blade Coating

In blade coating, a blade of controllable, fixed height pushes ink at a steady rate
across the substrate, as shown in figure 1.10a. Thin films of 100 nm or less are possi-
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Figure 1.9: Conductive inks are made of discrete micro- or nano- particles of the
conductive material, dispersed in a solution of solvent, polymer binder, and additives.

ble, and the thickness is determined by ink viscosity, blade speed, and blade height.
There is no patterning mechanism inherent in blade coating: the ink covers the full
area of the substrate unless the substrate is treated before printing. Hydrophillic
wells can be created where ink will wet, separated by hydrophobic barrier layers.
This allows patterning using blade coating [35, 36].

Inkjet Printing

In inkjet printing, ink is contained in a cartridge which has piezoelectric nozzles to
dispense the ink drop by drop onto the substrate as shown in Fig.1.10b [37]. The
pattern printed by an inkjet printer is digitally generated and can easily be modified,
which makes inkjet printing an attractive candidate for prototyping. A disadvantage
of inkjet printing is that, because patterns are produced drop by drop, it can be
much slower than other printing options. Inkjet printing typically produces metal
traces with thickness of a few hundred nanometers at most. Minimum feature size
depends on drop volume, ink viscosity and chemistry, and substrate surface energy,
but is generally in the range of 10 to 50 µm. Surface chemistry can be modified
with monolayer or plasma treatments to improve print quality and resolution for a
specific ink [38].

Spray Coating and Stencil Printing

Stencil printing and spray coating both use a stencil mask to define the pattern.
Stencils can be made of metal or plastic films or tapes. Plastic film or tape stencils
can be created with a laser engraver [39]. These types of stencils are easily modified
for prototyping but can have limited feature resolution, on the order of 500 µm.

Once the stencil is prepared, ink is applied through either spray coating or stencil
printing. In spray coating, an air brush is used to apply ink as an aerosol as shown
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Figure 1.10: a) Blade coating uses a blade of a fixed height and speed to create
a broad coat of ink. b) In inkjet printing, ink is deposited drop by drop from a
cartridge. c) In spray coating ink is applied as an aerosol, and pattern features are
defined with a stencil. d) In stencil printing ink is applied with a blade in direct
physical contact with the pattern-defining stencil. e) In screen printing ink is forced
through a patterned mesh screen with a squeegee.

in Fig.1.10c. Final layer thickness is determined by the distance between the brush
and the substrate, the speed that the brush is moved across the substrate, the flow
rate of air and ink, and the number of the passes of the brush over a certain area.
Spraying can be controlled by an automatic sprayer, or done by hand.

Stencil printing uses ink formulated for screen printing. The ink is spread across
the top of the substrate and dragged with a blade over the pattern as shown in
Fig.1.10d. The thickness is set by the speed of the blade, the thickness of the stencil–
which sets blade height–and the viscosity of the ink. Automated set ups can control
the blade speed, or the blade can be moved by hand. Production by hand allows
for fine tuning the angle between the blade and the substrate and the pressure of
the blade in order to get a clean print, but can be less reproducible than automated
printing.

Screen Printing

Screen printing uses a mesh screen to define the pattern. These screens are specially
made with emulsion layers and mesh size chosen based on the ink properties. A flood
bar spreads the ink over the screen, then a squeegee forces the ink through the holes in



CHAPTER 1. INTRODUCTION 19

the mesh, transferring the pattern onto the substrate as shown in Fig.1.10e [40]. This
technique is very fast and scalable to roll to roll (R2R) processing. Minimum feature
size is about 50 µm. Thickness is determined by the ink and process parameters,
such as ink viscosity, squeegee pressure, and screen height, and is generally on the
order of 10’s of µm. Screen printing is not suited to early prototype work because
changing the design requires fabricating or purchasing a new custom screen.

Curing

Conductive inks contain discrete solid particles, so many metallic traces are not con-
ductive immediately after printing. A curing or annealing step is required to fuse
the discrete particles together into a single conductive trace [41]. Curing can be
thermal, UV, or laser-based. In thermal annealing of silver traces, higher tempera-
tures generally yield higher conductivity traces. The annealing temperature should
not be above the glass transition temperature of the substrate or the substrate will
be deformed. Photonic sintering can avoid the heat-impacts of thermal curing, but
requires specific curing tools.

1.5 Transient Electronics

For widespread deployment of sensors in a field, hundreds or thousands of nodes
could be needed. That number of electronic devices made of conventional electronic
materials and plastics would create either an arduous chore for someone to collect
them all before harvest, or a large quantity of potentially hazardous trash, and
likely both, particularly as some nodes are likely to be broken by weather or farm
equipment, strewing micro-trash around the field. In order to avoid the problems of
pollution and the need for retrieval, the sensor nodes can be made from biodegradable
materials.

Transient electronics are electronics which are designed to have a limited op-
erational lifetime, then breakdown into biologically or environmentally compatible
materials. Much of the pioneering work in the field was motivated by medical ap-
plications, where temporary sensors or therapeutics could be ingested or implanted,
without the need for their surgical removal later. In these applications, functional
lifetimes of hours or days are su�cient and rapid breakdown is often desirable. Tran-
sient electronics also has applications in sending sensitive data–the information will
be completely unavaialbe after the life of the device.

To make wireless sensor nodes for agriculture, conductors and insulators are
needed. Conductors form the RF antennas and the wires or connecting traces to
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Table 1.2: Biodegradable conductive materials for transient electronics

Conductor Binder Conductivity Reference

LIG 25 S/m [42]

Carbon Black x S/m

PEDOT:PSS 10 S/m [43]

PEDOT:PSS w/
sulfuric acid

1000 S/m [43]

W PLA 5000 S/m [44]

W PEO 3500 S/m [45]

Fe PCL 1000 S/m [46]

Mo PBAT 1200 S/m [47]

Mo PBTPA 1000 S/m [47]

Mo Candalila Wax 130 S/m [47]

Zn PVP 4⇥ 104S/m [48]

Zn 1⇥ 106 S/m [49]

Zn PVP 3⇥ 105 S/m [50]

Zn PVB 1⇥ 105 S/m [51]

attach sensors to the chip. Conductors can be metallic, various forms of carbon, or
conductive polymers. Metals typically have much higher conductivity than carbon or
polymeric materials. Conductive materials are listed in table 1.2. Metals which are
suitable for biodegradable electronics readily form oxides, which make their traces
less conductive or not conductive at all.

In printed electronics, insulators form the structural supports, printing substrates,
encapsulation layers, and binders in many conductive inks. They make up the vast
majority of the mass of a system, so finding fully degradable materials is crucial for
the degradation of the system as a whole. Some biodegradable insulator options are
summarized in table 1.3. These can be sourced from plant and animal products,
such as silk, chitosan, and cellulose, or synthetically made polymers.

Whatever their sources, insulators can break down in a variety of ways. The
first distinction in breakdown mechanisms is between physical and chemical changes.
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Table 1.3: Biodegradable non-conductive materials for transient electronics

Class Material Usage
Water
Solu-
ble

Melting
Tempera-
ture

Degradation
Pathways Reference

Synthetic PLA

substrate,

encapsulation,

ink binder

No 150-160
�
C

Hydrolysis,

Thermal,

UV

[44]

Synthetic PCL

substrate,

encapsulation,

ink binder

No 60
�
C

slow

hydrolysis,

Enzymatic

[52]

Synthetic PVP

substrate,

encapsulation,

ink binder

Yes 150-180
�
C

Enzymatic,

Thermal
[53, 54]

Synthetic
⇤

Produced

by

bacteria

PHBV substrate No 101-172
�
C

slow

hydrolysis,

Bacterial

[55, 56]

Natural Paper substrate No N/A

Natural Wood substrate No N/A

Natural Beeswax encapsulation No 63
�
C

Enzymatic,

Hydrolysis
[57, 58]

Natural
Candalila

Wax
encapsulation No 65-68

�
C

Physical degradation, including dissolution in water and mechanical disintegration
can allow residual parts of a system to be excreted from the body in a medical
use case, and are e↵ective end-of-life mechanisms for destroying sensitive informa-
tion. However, they do not constitute full degradation as the polymer chains are still
chemically intact. Chemical breakdown involves cleaving of chemical bonds such that
the polymer breaks into oligomers and monomers, or even more basic compounds
like CO2 and water. Chemical breakdown is often via hydrolysis, or the reaction of
water with ester, anhydride, acetal, ketal, or imine bonds. Other forms of chemical
breakdown include thermal decomposition, at elevated temperatures, and photode-
gredation from exposure to UV radiation. In soil, microbial activity and enzymes
can facilitate chemical decomposition of polymers, waxes, and natural materials.

Poly(lactic acid) (PLA) is a widely used polymer, including for 3D printing, and
is often combined with plant-based starches to form compostable eating utensils and
other “green” consumer goods. It breaks down through hydrolysis and thermal de-
composition, but requires the elevated temperatures of managed composting facilities
for significant breakdown. Under ambient conditions it does not degrade.

Polyvinylpyrrolidone (PVP) is a water-soluble polymer used in pharmaceuticals,
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contact lenses, and many other household products. Because PVP is water solu-
ble, devices made with it easily dissolve, but chemical decomposition of the PVP
molecules themselves requires enzymes or elevated temperature [53].

Polycaprolactone (PCL) is a slow-degrading, hydrophobic polymer which is hy-
drolyzable over the course of a few years and can be degraded more quickly by the
enzyme lipase [52].

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a natural polymer pro-
duced by bacteria. It is a combination of 3-hydroxybutyrate and 3-hydroxyvalerate,
and the ratio of these components can be used to tune the properties of PHBV. It is
biocompatible and biodegradable, broken down by bacteria, but is brittle and lacks
mechanical strength [55].

Beeswax is naturally sourced, hydrophobic, and composed primarily of wax esters,
hydrocarbons, and fatty acids [57, 58, 59, 60]. It breaks down primarily through
hydrolysis, facilitated by several enzymes specific to the constituent wax esters and
fatty acids.

Composite materials might experience degradation or disintegration of the struc-
tural matrix or binding element holding the material together. As this matrix struc-
ture breaks down, the small, functional, non-degradable microparticles formerly held
within the matrix are released, as shown in Figure 1.11 [61].

Discussing and comparing di↵erent transient electronic systems’ biodegradability
can be challenging because of a lack of clarity in definitions for words like “degrad-
able,” “biodegradable,” “compostable,” or “bio-based.” In the scientific literature,
“biodegradable” often means “able to be broken down into smaller pieces at biologi-
cally benign or physiological conditions,” and is used in contexts where the device is
inside the body of a person or an animal. “Environmental biodegradation” happens
outside of a human or animal body, and refers to materials which break down in the
presence of microbes, although the specifics of degradation environments vary widely.
“Compostable” materials can be broken down in municipal or industrial composting
sites which are actively managed and typically include initial mechanical chopping
or shredding of input stocks, and temperatures of around 50-60�C produced by mi-
crobial activity inside the compost pile.

International standards for biodegradable plastic packaging provide some scien-
tific rigour and consistency to definitions, though few scientific papers carry out
testing in accordance with these industrial standards. In the United States, stan-
dard ASTM-D6400 and internationally, ISO-17088 are widely used to certify mate-
rials which are aerobically composted in municipal or industrial composting facili-
ties. Other standards govern breakdown in freshwater and saltwater environments.
Degradation in unmanaged terrestrial environments and soil, which can experience
a wide range of environmental conditions, is not well covered by existing standards.
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Figure 1.11: A composite material might experience disintegration if the binding
matrix is made of a biodegradable material while the active material inside does
not degrade. Complete biodegradation involves the molecular breakdown of all con-
stituent parts.

More research is needed to show how breakdown times of materials under controlled
conditions in a lab relate to real-world lifetimes.

The central challenge of transient electronics is achieving stable performance of a
devices’ functional lifetime followed by breakdown. That is: the device must degrade
entirely, but it cannot start breaking down too soon, or the measurements will be
erroneous. figure 1.12a illustrates desirable performance for a conductive element:
high conductivity over the defined lifetime, followed by distinctive failure. In order
to achieve this kind of behavior, rapidly-degrading inner materials can be protected
by slowly-degrading encapsulants, as shown in figure 1.12b. Once the encapsulant is
breached, cracked, or worn away, then and only then will the inner material break
down.
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Figure 1.12: a) Transient electronics should have stable, high performance during
their lifetime, and fail distinctively when they begin to degrade. b) A biodegradable
antenna consists of support and substrate layers, the conductive antenna itself, and
front- and back- encapsulation layers. The encapsulation ensures stable performance
over the lifetime of the device, and its failure triggers breakdown of the rest of the
layers.

1.6 Scope of this Thesis

This thesis describes the design, fabrication, and characterization of the constituent
parts of a printed, biodegradable, wireless soil nitrate sensor, as well as the integration
of the parts to form a node for precision agriculture applications. The main topics
of the thesis are:

1. Chapter 2: Print-based fabrication with biodegradable materials

2. Chapters 3-4: design, fabrication, and characterization of conventional and
biodegradable versions of the constituent parts of the sensor node: the nitrate
sensors and the RF antennas

3. Chapters 5-6: Integration of the constituent parts and deployment in field and
greenhouse studies.

Figure 1.13 illustrates the focus areas of each chapter and how they come together
to create a complete sensor node.
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Figure 1.13: Pictorial overview of the thesis

Chapter 2 describes fabrication processes for printing biodegradable electronic de-
vices. We discuss substrate options, desired properties of substrates, and techniques
available to create suitable printed surfaces out of wood and wax. Next, we turn
our attention to biodegradable conductors, adapting a room temperature chemical
sintering process for making conductive zinc traces. The ink composition, printing,
and chemical treatment are optimized for high conductivity and trace longevity.

Chapter 3 describes the nitrate sensors. We have developed fully printed po-
tentiometric nitrate sensors and characterized their sensitivity and selectivity to ni-
trate. Each sensor comprises an ion-selective electrode and a reference electrode
that are functionalized with polymeric membranes. The sensitivity of the printed
ion-selective electrodes was characterized by measuring their potential with respect
to a commercial silver/silver chloride reference electrode in varying concentrations
of nitrate solutions. The sensitivity of the printed reference electrodes to nitrate was
minimized with a membrane containing polyvinyl butyral (PVB), sodium chloride,
and sodium nitrate. Selectivity studies with sulphate, chloride, phosphate, nitrite,
ammonium, calcium, potassium, and magnesium showed that high concentrations
of calcium can influence sensor behavior. The printed ion-selective and reference
electrodes were combined to form a fully printed sensor with sensitivity of �48.0 ±
3.3 mV/dec. Biodegradable nitrate sensors made with printed carbon on paper with
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beeswax encapsulation showed similarly high sensitivity to nitrate, and the use of
carbon as a transducer layer improved the sensor stability. Both gold- and carbon-
based nitrate sensors showed good linearity and sensitivity to nitrate in small-scale
soil tests.

Chapter 4 covers antennas for UHF-RFID systems. Here we demonstrate com-
pact, flexible RFID antennas. We compare fabrication techniques for printed anten-
nas and demonstrate that screen and stencil printing are both suitable for fabricating
antennas; these di↵erent techniques are most useful at di↵erent points in the design
cycle. We characterize two versions of flexible, screen printed folded dipoles and a
meandered monopole operating in the 915 MHz band. Antenna designs are then
modified for implementation on wooden substrates with wax encapsulation layers.
We present a technique for scaling the geometry of an existing antenna design given
planned substrate and encapsulation materials and thicknesses. Minimum conductiv-
ity requirements for antennas were determined and the conductive zinc from chapter
2 was shown to meet these thresholds. This zinc ink was finally used to print func-
tional biodegradable antennas.

Chapter 5 is about system integration of the printed antennas and printed nitrate
sensors with commercial, not-printed electronics. The printed antennas from chap-
ter 4 were integrated with conventional silicon RFICs to form passive, battery-free
RFID tags. Physical and electrical connection approaches were explored and a pro-
cess for improving power flow through partial impedance matching was established.
These processes are chip-agnostic, enabling connection between any packaged com-
mercial UHF-RFIC and our printed antenna. Requirements for readout electronics
for potetiometric nitrate sensors are also discussed. As an intermediate step, printed
nitrate sensors were combined with Arduino boards to form hybrid stakes suitable
for greenhouse testing.

In chapter 6, considerations for moving from the lab to the field are discussed.
Wooden stakes with and without beeswax encapsulation layers were placed in pots
with growing corn for 90 days. Un-encapsulated balsa wood stakes experienced sig-
nificant degradation below the soil line, while encapsulated stakes showed no signs
of degradation. This demonstrates both the degradation of the main body of the
stake and the e↵ectiveness of beeswax as an encapsulant. Second, the nitrate sensors
were measured in soil of di↵erent textures and water contents. We found that nitrate
sensors require a certain minimum water content in order to provide a meaningful
measurement, and this minimum water content depends on soil type. These stud-
ies also highlighted the need for reduced sensor-to-sensor variation and improved
lifetimes of nitrate sensors. Finally, we measured wireless link strength of passive
UHF-RFID in and around soil and crops. Although tall, dense crop canopies ob-
scure line-of-sight between reader and tag, the presence of crops did not significantly
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reduce read range for the passive RFID link. Proximity to wet soil, however, sub-
stantially reduced read range. This e↵ect was mitigated by placing the antenna a few
centimeters above the soil surface. Taken together, chapter 6 shows that although
growing crops and real field soils introduce many variables into the sensor node’s
environment, there are techniques available to mitigate impacts to each constituent
part. This provides a solid foundation for full deployment in an outdoor field in the
near future.

The next steps for integrated node fabrication are laid out in the conclusion.
Other applications of the constituent parts are briefly discussed. Finally, ideas for
use cases are presented, together with opportunities and challenges associated with
di↵erent system architectures.
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Chapter 2

Biodegradable Materials

This chapter explores considerations for creating biodegradable electronics by fo-
cusing on the case study of the optimization of highly conductive zinc traces on
biodegradable substrates. The process consists of five major steps–substrate prepa-
ration, ink formulation, printing, acid treatment, and drying–which are listed in
figure 2.1. For each step, the desired properties are described and the controllable
parameters explored. The complete process involves combinations of the conductive
and insulating materials which were described in section 1.5.

2.1 Substrates

The substrate is the foundation of a device, the layer on which ink is printed, so a
substrate’s properties determine numerous aspects of the device’s fabrication, opera-
tion, and degradation. Important properties of substrates include surface roughness,
thickness and uniformity, surface energy, temperature limits, biodegradation mecha-
nisms, and solvent compatibility.

All printed devices have a substrate, which could be thin and flexible to be com-
patible with roll-to-roll processing. Additionally, the agricultural sensor nodes have
a stake, which is a rigid material that planted in the field, and provides mechan-
ical support for above-ground wireless communication components and protection
for below-ground traces to subsurface sensors. We chose wood as a stake material
because it is completely biodegradable, is not eco-toxic, does not melt, cannot be
physically dissolved in a solvent, is not chemically degraded by chemicals commonly
used in printing processes, and is not brittle.

In conventional industrial printing, the substrate is a thin and flexible material
which is compatible with roll-to-roll processing. Flexible substrates such as paper or
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Figure 2.1: Creating conductive zinc traces is a multi-variable optimization process
of five major steps: substrate preparation, ink formulation, printing, acid treatment,
and drying. Each step influences final performance in di↵erent ways and later steps
may need to be re-optimized after changes in earlier steps. a) Pictorial overview of
fabrication process. b) List of independent and dependant variables in the optimiza-
tion of each step.
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Figure 2.2: a) patterns can be printed on a flexible substrate, and later adhered to
a rigid backing stake. b) patterns can be printed directly on a rigid material which
serves as both substrate and stake. c) the surface of the rigid backing stake can be
treated with another material to improving printability, then patterns can be printed
onto it.

biodegradable polymers could be used for biodegradable sensor nodes. Inks printed
on flexible materials should be designed for flexibility to avoid cracking when the
substrate is bent. In this case the device would be printed on the substrate, and
later adhered to the rigid stake, illustrated in figure 2.2a. Alternatively, the stake
itself can serve as the printing substrate, which simplifies the fabrication process by
avoiding the adhesion step and any damage from bending brittle traces, illustrated in
figure 2.2b. However, this approach requires that the stake have suitable properties
for printing, which is challenging for natural stake materials like wood. A third,
intermediate approach is to soak or coat the stake in a non-conductive material to
improve printability, as shown in figure 2.2c. These treatments are described below.
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Surface Roughness

A good printing substrate’s surface roughness should be significantly smaller than
the width and thickness of the features printed on it. Untreated wood has a rough,
anisotropic surface dominated by the grain pattern in the wood, illustrated by the
profiles in the left-most columns of figure 2.3. The balsa wood had slightly greater
surface roughness than pine, which came from larger pores in balsa wood. The high
surface roughness led to gaps in printed traces, significant edge roughness, and poor
print quality of fine features, as shown in the left column of figure 2.4.

One way to improve print quality is to print on a substrate other than wood
and attach the printed pattern to the stake later. This allows for a greater selection
of substrate materials because the substrate does not need to provide structural
support. Paper is an example of a biodegradable substrate suitable for printing.
Bristol paper was chosen; this material had a surface roughness of about 3 µm and
no anisotropy, as shown in the third column of figure 2.3. Features printed on paper,
shown in the second column of figure 2.4 showed smooth edges and good definition
of small features. Paper was a good substrate for printing, but paper’s ability to
wick liquids and hold water complicated the wet processing of later steps: traces on
paper substrates did not become conductive when treated with acetic acid solution.

In order to improve surface roughness of wood substrate, and provide a non-
wicking surface for later wet chemical processing, a layer of wax was added as a
planarization layer on top of the wood. There are many techniques for coating wood
with wax, each of which has its own surface properties.

The simplest wax coating technique is dipping wood in a vat of molten wax.
However, this created bubbles from air escaping from the pore space of the wood. To
avoid these bubbles, wood samples were soaked in wax for at least 15 minutes before
removal, allowing time for the wax to fill the pore space in the wood. The surface
of the wax-soaked wood was smoother on the fine scale (horizontal distance of 10
µm or less) but had more bumps and waviness on the order of 100’s of µm widths
and 10’s of µm in height. These bumps impacted the print quality, particularly on
smaller features.

One way to flatten the wax is to immediately press it against a cold, flat, metal
plate when it is removed from the melted wax. Because the metal is cold, the wax
does not stick to the metal, and the wax hardens with a smooth surface. Both
parallel to and perpendicular to the grain of the wood, the cold-pressed wax was
smoother than the soaked substrates. The cold-pressed samples had undulations
and waviness at longer horizontal scales than the soaked samples. A variation on the
cold-press technique is pressing the wet samples against a smooth layer of silicone,
whose nonstick surface can be peeled away once the wax hardens. An advantage
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Figure 2.3: Representative profiles with and across the grain for 8 types of biodegrad-
able substrates

Table 2.1: Surface roughness of biodegradable substrates (standard deviation)

Method Cross-grain With-grain
Roughness (µm) Roughness (µm)

Balsa 16.4 9.5
Pine 7.5 9.3
Paper 3.3 3.0
Soaked 16.3 14.0
Pressed 13.3 7.7
Ironed 6.4 8.2
Blade Wax 2.2 0.6
PCL 5.8 2.4

to this technique is that no active cooling is required, so press-plates can be reused
frequently. Patterns printed on pressed wax had smooth edges and good fine feature
fidelity, as shown in the center column of figure 2.4. Hand-pressed substrates can be
up to about 5 by 5 cm, but larger substrates would require automated processing in
order to achieve even pressure across the full area.

In order to create larger area substrates with smooth surfaces, a blade coating
technique was used. In this process, the titanium doctor blade (Zehtner ZUA 2000)
was heated on a hotplate at 300 �C , which is well above the 67 �C melting point of
wax. Molten wax was poured on a wooden board of 18 cm by 18 cm and left for the
wax to cool. Any wax on the back of the board was removed with a razor blade or
by melting it with a heat gun. The wax-coated board was placed on two rails of bare
wood of the same thickness as the base wooden substrate, with the rails positioned
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Figure 2.4: Although large features print decently well on all substrates, fine features
and edge roughness are improved when printing on smoother substrates: blade coated
wax, pressed wax, and PCL-coated wood as compared to raw wood or soaked wood.

under the runners of the doctor blade. This allowed the final thickness of the wax
to be controlled by the height of the blade. The hot blade moved across the wax
surface, melting the wax. Some of the re-melted wax ran o↵ the side, while other
areas reflowed and covered lower spots in the substrate. The resulting wax layer had
surface roughness of less than 1 µm excluding anomalies, which was much smoother
than any other technique. However, the blade cooled as it moved, so the depth to
which the wax melted changed across the length of the pass, leading to variations in
final wax layer thickness. Additionally, large variations in initial pour height created
lasting hills and valleys, which sometimes caused misprints that are discussed below.

To avoid the changes in melting temperature over time that cause thickness varia-
tions, a ski waxing iron with controllable temperature was used in place of the doctor
blade. However, the iron lacked the height-control of a doctor blade, and instead
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came in direct contact with the wood. Thus, the wax melted to the surface of the
board, creating a surface with roughness of about 7 µm, similar to that of untreated
pine wood.

Instead of wax, which must be heated in order to flow, a solution of a biodegrad-
able polymer can be used as the planarization layer. In this technique, a solution
of 1:8 PCL:anisole by mass was applied using a doctor blade at room temperature.
After coating, the anisole solvent dried, leaving behind a thin film of PCL. The
smoothness of this layer depended on its thickness because the layer must be thick
enough to fill in the valleys in the wooden substrate. This technique can significantly
reduce surface roughness, especially in the direction parallel to the wood grain. A
disadvantage of this technique is that the substrate material is the same as the ink, so
it can be partially dissolved by the ink’s solvent. Features printed on PCL-on-wood
had good definition but showed some bleeding along the direction of the wood grain,
as shown in the rightmost column of figure 2.4.

Thickness and Uniformity

In screen printing, the substrate is mounted on a sample plate which is loaded under
the screen. The ink is flooded across the mesh while the screen is held well above
the substrate. The screen is then lowered to a position slightly above the substrate.
The distance between the screen and substrate, typically no more than a millimeter,
is known as “snap-o↵” and is an important parameter for print quality. During the
print, the squeegee depresses the screen so that it makes contact with the substrate,
transferring the ink from the screen to the substrate. As the squeegee passes, the
already-printed area of the screen snaps back to its set height.

This mechanism works well only if the substrate is the same distance below the
screen at all x-y locations. Tilted or wedge-shaped substrates will print di↵erently
left-to-right or top-to-bottom. Substrates with hills or valleys will have misprint
areas or areas that do not print at all if the squeegee cannot press against part of
the substrate.

For each substrate type and wax-coating process, the macro-scale waviness and
thickness variations are important as well as the micro-scale roughness. Raw pine and
balsa had even thickness from planing by the manufacturer. Paper was also produced
with even thicknesses. Hand-pressed wax had uneven thickness when pressure was
not applied uniformly during pressing. Blade coated wax had significant thickness
variation; the thickest part of a board was typically 0.3 mm thicker than the thinnest
part Soaking and ironing wax produced substrates with the same dimensions as the
original boards. Thus, the techniques used to create smooth surfaces are more likely
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Figure 2.5: a) At the beginning of a print, ink is deposited on the screen just in
front of the flood bar. The screen is held above the substrate. b) During the flood
stage, the flood bar pushes ink across the screen, and the ink partially fills the holes
in the mesh. c) Prior to printing, the screen is lowered so that it is almost–but not
quite–touching the substrate. The gap between the screen and substrate is controlled
parameter known as the snap-o↵. d) During the print, the squeegee moves across
the screen, pressing the mesh down so that it touches the substrate. As the squeegee
passes, ink from the holes in the mesh is deposited on the substrate. The tension of
the screen causes it to snap back to its original height. Ink deposited on the substrate
spreads out until it dries.
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Figure 2.6: a) A substrate with uneven thickness has areas that did not print. b) A
cross-sectional view of an uneven substrate illustrating how thickness variations can
cause misprints like the one seen in (a).

to create uneven thickness, but both smooth and uniform substrates are needed for
printing fine features over large areas.

None of the substrate preparation techniques are ideal for every scenario. To
create a large number of small substrates for process optimization, a large board can
be treated with blade-coated wax, then cut into smaller samples. This provides a
very smooth surface to each sample, and the thickness variation can be managed
by measuring the actual thickness of each sample and adjusting the screen printer
settings for each sample. For large-area substrates, an improved mechanism that
o↵ers both uniform temperature and controlled blade height is needed.

Surface Energy

Ink spreading is defined by the surface energy of the substrate, the surface tension of
the ink, and the ink’s viscosity. At equilibrium, the contact angle of a drop of liquid
on a solid surface is given by

�s = �s�l + �lcos(✓) (2.1)

where �l is the surface tension of the liquid, �s is the surface energy of the solid-
air interface, and �s�l is the energy at the surface between the solid and the liquid.
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Figure 2.7: The amount of spreading of a drop of liquid, including inks, is determined
by the surface tension of the liquid, �l, the surface energy of the solid-air interface, �s,
and the energy at the surface between the solid and the liquid, �s�l. The contact angle
of a drop on a solid surface is used to quantify surface energy. a) High surface energy,
low contact angle substrate. b) Low surface energy, high contact angle substrate.

On substrates with high surface energy, the molecules in the liquid are attracted to
the substrate, the drop spreads out, and a low contact angle is observed, as shown
in figure 2.7a. The reverse is true for substrates with low surface energy, illustrated
on the right in figure 2.7b. Systems with low contact angles have higher adhesion
between ink and substrate.

When ink first lands on a surface, it has an initial contact angle, then the ink
spreads out until the lowest energy state is reached according to equation 2.1. Inks
with low viscosity quickly spread to their equilibrium position, so the di↵erence
between initial and final contact angle very challenging to measure. High-viscosity
inks spread more slowly, drying as they do. Attention is most often payed to surface
energy modification for controlling spreading of thin inks for inkjet printing and
doctor blade coating because they spread rapidly [35]. However, surface energy still
impacts spreading of screen printing inks.

During optimization of ink properties and printing processes, PET was used as
a control substrate for its smooth surface, availability, and because it has been well
studied. When changing substrates from PET to wax-soaked wood, surface energy
comparisons between the substrates were needed to understand how this change
would impact print quality and adhesion. In order to study this, videos of a drop
of ink spreading on PET, wax-dipped PET, and wax-soaked wood were taken. The
wax-dipped PET had a very smooth surface (roughness of about 0.12 µm) so di↵er-
ences between PET and wax-dipped PET were primarily due to the surface energy
di↵erences of the two materials. The wax-soaked wood had a rougher surface, as
described above, so spreading di↵erences between smooth wax and wax-soaked wood
were due to surface roughness.
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Figure 2.8: Zinc ink spreading on (top row) PET substrate, (middle row) PET dipped
in beeswax to create a smooth wax surface, and (bottom row) balsa wood soaked in
beeswax to create a rough waxy surface. From initial contact to final steady state
formation, the contact angle shrinks.

Table 2.2: Surface energy and contact angle of PET and wax

Substrate Initial Angle Final Angle
PET 80.5 44.2
Smooth Wax 89.4 47.0
Wax-soaked wood 87.1 42.5

All three substrates started with contact angles above 80�, and reached equilib-
rium after about 45 seconds. Figure 2.8 shows screenshots of ink spreading on the
three substrates from the moment of contact until 1 minute later. The increased
drop diameter and corresponding decrease in contact angle over time is evident.

The wax substrates had somewhat higher initial contact angles. Because the ink
was very viscous, it spread slowly and dried quickly in the small volumes used for
screen printing. Therefore, the initial contact angle was the primary determinant of
slump. Given the higher initial contact angle of ink on wax, we expected features
printed on wax-soaked wood to spread slightly less than on PET, which was indeed
observed. Test features printed on PET with designed width of 500 µm were mea-
sured at 620 µm, or 120 µm spreading, while the same features printed with the
same ink on wax-soaked wood measured just under 500 µm.
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Temperature Limits

The glass transition temperature of polymers, and the melting temperature of poly-
mers or waxes dictate maximum processing temperatures for subsequent steps. Be-
low its glass transition temperature, a polymer is glassy and brittle, while above
that temperature, it is soft and rubbery. If a pattern is printed on a polymer in its
glassy phase, and later transitions to the soft phase and back again from temporary
exposure to heat, the pattern can warp. The glass transition temperature of PCL is
�60�C , so it is in its soft phase at room temperature, and crossing the glass transi-
tion is not a concern. PCL melts at about 60�C . PVP’s melting and glass transition
temperatures are between 150-180 �C . Beeswax melts at 63�C . The similar melting
temperatures of PCL and beeswax cause some challenges in fabrication because the
wax needs to be melted in order to flow, but molten wax can also melt the PCL.

Biodegradability

Substrate materials need to be biodegradable, but robust enough to last through a
growing season. They must not cause harmful ecological impacts or hinder plant
growth. Refer to table 1.3 for suitable materials. PHBV, balsa wood, beeswax, and
soy wax have all been shown to have no adverse e↵ects on corn growth. [62].

Solvent Compatibility

It is desirable to have a substrate which is not readily dissolved by the solvent in
the ink or any chemical used in the processing of the printed traces. For example, a
later step in the room-temperature zinc process involves treatment with a solution
of acetic acid in water. Water soluble plastics are thus not suitable substrates for
zinc traces fabricated in this manner.

Wood is not a polymer and cannot undergo the physical change of dissolution,
though it can be chemically or biologically broken down. Time scales for significant
wood breakdown in chemicals that are used as polymer solvents are typically signif-
icantly longer than the wet exposure times of most printing processes. Additionally,
the hydrophobicity of wax is an advantage as wax will not be degraded by water.
Wax can be slowly dissolved by some solvents, acetone for example.

2.2 Ink Formulation

Zinc ink, like all inks, has a filler, a binder, and a solvent. Zinc ink was not com-
mercially available, so the ink optimization for printing was necessary. This involved
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selecting the materials used as binders and solvents which print well without clog-
ging the screen and have good adhesion to the substrate. Solvent to binder to filler
ratios were also adjusted to achieve an ink with the desired viscosity, adhesion, and
conductivity.

Filler

The filler is the metal. In this case it was powered zinc, 5 µm diameter or smaller
(1–5 µm particle size, Goodfellow Co). This was held constant throughout the ink
optimization process. In most formulations, it made up more than 75% of the ink
by mass.

Binders

Binders are polymers which hold the conductive particles in place and glue every-
thing together. Important properties of biodegradable binders for zinc ink are their
solubility in various solvents, the processes through which they degrade and the rate
of degradation, and their glass transition and melting temperatures.

An ink’s binder should be chosen for the properties it o↵ers to the finished printed
trace. Depending on the application, this might include thermal or chemical stabil-
ity, flexibility, or adhesion. In the case of zinc ink for biodegradable agricultural
sensors, the binder should provide the ink with physical stability during wet chem-
ical processing, long lifetime, and eventual biodegradability. The printability of the
ink–its viscosity, surface tension, and drying time–can be tuned by choice of solvents
and additives after a binder has been selected.

This work used PVP and PCL binders. PVP was chosen to because it had been
demonstrated in the literature [50, 63]. PCL was chosen because of its relatively slow
degradation and stability in water. The impact of the binder on ink conductivity
and lifetime is discussed in section 2.4 on acid treatment.

Solvents

The filler and binder are dissolved in a solvent to create an ink. Important aspects of
a solvent are its ability to dissolve the binder, its viscosity, the manner and speed it
dries, its compatibility with substrates and other materials, and its toxicity to people
and the environment, each of which is discussed in more detail below. The solvent
evaporates completely after printing, so it does not directly impact processes that
follow. However, because the solvent does greatly impact the print, it influences the
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profile of the printed traces, which in turn impacts the rest of the processing and
operation of the device.

Ability to Dissolve the Binder

The most important function of a solvent is to dissolve the binder. Di↵erent binders
are more or less soluble in di↵erent solvents depending on the chemical characteristics
of both the binder (solute) and the solvent. Generally speaking, “Like dissolves like.”
The Hansen Solubility Parameters quantify three properties of solvents–polarity (P),
dispersion (D), and hydrogen bonding(H)–which are key aspects of solubility. These
numeric values formalize the degree of “likeness” between a solvent and a solute.
The parameters of many solvents are listed in databases which can be used to find
solvents with similar properties [64].

PVP is soluble in water and polar solvents, including isopropyl alcohol (IPA) and
n-methyl-2-pyrrolidone (NMP). According to a study by Bartnikowski, PCL is sol-
uble in toluene, benzene, chloroform, cyclohexanone, carbon tetrachloride, tetrahy-
drofuran (THF), dimethyl carbonate (DMC), dioxane, 2-nitropropane, and dichloro-
methane (DCM), and partially soluble in acetone, ethyl acetate, dimethyl formamide
(DMF), 2-butanone, and acetonitrile, [65], while others have dissolved PCL in anisole
[66, 46]. These good solvents for PCL have relatively high D, low to moderate P,
and low to moderate H.

The theory provides a starting point for solvent selection, but experiments are
still needed to understand how a combination of solvent and binder behaves as an
ink. The dissolution of polymers in solvents is more complicated and slower than
the dissolution of small molecules. Polymer dissolution takes place in two steps: first
the solvent di↵uses into the pore spaces within the polymer, creating a swollen layer
near the interface. Next, the polymer chains disentangle, completing the dissolution.
Increased temperature can speed up this process as the polymer chains relax. Stirring
also makes the process faster as the solvent di↵usion is followed immediately by
polymer desorption, without the buildup of a gel layer on the surface [67]. Because
polymers dissolution can take up to a few days, it can be advantageous to study
pre-mixes of solvent and binder before studying complete inks. The pre-mix gel can
later be mixed with zinc powered to create ink as it is needed.

Pre-mixes of PVP were successfully made with isopropyl alcohol and NMP. Dif-
ferences in ink behavior of these inks was primarily due to di↵erent drying properties
of the solvents, as discussed in the following subsection.

Six solvents for PCL were tested as pre-mixes. The three which made gels were
also tested as screen printing inks. The six solvents used were NMP, toluene, acetone,
DMSO, ethyl alcohol, and anisole. Each solvent was mixed with a one to eight by



CHAPTER 2. BIODEGRADABLE MATERIALS 42

Table 2.3: Hansen Solubility Parameters and hazards for solvents, data from [64, 68]

Chemical D P H
Boiling
Point

Safety
Score

Health
Score

Env.
Score

Ranking
after
discussion

Water 15 16 42.3 100 1 1 1 Recommended
IPA 15.8 6.1 16.4 82 4 3 3 Recommended
Acetone 15.5 0.4 7 56 5 3 5 Recommended
Ethyl
Alcohol

15.8 8.8 19.4 78 4 3 3 Recommended

Ethyl
Acetate

15.8 5.3 7.2 77 5 3 3 Recommended

Anisole 17.8 7.8 6.7 154 4 1 5 Recommended
NMP 18 12.3 7.2 202 1 9 7 Hazardous
Toluene 18 1.4 2 111 5 6 3 Problematic
Benzene 18.4 0 2 80 6 10 3 High hazard
Chloroform 17.8 3.1 5.7 61 2 7 5 High hazard
Cyclohexanone17.8 8.4 5.1 156 6 3 7 Problematic
CCl4 17.8 0 0.6 77 2 7 10 High hazard
THF 16.8 55.7 8 66 6 7 5 Problematic
DCM 17 7.3 7.1 40 1 7 7 Hazardous
DMSO 18.4 16.4 10.2 189 1 1 5 Problematic

weight ratio of PCL to solvent. As expected from solubility reported in the literature,
DMSO and EtOH did not dissolve the PCL,as shown on the right in figure 2.9. NMP
and acetone were able to dissolve PCL to form a gel at 40�C . At room temperature,
this gel solidified into a solid, which could be liquefied with gentle heating. The
solidified Acetone:PCL mixture is shown on the left in figure 2.9. Anisole and toluene
dissolved the PCL, and remained as gels at room temperature, as shown for anisole
in figure 2.9, the white pellet in the vial was a magnetic stir bar.

The PCL pre-mixes of NMP, toulene, and anisole were used to make inks with
30:1:8 Zn:PCL:Solvent ratios by weight. The NMP-based ink was warmed before
printing, but the ink cooled rapidly when it was spread in a thin layer across the
screen. It re-solidified, clogging the screen after one print. The toulene ink also dried
or cooled after 1-2 prints. The anisole ink stayed wet for up to 12 passes, so it was
chosen as the solvent for Zinc:PCL ink.
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Figure 2.9: 1:8 by weight PCL in acetone solidifies at room temperature. 1:8 PCL
in anisole dissolves well. 1:8 PCL in Ethyl Alcohol and and 1:8 PCL in DMSO does
not dissolve.

Drying Properties

Screen printable ink should dry slowly to enable many prints before ink on the screen
dries and clogs the mesh. Commercial inks use additives to slow drying. This adds
more complexity, so basic homemade inks typically rely on choice of solvent to control
drying properties. For materials which are good solvents for their solute, the boiling
point provides information about how quickly the solvent will dry. Liquids with
higher boiling points require more energy to evaporate and will dry more slowly. For
example, both IPA and NMP are good solvents for PVP. NMP has a boiling point
of 202�C while IPA has a boiling point of 82�C . PVP:IPA inks dried after about one
minute, or 1-2 prints, while PVP:NMP inks stayed wet for at least 24 prints, about
15 minutes or more.

Toxicity

In addition to their functional properties–solubility parameters and boiling points–
the hazards and toxicity of solvents should be considered when designing an ink.
Many e↵ective solvents for PCL include chlorinated solvents which present signif-
icant health and safety risks. The Globally Harmonized System of Classification
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and Labelling of Chemicals is a way of communicating chemical hazards through
pictographs and numbered warnings for specific dangers such as flammability, ex-
plosiveness, and radioactivity. Industry consortia, such as GSK and CHEM21, have
ranked chemicals for environmental, physical danger, and human health concerns.
Table 2.3 includes CHEM21 ratings for the three risk categories: environmental,
physical danger, and health. Higher numbers correspond to higher risk. In the table,
cyclohexanone and anisole have similar solubility parameters and boiling points, in-
dicating either could be use as a solvent for PCL, but anisole has lower risk numbers,
so it is preferred over cyclohexanone.

Viscosity

Viscosity is a fundamental property of a solvent, but when mixed with a polymer,
viscosity becomes a function of the solvent-to-binder ratio. Generally, the more
binder is present, the more viscous the liquid or gel, up to the solubility limit of that
binder in that solvent. If a material is not very soluble in the chosen solvent, it may
not be possible to achieve a high viscosity.

The thickness and shape of the wet ink deposit produced by screen printing is
set primarily by the parameters of the screen, and can be influenced by the squeegee
pressure and height [69]. The ink viscosity primarily impacts the spreading of wet ink
after the squeegee passes. Inks with low viscosity will spread, or “slump” significantly
during the time between ink deposition and ink drying. Slump creates final features
which are shorter and wider than desired, and can be especially problematic for fine
features where resolution is key. Higher viscosity inks limit slump by slowing the
flow rate of ink after deposition, allowing the ink to dry on the substrate before it
spreads to the equilibrium contact angle.

Prior to printing, the rheology of Zn:PVP:NMP inks with various binder-to-
solvent ratios was studied by my collaborators Sui et al. [63]. Inks were identified
by the weight ratios of zinc to PVP to NMP, for example, 30g zinc to 1g PVP to
6g NMP (30:1:6). Inks’ viscosity at low shear rates increased with increased PVP
concentration, from 12 Pa-s for 30:1:7 ink to 300 Pa-s for 30:1:4 ink. The inks with
higher solid loading experienced greater shear thinning, while less viscous inks tended
toward Newtonian behavior. In thixotropy tests to simulate shear rates experienced
during screen printing (rest, high shear during the squeegee pass, low shear during
slump) the inks with higher solid loading took more time to regain their resting
viscosity. The viscosity studies showed 30:16 Zn:PVP:NMP to be the most printable
ink [63]. With these rheology results, we turned to printing studies.

The top micrograph in figure 2.10a shows printed 30:1:6 Zn:PVP:NMP on PET
substrate which should be nominally 500 µm wide. The lower micrograph in the
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Figure 2.10: a) Nominally 500 µm lines printed in 30:1:6 Zn:PVP:NMP are relatively
smooth with minimal spreading (top inset). Nominally 500 µm lines printed with
30:1:8 Zn:PVP:NMP have significant spreading and uneven edges (lower inset). The
slump of the less viscous ink is readily apparent in its pyramid shaped profile, while
the more viscous ink has straighter sidewalls and a somewhat more uniform thickness.
b) Zinc ink with PCL binder shows similar trends, shown here for a nominally 1 mm
wide trace. 30:1:8 ink has a rounded profile and wider footprint than 30:1:6 ink.
The more viscous ink creates prints with solid features (top inset), while the less
viscous ink has porous areas (bottom inset). c) Quantifying the spreading seen when
printing fine features (down to 100 µm wide) in Zn:PVP:NMP inks. 30:1:6 has about
80 µm of spreading, 30:1:5 gives features near the desired width, and 30:1:4 features
are about 60 µm narrower than desired.
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same figure shows similar 500 µm lines printed with 30:1:8 ink. The 30:1:8 ink had
more solvent, so was less viscous, and slumped more between deposition and drying.
This resulted in considerable ink spreading: the lines are about 150 µm or 30%
larger than designed. The profiles in figure 2.10a are of representative 500 µm traces
printed with both inks. The slump of the 30:1:8 ink was clearly visible in its broader,
pyramid shaped profile. There was not a flattish area in the center of this print, as is
normally observed for clean prints. The 30:1:6 ink was narrower and slightly taller,
with sidewalls that were steeper; all in all this was a higher quality print. Figure
2.10b shows a similar pattern for PCL-based ink. The top micrograph is the more
viscous 30:1:6 Zn:PCL:NMP ink, with solid printed traces, crisp edges, and trace
width of 1.02 mm, for a designed trace of 1 mm. The bottom microgaph in figure
2.10b shows the same feature printed with less viscous 30:1:8 Zn:PCL:NMP, which
spread to 1.2 mm in width and had somewhat porous areas. The profiles show the
spreading of the less viscous ink and its slumping shape, compared to the more even
thickness and defined sidewalls of the more viscous ink.

The impact of viscosity on trace width is further quantified by narrow test features
between 100 µm and 500 µm design widths in figure 2.10c. The least viscous ink
(30:1:6) created features which were nearly 100 µm wider than designed. The most
viscous ink did not flow easily through the mesh and features were about 20-100
µm narrower than designed. Ink with 30:1:5 produced lines whose widths were
approximately equal to the designed width.

Tuning of the solvent:binder ratio is unique for each solvent-binder pair, and
depended on the viscosity of the solvent, the properties–such as molecular weight–of
the polymer, and the solubility limit of the polymer in the particular solvent. For
zinc:PVP:NMP inks, 30:1:5 was chosen for printing, while zinc:PCL:anisole, 30:1:8
was used, which produced profiles described in more detail in section 2.4 and figure
2.14.

2.3 Printing

The screen printing process overview is illustrated in figure 2.5. It involves flooding
ink across the mesh, the squeegee pushing the ink in the mesh in contact with
the substrate, and the release of the screen from the ink. Primary process control
variables are snap-o↵, flood pressure, flood speed, squeegee pressure, and print speed.
Printing parameters must be optimized for each ink formulation. Printing parameter
adjustment is process optimization, not novel research, but poor quality or misprinted
samples are unsuitable for further tests, so the optimization is important.
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Figure 2.11: With well-adjusted snap o↵, the full pattern prints and thickness is
uniform across the width of the printed trace. When snap o↵ is too high, the thickness
is greater, but the print is poorly controlled. a) 500 µm wide traces of zinc on wax-
soaked balsa wood with varying snap o↵. b) 1 mm wide traces of zinc on blade-coated
wax substrates with varying snap-o↵.

Snap O↵

Snap o↵ is the distance between the screen and the substrate when the squeegee
passes. If the snap o↵ is too high, there is a significant distance between the squeegee
and the substrate, which creates thick but poorly controlled traces, as shown in figure
2.11. In places where the substrate is low and the snap o↵ is high, no ink will be
deposited. If the snap-o↵ is too low, the mesh patterns are pressed against the
substrate, and messy edges can result.

Pressure and Speed

Print and flood speed also impact print quality. For more viscous inks, slower print
and flood speed produce higher quality prints because the ink has more time to flow.
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Printing high-viscosity inks at high speed can cause gaps in printed traces.

2.4 Acid Treatment Conditions

Once a printable ink formulation has been developed, and printing conditions opti-
mized, the printed trace needs to be treated to become conductive. In silver and gold
inks, thermal or photonic sintering is used to transform a matrix of discrete metal
microparticles into a continuous conductive pathway. Treatment of zinc ink is more
complicated for two reasons. First, the thermal budgets of biodegradable polymers
and waxes do not allow for thermal sintering. Second, an more importantly, zinc
forms a passivisation layer of zinc oxides, hydroxides, and carbonates. This passivi-
sation layer forms a shell around each discrete zinc microparticle. A freshly printed
trace of zinc microparticles in a binder is not conductive because the metal particles
are isolated from each other, as illustrated in Figure 2.12a. Lee et al. described a
room temperature chemical method to create conductive zinc traces, which has been
further studied and adapted by Majee et al, Jayasayee et al., and Sui et al. [50, 51,
70, 63].

Zinc oxides, hydroxides, and carbonates are soluble in acidic solutions. When
a printed zinc trace comes in contact with dilute acetic acid, the acid dissolves the
passivisation layer, exposing the zinc, as in equation 2.2

ZnO + 2H+ ⌦ Zn2+ +H2O (2.2)

The exposed zinc releases Zn2+ ions into solution. Some of these Zn2+ are chelated
with acetate, influencing the equilibrium point of the equation 2.3

Zn2++ 3oAc� ⌦ Zn(oAc)�3 (2.3)

and driving self-exchange between zinc in solution and zinc solid. The dissolution
and deposition of zinc allows atoms to relocate, forming connecting bridges between
particles. When the acetic acid solution evaporates, and new passivation layer, in-
cluding zinc acetate, forms around the zinc matrix, and the distinct particles have
been connected to form a conductive network, as shown in figure 2.12b [50, 51, 70].
This process depends on acetic acid concentration, wet time or dose, drying condi-
tions, and the polymer used as the ink’s binder. These variables interact with each
other in complex ways. For example, the optimal treatment time depends on the
acetic acid concentration used, and both of these parameters are di↵erent for inks
with di↵erent polymer binders.
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Figure 2.12: a) As-printed zinc ink consists of discrete zinc micro particles, each with
an oxide shell. This matrix is not conductive. b) After treatment with a solution of
acetic acid, which reacts with the oxide layer, a conductive network of zinc is formed.
A new passivisation layer forms on the outside of network.

In the literature, low-temperature acetic acid treatment of printed traces has
been reported by three groups, whose experiments and key findings are summarized
in table 2.4. The foundational paper of Lee et al. used a PVP binder and an isopropyl
alcohol solvent, with drop casting as the deposition technique for acid solution. This
work centered on the chemical conditions that allow for low temperature chemical
sintering, comparing di↵erent metals and types of acid solutions. They did not
present optimization of zinc ink formulation, printing, acetic acid concentration, or
time [50]. Sui et al. used the concepts from Lee and optimized screen printable
zinc-PVP ink with an NMP solvent. They further developed an inkjetting method
for acetic acid solution deposition, which was more controllable than drop casting.
Acetic acid concentration was kept at the 9% reported by Lee, and many passes with
the inkjet printer were found to be needed for high conductivity. Curing at 45�C
was found to produce higher conductivity traces than room temperature drying [63].
Similarly, Majee et al. adapted Lee’s original chemistry, optimizing both the zinc
ink and the acetic acid solution for inkjet printing. They used a PVB binder and
combination of solvents and surfactants to achieve zinc ink properties suitable for
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jetting. In acid treatment optimization studies, they found di↵erent results from
Sui: a single inkjet pass gave optimal conductivity. They also varied acetic acid
concentration and identified 3-10% as the optimal range. Curing was done at elevated
temperature, with the lowest temperature reported of 60�C [71]. Both inkjet printing
papers report slightly lower conductivity than the original drop-casting paper.

In this work, we optimized acid treatment conditions for PVP- and PCL-based
inks. PCL-based inks were able to withstand harsher treatment conditions, which
enabled higher conductivity.

Wet Time, Concentration and Application Method: PVP

When working with PVP, we first compared acetic acid application by spray coating
to drop casting volumes around 20 µL. Samples were stencil printed by hand using
laser cut stencils and a razor blade to apply 30:1:10 Zn:PVP:IPA ink. Spraying used
5% acetic acid by volume, and was done with an airbrush by hand. Samples were
dried at 45-50�C for one minute before measurement. Conductivity was measured
after each pass with the airbrush, and the maximum conductivity achieved was about
0.5 S/m, after four passes. The acidic solution corroded the metal airbrush. We also
used a pipette to drop cast about 20 µL of 5% solution along the 50 mm length of a
1 mm wide trace. These samples were dried at room temperature. Conductivity for
this method was about 100-200 S/m. Because of the low conductivity acheived with
spray coating and low-volume drop casting, we sought methods for applying greater
volumes of solution.

Dipping is a simple and repeatable high volume solution treatment method.
One key variable in dipping is the wet time, which was optimized in the follow-
ing way. Zinc ink (30:1:5 Zn:PVP:NMP) was printed on wood soaked in beeswax
and smoothed either by pressing while wet or by heated-blade reflow. Some samples
used a 1 mm wide by 320 mm long folded trace, while others were straight rectangles,
either 0.5 mm, 1 mm, or 10 mm wide by 50 mm long. Samples were treated with 9%
acetic acid solution for times ranging from 10 seconds to 4 minutes. After removal
from the acetic acid solution, samples were dried at room temperature. Some samples
were dried with a nitrogen gun for about 5 minutes, while others were left in ambient
conditions for at least 15 minutes. Treatment time optimization was repeated for five
batches on di↵erent days with di↵erent line widths. For most batches, the highest
conductivity was achieved with dipping times of 1-3 minutes. Wet times longer than
3 minutes resulted in marked decreases in yield. The highest conductivity achieved
with PVP ink was 1.5 ⇥105 S/m, which is comparable to that reported by Majee et
al. but about three times lower than the highest conductivity found with PCL-based
ink[71].
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Figure 2.13: a) Ranges of conductivity of printed 30:1:8 Zn:PCL:Anisole traces on
PET as a function of acetic acid concentration and time. (This is the raw data
which was averaged to produce figure 2.15b. Although conductivity varies signifi-
cantly within each treatment, most samples in the high and moderate concentration
treatments have conductivity above 1 ⇥105 S/m. By contrast, b) shows that the
highest conductivity achieved for 30:1:6 Zn:PVP:NMP inks on wood/wax substrates
is 1 ⇥105 S/m, while most samples are less conductive than that.

These PVP-based samples also showed significant batch-to-batch and within-
batch variation in final conductivity. Some of this variability can be explained by
poorly controlled parameters during drying, which is described in more detail in
section 2.5.

Acetic Acid Application Method: PCL

We compared dip-treatment to drop casting with a 1-mL syringe, using 50% acetic
acid solution and 13 minute wet times for both cases (N=8). No significant di↵erence
was found in conductivity, though drop-casting had slightly higher yield. Conductiv-
ity for the drop casting method was 1.4 ⇥105 S/m to 6.6 ⇥105 S/m, and for dipping
it was 2 ⇥105 S/m to 5 ⇥105 S/m. All eight drop-cast samples became conductive,
while one of seven of the dipped samples failed. Notably, all samples were treated
with relatively large volumes of acetic acid solution, which covered the traces and the
neighboring substrate area. Careful control of acetic acid treatment locations was
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not needed for PCL-based traces, contrary to Sui’s work, where precision in acetic
acid volume and location was important [63]. Compared to dipping, drop casting
allowed for treating a greater number of samples simultaneously with lower total
volumes of acetic acid solution at the lab scale.

Wet Time and Concentration: PCL

In order to systematically study the impact of acetic acid concentration and wet time
on conductivity, a set of 45 folded dipole antennas were screen printed using 30:1:8
Zn:PCL:Anisole by weight ink on PET substrates. Test conductive traces were based
on the design of a folded dipole antenna, discussed in more detail in chapter 4. It
was a single line 1 mm wide and 320 mm long, which can equally be understood
as two 160-mm segments or 5 lines of about 40 mm each. Once the prints were
dry, profilometry data and microscope images were collected from a representative
sub-section of the samples. Figure 2.14b shows 12 of the printed samples. Figure
2.14c shows a micrograph of a corner of one sample with smooth edges and a solid
print. Figure 2.14d shows profile data from four corners of on sample, with average
thickness of around 35 µm. The prints were randomly assigned to one of three
acid concentrations: 9%, 25%, or 50% acetic acid by volume in DI water. Each
concentration was further subdivided into five wet times: 1, 5, 9, 13, and 17 minutes.
The samples were laid flat in a tray and a 1-mL syringe was used to deposit about
1 mL of acid solution onto each antenna. The samples were monitored to ensure all
printed areas remained covered by solution, and additional solution was added if any
areas became exposed. At the end of the allotted time, samples were transferred to
a 50�C oven and baked for 15 minutes.

A digital multimeter was used to measure resistance first of the full 320-square
trace, then each of the sub-components. For each treatment condition, two principle
figures of merit are reported: conductivity and yield. To calculate conductivity, the
number of squares was used to first calculate sheet resistance, (Rs) using Rs = R

L

w
,

where R is the measured DC resistance, L the length of the trace and w the width.
Conductivity (�), was found using � = 1

Rs⇥th
where th is the average thickness mea-

sured by the profilometer. The yield was defined as the percentage of linear segments
(each sample contained 5 such segments) that had finite resistance. The yield was an
important parameter when interpreting results, because conditions that led to high
conductivity but low yield were unpredictable, uncontrolled, and ultimately undesir-
able. Figure 2.15 shows the yield and conductivity as a function of acid concentration
and wet time.

For the highest concentration treatment (50%), increasing wet time increased
conductivity considerably. All samples treated for 5 minutes or longer had finite re-
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Figure 2.14: a) Traces used for conductivity tests can be seen as a single line of 320
squares, two lines of 160 squares, or five lines of 34, 34, 40, 41, and 41 squares each.
b) A dozen printed zinc antennas on PET substrates. c) Microscope image showing
the corner of one printed 30:1:8 Zn:PCL:Anisole trace on PET. d) Profiles of four
corners of one antenna showing average thickness of 35 µm.

sistance, only about two-thirds of the segments in the 1-minute group did. Increasing
wet time from 5 to 17 minutes resulted in more than tripling of the conductivity,
with longer wet times consistently leading to higher conductivity.

The the 25% acid concentration group experienced di↵erent trends. For this
concentration, the highest yield was for the 1 minute wet time, the lowest yield
at 5 minutes, with yield increasing as a function of wet time up to 13 minutes.
Conductivity follows a similar trend: notably high conductivity for the 1 minute wet
time, then moderate conductivity increasing as a function of time between 5 and
13 minutes. The 17 minute treatment in both the 25% and 9% concentrations had
markedly lower yield and conductivity than shorter time treatments. This suggests
that 17 minutes is too long, and the printed trace is beginning to break down. That
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Figure 2.15: a) Yield of printed 30:1:8 Zn:PCL:Anisole traces on PET as a function
of acid treatment time and acetic acid concentration in water. Higher concentra-
tion generally improves yield. For low and moderate acid concentration, increased
treatment time improves yield somewhat. b) Average conductivity of 10-15 printed
segments as a function of acid treatment time and acetic acid concentration. At the
high concentration, a increasing treatment time increases conductivity. At low and
moderate concentration, conductivity has no clear relationship with time. All traces
were dried in an oven at 50�C for 15 minutes.

this trend is not seen in the 50% acetic acid group might suggest that long exposure
to water leads to water absorption and polymer swelling, which disconnected the
networks.

The 9% acetic acid group had consistently lower yield and lower conductivity
than either of the higher concentration groups. We did not see strong relationships
between wet time and yield of conductivity for this group. Lee et al. used 9% acetic
acid in water and about one minute treatment time, and stated that “the e↵ect of
exposure time is minimal since the removal of the surface oxide layer and the particle
welding are completed in a short time,” [50]. Our results suggest Lee’s explanation
is incomplete.

In general, increasing wet time increased conductivity to a point. Once the binder
swelled or began to dissolve, conductivity decreased again. Di↵erent binders were
able to withstand di↵erent wet times, and those which could tolerate longer wet times
before swelling were able to produce traces with higher conductivity. PCL traces
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had higher conductivity because of the longer treatment times available with this
hydrophobic and slow-degrading binder. Additionally, careful control of all process
variables is important because the treatment is highly sensitive to local variations in
conditions.

2.5 Drying Conditions

The drying process had a significant impact on the conductivity of acetic acid-treated
zinc traces. Samples could be dried at room temperature by leaving them in ambient
conditions, which took about 15-20 minutes depending on airflow, or with an air-
or nitrogen-gun, which took about 2-5 minutes, again depending on the velocity of
the gun’s air-stream and the distance between the gun and the sample. Changes in
drying speed e↵ectively altered the trace’s wet time, which changed the conductivity.
Hand-crafted drying methods were di�cult to reproduce exactly, which led to high
sample-to-sample variation of conductivity.

Samples could alternatively be dried with exposure to heat: with a heat gun, on a
hot plate, or in an oven. Time of exposure to heat and temperature are independent
variables for any of these methods.

The chemical reactions that lead to conductive traces do not require elevated
temperature in theory–indeed, traces with PVP binder in Lee, Sui, and this work
were found to be conductive when dried at room temperature. However, traces dried
at elevated temperature had higher conductivity. Traces using a PCL binder required
heat.

Drying Temperature for PCL

To study the impact of drying conditions, the 320-mm long folded traces illustrated
in figure 2.14a were printed with 30:1:8 Zn:PCL:Anisole ink on PET substrates. They
were treated with 50% acetic acid solution for 13 minutes, then dried on a hotplate
for 15 minutes. The temperature of the hotplate was varied from batch to batch.
Additionally, due to spacial variations in heat across the surface of the hotplate,
individual samples experienced di↵erent local temperatures. The actual temperature
of each sample was recorded using an IR thermometer. Data was recorded for each
full 320-mm trace as well as each 160-mm half-trace. Yield and conductivity were
calculated using the method described in the concentration and wet time experiment.
Figure 2.16 shows the yield and conductivity as a function of drying temperature.

Samples dried at less than 45�C or more than 55�C usually were nonconductive.
The high temperature limit is likely set by the melting point of the binder: in this
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Figure 2.16: a) Yield as a function of drying temperature for 31 printed 30:1:8
Zn:PCL:Anisole traces on PET which were treated with 50% acetic acid solution
for 13 minutes. Each bin includes n=4 to n=20 samples. These samples were dried
on a hotplate with local heat variation and individual samples’ temperatures were
measured. b) Conductivity of the traces shown in (a) as a function of drying tem-
perature. Temperatures below 45�C or above 55�C produce mainly non-conductive
traces. Within the optimal temperature window, there is not a clear relationship
between temperature and conductivity.

case PCL melts at about 60�C . Majee et al used a PVB binder with a melting point
of 90-120�C and found that for their traces, conductivity remained high up to 90�C
[71]. When the binder melts, the zinc particles can move around, which prevents
stable conductive networks from forming or disrupts connections made during the
acid treatment process.

For high acid concentration and a PCL binder, exposure to at least 45�C after
acid treatment is required; traces were never conducive when dried at less than 40
�C . This is di↵erent from PVP-traces, which had some conductivity after room-
temperature drying, though heating to 45�C was found to be helpful for improving
conductivity.
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2.6 Stability

High humidity is known to degrade conductivity of printed zinc traces because the
water vapor in the air accelerates zinc oxide and hydroxide growth [51]. Printed zinc
traces for use as antennas and connectors in agricultural sensors will need to survive
exposure to high heat and humidity in the field over a period of months. They will
rely on encapsulation layers to prolong their functional lifetime.

The prior works on chemically treated zinc traces all reported some lifetime met-
rics. Lee et al., working with a PVP binder, reported physical degradation after 3
days immersed in water. Loss of electrical conductivity happens prior to physical
degradation. Sui et al. also used a PVP binder and reported an exponential increase
in resistance of unencapsulated printed traces over time, with resistance increasing
by an order of magnitude after 6 days in air. Traces encapsulated with wax were
reported to maintain their conductivity for 30-35 days in air. Majee et al., using
a PVB binder, reported some conductivity over 250 days, with a significant loss of
conductivity after 40 days, when humidity in their lab increased.

PVP Stability

We found di↵erent results for Zn-PVP trace lifetimes than Sui et al. Unencapsu-
lated traces lost conductivity within one day, and beeswax encapsulated samples’
conductance decreased by an order of magnitude after 3-9 days.Figure 2.17 shows
the conductivity over time of PVP traces and PCL traces for two weeks, normalized
by the initial conductivity of each trace. These di↵erent results may be due to the
di↵erence in humidity between our lab and Sui’s, as ours was likely more humid.

PCL Stability

To characterize the lifetime of printed zinc traces with PCL binder, the impact of
humidity, and the e↵ectiveness of beeswax as an encapsulation layer, four treatment
conditions were set up. First, traces were divided into two groups; one group was
kept in an environmental chamber at 19�C and 10% RH, while the other was kept
in the uncontrolled lab environment, at about 26�C and 30-40% RH. With each
location, some traces were not encapsulated, and some were dip-coated in beeswax.
The resistance of the full 320-mm trace was recorded every minute using a 2-point
technique by a multichannel Data Acquisition System (Keysight DAQ970A).

Figure 2.18 shows the loss of conductivity over a period of 60 days for samples
with and without wax encapsulation layers under low and high humidity conditions.
Because the samples at high humidity experienced changing environmental condi-
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Figure 2.17: PVP-based traces, even when encapsulated with beeswax, lost their
conductivity completely within 3-7 days or less.

tions, the actual measured humidity data is included on the right axis of the top
plot. Generally, samples kept at low temperature and low humidity retained their
conductivity to a greater degree than the samples subject to higher temperature and
humidity. This is expected, given the known impact of humidity on loss of conductiv-
ity. Of those samples which were exposed to high temperature and humidity, those
which were not encapsulated lost their conductivity more rapidly and to a greater
extent than those which were encapsulated, demonstrating the e↵ectiveness of the
wax encapsulant. By days 25-30, the encapsulated samples in high-humidity environ-
ments had experienced the same proportional loss of conductivity as the encapsulated
sample in the low-humidity environment. Moreover, periods of high humidity, for
example on days 3-4, correspond to marked drops in conductivity for those samples
which were not encapsulated.

For applications in agriculture, conductivity lifetimes should match a growing
season—60-100 days—which PVP-based inks do not provide, even with encapsula-
tion. PCL was capable of producing traces with lifetimes suitable for agricultural
applications, provided that they are encapsulated to maintain conductivity in humid
environments.
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Figure 2.18: Zn-PCL traces relative conductivity over time. Samples exposed to
high humidity lost their conductivity faster than those in controlled-humidity envi-
ronments. Beeswax encapsulation helped samples in the high-humidity environment
maintain their conductivity longer than unencapsulated samples in the same environ-
ment. a) Periods of high relative humidity (data show on the right axis) corresponded
to loss-of-conductivity in unencapsulated samples. b) Zooming in on the y-axis to
more clearly see small changes in conductivity.

2.7 Conclusions and Future Work

Printed biodegradable electronics are a complex set of interrelated optimization chal-
lenges, where changing one process can necessitate re-optimization of another pro-
cess. Working with biodegradable materials introduces a set of trade-o↵s between
lifetime, functionality, and degree of degradation: materials that work well for a long
time degrade slowly. Because natural materials have inherent variability, precise
control of all processing steps is important to limit variation in the final products.

Highly conductive, biodegradable zinc ink is a viable material for wireless agri-
cultural sensor nodes. Wooden substrates treated with wax can be used as printing
substrates. The next step is to re-optimize zinc parameters for processing on wooden



CHAPTER 2. BIODEGRADABLE MATERIALS 61

substrates.
Interfacing between printed zinc and commercial ICs, or printed zinc and other

printed materials is another area for future work. Finally, the complete fabrication
process of the integrated sensor node will need to be streamlined.
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Chapter 3

Nitrate Sensors

As discussed in section 1.2, nitrate is a key component of fertilizer, necessary for
plant growth, and, when applied in excess, it causes harm to both people and the
environment. Current techniques for measuring nitrate in water and soil are complex,
expensive, and labor intensive, so are limited in the breadth of coverage and frequency
of measurement.

Environmental quality monitoring and precision agriculture require nitrate sen-
sors that are sensitive, selective, mass-producible, easy-to-read, involve few or no
moving parts, and are robust enough to survive field deployment and soil insertion.
Printed solid-state potentiometric ion-selective electrodes have the potential to meet
these criteria. Potentiometric ion-selective electrodes output a voltage that corre-
sponds to the concentration of ion present in a solution. They have been well-studied
and used in both medical and environmental applications. The use of printing meth-
ods for sensor fabrication o↵ers several advantages, such as low cost, high throughput,
and ease of fabrication.

This chapter describes the operation and fabrication of gold- and carbon-based
ion selective electrodes, the optimization of a stable reference electrode, and charac-
terization of fully printed nitrate sensors in aqueous solution and soil media. Portions
of this chapter were previously published as “Printed Potentiometric Nitrate Sensors
for Use in Soil” [72].

3.1 Introduction

Potentiometric sensors are composed of two electrodes: an ion-selective electrode
(ISE) and a reference electrode (RE). The signal output is the potential di↵erence
between the two electrodes at zero-current conditions. Conventionally, these elec-
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trodes are glass tubes filled with salt solutions and containting a wire, often made
of silver/silver-chloride, as shown in Figure 3.1a. Solid state potentiometirc sensors,
including the printed sensors described here, replace the liquid phases with solid
polymer films, as illustrated in Figure 3.1c. In both cases, the ISE has a poly-
mer membrane doped with an ionophore—a chemical designed to selectively and
reversibly bind to the ion of interest [73, 74, 75, 76, 77, 78, 79, 80, 81]. As the con-
centration of the ion of interest, NO�

3 in this case, in the sample solution increases,
the potential that develops at the boundary between the ion-selective membrane
and the sample increases. The origin of the boundary potential is the separation
of cations into one side of the boundary and anions to the other at the very nar-
row (a few nm) width of the boundary. In bulk solutions and membrane volumes,
electroneutrality dictates equal concentrations of positive and negative charges, but
right at the boundary, the di↵erent Gibbs free energy of partition for an ion in a
solvent creates the thin space-charge layer. The potential developed here depends on
the concentration of ion in aqueous solution only if the concentration of ion in the
membrane is kept constant. The ionophore binding sites, together with an oppositely
charged ion bound in the membrane, bu↵er the ion concentration in the membrane.
More details of this process can be found in Buhlmann and Chen’s review [82]. The
result is that the potential at the ISE is described by the Nernst equation:

E = E0 + 2.3026
RT

zF
log10(aion) (3.1)

where E is the potential measured across the electrodes, E0 is the cell potential,
R is the ideal gas constant, T is the temperature, F is Faraday’s constant, z is
the charge of the ion of interest, and aion is the ion activity. The ion activity is
a function of the concentration of the ion in solution and the activity coe�cient,
which is 1 for su�ciently dilute solutions. Thus, an ideal potentiometric sensor
for a monovalent anion, such as NO�

3 , at room temperature is expected to exhibit
a �59.1 mV change for every factor of ten increase in NO�

3 concentration. The
potential di↵erence measured between the ISE and RE is the sum of the potentials
developed at each metal–metal, metal–solid, and solid–liquid boundary, as illustrated
in figure 3.1b,d. Ideally, only the ion-selective membrane–sample boundary potential
depends on the nitrate concentration; the other boundary potentials are accounted
for by E0 in the Nernst equation. Because measurements are taken at very low
current conditions, there are no ohmic drops within single phases; only the boundary
potentials contribute to the overall measured potential.

REs are typically made of silver/silver-chloride (Ag/AgCl) and maintain a con-
stant potential in varying ionic environments [83]. Commercially available reference
electrodes are glass tubes described above and illustrated in figure 3.1a. Most po-
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Figure 3.1: a) Conventional potentiometric ion sensors are made of two liquid-filled
glass electrodes. The reference electrode has a silver wire coated in silver chloride
suspended in a concentrated chloride solution. Porous frits provide electrochemical
contact with the test solution while keeping the inner filling solution inside. Two
junctions improve isolation of the electrode to increase stability. The ion selective
electrode has a conductor which can also be silver/silver-chloride in a filling solution.
The end of the glass tube is capped by an ion-selective membrane. b) The potential
di↵erence measured between the two electrodes is the sum of the potentials developed
at each boundary. c) Solid state potentiometric sensors replace the glass and liquid
parts of conventional electrodes with polymer membranes and solid films. d) The
potential between the electrodes is again the sum of the potentials developed at each
interface.
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tentiometric sensor studies that present solid-state ISEs rely on such liquid-based
reference electrodes. Solid-state reference electrodes are more suitable for field de-
ployment because they have the neither the liquid filling nor the fragile glass tube,
but solid-state references are typically less stable than commercial references. Sig-
nificant challenges remain in the development of solid-state reference electrodes, yet
relatively few studies characterize printed references with the same rigor as ISEs [84].

Because soil is a complex environment containing many ions that could interfere
with a nitrate sensor, selectivity is particularly important for sensors intended for
use in soil [85]. Selectivity studies for anion ISEs such as nitrate typically focus
on ions from the Ho↵meister series, which are most likely to interfere. While these
characterizations are important, soil can contain high concentrations of other ions,
so both the ISE and RE must be characterized for sensitivity to ions found in soil.
ISEs obtain their selectivity from specially designed synthetic ionophores, although
even these have nonidealities. Ions present in the environment can also interfere
with ion binding sites or charge transport materials in the membrane, hindering the
functionality of the ISE.

Table 3.1 compares potentiometric nitrate-selective electrode measurements from
the literature. Several works use scalable fabrication techniques such as screen or
stencil printing to fabricate electrodes and drop-cast membranes similar to this work.
Three of these use commercial references and demonstrate measurements in liquid
samples. Three more use solid-state references and show applications in soil or soil
slurries; however, only one work characterizes the reference electrode’s stability, and
none report stability in varying nitrate concentrations or the impact of interfer-
ing ions. Another group of works explore transducing layer materials for improved
stability. These works are based on glassy carbon electrodes, do not use printing
techniques, and most do not demonstrate performance in real-world conditions.
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In this work, we characterized the intermediate steps between nitrate ISE demon-
stration in aqueous solution and the deployment of a fully printed sensor in the
field. ISEs were printed with both non-biodegradable materials (gold on PEN) and
biodegradable materials (carbon on Bristol paper). The sensitivity of both types of
ISEs was measured against commercially available REs and demonstrated a near-
Nernstian response to nitrate. Carbon-based ISEs were more stable than gold ISEs
as carbon acted as both a capacitive transducer layer an a conductor. Printed REs
were optimized for stability across a range of nitrate concentrations. Both ISEs and
REs were independently tested in solutions containing eight potentially interfering
ions, which were chosen for their prevalence in soil. Calcium had the most significant
impact on both ISEs and REs. The printed nitrate ISEs were paired with printed
REs to create fully printed nitrate sensors, which were slightly less sensitive to nitrate
in aqueous solutions than printed ISEs paired with glass references. Fully printed
nitrate sensors were measured in a high-organic-matter field soil, and demonstrated
sensitivity equal to their sensitivity in solution.

3.2 Fabrication

Ion-Selective Electrode Fabrication

ISEs were fabricated according to the process illustrated in Figure 3.2a. Gold elec-
trodes, which were 3.5-mm-diameter circles connected to a 1-mm-wide trace, were
printed on 25-µm-thick PQA2 PEN using Harima Nanopaste(Au) NPG-J gold ink
in a Dimatix DMP-2850 inkjet printer (Fujifilm Dimatix, Santa Clara, CA, USA)
using a 10 pL cartridge and no platten heating. Printed gold electrodes were sintered
at 250 �C for 50 min and then encapsulated with 75-µm-thick laser-cut Teflon tape
with circular windows of 5 mm diameter for the active area. The window in the
encapsulant was larger than the electrode to allow space for the membrane to seal
to the substrate, preventing bubbles or delamination of the membrane. ISE mem-
branes were fabricated by mixing 5.2 wt% nitrate ionophore VI, 47.1 wt% dibutyl
phthalate, 0.6 wt% tetaroctylammonium chloride, and 47.1 wt% PVC. A total of
0.2 g of this mixture was dissolved in 1.3 mL of tetrahydrofuran (THF). Sixteen µL
of the membrane solution was drop-cast on the printed gold electrode surface. The
resulting ISE was dried in a fume hood for 15 min.
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Figure 3.2: a) Ion-selective electrodes were made by inkjet printing gold onto a sub-
strate, and encapsulating the trace with a teflon tape. The membrane solution was
drop-cast onto the exposed area of the electrode. b) Reference electrodes were made
by screen printing Ag/AgCl ink onto the substrate, and the trace was encapsulated
with teflon. The carbon nanotube transducing layer was drop-cast first, followed by
the PVB/salt membrane.

Reference Electrode Fabrication

Printed RE fabrication is outlined in Figure 3.2b. Ag/AgCl electrodes with the
same geometry as the gold electrodes were screen-printed on 100-µm-thick PET
using Engineered Materials Systems, Inc. CI-4001 ink (Delaware, OH, USA). Three
layers of ink were printed; each layer was dried before the next was printed. Printed
Ag/AgCl electrodes were then annealed at 120 �C in a vacuum oven for 2 hours and
encapsulated with laser-cut Teflon tape 75 µm thick.

The REs employed a CNT transducer between the Ag/AgCl electrode and the
membrane. This transducer was composed of 0.01 g of CNT (iP-Single-Walled Car-
bon Nanotubes from Carbon Solutions, Inc., Riverside, CA, USA) and 0.05 g of
F127 (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
diacrylate) dissolved in 10 mL of THF, which were sonified for 1 hour in an ice bath
using a Branson Digital Sonifier probe. The resulting mixture was deposited on the
printed REs’ surface as 4 µL total in two separate 2 µL increments. The RE mem-
brane was made by dissolving 1.58 g of Butvar B-98 (poly(vinyl butyral) (PVB), 1.00
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g of NaCl, and 1.00 g of NaNO3 in 20 mL of methanol. This mixture was sonified
for 30 min in an ice bath. The resulting solution was deposited on top of the CNT
transducer as 6 µL total in three separate 2 µL increments. Unless otherwise noted,
all chemicals used in both ISE and RE membranes were obtained from Millipore
Sigma (St. Louis, MO, USA).

Fully printed nondegradable sensors used in soil studies were attached to an
acrylic block for mechanical stability. Silver conductive epoxy 8331D (MG Chemicals,
Burlington, ON, Canada) was used to connect wires, and the joint was encapsulated
by Gorilla epoxy.

3.3 Nitrate-Selective Electrode Sensitivity

The sensitivity of printed gold ISEs was measured against commercial glass reference
electrodes in aqueous solutions, as illustrated in Figure 3.3a. Commercial Ag/AgCl
electrodes with liquid filling solution were obtained from Millipore Sigma (Z113107).
To perform the measurements, NaNO3 was dissolved in deionized water, and diluted
to 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, and 100 mM concentrations. Prior to mea-
surement, the electrodes were conditioned for at least two hours in 100 mM NaNO3.
Chronopotentiometery was performed using the Keithley 2400 Series SourceMeter,
Keysight B2987A Electrometer/High Resistance Meter, and Ivium-n-Stat from Ivium
Technologies B.V. (Eindhoven, The Netherlands).

Figure 3.3b shows the potential over time for one ISE measured against a glass
commercial reference electrode in nitrate solutions between 20 mM and 0.05 mM.
This ISE reported a stable potential value less than 30 s after a change in con-
centration. The data from Figure 3.3b can alternatively be plotted versus nitrate
concentration on a log scale, as shown by the blue circles in Figure 3.3c. The other
lines in Figure 3.3c represent sensitivity for six additional ISEs in three batches. The
average sensitivity for all seven sensors was �54.1 ± 2.1 mV/dec.

The linear region for these sensors was between 0.05 mM and 100 mM. This
range is equivalent to 3.1 to 6200 ppm NO�

3 or 0.7 to 1400 ppm nitrogen (NO�
3 -N).

Concentrations of nitrate in agricultural fertilizer vary widely depending on crop and
soil type as well as fertigation technique, but a few 100 ppm would be a high nitrate
concentration in fertilizer [97] . In the United States, the Environmental Protection
Agency’s drinking water quality standards specify a maximum of 10 ppm NO�

3 , and
some studies have shown an increased risk of certain health conditions for water with
5 ppm NO�

3 or greater. The sensors presented here covered nitrate concentrations
from drinking water to concentrated fertilizer.
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Figure 3.3: a) Characterization of a printed nitrate-selective electrode against a
commercial reference electrode in NaNO3 solutions of varying concentrations. b)
Potential over time response of a printed nitrate-selective electrode in changing con-
centrations of nitrate. c) Sensitivity plot of 7 nitrate-selective electrodes overlaid,
showing good repeatability and near-Nernstian response of �54.1 ± 2.1 mV/dec.

In Figure 3.3c, the sensitivity curves for di↵erent sensors are o↵set one from
another. This variation in E0 is common in ISEs and means that each sensor must
be individually calibrated prior to use. E0 variation has a variety of causes, many
of which are summarized by Hu et al. [98]. Properly, E0 is the potential at ion
activity of 1, which is outside of the linear range of the sensors. E0 values presented
here were calculated using the potential at 1 mM NO�

3 concentration. Within one
batch of ISEs, the E0 variation was found to be 12.5 mV. The measurements for
one batch were done with each ISE paired with one of several di↵erent commercial
reference electrodes. While nominally identical, the commercial reference electrodes’
potentials were up to 11 mV di↵erent from each other. This di↵erence in commercial
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references’ performance was consistent with E0 values obtained within a batch of
ISEs. The batch to batch variation was 83 mV over six batches. This significant
variation may be due to variation in the membrane drying and sections of crystallized
PVC in the membranes, as suggested by Rousseau et al. [99].

3.4 Reference Electrode Development

Reference electrodes act as electrochemical ground; therefore, their potential must
remain unchanged in varying ionic environments. The precise composition of the
printed RE will impact E0 in the Nernst equation. However, because E0 is constant,
the o↵set is easily accounted for in calibration.

The performance of printed REs was determined by measuring them versus a
commercial Ag/AgCl double junction RE, as in Zamarayeva [100] and illustrated
in Figure 3.4a. First, pristine printed Ag/AgCl electrodes were measured, and the
resulting data are shown in Figure 3.4b. The output voltage was unstable since
these printed REs lacked a source of chloride ions, which are needed for the Ag/AgCl
reversible reaction:

AgCl + e� ⌦ Ag + Cl� (3.2)

The surface area and composition of the printed RE were modified by adding a
CNT layer and a PVB-NaCl membrane was added to provide a source of chloride.
The characterization is shown in Figure 3.4c. These electrodes used the formulation
developed in Zamarayeva [100] for use in chloride-rich environments. REs with an
NaCl membrane showed a �18 mV/dec sensitivity to nitrate, which is unacceptably
high.

The optimized RE composition was achieved with the addition of NaNO3 to the
PVB-NaCl membrane. Cattrall and Zamarayeva et al. [101, 100] have shown that
including the ion of interest in the membrane of an RE reduces its sensitivity to that
ion. To reduce sensitivity to nitrate, NaNO3 was added to the membrane; sensitivity
data for this electrode are shown in Figure 3.4d. This formulation had a sensitivity
of �3 mV/dec, which was a marked improvement over the NaCl membrane alone.

The e↵ect of adding the ion of interest to the reference electrode membrane is
highlighted in Figure 3.4e, where the NaCl membrane and NaCl+NaNO3 membranes
are directly compared. In this figure, potentials are normalized by subtracting the
average potential in 1 mM nitrate from the average potential at each concentration,
and the potential o↵sets are plotted versus nitrate concentration. The RE whose
membrane included NaCl + NaNO3 had a flatter slope, which reflects its insensitivity
to nitrate concentration.
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Figure 3.4: a) Measuring a printed reference electrode against a commercial refer-
ence electrode in NaNO3 solutions of varying concentrations. Potential over time in
changing concentrations of nitrate of a printed Ag/AgCl reference electrode with b)
no added membrane, c) PVB membrane with NaCl added, and d) PVB membrane
with NaCl and NaNO3 added. Measurements in (b-d) were done against a commer-
cial Ag/AgCl reference electrode. e) Sensitivity of printed reference electrodes with
NaCl in PVB membrane (blue), and NaNO3 and NaCl in PVB membrane (red). The
absolute value of the voltage measured at 1 mM NaNO3 has been set to 0 mV to
facilitate comparison of slopes. f) Sensitivity of five printed reference electrodes to
NO3 is 2.96 ± 1.9 mV/dec.

Repeatability across di↵erent reference electrodes is shown in Figure 3.4f, where
voltage versus concentration for five printed REs with the NaCl + NaNO3 + PVB
membranes is displayed. All the printed REs showed a stable potential response over
three orders of magnitude change in the nitrate concentration.

3.5 Interference

Soil is a complex environment containing a host of ions other than NO�
3 . Ideally,

NO�
3 ISEs should be insensitive to all ions other than NO�

3 , and REs should be stable



CHAPTER 3. NITRATE SENSORS 73

regardless of the concentration of any ion. Selectivity studies quantify the degree to
which these behaviors are true and identify elements which could cause errors in the
measurements.

The Nicolsky–Eisenman equation describes the potential, E, generated by a po-
tentiometric sensor in the presence of interfering species [102].

E = E0 + 2.3026
RT

zF
log10(aA +

X

B

K
POT

A,B
(aB)

zA
zB ) (3.3)

where aB is the ion activity (or concentration for dilute solutions) of ion B, and zB is
the charge of ion B, and the other constants are the same as in the Nernst equation
3.1.

It assumes Nernstian behavior for all ions, and interfering species’ responses are
weighted by their respective Nicolsky–Eisenman coe�cient, KPOT

A,B
, where A is the

primary ion (NO�
3 , in this case) and B is the interfering species. K

POT

A,B
should be

less than 1, and the nearer to zero, the less sensitive the ISE is to that interfering
species.

Based on a soil chemistry report from A & L Western Agricultural Laboratories,
eight possibly interfering species were chosen: sulphate (SO2�

4 ), chloride (Cl�), phos-
phate (PO3�

4 ), nitrite (NO�
2 ), ammonium (NH+

4 ), calcium (Ca2+), potassium (K+),
and magnesium (Mg2+). Higher concentrations of SO2�

4 and Cl� were also tested
because they rank above NO�

3 in the Ho↵meister series, so were of particular concern
as interfering species. Solutions for selectivity experiments were made with powdered
Na2SO4, NaNO2, KCl, MgCl2, Ca(NO3)2, NH4Cl, Na3PO4, and NaCl obtained from
Millipore Sigma. The concentrations of these chemicals are listed in Table 3.2.

The two-solution method, which is a mixed solution method, was used to deter-
mine the KPOT

A,B
values of the ISEs for the ions listed above [102]. Printed ISEs were

paired with a commercial Ag/AgCl reference electrode. Then, measurements were
recorded first in 1mM NaNO3 and then interfering salt and 1 mM NaNO3. Figure
3.5 shows the output potential for one nitrate ISE in blue. Between each exposure
to an interfering species (shown in white), the sensor was measured in 1 mM NaNO3

(shown in gray) to provide reference data for the next species. The insert of figure
3.5 shows how the potential di↵erence, �E, for magnesium was found as the step
change from 1 mM NaNO3 to 1 mM NaNO3 + 16.5 mM MgCl2.

The �E was then used in Equation (3.4) to calculate K
POT

A,B
.

K
POT

A,B
= aA(e

�EzAF/(RT ) � 1)/(aB)
zA/zB (3.4)

We also measured the printed REs’ response to interfering ions by measuring
them against commercial glass electrodes, first in 1mM NaNO3 and then interfering
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Figure 3.5: Potential over time of an ISE measured against a commercial reference
electrode in solutions of various interfering ions (blue), and potential over time of a
printed RE measured against a commercial reference (yellow). Both responses are
stable with changing interference ions. (Inset) �E is the potential di↵erence between
measurement in 1 mM NaNO3 and measurement in solution containing an interfering
ion.

salt and 1 mM NaNO3. The yellow line in figure 3.5 shows one RE’s potential in
the interfering solutions as an example. Because REs should not have Nernstian
responses to ions, Equation (3.3) is not a good model for RE behavior. Instead,
simple �E values are reported in Table 3.2. ISE K

POT

A,B
and RE �E values reported

in the table are averages for N=4 electrodes.
As shown in Table 3.2, the K

POT

A,B
values for the ISEs and �E values for REs

were quite small for most ions except Ca2+ at concentrations that are expected in
soil. Ca2+, however, had a significant impact on both the ISE and the RE, indicating
that in soils with high concentrations of calcium, the sensor might be unreliable, or
at least require site-specific calibration.

In addition to being insensitive to interfering ions, their presence should not lower
the sensitivity of the ISEs to NO�

3 . The sensitivity of four sensors was measured
between 0.1 and 100 mM concentrations of KNO3 and NH4NO3 fertilizers, and 0.05
to 50 mM Ca(NO3)2. The sensitivities in KNO3 and NH4NO3 fertilizers were �52.6
± 5 mV/dec and �51.1 ± 4 mV/dec, respectively, but �29.3 ± 10.6 mV/dec in
Ca(NO3)2. The impact of Ca2+ on sensor behavior is important and deserves further
study because Ca2+ can be present at high concentrations in soil, and is used in
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Table 3.2: Nickolsy–Eisenman coe�cients for ions found in soil.

Chemical

(ppm)
Concentration

Concentration

and Salt

Used

KPOT

A,B
for

ISE

�E for RE

(mV)

Sulphate 20 ppm
0.2 mM
Na2SO4

�0.087 �0.67

Sulphate 96 ppm 1 mM Na2SO4 �0.019 �4.33
Chloride 35.5 ppm 1 mM NaCl 0.064 0.33

Nitrite 30 ppm
0.65 mM
NaNO2

0.086 �0.67

Ammonium 10 ppm
0.55 mM
NH4Cl

0.012 �0.67

Potassium 600 ppm 15.3 mM KCl 0.317 �2.33

Magnesium 400 ppm
16.5 mM
MgCl2

0.004 3.67

Phosphate 20 ppm
0.2 mM
Na3PO4

0.074 2.00

Chloride 5300 ppm 150 mM NaCl 0.002 2.67
Calcium 3000 ppm 75 mM CaCl2 1.377 12.67

fertilizers as well.

3.6 Biodegradable Nitrate ISEs

The nitrate ISEs made of gold ink printed on plastic and encapsulated with Teflon,
as used in the experiments above and illustrated in figure 3.6a are not biodegradable.
Replacing the conductor, substrate, and encapsulation layer with biodegradable ma-
terials is required to make a biodegradable sensor.

One option is to replace the printed gold with conductive zinc ink described
in chapter 2. As an initial test of this, Zinc:PVP ink was printed on PHBV—
a biodegradable polymer—and paper substrates. The encapsulant remained non-
degradable Teflon, and the same nitrate ion-selective-membrane cocktail was drop
cast directly on the zinc which was exposed through a laser-cut window in the Teflon.
This ISE is illustrated in figure 3.6b.

The zinc ISEs printed on paper substrates showed no response to changing ni-
trate conditions, which might indicate complete loss of conductivity of the zinc on
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paper, as discussed in chapter 2. The zinc electrodes on PHBV took longer than
one minute to settle to a new potential after changing concentration. The output
potential jumped more than 500 mV or as little as 2 mV for a factor of 10 change in
nitrate concentration. The output potential did not return to the same value each
time the ISE was in a single concentration. This unpredictable and unstable re-
sponse, illustrated in figure 3.7, indicated that zinc was not a suitable biodegradable
conductor for a potentiometric nitrate sensor. Nitrates are oxidizing agents, while
zinc is a reducing agent, thus any contact between the nitrate solution and the zinc
electrode, which could happen from di↵usion through the membrane, or via pinholes
or leaks at the edges of the membrane, invites a reaction between the zinc and the
nitrate. It is important to keep zinc well encapsulated and away from open windows
in the encapsulation material to prevent this.

Another group of biodegradable conductive materials are forms of carbon. Car-
bon is not conductive enough to use for e�cient radio-frequency antennas, but the
higher resistive losses of carbon traces are not detrimental to potentiometric sen-
sor performance because of the very small—ideally infinitesimal—currents involved.
Forms of carbon have often been used as solid contact layers in potentiometric sen-
sors [98]. The high surface area and hydrophobicity of carbon can improve sensor
stability relative to bare metal conductors.

For initial characterization of carbon as a conductor for nitrate sensors, we began
with the simple ISEs shown in figure 3.6c. These are made of carbon on paper
with wax encapsulation and do not include a rigid stake or integration with other
components. Ultimately, carbon electrodes can be connected to zinc traces leading to
the communications chip to form an integrated node. ISEs built like this would use
wooden substrates with planarization layers and beeswax encapsulants, as illustrated
in figure 3.6d.

Carbon ISEs were fabricated according to the following process. Carbon elec-
trodes, which were 1-inch wide by 2.5 inch-long rectangles, were printed on Bristol
paper (Strathmore 500 series 2-ply plate finish) using 114-34A/B187 (Creative Ma-
terials, Ayer, MA, USA) carbon ink with a Zehtner Universal Film Applicator and
a doctor blade (Zehtner ZUA 2000). A laser-cut stencil defined the electrode geom-
etry. Printed carbon electrodes were cured at room temperature for 24 hours and
then encapsulated with 700-µm-thick beeswax sheets. The wax sheets were made by
melting white beeswax pellets (Sky Organics, Maimi, FL, USA) in a crock pot. A
sheet of plywood was soaked in water, then dipped in the melted wax, which was
then peeled o↵ the wet wood. Wax sheets were stored at room temperature, then
cut to size using a laser cutter. The window in the beeswax layer was 0.75 inches in
diameter, and defined the active area of the sensor, since the carbon strip was broad.
A windowless wax sheet was used for back encapsulation while one with a window
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Figure 3.6: a) Conventional, non-degradable ISEs use a PET substrate, printed gold
conductor, and teflon encapsulation. b) Initial degradable nitrate ISEs used a PHBV
substrate, printed zinc conductor, and teflon encapsulation. c) Functional degradable
nitrate ISEs used a paper substrate, carbon conductor, and beeswax encapsulation.
d) When integrated into a full sensor node, the ISE is a carbon electrode connected to
a zinc trace, with the carbon-zinc joint well away from the active electrode area. The
substrate is wood with wax or PCL planarization layer, encapsulated in beeswax.

was used on the front. The wax-paper-wax stack was placed in a 120 �C oven for 2
minutes to briefly re-melt the wax, allowing it to seal to the paper substrate. The
ISMs were made by drop casting 180 µL of the same ISE membrane cocktail as was
used for the gold electrodes.

Carbon ISE sensitivity was measured first against a commercial reference elec-
trode. The sensitivity of 9 ISEs was -45.5 ±5.7 mV/dec. The average E0 of the
carbon electrodes, -112 mV, was significantly lower than that of gold ISEs, because
the wire-carbon and carbon-membrane boundary potentials are di↵erent from those
of gold. The E0 variation was 14.5 mV, comparable to the in-batch variation for gold
electrodes.
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Figure 3.7: Carbon makes a good ISE. Zinc doesn’t.

Figure 3.7 shows the sensitivity of several carbon ISEs, together with the re-
sponse of a zinc ISE, and four gold ISEs as a control. The zinc behavior was clearly
di↵erent from functional ISEs’. The nearly parallel slopes of the gold and carbon
ISEs illustrate their similar sensitivities, while the o↵set between the groups of lines
represents the di↵erence in E0.

3.7 Fully Printed Sensors

Pairing the printed ISE with a printed RE results in a fully printed sensor which
realizes the benefits of printing: low cost, high-throughput manufacturing, no glass
or liquid components, and production in form factors that are suitable for use in
field deployments. Figure 3.8a shows the potential over time for a printed gold ISE
measured against a commercial reference in light blue, and the same gold ISE paired
with a printed reference in dark purple. The E0 value changed, which was expected
because the interfaces present in a printed RE are di↵erent from those of a commercial
RE. For this sample, the fully printed sensor’s potential was approximately 87 mV
below the printed ISE–commercial RE pair. Both versions had high sensitivity over
the 0.1 mM to 100 mM range, response times less than 10 s, and hysteresis less than
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Figure 3.8: a) Potential over time for a gold ISE measured against a commercial
glass reference electrode (light blue) and against a printed reference electrode (dark
purple). The change in reference electrode changed the E0 of the pair by 87 mV.
b) Sensitivity curves for printed sensors using gold ISEs from two di↵erent batches.
The average sensitivity for these four sensors is 48.0 ± 3.3 mV/dec. c) Potential
versus nitrate concentration for three sensors in a high-organic-matter soil.

5%.
The sensitivity of four such printed sensors, from two batches, is shown in Fig-

ure 3.8b. The sensitivity of these gold ISEs when measured against glass REs was
�54.3 ± 2.6 mV/dec, which is near Nernstian and comparable to other nitrate ISEs
in Table 3.1. When the glass references were replaced with printed references, the
sensitivity decreased slightly to 48.0 ± 3.3 mV/dec. This decrease in sensitivity can
be attributed to the slight sensitivity of the printed reference electrodes to nitrate.
Again, E0 variation was considerable, particularly from batch to batch. This was
expected given the batch-to-batch variability of the ISEs and the sample-to-sample
variation of printed REs.

A similar trend was seen for carbon-based nitrate ISEs. The sensitivity of five
nitrate sensors made of carbon-on-paper ISEs and silver/silver-chloride-on-paper
printed references is shown in figure 3.9a. These ISEs, when measured against glass
references, had sensitivity of �40.2 ± 6.2 mV/dec. When measured against printed
references, their sensitivity was �39.1 ± 4.3 mV/dec. Again, replacing the commer-
cial reference with a printed reference did not decrease sensitivity.

Next, fully printed sensors were measured in soil. For these measurements, a
set of six small pots each containing 50 g of peat soil were prepared. The soil was
an agricultural peat soil from Bouldin Island in the Sacramento–San Joaquin Delta,
California [103, 104]. Each container was watered to 50% soil moisture by mass using
pure water, or 1, 10, 100, or 1000 mM nitrate solution. KNO3 was used as the source
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Figure 3.9: a) Sensitivity curves for five printed sensors using carbon ISEs. b)
Potential versus nitrate concentration for two sensors in a high-organic-matter soil
and three sensors in sand.

of nitrate. The sensors were connected to a Campbell Scientific CR1000 data logger.
The sensors were inserted into each container and their potential recorded every 5 s
until the output stabilized for at least 3 min per concentration. After measurement
in one container, the sensor was removed, rinsed with deionized water, and inserted
into the next container. The carbon-based sensors were also measured in sand–a
commercially available desert sand from Mosser Lee, (Milston, WI, USA)–following
the same procedure.

A post-sensor test KCl extraction was conducted on each soil sample to deter-
mine the total extractable nitrate concentration—including background NO�

3 already
present in the soil prior to watering—in each soil treatment. Approximately 15 g of
each soil sample was added to 75 mL of 2M KCl solution and shaken for 1 hour at
180 rpm. Samples were subsequently filtered through pre-washed Whatman 1 filter
paper (Cytiva, Marlborough, MA, USA) and extracts were frozen until colorimetric
NO�

3 analysis (EPA-127-A Rev 8) could be performed using a Seal AQ300 Analyzer
(Seal Analytical, Mequon, WI, USA).

Figure 3.8c shows the relationship between the non-degradable printed sensors’
potential and the log of the concentration of nitrate, which was linear with R2 val-
ues of 0.98, 0.99, and 0.87. The average sensitivity was �47 mV/dec, which was
similar to their sensitivity in aqueous solution. This is an important result because
it shows that the sensitivity of the NO3 ISEs in direct soil application—rather than
slurries or percolates—can be as good as their sensitivity in solution. The E0 vari-
ation means that each sensor would need individual calibration to provide absolute
accurate measurements, rather than relative changes; this is a challenge common to
ISEs, including commercial nitrate probes. These results are promising for the future
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application of printed ISEs in soil media.
Figure 3.9b shows the response of carbon-based nitrate sensors to nitrate in sand

and peat soil. These sensors also had good linearity with R2 values above 0.96.
The average sensitivity in peat was -35 mV/dec, and in sand it was -33 mV/dec.
Moreover, the sensitivity of individual sensors (tracked by color in the figure) did
not change significantly from solution to soil measurements. The E0 values cluster
by soil type, which raises the question of how soil type impacts sensor performance
and what calibration will be needed. This is investigated further in section 6.2.

3.8 Stability

For practical use in agricultural and environmental contexts, sensors need to be
stable, meaning they do not drift over time. For less than 5% error in concentration
readings over a 90-day lifespan, sensor drift should be less than 1 µV/hour. There are
two common causes of drift in solid-state potentiometric ion-sensors: charge build-up
from stray currents and water layer formation. In order to understand the origins
and solutions of these phenomena, it is helpful to return to fundamental operating
principles of a solid-state potentiometric sensor.

The job of an ISE is to transduce a chemical concentration in the surrounding
sample to an electrical voltage on a wire. In the ISM, charges are carried by ions,
while in the conductor, charges are carried by electrons. To go from ions to electrons,
two mechanisms have been used. One is to use a redox-active transducing layer
between the ISM and the conductor, which can chemically mediate between ions
and electrons. The other approach is to rely on capacitive coupling where the charge
on the ISM side of the membrane-conductor boundary is in ions, and the charge on
the conductor side of the boundary is in electrons. Simple coated-wire electrodes
illustrated in figure 3.10a, like the original demonstrations of solid-state ISEs and
the gold electrodes presented here, work on this capacitive principle, but have a
small surface are and correspondingly low capacitance. Although current through
the device should ideally be zero, in reality it is on the order of pA, and depends on
the input impedance of the voltmeter used for measurement. Over long periods of
time, this small current accumulates as charge on the capacitor.

Printed carbon has a greater surface area than printed gold, as illustrated in
figure 3.10b. The increased surface area increases electrode capacitance, which in
turn decreases potential drift over time.

Another source of drift is the formation of a thin layer of water under the ISM, as
shown in figure 3.10c. Such a water layer can form from water di↵usion through the
membrane, percolation through pinholes, or from leaks around the edges. If present,
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Figure 3.10: a) Simple coated-wire type ISE without a transducer layer between the
ISM and the conductor. b) Adding a carbon transducer layer between the ISM and
the conductor increases surface area, increases capacitance, and reduces water layer
formation. c) A coated-wire type electrode can form a layer of water under the ISM,
which causes drift.

di↵usion of ions to and from the water layer alters the boundary potentials at the
membrane-water and water-conductor layers. The diagnostic test for a water layer
was described by Fibbioli et al. [105].

An ideal nitrate sensor will not form a water layer between the ISM and the solid
contact or conducting layer. Such an ideal device would have no drift during exposure
to high nitrate concentration, when exposed to an interfering solution the potential
will change as a step function to a new stable value corresponding to very low nitrate
concentration, upon return to the original high nitrate solution, the potential should
come back to its original value quickly and stably.

The top panel of Figure 3.11a shows the measured stability of two gold ISEs. In
this water layer test, 100 mM NaNO3 was used as the primary solution, and 100
mM NaCl was the interfering solution. First, the ISEs were conditioned in NaNO3

until they were stable. The final hour of stable output in NaNO3 is shown, followed
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Figure 3.11: a) Water layer test with gold electrodes indicates formation of water
layer. b) Water layer test with carbon electrodes shows more stable behavior.

by two hours in the interfering solution, and returning to NaNO3 for 24 hours. The
potential showed some drift during both the NaCl step and the NaNO3 return, which
could indicate the presence of a water layer on the electrode’s surface, which was not
unexpected for this type of coated-wire electrode. However, the electrode’s stability
was surprisingly good—on par with values reported in the literature, which involved
specific modifications for stability. The di↵erence between the potential immediately
before and the potential immediately after the NaCl step was 15 mV, for the ISE
shown in yellow, the same as found by Chen for electrodes using gold nanoparticles
and Polypyrrole (PPy) to improve stability [93]. The drift over time for our electrodes
was 0.7 mV/h, which is comparable to the 0.8 mV/h and 0.9 mV/h for screen-printed
electrodes reported by Jiang and Fan, respectively [106, 86].

In addition to the increased surface area, a printed carbon layer is more hy-
drophobic than printed gold. The hydrophobicity helps prevent the formation of a
water layer. Figure 3.11b shows water layer tests for two carbon ISEs. Both were
very stable in NaNO3 and NaCl. Their potentials returned to their pre-NaCl values
almost immediately after the move from NaCl back to NaNO3.
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3.9 Conclusions

We designed and fabricated fully printed potentiometric nitrate sensors comprising
a printed nitrate ISE and printed RE. The printed nitrate ISEs showed a near-
Nernstian sensitivity of �54.1 ± 2.1 mV/dec when paired with a glass RE. A printed
RE with low sensitivity to nitrate was developed using a membrane composed of
PVB, NaCl, and NaNO3. Fully printed nitrate sensors demonstrated sensitivity of
�48.0 ± 3.3 mV/dec in solution and �47 mV/dec in soil. Printed sensors were not
significantly impacted by sulphate, chloride, phosphate, nitrite, ammonium, potas-
sium, and magnesium at concentrations expected in soil, but calcium did interfere
with sensor behavior.

The fabrication methods used here are scalable and relatively low-cost when com-
pared to conventional electronics. Because the sensors are passive, they would require
little power to be read, which is advantageous when integrating into wireless sensor
nodes. As a result, they could be widely distributed throughout a landscape to
map the movement of nitrate through the watershed, inform e�cient application of
fertilizer, or alert residents to elevated nitrate levels in drinking water.
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Chapter 4

RF Antennas

Sensors are only useful if their data can be read, which means data transmission
is required. For a network of many sensors, that transmission should be wireless,
because wired connections would involve many miles of wires, and create a real
rat’s nest of cables. All wireless communications rely on antennas of some type.
An antenna is “the transitional structure between free-space (propagation of radio
frequency, or RF, waves) and a guiding device” such as coaxial wires that deliver
current and voltage to a circuit [107]. As such, any time an electronic signal goes
from currents and voltages in a circuit to electromagnetic waves or vice versa, an
antenna is involved.

For the agricultural sensor nodes, passive Ultra High Frequency Radio Frequency
Identification (UHF-RFID) was chosen as an initial wireless communication proto-
col because it enables battery-free sensor nodes and medium-range communication
distances. This protocol dictates operation in the 902-927 MHz frequency band in
the US, so antennas must be designed to operate in that band.

This chapter has two parts. First, non-degradable antennas for use in free space
are designed, printed, and characterized. These antennas demonstrate the advan-
tages and disadvantages of di↵erent printing techniques and prove good functionality
of very compact antenna designs. Sections of this work were originally published as
“Printed, flexible, compact UHF-RFID sensor tags enabled by hybrid electronics”
[108]. Next, antenna designs are modified for use with biodegradable substrates, en-
capsulants, and conductors. This chapter focuses solely on the physical performance
of the antennas. Integration of printed antennas with RF integrated circuits (RFICs)
to form complete tags and the connection of printed sensors to these tags is discussed
in Chapter 5.
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4.1 Antenna Design

Antenna design begins with an understanding of electromagnetic (EM) wave propa-
gation and basic antenna types. Here, we focus on modified half-wavelength dipoles.
Dipoles have a simple structure, and are planar, making them easy to print. All
the metal surfaces are on one side of the substrate, so through-vias are not needed.
Dipoles use less metal than slot or patch type antennas, and for biodegradable appli-
cations, minimizing total metal in the system is desire able, even though the metal
is biodegradable. Further, as we will see, dipole designs can be modified to fit in a
small area footprint, allowing for compact and unobtrusive sensor stakes.

Dipole Antennas

A half-wavelength dipole is essentially a wire. It is connected to an external circuit
by a feed line which joins the dipole at a small gap at its center and provides current
when the antenna is transmitting. When an antenna is receiving, the process is
the same as transmission but in reverse. The current is time-harmonic (sinusoidally
varying) and spatially distributed along the dipole’s length as a cosine function,
with nulls at the ends and a peak at the feed line, as illustrated in figure 4.1a.
The time harmonic current in the wire generates time-varying magnetic fields B, as
illustrated in figure 4.1b, which in turn create time-varying electric fields E, leading
to propagating EM waves, according to Gauss’s laws. The wavelength of the EM
wave is set by the length of the dipole, as shown in figure 4.1c. The EM waves
propagate away from the dipole symmetrically about the axis of the dipole, with nulls
at the ends of the wire, as illustrated in figure 4.1d. This donut-shaped radiation
pattern is characteristic of dipole antennas, and can also be represented by two
2D plots, as shown in figure 4.1e. More complete physical descriptions of antenna
radiation mechanisms can be found in numerous textbooks, for example Ulaby [109]
for introductory material and Balanis [107] for extensive mathematical derivations.

Another fundamental property of an antenna is its input impedance, Zin, which
is defined as Zin = Ṽ

Ĩ
where Ṽ is time-harmonic voltage, Ĩ is time-harmonic current,

and Zin is generally complex. The real part of Zin represents power radiated away
from the antenna, and the imaginary part represents power stored in fields near the
antenna. A standard half-wavelength dipole has Zin = 73 + j42.5⌦. In systems,
the antenna impedance must be matched to that of the load or line to which it
is connected. Matching means that the impedance of the antenna is the complex
conjugate of the load. Impedance matching will be discussed in more detail in section
4.3 and 5.2. For now, we will use a load of 50+0j⌦, which is the impedance of
standard coaxial cables used in the lab.
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Figure 4.1: a) A half-wavelength dipole is two wires connected to a feed line at a
narrow gap in the middle. b) Time-varying current in a wire creates time-varying
magnetic fields, which generates time-varying electric fields, becoming electromag-
netic wave propagation. c) The wavelength of the electromagnetic wave generated
is set by the length of the dipole. d) A dipole radiates symmetrically in all direc-
tions away from the wire, with nulls at the poles of the wire. e) The classic dipole’s
donut-shaped radiation pattern can be represented by two 2D plots instead of a 3D
rendering.

Folded Dipoles

The impedance of a standard half-wavelength dipole, like the one shown in figure
4.2a, is a fundamental property of that geometry. Changes to the antenna geometry
can change the input impedance while keeping the wavelength constant. One way to
do this is to use a folded dipole, which is a narrow loop of wire, as shown in figure
4.2b. This structure works as a transformer and antenna at once, and generally
serves to increase Zin. For planar, printed folded dipoles, the impedance can be
tuned by the width and spacing of the lines.
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Figure 4.2: a) A standard half-wavelength dipole. b) A folded dipole is a very
narrow loop of wire that is still a half-wavelength from end to end. Width and gap
dimensions can be used to vary input impedance. c) The arms of the folded dipole
can be bent in to form a more compact antenna.

Miniaturization

The wavelength and frequency of all waves are related by their velocity u according
to equation 4.1.

u = �f (4.1)

For EM waves, velocity is the speed of light c, divided by the relative permittivity,
✏r of the material the wave is traveling in, which is 1 for air. Thus, for waves at 915
MHz in air, the wavelength is

� =
c

f
=

3⇥ 108 m/s

915⇥ 106 Hz
= 32.79 cm

This means that a half-wavelength dipole for 915 MHz would need to be about
16 cm long, which becomes cumbersome for fabrication and intrusive in in-field in-
stallation.

Antenna miniaturization is an area of antenna design which aims to reduce the
size of an antenna while maintaining acceptable performance [110]. This reduction
in size can be of the longest linear dimension, D, the area, or the volume of the
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Figure 4.3: An overview of the printed tags presented in this manuscript in com-
parison to the state of the art. a) A printed, flexible, meander monopole antenna
can be used in a passive UHF RFID tag that is easily integrated onto a small, non-
conformal package like a pill bottle. b) Printed antennas on a flexible substrate
reported in literature (black circles) can have high to moderate antenna gain. How-
ever, such antennas also have large diameter relative to their operating wavelength
(D/�), where “diameter” refers to the longest distance between two points on the
antenna, as illustrated in the inset. This makes them less suitable for applications
where small form-factors are desirable. Other examples in literature that pursued a
smaller D/� resulted in antennas with low gains (bottom of the figure). Notably, the
antennas described in this work (red circles) have small D/� and moderate gain. c)
A typical dipole antenna with large D is not suited for integration on small packages.
d) This work presents three types of printed, passive tags on flexible substrate for
operation in the UHF RFID band (902-928 MHz). The antennas used in Type I are
externally-fed folded dipoles, type II are internally-fed folded dipoles, and type III
are on meander monopoles with ground pads on the front side of the substrate. All
tags operate using an RFIC mounted on printed traces.

antenna. Typically, small antennas have much poorer performance–often quantified
by the antenna’s gain–than their larger counterparts.

Figure 4.3b shows that in literature, antennas with small longest linear dimension
typically also have reduced maximum antenna gain [111, 112, 113, 114, 115, 116, 117,
118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 130, 131,
133, 134]. The antennas designed and studied here have small linear dimensions wile
preserving reasonable gain, as shown in Figure 4.3b.
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Design and Simulation Methods

Antenna design began with numerical simulations. An antenna type and dimensions
were chosen based on the envisioned application, specifications on antenna geometry,
and boundary conditions of the fabrication. For example, folded dipole type anten-
nas were chosen for the reasons described above, and minimum line width was set to
about 500 µm based on printing limitations. Initial designs were proposed and simu-
lated in an electromagnetic solver, which returns antenna parameters like impedance
and gain. The dimensions and feeding strategy of an antenna were adapted digitally
in order to optimize antenna parameters and ensure compliance with the predeter-
mined specifications. However, simulation results typically di↵er from reality because
of assumptions and idealizations made in the calculations, so physical antennas were
fabricated and characterized as part of the antenna design. With this information
numerical models were updated to more closely match measurements.

The antennas were designed using numerical simulations in the finite-di↵erence
time-domain (FDTD) simulation software Sim4Life (ZMT, Zürich, Switzerland).
The dipoles were developed based on the designs presented in [112]. The dimensions
of the dipole traces were adapted to achieve a target power reflection coe�cient < -
10 dB in the UHF RFID frequency band (902-928 MHz in the USA) in reference
to 50 Ohms. The meandered monopole was designed to be compatible with stencil
printing methodology, which limits trace thickness and inter-trace spacing were to 1
mm. The meander width and number of meanders were varied in order to achieve a
power reflection coe�cient < -10 dB in the UHF RFID frequency band. The conduc-
tive traces were modeled as conductive sheet with � equal to the conductivity of the
conductive ink used for screen printing (� = 5 ⇥ 106 S/m) and the PEN substrate
as a brick with ✏r = 3.5, � = 0 S/m, and thickness = 125 micrometer. Conductive
traces were modeled with a maximal grid step of 1 mm in the FDTD algorithm.
The substrate was modeled with a single step of 125 micrometer in the transverse
dimension and maximal steps of 1 mm in the other two dimensions. The antennas
were fed a Gaussian pulse with center frequency 1 GHz and bandwidth 1 GHz using
a voltage source. The voltage and current on the antennas are monitored using the
simulation software and the simulation is terminated once those quantities reach a
steady-state solution.

4.2 Antenna Fabrication

Here, we describe antenna fabrication with several di↵erent printing techniques. The
performance of a physical antenna depends on its fabrication method. Many meth-
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Figure 4.4: Dimensions of a printed folded dipole antenna. a) Complete RFID tag
including the antenna, traces for mounting the IC and matching inductor, and printed
capacitive touch sensor. b) The antenna alone used for S11 and radiation pattern
measurements.

ods of printing have been used to make RF systems and antennas [135, 136], in-
cluding screen-printing [111, 115], gravure-printing [137], spray-coating [112] and
inkjet-printing [113, 138, 139]. Using our first antenna design, Type I (see Figure
4.4), we characterized the impact of printing technique on antenna performance by
printing the same antenna with four di↵erent techniques: inkjet printing, stencil
printing, spray coating, and screen printing. The printing technique impacted trace
thickness, overall profile shape, edge and surface roughness, and sample-to-sample
variability. These physical parameters in turn impacted the RF performance of the
antenna.

Antenna Printing

Tags and antennas were fabricated using di↵erent printing techniques on plastic sub-
strates. All samples were printed on a 125 µm-thick polyethylene naphtalate (PEN)
substrate (Q65HA from Teijin Dupont Films, Wilmington, DE, USA).
Inkjet Printing Antennas were printed with DGP 40LT-15C silver ink (Advanced
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Figure 4.5: a) Microscope images of the top-left corner of the antenna show surface
and edge roughness of patterns made with inkjet, stencil, screen, and spray printing
(in a clockwise direction). b) Profiles of traces printed with the same four techniques.
The vertical axis shows the trace height, while the horizontal axis shows the traces’
transverse direction. The colors indicate di↵erent printing techniques.

Nano Products, Sejong, Korea) using a Dimatix DMP-2850 inkjet printer (Fujifilm
Dimatix, Santa Clara, CA, USA) with a 10-pL cartridge. Samples were printed with
a drop spacing of 25 µm and a platen temperature of 52 �C during printing, and
annealed in a vacuum oven for one hour at 140�C .
Spray Coating Patterns were defined using laser cut stencils. The stencils were
cut from adhesive Kapton film (Dupont) using a laser cutter (Universal Laser Sys-
tems Inc, Scottsdale, AZ, USA). Silver ink designed for spray coating, PSPI-1000 ink
(NovaCentrix, Austin, TX, USA), was applied by hand with an aerosol brush. After
printing, the samples were annealed at 130�C for 15 mins.
Stencil Printing The stencils for stencil printing were prepared in the same way
as the stencils for spray coating. Silver ink, 126-33 extremely conductive silver ink
(Creative Materials, Ayer, MA, USA), was applied using a razor blade held in con-
tact with the stencil. Samples were annealed on a hot plate at 130�C for 10 min,
then the adhesive stencil was removed.
Screen Printing The screens were ordered from NBC Meshtech (Bavaria, IL, USA).
Screen printed samples used the same ink and annealing conditions as stencil printed
samples.
Antenna Profiles Thickness and roughness of the traces produced by each tech-
nique were measured with a Veeco Dektak MG stylus profilometer.

Figure 4.5a shows the edge roughness of one corner of Type I antennas made
with the di↵erent printing techniques. Inkjet printed traces had a smooth surface
and periodic extensions along the edge. The regularly spaced bulges resulted from
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the spreading of regularly spaced ink droplets. The stencil and spray coated traces
were defined by laser-cut adhesive stencils as described in the methods section. The
laser cutting of the stencils made rough edges which can be seen in both these sets
of traces. The screen printed traces had comparatively straight edges.

The thickness profiles of traces made with these four techniques are shown in
figure 4.5b. The inkjet printed traces were by far the thinnest, at about 200 nm
thick. This is typical for inkjet-printed traces, which are made with relatively small
volumes of low viscosity ink. The stencil printed samples had the thickest traces
of 43 µm, while the spray-coated traces were about 3-8 µm thick, and the screen
printed samples were about 20 µm thick. The large ridges on the edges of many
stencil printed samples and some spray coated samples formed when ink dried on
the edge of the tape stencil and remained after the stencil was removed. The surface
roughness, quantified here as the root mean square error of the central portion of
each trace, also depended on fabrication method. The surface roughness was 14 nm,
2.3 µm, 1.6 µm, and 2.0 µm for inkjet, spray, stencil, and screen printed traces
respectively. Surface roughness has some impact on the impedance of printed RF
components with lower roughness leading to lower Ohmic resistance [140].

The thickness (t) of the traces significantly impacts their resistance and RF
e�ciency. Thin conductors are characterised by their sheet resistance (Rs), with
Rs = ⇢/t [in ⌦/⇤]. The resistivity ⇢ [in ⌦ �m] is a material property; in inks it is
determined by the type of conductor (silver, for all of our inks), as well as the type
and concentration of additives and binders in the ink, and the annealing conditions.
The ink used for inkjet printing had the lowest ⇢ = 1.15⇥ 10�7⌦�m, while the con-
ductivity of the ink used for screen and stencil printing was ⇢ = 2⇥ 10�7⌦�m and
that of the spray coating ink was ⇢ = 8.5⇥10�7⌦�m. However, because the inkjet-
printed traces were much thinner than those obtained using any other techniques,
the sheet resistance was highest for inkjet printing with Rs = 0.5⌦/⇤ in comparison
to Rs = 1.8 ⇥ 10�2⌦/⇤ and Rs = 2.9 ⇥ 10�2⌦/⇤ for stencil and screen-printing,
respectively.

For AC applications, comparing the skin depth (�s) to trace thickness provides
insights about the current distribution and losses in a thin trace. AC current travels
along the edge of a conductor, and the skin depth gives an indication of the thickness
of a conductive material that carries current. Skin depth is given by:

�s =
1p

(⇡fµ�)
(4.2)

where � = 1
⇢
is the conductivity, f = 915MHz is the frequency of interests, and

µ = µ0 = 4⇡ ⇥ 10�7[H/m] is the magnetic permeability [109]. A conductor whose
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thickness is less than �s will have significant losses compared to a thick conductor
or an infinitely thin perfect conductor. At 915 MHz, using the inks’ resistivities, we
found �s = 6 µm for inkjet-printed traces, �s = 15 µm for spray coated traces, and
�s = 7 µm for stencil and screen printed traces, which were made with the same
ink. The screen-printed and stencil printed traces had a thickness that exceeded
their �s, while the spray coated traces were somewhat thinner than their �s, and
the inkjet-printed traces were more than an order of magnitude thinner than �s in
that material. This means that the inkjet printed trace su↵ered significant losses
compared to the other printing techniques.

4.3 Antenna RF Characterization

Methods

During all measurements the antennas were directly connected to an SMA cable
using the 292-64A-06 connector. Voltage reflection coe�cient (S11) measurements
of antennas printed using di↵erent techniques were executed using a VNA (Agilent
N5242A, PNA-X, Santa Clara, CA, USA). All S11 measurements were executed in
reference to 50 ⌦. Antenna Gain measurements of antennas printed using di↵erent
techniques were executed using two-port measurements with the same VNA. The
VNA registered two-port S-parameters of two antennas mounted at a fixed distance
of 61 cm. S-parameter were averaged over 50 sweeps from 500 MHz to 1500 MHz with
1001 frequency steps of 1 MHz and were then used in the three-antenna method [141]
to determine antenna gain. During these measurements, all antennas were placed
parallel with their printed sides facing each other in a mirrored configuration. An-
tenna gain as function of (✓,�) and polarization were measured with the same VNA
in the same setup as the antenna gain measurements. During these measurements,
one antenna was kept static, while the second antenna in the transmission mea-
surement setup was rotated in either the azimuth angle (�) or the elevation angle
(✓) in order to obtain the dependency of G� and G✓ on both components, result-
ing in a radiation pattern. Antenna bending measurements were executed using
the screen-printed antennas and the same VNA with the same configuration as the
measurements described above. During these measurements, one antenna was kept
static, while the second was bent around it’s middle horizontal and vertical axes of
the antenna as shown in the insets of figure 4.7b.
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Figure 4.6: a) Power reflection coe�cient (S11) parameters show that spray coated,
stencil printed, and screen printed samples achieve good resonance (S11 ¡ -10 dB) in
the targeted 902-928 MHz band, while inkjet printed samples have a much smaller
resonance peak. b) Bending the antenna around a smaller radius shifts the resonance
peak (frequency where S11 is the lowest) to higher frequencies. Up to radii of 20
mm, the peak stays within the 902-928 MHz band.

Results

The physical properties of the printed samples influenced the RF performance of
the printed antennas. We quantified the RF performance using three parameters:
antenna power reflection coe�cient (|S11|2), antenna impedance, and antenna di-
rectvitity/gain. The |S11|2 of the Type I printed antenna fabricated using di↵erent
printing techniques were measured to characterize the RF performance of the an-
tennas. |S11|2 is a standard performance metric for antennas [142]. At the resonant
frequency small |S11|2 (large negative values in dB) indicate that most of the power
provided to the antenna is not reflected but is transmitted. Our design targeted 90 %
accepted power in the UHF RFID frequency band, illustrated by a grey rectangle in
Figure 4.6a. We defined the bandwidth of an antenna as the range of frequencies over
which the antenna complies with this design goal, i.e. it has an |S11|2  �10 dB.
The resonant frequency of the antenna is that frequency where S11 is minimal. The
inkjet-printed samples did not meet the target of having a |S11|2  �10 dB in the
UHF-RFID band, due to their limited trace thickness. The stencil-printed samples
had a resonance peak at 915± 3.5 MHz and bandwidth of 23± 1 MHz, while spray
coated antennas had a peak at 913± 1 MHz and 24 MHz bandwidth. Screen printed
samples’ resonance was at 917± 2 MHz with a bandwidth of 24± 1 MHz.

The e↵ect of bending the flexible antennas was studied by bending the antenna
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in two directions, see Figure 4.6b. We have verified that when the antenna was bent,
its resonance frequencies increased, which is illustrated in Figure 4.6b for bending
around two orthogonal axes. Bending the antenna reduced its size, which increased
the resonant frequency. Bending radii down to 24 mm for both axes did not shift the
antenna out of the desired frequency band. Bending the antenna down to a radius
of 24 mm shifted the resonance frequency by -1% and 0.7%, respectively. Therefore,
this antenna design is functional when the tag is flexed. The minimum bending
radius was limited by the rigid SMA connector.

The reflected power measured by S11 comes from impedance mismatch between
the generator, cables, and the antenna. RF equipment is designed to have standard
impedance of 50 + 0j⌦. A load perfectly matched to its feed line has impedance
equal to the complex conjugate of the line, which is also 50 + 0j⌦. The reflection
coe�cient S11 is a complex number which is related to the complex impedance of
the antenna (ZA) by:

S11 =
ZA � ZL

ZA + ZL

(4.3)

where ZL is the impedance of the feed line, 50 ⌦. From this, the impedance of the
antennas was calculated [107]. Screen-printed samples (N = 8) had a real impedance
of 48± 3 ⌦ at 915 MHz, while stencil-printed samples (N = 7) had a real impedance
of 51 ± 6.9 ⌦ at the same frequency. These were also in good agreement with the
simulated value of 50 ⌦. The inkjet-printed antennas had relatively large imaginary
impedance (Im(Z) = �50 ± 1.8 ⌦, N = 4), caused by the limited thickness of the
traces.

Directivity describes how an antenna directs the power it radiates; it is defined
as “the ratio of radiation intensity in a given direction to the radiation intensity
averaged over all directions”[110], which is commonly plotted on a polar plot or
three dimensional rendering. If given as a single number, directivity refers to the
maximum value. It is usually more practical to measure gain (G), which is the
directivity times the radiation e�ciency. Radiation e�ciency is the ratio of power
radiated by the antenna to power accepted by the antenna and accounts for losses in
the antenna. Gain is given in units of dBi, where the “i” indicates the measurement
is with respect to isotropic. An antenna with a gain of 0 dBi would radiate the
same power in a given direction as an isotropically radiating source. A linear, half
wavelength dipole orientated along the z-axis has maximum gain of 1.64 (2.15 dBi)
in the x-y plain, and nulls along the z-axis [107].

We designed and characterized three types of antennas. Type I was a folded
dipole which is fed from the outside of the antenna. Type II was a very similar
folded dipole fed from inside the square. Type III was a meandered monopole, with
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Figure 4.7: Wireless performance of the studied printed antennas and tags. a) Sim-
ulated (solid line) and measured (discrete points) radiation patterns (in terms of
antenna gain normalized to the maximum antenna gain) for each of the three types
of antennas. b) 3D representations of the simulated radiation patterns shown in (a).
The colors indicate relative strength of the antenna gain. All antennas show desir-
able, dipole-like radiation patterns with uniform gain at � = 0 and varying elevation
angle, as well as two nulls at ✓ = 90o and varying azimuth

small ground pads on each side of the monopole. We measured the gain patterns
of each of the three antenna types by rotating one antenna along the azimuth and
zenith angles and measuring power transmission from one antenna to the other, as
described in the methods section.

Figure. 4.7a provides three dimensional renderings of the normalized gain of each
antenna type. Figure 4.7b,c shows the measurements of the antenna gain as a func-
tion of the azimuth angle and zenith angle. The simulated and measured radiation
patterns were very similar to those that are theoretically expected for a dipole an-
tenna, although the folding slightly increased the gain in the plane of the print. The
measured gain patterns showed relatively good correspondence with the simulated
values, indicated by the solid lines.

For each antenna type, we measured absolute antenna gain in the direction of
maximum gain where possible, using screen printed samples. Type I had a simulated
gain of 1.3 dBi, and we measured 1.2±0.2 dBi. Type II antennas had a simulated
maximum gain of 1.6 dBi, but we were unable to measure in the direction of max-
imal linear gain due to the feeding strategy and connector attachment. We instead
measured in the direction orthogonal to the plane of the antenna and found a gain
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of �1.1±0.1 dBi, compared to a simulated gain of -1 dBi in that direction. Type III
antennas were simulated with a maximum gain of 1.1 dBi, and we measured a gain
of 1.15 dBi for these antennas.

4.4 Biodegradable Antennas

The materials that an antenna is made of influence how it resonates. In moving
from nondegradable to biodegradable antennas, the conductor changed from silver
to zinc, the substrate from PET to wax-coated wood, and a top wax encapsulation
layer was added. Each of these new materials impacts antenna performance, and
design modifications are needed to account for such.

Substrates and Encapsulation

Recall from section 4.1 that the frequency at which a dipole antenna resonates is set
by

f =
c✏r

2l
(4.4)

where c is the speed of light, ✏r is the relative permittivity of the medium around the
dipole, and l the dipole’s length. The substrate and encapsulation layers around an
antenna change the e↵ective ✏r and thus the resonant frequency of the antenna. The
impact of the substrate and encapsulation layer can be accounted for by changing l,
the physical size of the dipole. This phenomenon was first explored in simulation and
appropriate scaling factors were determined for expected substrate and encapsulation
thicknesses. Next, antennas were printed in a variety of sizes to verify this technique
and the scaling factor needed for actual wood and wax properties.

Simulations

The folded dipole antennas designed above were modified using numerical simula-
tions in Ansys HFSS 3D Electromagnetic Field Simulator (Ansys, Canonsbur, PA,
USA). The conductive traces were modeled as conductive sheet with � equal to the
conductivity silver (� = 1.75⇥106 S/m) and thickness 20 µm, and the PEN substrate
as a brick with ✏r = 3.2, loss tangent = 0 S/m, and thickness = 100 µm. Beeswax
layers were modeled with ✏r = 2.6 and loss tangent = 0 S/m, and wood layers were
modeled as balsa wood with ✏r = 1.3, and loss tangent = 0 S/m. Simulations used
the driven modal mode with a lumped port with Z=50⌦. Frequency was swept with
401 points from 456 GHz to 1.37 GHz, centered at 915 MHz. The antenna geometry
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began with the design from section 4.1, and all dimensions, including trace width and
gap width, but not the lumped port width, were scaled to fractions of their original
size.

In simulation, the full scale folded dipoles on PET substrates resonate in the 902-
927 MHz band, as shown by the black dotted line in figure 4.8a. Full-scale folded
dipoles simulated on 5 mm balsa wood with 1 mm beeswax encapsulation layer on
top and bottom resonate at about 800 MHz, shown by the solid gray line in figure
4.8a. Scaling down the antenna’s physical dimensions while holding the substrate
and encapsulation conditions constant leads to an increase in resonance frequency,
as shown in figure 4.8b. The relationship between size and frequency is linear in
simulation. This linear relationship provides a design approach where a beginning
antenna size can be tested on a desired set of substrate and encapsulation materials,
and the o↵set between the measured or simulated resonant frequency and the design
frequency can be used to calculate an appropriate scaling factor for that material
set.

Measurements

Antennas were stencil printed on PET substrates using silver ink and the methods
described in section 4.2. Stencils used the folded dipole design at 100, 95, 90, 85, 80,
75, and 70% of the original size, with all dimensions except the feed points scaled
evenly. One set of antennas was attached to pre-cut wooden backing boards using
a thin layer of molten wax. Another set was attached to wood backing boards and
encapsulated by a layer of wax. An acrylic jig was laser cut to fit around the antenna
and prevent accidentally wax coating of the feed points. The jig was taped to the
mounted antenna and molten wax was poured into the opening. After the wax set,
a doctor blade heated on a 300 �C was used to reflow and remove excess wax. The
thickness of the acrylic jig and the resulting wax layer thickness was 1 mm. A
third set of antennas were left unmounted and uncoated as a control. Antenna |S11|
parameters were measured with the same VNA and SMA connections as above.

Figure 4.8c shows how decreasing size increases resonant frequency for three an-
tennas printed on PEN (shown in blue) with 100%, 85%, and 75% of the original
design size. The 85% size resonates at 1080 MHz on PEN, but 945 MHz on a wooden
substrate. Likewise, the 75% antenna resonates at 1226 MHz on PEN, but 900 MHz
on wood when encapsulated with 1 mm of beeswax. Figure 4.8d shows the linear
relationship between size and resonant frequency. The wax encapsulation condition
has a di↵erent slope between frequency and size, but is still a linear relationship.
From these relationships, an antenna designed for wood with 1 mm wax encapsula-
tion should be 73% as large as an antenna designed for 100 µm PEN. We now have
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Figure 4.8: a) A folded dipole antenna on an 100 µm PEN substrate in simulation
has a radiation peak within the 902-927 MHz design band, indicated by the gray
rectangle. The same antenna simulated with a 5 mm balsa wood substrate and 1
mm beeswax encapsulation layer has a resonance peak of around 800 MHz, well
outside the desired band. b) Scaling down the antenna’s physical dimensions while
holding the substrate and encapsulation conditions constant leads to an increase
in resonance frequency. The relationship between size and frequency is linear in
simulation. c) The measured resonance of di↵erent size antennas follows the pattern
expected from simulations. d) There is a linear relationship between antenna size
and resonance for printed antennas measured on PET substrates, wood substrates,
and wood substrates with wax encapsulation layers.

a system with two knobs to control frequency: antenna size and encapsulation thick-
ness. For a given wax thickness, an optimal size antenna can be chosen, and vice
versa. However, thick encapsulant layers also contribute to damping, so antennas
that are very small with very thick encapsulation layers do not behave exactly the
same as antennas that are large with thin layers.
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Conductor

The sheet resistance of the conductor that forms the antenna influences the depth
of the resonance peak. This trend was clear from the printing techniques study
described in section 4.3. Biodegradable conductors have lower conductivity than
commercially available silver inks. Here, we use simulations to determine the max-
imum acceptable sheet resistance for antennas to have a resonance peak below -10
dB. The zinc ink developed in chapter 2 is then used to print antennas that meet
the specifications.

Simulations

Simulations were done in Ansys HFSS using the original scale folded dipole. Zinc
ink was simulated with conductivity of 1⇥105 S/m and thicknesses of 20, 40, 60,
100, and 1000 µm. Figure 2.12a shows the simulated S11 parameters of these zinc
antennas with various thicknesses. The thicker the ink, the deeper the resonance
peak. Changing thickness does not shift resonance frequency. A tungsten ink with
conductivity of 5000 S/m and 60 µm thickness for a sheet resistance of 3.3 ⌦/⇤ was
also simulated to represent more common biodegradable conductors. This antenna
had no resonance peak at all, highlighting the importance of high conductivity ink
for biodegradable antennas.

Measurements

Antennas were screen printed zinc on PET substrates. Both Zn:PVP:NMP and
Zn:PCL:Anisole ink formulations were used. Antennas were encapsulated in beeswax
by dip coating one or two layers of wax. The Zn:PVP antennas were measured the
day after they were made using the same VNA as for the other measurements. The
Zn:PCL antenna was measured 11 days after it was printed. Antennas were also
printed with Zn:PVP:NMP on wood and wax substrates, but did not remain con-
ductive long enough to measure S11 parameters. The DC resistance of all antennas
was measured, which was used to calculate the sheet resistance of the zinc.

Figure 4.9b show the measured S11 values for five printed zinc antennas. All the
antennas have distinct resonance peaks, and two of them, with the highest conduc-
tivity, have peaks that meet the threshold of below -10 dB. The precise location of
the resonance peaks depends on the wax coating thickness for the four antennas with
peaks grouped around 800 MHz. These four antennas used the original size antenna
designed for no encapsulation layer. The antenna with the deepest peak was made
with a scaled-down design for thicker wax encapsulants and resonates near 1 GHz.
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Figure 4.9: a) simulated S11 parameters for zinc antennas of various thicknesses to
achieve di↵erent sheet resistances. b) measured S11 parameters for zinc antennas
printed on PET substrates and encapsulated by dip coating in wax. c) the relation-
ship between DC sheet resistance and S11 at resonance is the same regardless of type
of material (silver or zinc) and well modeled by simulation.

This antenna, with a resonance peak of -17.4 dB, was made with PCL-based ink,
showing an application of the ink developed in chapter 2.

Figure 4.9c shows the relationship between S11 and antenna sheet resistance
for simulations, silver antennas made with di↵erent printing techniques, and zinc
antennas. The trends for silver and zinc antennas align well, indicating that it is
indeed the sheet resistance, not the material itself, that dictates depth of resonance
peak. Both sets of measured data align well with simulations. In order to achieve
resonance of at least -10 dB, sheet resistance of 0.2 ⌦/⇤ or less is required.
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4.5 Conclusions

These miniaturized antennas featured moderate gain and small linear dimensions.
Di↵erent printing techniques were investigated to fabricate this antenna. Screen-
printing the antenna was found to lead to the most e�cient antenna, with stencil
printing using a disposable stencil as a good precursor for screen-printing. Inkjet
printing did not lead to antennas with su�cient e�ciency because of high sheet
resistance.

The compact antenna designs were scaled to resonate at 915 MHz when printed
on wood substrates and protected by wax encapsulants. The biodegradable zinc ink
developed in chapter 2 was used to make antennas with acceptable performance.
These antennas are ready to be integrated with silicon ICs to form RFID tags.
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Chapter 5

Integration

In chapter 3, nitrate sensors were presented. In chapter 4, the antennas were op-
timized. In order to form a functional sensor node, the printed antenna must be
physically and electrically connected to an RF integrated circuit (RFIC) and the
sensor needs to be connected to these readout electronics. Figure 5.1 illustrates
conceptually integration as the combination of existing functional parts.

In part 1 of this chapter (sections 5.1 to 5.6), we discuss the connection between
printed antennas and RFICs, and demonstrate a battery-free RFID sensor tag capa-
ble of sensing on-board temperature and interactive touch. Sections of this work were
originally published as “Printed, flexible, compact UHF-RFID sensor tags enabled
by hybrid electronics” [108]. In part 2 (section 5.7), we discuss readout electronic
requirements for potentiometric sensors and lay the foundations for their integration
with the printed RFID tag.

5.1 Chip Attachment

Connecting printed conductive traces to conventional, rigid silicon ICs packaged in
plastic is not a trivial task, particularly when the printed traces are on a flexible sub-
strate. Conventional solder, widely used in the electronics industry for attachment
of electrical components, is incompatible with the low temperature limits of printed
materials, and, depending on the solder type and printed trace material, undesirable
chemical reactions may occur. In this section, a method for attaching rigid, packaged
electrical components is developed, with attention to both mechanical stability and
electrical connection.
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Figure 5.1: The optimized nitrate sensor and the optimized antenna need to be
combined together with an RFIC in order to form a complete sensor node.

Mounting Mechanisms

To mount a chip or other discrete component with the contacts are facing down, the
solder or conductive adhesive goes between the chip and the pre-patterned substrate,
as shown in Fig 5.2. Precise alignment of chip pads to printed traces is important,
so a flip-chip pick-and-place tool is used to align chips with the conductive traces
printed on the substrate. Processing parameters and materials must be chosen such
that the conductive material does not spread and short the contact pads together.
One of the key choices is the conductive adhesive material used, labeled ”wet ink”
in figure 5.2.

Conductive Adhesive Materials

There are many materials that can be used for chip attachment, including solders,
conductive adhesives, and inks.

In order to determine which conductive adhesive or ink would work best with
screen or stencil printed silver ink on PEN, several types of conductive adhesives,
epoxies, and inks were tested. RF test traces were printed with a gap of a few
millimeters in one side. 0603 form factor [1.55 ⇥ .85 mm footprint] zero-ohm resistors
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Figure 5.2: Pick-and-place tools are used to align pads to traces for chips mounted
contacts-down.

Figure 5.3: a) Zero-ohm resistor mounted with low temperature solder. b) Zero-
ohm resistor mounted with screen printable silver ink. c) Test traces connected to
adapters for RF cables.

were attached using several di↵erent materials and the RF power loss, |S12| or power
transmitted from one terminal to the other, was measured using the VNA. Another
set of test traces were shorted with the various conductive materials. A printed trace
with no gap was used as a control. The results are shown in table 5.1.

From these results, Creative Materials 125-13H screen printable silver ink was
chosen for attaching components because of its low RF losses. Other advantages
of 125-13H are its long drying time of over 30 minutes, which allows a time bu↵er
during attachment, and ability to cleanly stencil print small features.
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Material Connection Type RF Loss at 915 MHz [dB]
none through -0.5

Open -42
Ted Pella Conductive Silver paint Zero Ohm Resistor -32

(PELCO # 16062) Short -5.7
MG Chemicals Silver Conductive Zero Ohm Resistor -1.2

Epoxy Adhesive Short -1.0
Creative Materials 125-13H Zero Ohm Resistor -0.7
Silver Screen Printable Ink Short -0.7

Creative Materials 120-07: Fine Zero Ohm Resistor -1.2
Features Screen Printable Ink Short -0.7
Koki M742 Low Melting Point Zero Ohm Resistor -0.9

Sn-Ag-Bi Solder Paste

Table 5.1: Resistive losses at RF frequencies for conductive adhesive materials

Figure 5.4: Rigid components are attached to to a screen-printed tag in three steps:
(a) a laser cut stencil is used to define areas where (b) conductive ink is applied with
a razor blade. (c) The components are placed with a pick-and-place tool.

Stencil Printing Attachment Process

To mount the RFIC, an SL900A by AMS (ams AG, Premstaetten, Austria), using
the chosen Creative Materials 125-13H silver ink, first, we laser-cut a kapton stencil
with holes for each of the chip’s landing pads, as shown in figure 5.4a. The stencil
is 50 µm thick non-adhesive kapton film (DuPont). The thinness of the stencil was
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important as it limited total ink volume applied and thus controlled spreading of the
ink and shorting of the traces. The stencil and substrate were held in place with a
gel-pack backing layer, and a razor blade was used to deposit the ink through the
stencil. The wet ink lined up with the already-printed traces is shown in figure 5.4b.
A pick-and-place die bonder was used to align and mount the rigid components on
the wet ink. The ink was cured at 180 �C for three minutes. Figure 5.4c shows
the mounted chip. Finally, both the RFIC and the passives were coated with a few
drops of Loctite 4902 flexible super glue, which dried at room temperature for several
hours.

5.2 Impedance Matching

The chip attachment process described in section 5.1 allows for physical connection
between the chip and the substrate, as well as DC electrical connection between
the I/O pins and the printed traces. At RF frequencies, an additional impedance
matching step is required to facilitate power flow between the antenna and the RFIC.

Recall that impedance is Z = Ṽ

Ĩ
, where Ṽ and Ĩ are time-harmonic voltage and

currents. The impedance of an antenna is set by its geometry, which was designed to
be 50+0j ⌦ for the folded dipole antennas. The impedance of an RFIC is determined
by the RF-front end circuitry, which is set by the IC designers, and cannot by changed
by chip’s end users. Many RFICs have a significant negative imaginary, or capacitive,
component to their impedance.

Impedance mismatch between the 50 + 0j ⌦ antenna and capacitive IC causes
power losses which can be characterized by the power transfer coe�cient, (⌧), defined
as:

⌧ =
4Re(Zant)Re(ZIC)

|Zant + ZIC |2
(5.1)

where Zant is the antenna’s impedance and ZIC the IC’s impedance. Maximum
⌧ is achieved when the antenna and the IC’s impedances are conjugate matched,
i.e. Zant = ZIC⇤. In order to match the antenna and the chip, we first needed to
know the impedance of the chip. The IC’s data sheet listed RF input impedance as
123 � 303j ⌦ for packaged die, but impedance can change when a chip is mounted
on a substrate. We measured the impedance of eight RFICs mounted on flexible
substrates for input powers from -20 to +13 dBm and found that impedance ranged
from 1.3� 55j ⌦ at low input power to 21� 46j ⌦ at high input power.

Impedance matching can be achieved either by changing the antenna’s geometry
to match the IC [142] or by using a matching network. We chose not to alter the
antennas because they were designed with 50+0j ⌦ impedance to be compatible with
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Figure 5.5: a) A single inductor in series between the chip and the antenna provides
some matching. b) A series inductor and a parallel capacitor provide another degree
of freedom and possible perfect impedance matching.

standard RF equipment. Designing the antennas this way makes them compatible
with a variety of ICs with various impedances, which is discussed in more detail in
section 5.5.

Matching networks can be made of discrete (lumped) passive components in series
and parallel. We designed two styles of matching networks: a single series inductor,
shown in figure 5.5a, and an L-match with series inductor and shunt capacitance,
shown in figure 5.5b. While the best L-match networks had higher matching e�ciency
in theory, we encountered two limitations in practice. One was that the L-match was
highly sensitive to the exact values of the inductor and capacitor, beyond the tol-
erance of surface-mount components. For example, a tag with an L-match network
consisting of nominally a 10 nH and an 18 pF capacitor, which are standard com-
ponent values, would have ⌧ = �13 dB, which is no better than an 10 nH inductor
alone. This is illustrated in figure 5.6. The second challenge was that L-matches
designed for the impedance of the chip at low input power were ine↵ective at high
input power and vice versa. The single inductor did not provide as high a degree
of matching, but it did tolerate a wider range of inductance values and provides
improvement to the impedance match for input power between -20 and +13 dBm.

Using a single inductor reduced the imaginary part of the denominator in equa-
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Figure 5.6: Matching networks that include a series inductor and a parallel capacitor
can provide a very high degree of matching in theory. However, slight variations in
actual inductance lead to poor matching. A single series inductor provides acceptable
matching across a wide range of values.

tion 5.1, which increased ⌧ and consequently the received power. According to
measured values of the IC’s mounted impedance, inductor values between 5-15 nH
o↵er e↵ective matching. To confirm this experimentally, a variety of inductors in this
range were attached to tags using the chip-attachment process described in section
5.1. The e↵ectiveness of inductors at matching was characterized with over-the-air
testing of the tags.

5.3 Over-the-Air RF Tag Performance Testing

We characterized the performance of the RFID tags by measuring their Return Signal
Strength Indicator (RSSI) and read range. Both were measured with an RFID inter-
rogator set up. The interrogator antenna transmitted an RF signal which traveled
to the tag. The tag used the energy harvested from the RF signal to power on and
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modulate its impedance to encode its unique ID in the reflected, or backscattered,
RF wave. The backscattered wave traved back to the read where it was received.
RSSI is a measurement of the power received by the reader. The read range is the
maximum distance between interrogator and tag over which the tag can still respond.
Both RSSI and read range are functions of the RFIC and the physical arrangement
of the antennas and other objects in their vicinity.

Power transmission in free space is governed by the Friis equation, 5.2.

P (d) = PT ⇥G1G2
�
2

(4⇡d)2
(5.2)

Where P (d) is the power at a given distance, PT is the transmit power, G1 and
G2 are the gains of each antenna, � is the wavelength, and d is distance between
the antennas. The actual power received by the tag at distance d, PR, is PR =
P (d) ⇥ ⌧ ⇥ mpol where mpol is the polarization mismatch and ⌧ the power transfer
coe�cient from above. These equations can be rearranged to find the maximum
distance that a certain power will be received.

The maximum read range, rmax, of an RFID system is given by equation 5.3

rmax =
�

4⇡

r
GTGRPTmpol⌧

Pth

(5.3)

Power can be increased by using antennas with higher gain, ensuring they are
properly aligned to reduce polarization mismatch, and increasing the power transfer
coe�cient (⌧) between antenna and RFIC. Increasing transmission distance will al-
ways decrease received power, which imposes a maximum read range for a wireless
link.

The RFID interrogator set up was made of a commercially available RFID reader
system (Thingmagic Sargas, Trimble, Sunnyvale, CA, USA) connected to a circularly
polarized RFID reader antenna (MT- 262024/TRH/A/K from MTI Wireless Edge)
with 30 dBm output power. The tags were placed with their printed surface parallel
to the surface of the RFID-reader antenna at a distance of 5 cm and were moved away
from the reader antenna in the direction orthogonal to the reader antenna in steps of
5 cm. At every step in separation distance, the reader registered the received signal
strength indicator (RSSI) value that was returned by the tag. RSSI measurements
were collected using Sargas’s web GUI. Twenty RSSI values were registered at every
location and determined the average (in decibels) RSSI over distance. Figure 5.7a
shows the set up for measuring free-space transmission between powered the RFID
antenna and a printed tag.

The e↵ectiveness of using a single series inductor for impedance matching was
experimentally verified by measuring RSSI at a fixed distance (48 cm) for tags with
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Figure 5.7: a) Set-up for over-the-air measurements of RSSI (return signal strength
index). b) Using a 10 nH inductor for impedance matching between a screen printed
folded dipole provides the highest RSSI at 48 cm reading distance. c)The RSSI of
printed RFID tags matches or exceeds that of commercially produced, rigid RFID
tags using the same IC.

0,5.1, 10, and 15 nH. The results are shown in figure 5.7b. As expected from section
5.2, the series inductor improved RSSI relative to an unmatched tag, and 10 nH was
the optimal value.

Figure 5.7c shows the RSSI of a screen printed folded dipole tag and a rigid
reference board for transmission distances between 5 and 40 cm. For both tags,
RSSI decreased over distance as expected in free-space propagation. The screen-
printed folded dipole tags returned higher RSSI-values than the rigid PCBs closer to
the reader (distances < 30 cm) and comparable values at further separation distances
(distances 30 - 40 cm). These measurements were repeated with the internally fed
folded dipoles and meandered monopoles from chapter 4, referred to as Type II and
Type III respectively. For mid-distance transmission (between 15 and 35cm) the
average RSSI of Type I tags was -30 dBm, for Type II tags it was -25 dBm, and for
type III tags it was -24 dBm. The rigid reference board had an average RSSI of -30
dBm over the same range of distances. Type I and II tags’ read range was measured
at 40±2.5cm, while that of Type III tags was much longer, 90±2.5cm, and the read
range of the reference board was 60 cm.

5.4 Over-the-Air Data Transmission

With chips attached and matched to antennas, the next step is to use the RFID tags
to stream data from sensors. Here, we show streaming of data from temperature
sensors built into the IC, and from external printed capacitive sensors.



CHAPTER 5. INTEGRATION 113

Over-the-Air Calibration of Tag Temperature Sensor

We used tags with all three antenna designs to wirelessly transmit sensor data. We
first demonstrated transmission of sensor data using the RFIC’s on-board tempera-
ture sensor. The interrogator antenna and two tags were placed inside the chamber
(Associated Environmental Systems, Ayer, MA, USA), separated by about 20 cm.
The chamber went through three temperature cycles (10�C to 30�C and lowered
again to 10�C ) at di↵erent relative humidities (RH): low humidity (10 to 30% RH),
medium humidity (45 to 50% RH), and high humidity (80 to 90% RH). A reference
measurement inside the chamber was executed using a wired probe (RH520A, Extech
Instruments, Boston, MA, USA).

Figure 5.8 (b) shows the setup in an environmental chamber used to calibrate the
temperature sensor of the screen-printed RFID tags. In humid environments, many
polymers absorb water, which changes their material properties and can impact the
performance of devices fabricated on these substrates. The sensitivity to humidity
depends on the specific material. Figure 5.8 (c) shows the temperature measured by
the RFID tags in green compared to the wired reference temperature measurements
in black. Each of the three antenna types, as well as a rigid reference board, were
tested. The printed tags showed increases and decreases in temperature that aligned
very well with the measurements of the references probe, once the measure data
were filtered for outliers. There was an average relative error of 0.15 % on the
temperature measurements. We found that the tags were able to accurately measure
temperature regardless of the humidity. At high humidity, the data from printed
tags did have spikes due to irregularities in the wireless communication. In general,
these errors were fairly uncommon: 6 % of the measurements for tag Type I and
lower percentages for the other tags. Our calibration measurements showed that our
strategy to use the RFIC’s temperature sensor with our fabrication technique led to
reliable temperature measurements in di↵erent humidities.

Over-the-Air Tag Capacitive-Touch Read-out

Sensor tags can be made more versatile by integrating di↵erent types of external
sensors. We chose to integrate a printed capacitive touch sensor to illustrate this
possibility. Capacitive touch senors are composed of interdigidated electrodes which
have some capacitance between them. The fringing fields extend out of the plane
of the electrode, making them sensitive to the environment nearby [143, 144, 145].
When a finger, whose dielectric constant is much greater than that of air, is placed on
the sensor, the capacitance of the sensor increases. The capacitive touch sensor was
made with five fingers, with overlap length of 9 mm, width of 1.5 mm, and gap spacing
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Figure 5.8: Applications using the printed, flexible, passive tags developed in this
study. a) The tags developed in this work, which have a variety of self contained
and user-interactive sensors, can form a passive star network with a central active
reader. This kind of network only requires the central node to have an energy source,
while still allowing for distributed sensing and user-interaction. b) Calibration set-
up for measuring temperature in a humidity-controlled environment. Two tags are
simultaneously interrogated by the reader antenna. A reference temperature probe is
placed between the two tags under test to validate the wireless temperature readouts.
c) Results from the temperature measurements show good agreement between wired
reference temperature monitor (black) and passive, wireless printed tags (green, top
three panels) regardless of humidity. The rigid tag (lower panel) has significant error
in low humidity. d) User interacting with a capacitive touch sensor integrated with
a type I tag. e) Backscattered sensor data from two type I tags being wirelessly
interrogated simultaneously. The user alternated between touching tag 1 and tag 2,
and touch events show as elevated voltage readings. This demonstrates that passive
networking of user input is feasible using the proposed tags.

of 1 mm. The layout is included in Figure 4.4a. These capacitors had an average
capacitance of 1.33± .04 pF when not touched. Capacitance increased up to 24 pF
when touched, depending on the force of the touch. The capacitor is measured by
the RFIC in a voltage-divider set up. We used the small stray capacitance between
two printed traces as the reference capacitor in the voltage divider. The RFIC
measured the voltage on its analog input ports. Figure 5.8d shows two of the fully
printed sensor tags with capacitive touch sensors at the bottom. The patterns for the
sensing capacitor and reference capacitor were incorporated into the antenna screen
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layout, resulting in a complete sensor tag that was printed in a single pass.
During these measurements, the tags were laid on a brick of styrofoam at 20 cm

from the same UHF-RFID reader used in the previous section. The tag’s voltage
sensor 1 was interrogated continuously using the wireless channel and a time series
of the measured voltage was stored on the reader’s side. Sensor measurements were
recorded using Mercury API java scripts from ThingMagic. The tags were then
touched periodically on the capacitive touch sensor. These measurements were ex-
ecuted for two tags simultaneously, in order to show the networking abilities of the
UHF-RFID setup using our screen-printed tags.

Fig 5.8e shows the transmitted voltage detected by the external voltage sensor
of two di↵erent screen-printed RFID tags that simultaneously transmitted that volt-
age using UHF-RFID backscattering. The touch events were clearly visible in the
transmitted data. When the tags were not touched, the voltages were 0.46±0.004 V

and 0.45 ± 0.02 V for tags 1 and 2, respectively. During touch events those volt-
ages increased to 0.62 ± 0.006 V and 0.50 ± 0.01 V for tags 1 and 2, respectively.
These increases and changes of standard deviation were significantly larger than the
RFIC’s sensitivity of 0.01 V. However, we did observe tag-to-tag variation in the
voltage divider. A tag-by-tag calibration of the cap-touch sensor would be required
if the read-out system had no learning abilities in order to distinguish between touch
and non-touch events.

5.5 Changing ICs

Sections 5.2 through 5.4 used one specific RFIC, the SL900A for demonstration
purposes, but this specific chip is not the most appropriate choice for all applications.

Recall that the maximum read range is set in part by the power required by
the chip, Pth. Di↵erent chips can have di↵erent read ranges even if the wireless
link is identical if one chip has more e�cient or sensitive energy harvesting and
power management. AMS SL900As were designed for ease of use with a variety
of applications and strong wireless connection at low to moderate read range (up
to 1 m) but were not designed for long read range. For agricultural application,
long read range is critically important, as powered readers will need to come within
a read range of a tag in order to collect that data. AS3212 and AS3213 RFID
chips, collectively known as AS321X, are specifically designed for long-range passive
communications (Asygn, Grenoble, France). For the agricultural sensors project, we
switched to using AS321X chips for the longer read range.

The integration process developed for the SL900As provides a blueprint for inte-
grating the new chips. The steps are outlined below and illustrated in figure 5.9.
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1. Design screen for I/O pins on the chip

2. Create laser-cut stencil for controlled conductive ink application

3. Mount IC on printed traces and measure mounted impedance

4. Calculate matching network parameters needed to match with 50+j0 ⌦ antenna

5. Mount IC with antenna and match with passive components around the cal-
culated value. Measure RSSI to confirm optimal matching network component
values.

6. Bonus for biodegradable stakes: change antenna geometry for wooden sub-
strate. Print modified antenna on wood, and mount IC and inductor as above.

Because the antenna was designed with 50 + 0j ⌦ impedance, these simple steps
are all that is needed to incorporate a new chip. If the antenna had been designed
for a specific chip, a full antenna redesign might be required for a new chip. Below,
the details of the process are described for the AS321X chip.

First, in figure 5.9a, landing pads with connecting traces were designed according
to the pin-out diagram and dimensions of the particular chip. This chip had pads
that are 200 µm wide with 200 µm spaces between them. The landing pads, traces
to connect to sensor inputs, and the antenna were screen printed. Next, in figure
5.9b, a piece of kapton was laser-cut with the same dimensions as the landing pads.
The stencil can alternatively have narrower line widths to reduce total ink volume
and therefore ink spreading during chip attachment. The stencil was aligned with
the screen printed traces. A pick and place tool was used to place the chip on the
wet ink on the landing pads. Figure 5.9c shows the vacuum chuck holding the chip
as it came into contact with the substrate. The mounted chip is shown in figure 5.9d.

Next, we measured the impedance of the mounted chip. According to the AS321X
data sheet, the RF impedance at the antenna ports is 30-j195 ⌦. The mounted
measured impedance on a PEN substrate with silver screen printed traces was 22�
j167 ⌦. Figure 5.9e shows a chip mounted on landing pads which were specifically
designed for impedance measurement with a VNA. Instead of leading to the antenna,
the RF input pins led to an SMA-compatible connection point at the top. For
chip impedance measurement, a zero-ohm resistor was used in place of a matching
inductor.

The AS321X chip impedance had a large negative imaginary (capacitive) com-
ponent, which can be o↵set by a series inductor. The impedance of an inductor is
Z = j!L. For a chip with �195j ⌦, an inductor with impedance of +195j ⌦ at 915
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Figure 5.9: a) Landing pads were screen printed with the dimensions of the I/O pins
on the chip. b) A new mask for conductive adhesive applications was laser-cut to
reflect the physical dimensions of landing-pads. c)A pick-and-place tool is used to
align the chip with the wet conductive adhesive on the printed landing pads. d) An
overhead view of a mounted chip. e) Measuring the impedance of the chip mounted
on printed traces to calculate the appropriate matching circuit. f) Mounting an
inductor for impedance matching. g) A complete printed tag with the new chip.

MHz is needed.

L =
1

j!Z
=

1

2⇡ ⇥ 915 MHz⇥ 195⌦
= 34 nH

where ! is the angular frequency, 2⇡f , with f the frequency of 915 MHz.
Figure 5.9f shows a screen printed antenna with a mounted chip ready for a

matching inductor to be added. 0603 surface mount components were attached using
tweezers and small amounts of conductive ink, allowing di↵erent inductor values to
be tried with the same chip. Inductor values of 33, 39, 47, and 56 nH were tried on
several printed tags, and we used an RFID interrogator system to see which worked
the best.

For the AS321X chips, the RFID interrogator set up was made of a di↵erent
RFID reader system (Speedway R420, Impinj, Seattle, WA, USA) connected to the
same circularly polarized RFID reader antenna (MT- 262024/TRH/A/K from MTI
Wireless Edge) with 30 dBm output power. RSSI values and number of reads were
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collected using the GUI from Impinj, while later sensor readings were collected using
Asygn’s demonstration GUI for the AS321X chips. The commercial reader was
changed from Sargas to Impinj to be compatible with Asygn’s GUI.

There was not a clear trend between RSSI at a fixed distance and the inductance
used for matching; there are large variations in RSSI for all inductor values. How-
ever, tags with 39 and 47 nH inductors tended to have 100’s of successful reads per
minute, while tags with 56 and 33 nH sometimes struggled to connect. From these
observations, 47 nH was chosen for most tags. This suggests that the imaginary part
of the chip’s impedance was more negative than what was measured or listed in the
data sheet. Figure 5.9g shows a screen printed silver folded dipole with a mounted
chip and 47 nH inductor which was read reliably.

5.6 Mounting on Biodegradable Materials

The process described in section 5.5 was used to create printed non-biodegradable
passive RFID tags with long read range, but a biodegradable version is needed for the
agricultural sensor nodes. The raw materials for printed biodegradable RFID tags
were developed in chapter 2. Biodegradable antennas which meet RFID performance
specifications were demonstrated in chapter 4. We approached integrating these
constituent parts to form a full biodegradable RFID tag as a step-by-step process,
where each material was replaced one at a time.

First, the PET substrate was swapped for a wax-soaked wood substrate, while
keeping the conductor as screen-printed silver ink. This stake is shown in figure
5.10a. The design used an antenna at 82% of original size to be compatible with the
wooden substrate. Once the chip and impedance matching inductor were mounted,
the stake needed to be encapsulated, but this could not be done by dip coating.
Dipping a wax sample into molten wax tends to melt the hard wax and can cause
printed traces to warp or the attached components to fall o↵. Instead, a sheet of
Wattman filter paper was pre-cut to shape and soaked in wax, then laid on top of the
traces and IC. The waxed paper was adhered to the substrate by locally remelting
the wax with a heat gun. This process ensured gravitational and fluid-flow forces did
not distort the printed traces while the wax was hot. The encapsulated stake with
printed nitrate senors is shown in figure 5.10b. We interrogated this semi-degradable
node with the RFID setup for AS321X tags and were able to stream temperature
data from 69 cm away, as shown in figure 5.10c. At this distance, RSSI ranged from
-62.5 to -56.5 dBm, well above this chip’s threshold of -76 dBm.

The next step will be to replace the silver conductor with printed zinc conduc-
tor. In this process, we will need to investigate biodegradable conductive adhesive
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Figure 5.10: a) An AS3212 chip mounted on screen printed silver traces on a wood-
and-wax substrate. b) The same printed RFID tag with waxed paper encapsulation.
c) Wirelessly reading data from the chip mounted on wood with waxed paper encap-
sulation.

materials that are compatible with the existing zinc ink, stencil-printable using the
laser-cut stencils, and relatively low-loss.

5.7 Nitrate Sensor Integration

The nitrate sensors are potentiometric sensors whose output is a voltage. Although
voltage-measurement tools are very common and can be inexpensive, two character-
istics of the measurement electronics are particularly important for reading poten-
tiometric ion sensors: the input impedance and the input range.

Input Impedance

When a potentiometic sensor is immersed in a solution containing its primary ion,
it generates a voltage. When that sensor is connected to a measurement device, the
measurement device acts as a load driven by the voltage generated by the sensor,
as illustrated in figure 5.11. In this circuit, the potentiometric sensor is represented
by a Thevnin equivalent circuit including intrinsic impedance of the sensor itself,
Zsensor. The current that flows depends on the potential of the sensor as well as the
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Figure 5.11: The nitrate sensor acts as a voltage source, driving a current through
the measurement device.

input impedance, Zin of the measurement device. Accurate and stable measurements
require measurement devices with high input impedance to limit voltage dropped
across the internal impedance of the sensor and to minimize current flow.

Ion-selective microelectrodes typically have input impedance in the range of 1011⌦
and the input impedance of the measurement device should be at least an order of
magnitude higher than that of the sensor [146]. We measured the impedance of the
gold ISEs with Electrochemical Impedance Spectroscopy on the Ivium Potetiostat
and found impedance on the order of 1 M⌦, which is quite low because of the lack
of transducer layer.

During sensor optimization and characterisation in the lab, nitrate sensors were
measured with four types of analyzers: Keithley 2400 Series SourceMeter, Keysight
B2987A Electrometer/High Resistance Meter, an Ivium-n-Stat from Ivium Tech-
nologies B.V., and a Campbell Scientific CR1000 data logger. The nominal input
impedance of each of these devices is listed in table 5.2. The sensitivity of sensors
measured with each of these tools was similar as all had input impedance well above
the impedance of the sensors. The di↵erent tools did measure di↵erent values of E0.
The higher the input impedance, the higher the E0 value. This trend generally held,
though sensor-to-sensor variation was large enough to overwhelm the variation by
tool in some cases.

If a tool with insu�cient input impedance is used, non-negligible current will
flow. For example, a sensor with an electrochemical potential of 300 mV with in-
trinsic impedance of 1 M⌦ being measured by a Data Acquisition System (Keysight
DAQ970A) with 10 M⌦ input impedance will have I = 0.3

107 = 30 nA of current
passing through.

Considering the ISE’s conductor-membrane interface as a capacitor with capaci-
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Figure 5.12: Measurement tools with su�cient Zin allow readings of sensors with
high sensitivity, but di↵erent E0 depending on the tool.

Instrument Input Impedance (⌦)
SourceMeter 1⇥ 1010

Electrometer 1⇥ 1015

Ivium Potentiostat 1⇥ 1012

CS Datalogger 2⇥ 1010

Data Acquisition System 1⇥ 107

Arduino 1⇥ 108

TL082CP OpAmp 1⇥ 1012

Table 5.2: Impedance of voltage measurement tools
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Figure 5.13: a) Nitrate sensor potential over time measured with the Keithly
SourceMeter had quick response time and high sensitivity. b) Nitrate sensor poten-
tial over time measured with a relatively low-impedance Data Acquisition System
had nearly zero sensitivity to nitrate. c) Nitrate sensor potential measured over time
with an Arduino board with pre-amplifier circuitry showed high sensitivity and slow
response time.

tance of about 3 µF, the voltage drift over time will be

dV

dt
=

dQ

dt

1

C
=

I

C
=

30 nA

3µF
= 10mV/sec (5.4)

which would lead to drift corresponding to an entire order of magnitude in 5 seconds.
In practice, measuring a gold fully printed nitrate sensor with the Data Acquisition
System (DAQ) gave the data shown in figure 5.13b. (Figure 5.13a shows the potential
over time for a sensor measured with a Keithly SourceMeter for comparison.) With
the DAQ, the potential at all concentrations was nearly zero because steady-state
conditions were not allowed to develop. An 11 mV change in potential was observed
for 5 orders of magnitude change in concentration, for a sensitivity of about -2
mV/dec.

Greenhouse studies of nitrate sensors require at least n=16 for a 4 ⇥ 4 Latin
square experiment design. To measure this many sensors simultaneously, an a↵ord-
able readout system was needed well before RFID-enabled stakes were ready for
deployment. As an intermediate step, we used wifi-enabled Arduino boards (MKR-
1010). These boards have voltage input pins, but their input impedance is only 108⌦,
still too low to measure the sensors. To interface with the Arduino boards, we used a
voltage-follower op-amp circuit for each electrode, followed by a di↵erential amplifier
to measure the potential di↵erence between the electrodes, as shown in figure 5.14.
The op-amps used for these circuits were TL082CP from Texas Instruments, which
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Figure 5.14: A three-part amplifier circuit for interfacing with potentiometric sensors.
The ISE and RE are connected directly to op-amp terminals and see the input
impedance of the op amp. Choosing op-amps with high impedance allows high-
impedance measurement of sensors.

have high input impedance of 1012⌦. This circuit used a voltage follower with op-
tional gain for each of the electrodes, followed by a unity-gain di↵erential amplifier.
Because the ISE and RE were connected directly to the positive terminals of the op-
amps, the impedance they see is that of the op amp. Choosing op-amps with high
impedance allows high-impedance measurement of sensors. This circuit was based
on considerations described in Fry and Langley [146].

Figure 5.13c shows the potential over time for a fully printed sensor measured
with the op-amp circuit/Arduino board combination. The sensitivity for this sensor
when measured by the potentiostat was -59 mV/dec. When measured with the
Arduino board is was -81 mV/dec, which suggests some impact from the readout
circuitry.

The use of external op-amp circuits build around high impedance amplifiers makes
relatively low cost reading of potentiometric sensors possible. However, variations in
boards, op-amps, discrete resistors used in biasing circuits, solder joints, and wiring
from the sensors creates significant node-to-node variation.

Voltage Range

Another important factor to consider when creating field-deployable nodes is the
range of potentials expected from the nitrate sensor. Most micro-controller boards
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Figure 5.15: Calibration curves for three real potentiometric nitrate sensors. The
dashed line is always positive and can be read directly by a circuit with only positive
power supply. The dotted line is always negative and can be connected with reverse
polarity to be read by a circuit with only positive power supply. The solid line crosses
zero and cannot be read by a circuit with only positive power supply.

have on board power ranging from zero to +VDD, which might be +3.3V or +5V
depending on the board. If the ISE potential is consistently more positive than
the RD potential, as for the dashed line in figure 5.15, the sensor can be directly
read by the micro-controller. However, on-board amplifiers and digital to analog
converters cannot take negative input voltages. If the ISE potential is consistently
more negative than the RE, as for the dotted line in figure 5.15 the two electrodes can
be plugged into the opposite terminals, e↵ectively multiplying the response by (�1).
These sensor nodes will have a positive slope with respect to nitrate concentration,
which can be confusing for partners involved in field testing if the situation is not
clearly explained.

If the nitrate sensor’s potential is above zero for low nitrate concentrations and
below zero for high nitrate concentrations, as for the solid line in figure 5.15, the
sensor cannot be read by a circuit without a negative voltage on the power supply.
Its signal will rail out for either high or low nitrate concentrations.

Whether a sensor’s output potential at moderate nitrate concentrations is posi-
tive, negative, or near zero depends on the E0 of the sensor and connecting wires. The
large variation in E0 leads to sensors with all three scenarios. Reducing E0 variation
would be helpful for designing reliable and user-friendly interface electronics.
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Outlook for Nitrate Sensor Nodes

Commercial o↵-the-shelf RFID tags generally do not have voltage input pins with
su�ciently high Zin or a wide range of accepted input voltages. The input voltage
range issue can be managed by creating sensors with reproducible E0, which is a task
for sensor research and optimization. Su�cient Zin requires custom IC design. Both
of these issues must be addressed to integrate potentiometric sensors with RFID
tags.

5.8 Conclusion

Once discrete components have been independently optimized, building complete,
functional systems with them is not a trivial task. Connections between di↵erent
types of materials, such as flexible-to-rigid, printed-to-silicon, or biodegradable-to-
nondegradable, require consideration of material properties. Connections between
di↵erent parts of RF systems require impedance matching. Connections between
sensors and ICs or micro-controllers require attention to input pin specifications and
sensor requirements.

Here we have demonstrated integration of printed electronics with commercial
o↵-the-shelf RFICs with a process that is adaptable for di↵erent models of RFICs.
This process was used to connect RFICs to printed capacitive sensors, and data from
printed sensors was communicated wirelessly. Integrating the RF-side with potentio-
metric ion sensors requires specific I/O interfacing with the electronics. Intermediate
sensor nodes were used to demonstrate initial integration of printed nitrate sensors
with readout electronics, and highlighted impedance and voltage range requirements
for electronic interfacing on fully integrated nodes to come.
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Chapter 6

Field Deployment

Scientific and engineering laboratories are designed to be carefully controlled spaces,
where the scientific method is possible. All variables are held constant save for the
ones which are the subject of the study. In these conditions, biodegradable con-
ductors and substrates, nitrate sensors, antennas, and RFID tags meet performance
specifications.

Agricultural conditions are not like engineering laboratories. They are subject
to variable and sometimes extreme weather, pests from microbial scale to rodents,
changing soil biochemistry, and impacts of growing plants. Before sending our sensor
nodes to a field used in commercial scale agriculture, we need to study, in a semi-
controlled way, the impact of real soil and growing crops on the individual parts of
a sensor node. In this chapter, we examine the degradation of wooden stakes in a
greenhouse and the e↵ectiveness of beeswax as an encapsulation material. We study
the performance of nitrate sensors in three types of soil at various water contents.
Finally, we look at the impact of wet soil and crop canopies on passive RFID wireless
links.

6.1 Stake Materials

The stake and encapsulation are responsible for the physical structure and protec-
tion of the functional electronics. It is important to understand the lifetime and
degradation of these materials in field conditions. If the encapsulation fails before
the desired functional lifetime, there is little chance that the electronics will survive.

To test the lifetime of the stake materials and the e↵ectiveness of beeswax as an
encapsulant, we planted wax-coated and bare wooden stakes in pots with growing
corn and lettuce in a greenhouse and left them for 90 days.
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Figure 6.1: a) Stake design including three interlocking wood pieces with a flat top
supported by a back bracing piece. b) Wax dripping marks and holes from air bubbles
are visible on hand-dipped stakes. c) Four dipped stake ready for planting. d) Stakes
planted to 6 inch depth in soil media.

Materials and Methods

Twenty-four stakes were tested, twelve of bass wood (3 ply, 3 mm thick) and twelve
of balsa wood (single ply, 3 mm thick). The pieces of the stakes were laser cut, then
the stakes assembled using Elmer’s craft glue (applied with a fingertip) and left to
dry for at least an hour. Figure 6.1a shows the stake design of three interlocking
pieces.

Beeswax (unfiltered cosmetic grade beeswax, GloryBee, Eugene Or, G0142306)
was melted in a crock pot on high to a depth of 11.5 cm. Eight of each type of
stake were dip coated in the melted wax. The stakes were taller than the depth of
the wax, so both ends had to be sequentially dipped. Each end received two coats
of wax, and a section about an inch wide in the middle of the stakes got a total of
four coats. Stakes cooled fully between coats. Figure 6.1c shows four of the finished,
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Table 6.1: Mass loss of wood stakes after 90 days

Wood Encapsulation Mass loss as percent
of starting mass

Balsa no wax 39%
Balsa beeswax 1%
Bass no wax 14%
Bass beeswax 3%

coated stakes.
Handcrafting encapsulation like this leads to nonuniformities. In particular, wax

dripping while setting leads to uneven thickness. Additionally, because wood is
porous, it has air bubbles in it. These can create pinholes in the wax when dipped.
The second coat of wax helps mitigate the pinholes in the bulk of the wood. The
seams of the plywood in particular trap air which causes higher concentrations of
pinholes on the edges of the 3-ply bass stakes, as shown in figure 6.1b.

The soil used in this study was a 1:1 mixture of sand and a Turner Loam silty
top soil described in more detail in section 6.3.

Uncoated and coated stakes were partially buried along with corn seedlings in 16
pots of soil which were exposed to greenhouse temperatures ranging from 18 to 22�C
. Figure 6.1d shows the planted stakes at the start of the study. An additional set
of coated stakes were tested in a growth chamber simulating early spring or late fall
conditions (20�C days and 10�C nights) with lettuce to study the impact of day/night
cycling of temperature on the wax. All pots were irrigated along with the addition
of nitrogen fertilizer.

Within three weeks, no above ground deterioration was observed for uncoated
balsa stakes and all wax coated stakes, shown in figure 6.2a,b. Wax-coated stakes
were hydrophbic, so water beaded on their surfaces, as shown in figure 6.2c, while
uncoated bass plywood absorbed water, and repeated watering and drying led to
significant delamination, shown in figures 6.2d-e.

After 39 days, a single uncoated bass wood stake was removed from the ground
for visual inspection and white mold growth was noted. After 90 days, all stakes were
carefully removed, visually inspected, and remains were washed, dried, and weighed.
Figure 6.3 shows remains of a representative sample of each type. The average mass
loss of each sample type is shown in table 6.1.

Below ground portions of all uncoated balsa stakes were nearly completely de-
graded therefore contributing to the drastic reduction in mass. Although bass wood
is considered to have low resistance to microbial attack [147], our samples showed
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Figure 6.2: a) 16 pots with coated and uncoated bass and balsa wood stakes with corn
growing in the greenhouse. b) 4 of the 8 wax-coated stakes with lettuce plants growing
in the growth chamber. c) A wax-coated bass plywood sample is hydrophobic, so
irrigation water beads up on the surface. d) An uncoated bass plywood sample
absorbs water and the plies swell at di↵erent rates, leading to delamination. d)
Complete delamination of the top ply of uncoated bass plywood.

very little degradation in terms of mass loss. This could be attributed to several fac-
tors including adhesives or simply insu�cient time to degradation. All wax-coated
samples had very little mass loss, showing the usefulness of beeswax as an encapsu-
lation layer to prevent degradation in soil. The wax coated 3-ply bass wood samples
split along the joints between plies when they were dried after removal and before
weighing. This happened because water seeped in through the pinholes at the seams,
and further highlights the need for a complete wax seal without pinholes. While this
experiment showed the utility of beeswax as a protective encapsulant for structural
members of sensor nodes, it reinforces the advantages of balsa wood for biodegrad-
able sensors, as it remains structurally sound when encapsulated but rapidly degrades
when exposed to soil.
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Figure 6.3: a)Balsa wood without wax encapsulation decomposed under the soil
surface in 90 days. b) Balsa wood with beeswax encapsulation layer did not degrade.
c) 3-ply bass wood delaminated above the soil level and began to decompose under
the soil level. d) 3-ply bass wood with beeswax encapsulation did not degrade.

6.2 Nitrate Sensors in Soil

Soil Texture and Moisture

Soils are complex environments with many characteristics that could complicate
potentiometric nitrate sensor readings. Although the sensors were shown to have
high sensitivity to nitrate and be largely insensitive to most other ions commonly
found in soil in chapter 3, soil is more complicated than aqueous solutions. Soils
have di↵erent textures, water content, pH, electrical conductivity, cation exchange
capacity, and organic matter content, to name a few. Ideally, nitrate sensors should
not be sensitive to any of these soil properties, but calibration or direct measurement
of the interfering property could help return accurate nitrate measurement values.
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In order to tell which soil properties influence our printed potentiometric nitrate
sensors, controlled studies are needed for each property. We begin with soil texture
and moisture content.

Methods

A set of 20 nitrate sensors were prepared. Ion selective electrodes and reference
electrodes were printed separately as described in chapter 3. Individual electrodes
were attached to an acrylic stake with tape and wires were connected using 8331D
silver conductive epoxy (MG Chemicals, Burlington, ON, Canada), and encapsulated
by Gorilla epoxy. The wires were routed to a board consisting of the pre-amplifier
circuitry for high input impedance described in section 5.7 and a wifi-enabled Arduino
MKR1010 board. A finished stake is shown in figure 6.4a. Each sensor remained
paired with its specific readout electronics for all the tests.

Two types of tests were done. In the nitrate sensitivity tests, aqueous solutions
with concentrations of nitrate between 0.1-1000 mM were used to saturate an array
of containers with either sand, clay, or peat soils. Figure 6.4b shows sensors being
measured in sand. Sensors were left in one container for at least 5 minutes while the
Arduino recorded the sensor’s output potential, then moved to the next container.

Sand tests were performed with a commercially available desert sand (Mosser
Lee, Milston, WI), consisting of only sand-sized soil particles and no initial nitrate.
Clay tests were performed with an agricultural clay soil utilized for perennial alfalfa
(Medicago sativa) and the peat soil is agricultural peat soil; both clay and peat
are from Bouldin Island in the Sacramento–San Joaquin Delta, California, and are
described in more detail by Anthony et al [103].

In the moisture tests, another array of containers with the three soil types were
prepared. This time, all containers were watered with 10 mM nitrate solution, but
to di↵erent moisture levels. Moisture levels included 0, 10, 20, 30, 40 and 50% and
again sensors were left in one container for at least 5 minutes while potential was
measured, then moved to the next container.

Nitrate in Sand

Sand has low cation exchange capacity, so few other ionic species are present, and
the solids in the soil itself are unlikely to interfere with the potentiometric measure-
ment. Nitrate sensors in sand showed strong linear relationships between nitrate
concentration and output voltage, with about half of the 17 sensors included in this
trial showing R2 values above 0.99. These 8 sensors with R2

> 0.99 were used for
the remaining analysis. The high R2 values indicate that these sensors were indeed
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Figure 6.4: a) A printed nitrate sensor attached to a wifi-enabled Arduino board
and associated voltage-measuring electronics. b) A set of containers with sand and
varying nitrate concentrations are used to measure sensitivity of the sensor nodes in
sand.

sensing nitrate and, once calibrated, they could be used to find an unknown nitrate
concentration from a measured potential. The average sensitivity for these sensors
was -42 ± 8 mV/dec. Figure 6.5a shows the linear relationship between nitrate
concentration and output potential for five of the sensors in sand, with sensitivi-
ties ranging from -40 to -42 mV/dec. Sensitivities between -40 and -50 mV/dec are
considered acceptable at this development stage.

There is a significant variation in E0, which is shown in figure 6.5a by the ver-
tical space between each sensor’s calibration fit line. The standard deviation of the
intercepts of the best fit lines is 270 mV, and the range was 648 mV (n=8). For com-
parison, gold nitrate ISEs measured with a potentiostat in aqueous solution had E0

variation of about 80 mV. The significantly higher E0 variation here could be partly
due to inconsistencies in contact between the liquid in soil and the electrode surface,
but the Arduino electronics used to measure the sensors also introduce substantial
variation. A small study of n=4 nitrate sensors measured with a Campbell scientific
data logger in sand with varying nitrate had E0 variation of 90 mV.

Nitrate in Peat

Figure 6.5b show the output potential of three nitrate sensors measured with Arduino
boards in peat soil at varying nitrate levels. They had sensitivity of -31 ± 8 mV/dec,
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Figure 6.5: a) Nitrate sensitivity in sand. b) Nitrate sensitivity in peat. c) Nitrate
sensitivity in clay. d) Impact of moisture content in sand. e) Impact of moisture
content in peat. f) Impact of moisture content in clay.

with R2 values for each sensor’s best fit line of 0.8, 0.71, and 0.99. The standard
deviation of the intercepts of the best fit lines was 165 mV. The low sensitivities
and relatively low R2 values are due to inconsistencies with Arduino boards and the
age of the sensors. These sensors were measured in sand and clay first, before the
measurements in peat, so by the time of these measurements, the sensors had been
inserted, removed, and rinsed from soil media many times. Figure 3.8c and section
3.7 described fresh nitrate sensors in peat soil measured with a Campbell Scientific
data logger. Under these conditions, the sensitivity was -47 mV/dec, R2=0.95, and
E0 variation 30 mV (n=3).

The di↵erent results depending on the age of the sensor and the electronics used
to measure it highlight the importance of improved stability for real-world use cases.

Nitrate in Clay

In clay, five of 14 sensors had R2 values >0.9 and slopes between -30 and -60 mV/dec;
these sensors’ relationships between measured potential and nitrate concentration
are shown in figure 6.5c. The sensitivity of the sensors was -39± 8 mV/dec, and
the variation in intercepts of the sensors’ best fit lines was 360 mV. Clay has much
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finer grain size and higher cation exchange capacity than sand, so it is notable that
sensitivity values and the standard deviation of intercepts are similar for sensors
measured in sand and clay. This suggests that soil texture alone is not a primary
interfering factor in soil nitrate measurements, though other soil characteristics may
be.

Moisture Content

Ideally, nitrate sensors’ output should not depend on soil moisture content. However,
potentiometric sensors require electrochemical contact between the two electrodes to
function: ions must be able to move from the ionophore membrane in and out of the
same solution that is in contact with the reference membrane. At some point, the soil
becomes too dry to support this flow of ions, and the electrodes become e↵ectively
an open circuit, providing no useful signal. To identify the minimum moisture level
for e↵ective sensor operation, the output potential was measured for soil samples of
varying moisture content, all watered with 10 mM nitrate solution.

The results are shown in figure 6.5d-f. Sand and clay soils followed the expected
pattern. Above a certain threshold, output potential was constant with respect to
moisture content, represented by the flat lines on the right-hand side of figures d and
f. The potential jumped significantly and abruptly at low moisture content. These
read-out electronics defaulted to high signal output at open-circuit inputs. For sand,
the threshold was between 10 and 20% volumetric water content (VWC). For clay, it
was between 20-30%. This makes sense because clay’s matrix potential is higher than
that of sand, meaning water is bound more tightly to the surfaces of solid particles in
clay. When this happens, water is not free to move about and cannot provide a path
for ions to equilibrate between the sensor’s ISE and RE. The relationship between
water content and sensor signal output in peat soil was not as clear. The minimum
water threshold seemed to be between 10-20%, but the output potential was not as
stable between 30-50% VWC as it was in other types of soil. Di↵erent sensors have
di↵erent minimum thresholds. It was unclear if these results were due to variations
in water retention properties of the high-organic matter soil, or resulted from drift
and damage to heavily-used sensors, as discussed for the peat-nitrate results.

Individual Sensor Characteristics

Throughout the results from sand, clay, and peat in both nitrate and moisture tests,
there was significant sensor-to-sensor variability. Here, I show that most of that has
to do with the sensors, not the soil.
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Figure 6.6: Output Potentials for two sensors in sand and clay for nitrate tests and
moisture tests. Sample A, in diamonds, consistently outputs between 100-300 mV
when it is functioning correctly, regardless of soil type or test type. Sensor B, in stars,
outputs 600-900 mV. The variation seen in figure 6.5 can be traced to indiviual sensor
tendancies like this.

Subsets of the same 20 sensors were used in all six measurements. Sensors which
had low R2 in sand also had low R2 in clay, while most sensors with high R2 in
sand also had high R2 in clay (70%). Sensors which performed better in sand than
clay may have su↵ered use and aging impacts. Similarly, sensors with relatively
high potential outputs had this characteristic across soil types and nitrate/moisture
measurements. For example, figure 6.6 shows nitrate content and moisture sweeps
for two sensors in sand and clay. In all cases, sensor A, represented by diamonds, has
much lower potential than sensor B, represented by stars. The potential measured
by sensors during the 50% moisture and 10 mM concentration point of the moisture
sweep was within 50 mV of the potential measured during the 10 mM point of the
nitrate sweep for half of the sensors measured in sand.

Sensor-to-sensor variation is a problem that needs to be solved in order to avoid
mandatory calibration of every individual sensor. This variation stems mainly from
the sensors and readout electronics themselves, not from the type of soil. Sensors are
relatively stable from measurement to measurement, which took place over a period
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of a few days to a week for most sensors.

6.3 RFID Read Range

As discussed in section 1.3 and 5.3, RFID technology enables communication with
fully passive nodes like our biodegradable nitrate sensors. The price for making
a battery-free sensor node is limited read range, because the power for the sensor
measurement and data communication comes from the interrogator antenna and is
subject to propagation losses as it travels the distance to the tag. Because power
diminishes as 1

R2 , doubling the distance reduces power received by the tag by 75%.
Battery-less RFID typically supports reading distances between 1-10 m, which is
significantly less than the kilometer read ranges possible with powered cell technology.
However, UHF-RFID read ranges are considerably greater than HF RFID, or near
field coupling (NFC), which operate on the order of a few centimeters. In agricultural
settings, the presence of soil and plants can further limit the read range.

Several studies have looked into passive RFID communications in soil. Bauer-
Reich studied tags buried 5-20 cm deep in silty loam soil at di↵erent water contents
[148]. Frolik characterized communication with tags buried up to 50 cm deep by
frequency, soil depth, moisture, density, and texture [149]. Bogena et al. compared
mathematical models for path losses in soil to measurements [150]. In all cases,
wetter soil reduces the power received. This is because the dielectric properties of
soil depend on soil moisture. The complex permittivity ✏ = ✏

0 + j✏
00 of soil varies

widely: the real part of the permittivity, sometimes known as the dielectric constant,
✏
0, ranges from about 5 in dry soil to 30 in wet or dense soil at 1.4 GHz [151]. The
change in ✏

0 shifts the resonance frequency of the buried antenna, making it less
e�cient. For example, a dipole antenna designed to operate at 915 MHz buried in
dry soil with ✏

0 = 5 will resonate at 409 MHz, and at 183 MHz in a wet soil whose
✏
0 is 25. Additionally, attenuation from propagation in lossy media (represented ✏

00)
by hampers communication to RFID tags which are buried underground at sensor
level. For example, a 915 MHz electromagnetic wave propagating in a materials with
✏ = 25+j6, which represents a wet silt loam, will lose half of its power after traveling
only 3 cm.

Because changing soil moisture changes the dielectric properties of soil, which in
turn impacts the received signal strength in a wireless system, the signal strength
itself can be used to monitor soil moisture conditions. For example, reduction of
signal strength of a sensor at a known depth has been used as an indicator for
increased soil moisture in pots [152] while Azar et al. kept the antenna above ground
but used a probe inserted into the soil to detune the antenna and reduce signal
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strength [120]. While changing RF conditions related to moisture can be useful
when measuring moisture, they remain problematic for sensors that measure any
other properties. For example, a nitrate sensor tag completely buried in wet soil
might be unable to transmit its data, rendering the sensor useless until the soil dries,
at which point the electrochemical sensor will not be operational.

One way to improve signal strength is to bring the antenna to the soil surface.
This reduces attenuation from propagation in lossy media, but does not eliminate
the loading of the antenna by highly variable permittivity soil near the antenna.
Raising the antenna slightly above the soil surface helps mitigate this second problem.
Figure 1a illustrates what a passive node with below-ground sensors and above-
ground communication might look like.

The goal of this work is to characterize the feasibility of passive RFID communi-
cation in agriculture. The primary metric of interest is maximum read range because
in order to take a measurement, a powered reader needs to be within the read range
of a sensor node—the shorter the read range, the closer the reader has to be to the
tag to get data.

In practice, the powered reader would be mounted on mobile infrastructure of
some sort and would travel around the field to collect data from dispersed tags.
The reader could be mounted in a variety of ways. Three examples are shown in
figure 6.7. Readers could be mounted on existing infrastructure like center pivot
irrigation systems; on drones (which might also capture optical remote sensing data)
programmed to fly a specific pattern; or on tractors with wide booms like sprayers.

To make a system like this reasonable to implement, a reader height well above
the height of the plants, and similar to the height of existing equipment is needed.
This might be in the range of 1-4 m, depending on crop type.

In addition to soil impacts, wireless communication in agricultural settings must
overcome the challenge of crops in the signal path. Leaves and stems can block
the line-of-sight between the reader and the tag, causing reflections and scattering
losses. The extent of the scattering depends on the leaf size and density, crop type,
and the position of the tags relative to the rows of plants. The impact of crop canopy
on wireless links between two powered nodes at the same height above the ground
with some horizontal distance between them has been studied in wheat, corn, and
vineyards [153, 154, 155]. However, the impact of crop canopy on communication
between a ground level node and an elevated node has not been well documented in
the literature.

Here, the vertical read range for passive RFID tags at 915 MHz as a function of
soil texture, soil moisture, and presence and type of crop canopy is characterized.
High water content soils significantly limit read ranges, but adding space between
the tag and the soil surface mitigates the losses. While crop canopies reduce read
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Figure 6.7: a) A passive soil sensor node consists of a subsurface sensor or sensors
connected by a conductive trace to an above ground RFID chip and antenna. b)
Passive soil sensor nodes which are widely distributed through a field could be read
by powered readers mounted on existing farm infrastructure such as center pivot irri-
gation systems, aerial drones, or tractors with wide booms as for spraying. However
the reader is mounted, the wireless link is primarily vertical—with the reader above
the passive node. The crop canopy might or might not impede direct line of sight
depending on the specific placement of sensors within or between rows.

range, ranges of more than 1.5 m are still possible even with dense canopy. These
results lay the foundation for the deployment of a system of 100’s of battery-free
sensors in agricultural settings.

Materials and Methods

Reader, antenna, and tags

The RFID tags were read using a commercially available RFID reader system (Thing-
magic Sargas, Trimble, Sunnyvale, CA, USA) connected to a circularly polarized
RFID reader antenna (MT- 262024/TRH/A/K from MTI Wireless Edge) with 30
dBm output power. The passive tags were Asygn AS3123 demo tags (Asygn, Greno-
ble, France).

Soil Preparation and Details

Five types of soil were used in these tests: a sand, a Turner series silty loam top soil,
a 1:1 mix by volume of Turner loam and sand, a 1:1:1 mix by volume of peat moss,
Turner loam, and sand, and a Farnuf series soil with high-clay content. The dry bulk
density, ⇢, of each soil type was calculated by weighing soil samples after drying in
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Table 6.2: Soil density and water holding characteristics

Soil type Dry bulk density Saturation GWC Saturation VWC
g/(cm3) g/g (cm3)/(cm3)

Farnuf Clay Soil 0.85 38.4 32.6
Turner Loam soil 0.75 48 36
1:1:1 Sand: Turner: Peat 0.77 47 36.2
1:1 Sand: Turner 0.98 28.1 27.5
Sand 1.2 20 24

an oven at 118�F and 8% relative humidity for a few days. Saturation was found
by watering the pots until a layer of standing water collected above the soil surface
and water dripped out the bottoms of the pots, then waiting until the dripping
stopped; this is the holding capacity of the soil. Water content was calculated by
both mass and volume. Gravimetric water content, or GWC, is defined as mass water

mass dry soil .

Volumetric water content is defined as volume water
total soil volume , which can also be found as

GWC⇥ dry bulk density
density of water .

Table 6.2 shows the dry bulk density, and saturation water content by mass and
volume for each soil type. Each day that RFID measurements were taken, each pot
was weighed. The mass was used to find VWC and GWC for each soil type each
day.

Read Range Measurements

An adjustable wooden stand was constructed to measure the read range. The in-
terrogator antenna was attached to an arm which extended 70 cm away from the
vertical support piece. The vertical attachment position of the arm could be fixed by
sliding pegs on the arm into a series of evenly spaced holes in the vertical support.
The height of the vertical support could also be increased to achieve interrogator
antenna heights higher than arm’s reach. The stand is illustrated in figure 6.8.

The height of the interrogator antenna was raised until no signal was received
from the tag, then lowered in 5 cm intervals until the tag was found again. The height
of the interrogator antenna above the surface of the soil in the pot was recorded as
the read range. The tags were placed parallel to the surface of the ground. Their
height above the ground was controlled by placing zero, one, or two 1.7 cm thick
Styrofoam blocks between the soil and the tag.
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Figure 6.8: Read range measurement set up.

Crop Canopy Read Range

To measure read range in crops, a ladder was set up near the edge of each plot. The
interrogator antenna, attached to its wooden extended arm, was taken up the ladder
until the signal from the tag on the ground was lost, then lowered again until the
signal was found again. The height of the antenna was measured with a measuring
tape.

Results and Discussion

The maximum read range, rmax, of an RFID system is given by equation 6.1

rmax =
�

4⇡

r
GTGRPTmpol⌧

Pth

(6.1)

Where � is the wavelength in free space, GT and GR are the gains of the transmit
and receive antenna respectively, PT is the power transmitted by the reader, mpol is
the polarization mismatch factor, ⌧ power transfer coe�cient, and Pth is minimum
power required by tag. During a reading, EM waves propagate first from reader to
tag, then from tag to reader. In both directions, the channel includes losses from
free space propagation governed by the Friis equation, scattering o↵ crops, and soil
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impacts. Because most powered readers are highly sensitive and can receive even
weak responses, the limiting direction for backscattered systems is typically reader-
to-tag. The tag must receive at least a threshold power, which is a parameter set by
the circuits in the IC.

The polarization mismatch mpol refers to power lost because of polarization dif-
ferences between the reader antenna and tag antenna. The tag antenna is a modified
dipole, which has a primarily linear polarization. The reader is circularly polarized,
so the polarization mismatch should always be 0.5 (or half the power is lost) regard-
less of the orientation of the tag. To verify this, the power received from the tags
was measured for tags at four di↵erent polarization angles for reading distances of
60 cm. Four conditions were tested: tags on soil without crop canopy and no space
between tag and soil; tags on soil without crop canopy and 1.7 cm space between tag
and soil; tags under corn canopy with no space; and tags under corn canopy with
1.7 cm space. In all conditions, the power received from the tag did not depend on
the polarization angle of the tag.

Field Test: Soil Moisture

In order to quantify the impact of soil texture and moisture on read range, pots of
five di↵erent soil types were prepared: a high clay content soil, a silty loam top soil,
sand, a 1:1 mix of sand and silty loam top soil, and a 1:1:1 mix of sand, silty loam
topsoil, and peat. The details of these soils are described in the methods section.
The maximum read high was measured for tags placed on the surface, 1.7 cm, and
3.4 cm above the soil on three di↵erent days. The maximum height of the stand was
2.78 m, so the maximum read range in some cases, especially the 3.4 cm spacing with
drier soil, is likely higher than that. Each day the soil water content was measured.
Figure 6.9 shows the maximum read range for each soil type and moisture level.

One key finding was that for any soil type, lower soil moisture corresponded to
greater read range, which was expected because dryer soil has a dielectric constant
more like free space than wet soil does. The increase in read range without a block
was most pronounced in the sand, where the driest condition had a read range 56%
higher than the wettest, and least pronounced in the soil/sand/peat mixture, where
read range only increased 23%. This was likely related to the way the soils dry. The
sand was porous and dried out quickly. The pure soils were not designed for use
in pots, and the top dried out more quickly than the bottom. The soil/sand/peat
mixture was specifically mixed to be a good growing media for pots in a greenhouse:
the sand helped with drainage while the peat held onto water, so the soil dried the
most uniformly.
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Figure 6.9: Maximum measured read range for five types of soil, three wetness levels,
and three tag-soil distances.

Another key result was that for all soils, and all moisture levels, adding space
between the tag and the soil surface increased read range. This was because the soil
loaded the antenna, shifting its resonance out of the band of interest, but adding
space reduced the loading. For the saturated conditions, adding 1.7 cm of distance
helped the most in sand, where read range increased by 46% as a result. The 1.7
cm of distance had the smallest impact on the silt loam soil, where read range only
increased by 11%. Adding 3.4 cm of space more than doubled the read range in sand
compared to zero space; in silt loam soil, the read range increased by 78%. Part of
the reason for this is that the read range for saturated sand was the lowest of any of
the conditions. Sand had the highest density, and, for a given volumetric moisture
content, sandier soils have a higher dielectric constant than finer textured soils [151].
Therefore, wet sand significantly limited read range, and anything to mitigate that
impact—drying the sand or adding space—o↵ered a proportionally larger benefit.

One way to understand the phenomena of adding spacers is to look at fundamental
electromagnetic wave propagation while modeling the soil as a reflecting ground
plane. This is not strictly accurate as the soil is not a conducting material, but from
EM theory, the interface between two insulators with di↵erent dielectric constants
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causes reflection of EM waves [109]. Here, the junction of air and wet soil with a
dielectric constant of 25 will lead to

✏
0 � 1

✏0 + 1

2

=
25� 1

25 = 1

2

= 0.92 (6.2)

or 92% of the power reflected. The high degree of reflection at the air-soil boundary
justifies modeling it as a ground plane. From antenna theory, the spacing between the
antenna and the ground plane should ideally be �

4 = 8.2cm, so that waves reflecting
o↵ the ground plane constructively interfere with initial radiation, after accounting
for the ⇡

2 phase shift from the reflection at the boundary.
Simulations of linear dipoles in HFSS can be used to more fully understand the

impact of a nearby ground plane on the antenna. The |S11| for a half wavelength
dipole modeled by a cylindrical wire 0.5 mm wide and 153 mm long with a 1 mm feed
gap was -15.3 dB at 915 MHz in free space, -0.0 with a conducting plane 1 mm away,
-2.0 with a conducting plane 1.7 cm away, -7.1 with it 3.4 cm away, and -9.7 with it 8.2
cm—a quarter wavelength—away. This theory indicates that increasing the distance
between the soil and the tag to 8.2 cm could improve read range or signal strength
even more. An antenna 8.2 cm above the ground might or might not be practical
for field deployment, as it could be more intrusive, and would require longer traces
to connect to sub-surface sensors. Optimal antenna height/stake lengths become an
application-specific optimization problem.

Field Test: Crop Canopy

In the final set of experiments, tags were placed under growing crops and the maxi-
mum read range was measured. The read range for the di↵erent crop types is shown
in figure 6.10. In each case, tags were measured directly on the soil surface and with
1.7 cm of distance between the tag and the soil. The canopy height of the corn was
85 cm, sunflowers 92 cm, and cabbage 35 cm. The soil moisture under the corn was
measured with a hand held probe to be about 23% VWC, sunflowers 32% VWC, and
cabbage about 35% VWC: saturation for this soil.

When the tag was on the surface of the soil, the read range varied primarily
with soil moisture: cabbage had the wettest soil and the shortest read range. When
the tag was raised on a block, the impact of soil moisture was reduced, and canopy
density became a more significant factor: sunflowers had the densest canopy and the
shortest read range.

To quantify the canopy density, imaging processing software (MATLAB Image
Processing Toolbox, MathWorks, Natick, Massachusetts, USA) was used to calculate
canopy closure, or the percentage of the representative overhead image covered by
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Figure 6.10: Maximum measured read range for tags under three types of crop
canopies.

green leaves. The corn had about 43% canopy closure, cabbage 90%, and sunflower
100%. Importantly, read ranges of over 2 m were possible in all three crop types with
only 1.7 cm of spacing between the antenna and the soil, even in the dense canopy
of the sunflowers.

6.4 Conclusions

Real soil and crop conditions complicate the operation of each component of the
biodegradable sensor node, but engineering solutions are available to make functional
devices.
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Microbial action in soil degrades materials, but beeswax is an e↵ective encapsu-
lant to extend sensor lifetimes to at least 90 days.

Nitrate sensor readings are impacted by soil type and soil moisture level, but do
show good linear responses between soil nitrate level and sensor output. More study
of soil properties on nitrate sensor operation is needed. The variation seen to date
could presently be managed by sensor- and soil-specific calibration at the beginning
of an experiment.

Wireless communication links which power passive RFID tags is significantly
hampered by wet soil, but adding some space between tag and ground mitigates this
problem. Crop canopy is not a detrimental issue for vertical reading

All in all, these field experiments are promising for the future deployment of
integrated sensor nodes in real fields.
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Chapter 7

Conclusions and Future Directions

This thesis has described the building blocks for and steps towards assembling a
printed, biodegradable, passive, wireless soil nitrate sensor node. These parts are:
biodegradable materials and appropriate fabrication techniques for working with
them, potentiometric nitrate sensors, and antennas for RFID. The biodegradable
materials have been used to fabricate biodegradable nitrate sensors and biodegrad-
able RFID antennas. The RFID antennas have been integrated with RFICs. The
nitrate sensors have been integrated with low-cost read-out electronics. Materials,
nitrate sensors, and RFID communication links have all be demonstrated in field or
soil conditions. A few integration steps remain particularly challenging: integration
of commercial RFIC with biodegradable materials, and reading potentiometric sen-
sors with an RFIC. These can be solved with further materials study and specific IC
design, respectively.

In this future-directions chapter, I discuss three areas of future work and appli-
cations. First, the remaining work for integrated fabrication of the biodegradable
wireless nitrate sensor node. Second, I explain some of the uses that each of the
constituent parts have individually. Finally, I suggest some ways the parts could
be combined for impactful deployment, and the advantages and disadvantages to
di↵erent systems.

7.1 Integrated Fabrication

To date, the functional nitrate sensors and functional RFID antennas have been
printed on separate substrates and connected with wires, sometimes with the aid of
PCB break-out boards. A streamlined fabrication process is needed to fully realize
the benefits of printing. A prototype of a full process flow is illustrated in figure 7.1
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and consists of the following steps:

1. Treat wooden substrate with blade-coated beeswax or PCL

2. Laser cut stake pattern from treated wood

3. Screen print zinc

4. Acid treat and dry zinc

5. Screen or stencil print carbon for the ion-selective electrode and silver/silver-
chloride for the reference electrode

6. Attach RFID chip using flip-chip

7. Prepare wax encapsulation sheets, cut to shape with windows for nitrate elec-
trodes

8. Adhere wax encapsulation sheets.

9. Dip-coat extra layer of wax on upper portions of stake

10. Drop-cast nitrate sensor membrane and reference membranes.

Although this process was successfully used to make non-functional demonstration
samples, the electrical performance and lifetime of functional stakes made this way
has not be tested. There is room for improvement in several of these steps.

The order of step 3 could be changed. If a large screen printer is available, multi-
ple sensor nodes could be printed on a single large board and released later, any time
before RFID attachment. Printing on pre-cut stakes requires at least coarse align-
ment in the screen printer, while cutting out pre-printed patterns requires alignment
at the laser-cutter. Limited area of screens and screen printers may require printing
one sample at a time.

The chip attachment process requires further consideration. The basic steps
outlined in section 5.1 provide a framework. The same silver paste, or another
commercial conductive epoxy, may provide su�cient electrical connection between
the chip and the printed zinc traces. Silver pastes and conductive epoxies are not
biodegradable, but neither is the chip. It may be possible to switch this connecting
material for additional zinc ink, or re-wetting of pre-patterned zinc ink. The chip
itself still represents the bulk of the non-biodegradable mass of the sensor node, and
reducing that is an important step towards full biodegradability. A bare silicon die
could be used in place of the packaged die used in prototyping. Connecting bare die
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Figure 7.1: A prototype of a process for printing the full sensor node begins with
substrate preparation, followed by zinc printing, nitrate sensor electrode printing,
chip attachment, and two wax encapsulation steps.

to printed traces requires an entirely di↵erent suite of tools and processes than those
of section 5.1, and would require research and development.

The wax encapsulation process in particular is an area ready for improvement and
creativity. The zinc traces require excellent adhesion between the top encapsulation
and the substrate to keep out humidity. The nitrate sensors require open windows
over the electrodes to allow electrochemical contact between the sensor membrane
and the liquid part of the soil. There are many ways of processing beeswax, most
with roots in traditional crafting of everyday objects like candles or bowls. Four
wax processing techniques that we have used are dipping, pouring wax into molds,
creating thin sheets through dipping wet wood, and creating wax paper by dipping
papers. Processing wax in one-step methods–dipping the full sample or using a
single mold–provides the best seal of encapsulation to substrate because the exterior
coat of wax cools simultaneously. Using prepared sheets of wax or waxed paper
allows patterning of windows, but the joint between the sheet and the substrate
is not seamless and can lead to leaks, especially when not reinforced by an extra
coat of wax. Further work in wax processing or the use of alternative waterproof
biodegradable encapsulation materials would improve the fabrication and reliability
of biodegradable nitrate sensor nodes.
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7.2 Deployment of Parts

As we have seen, the principle scientific and engineering advances that enable printed
biodegradable wireless soil nitrate sensor nodes concern biodegradable electronic ma-
terials especially high-conductivity zinc, quantifying passive wireless communication
in and around soil and plants, and the nitrate sensors. Each of these three areas
individually have numerous applications.

Biodegradable Materials

Biodegradable electronics of course have numerous applications, from simply re-
ducing waste generated by consumer electronics to environmental monitoring. The
increased lifetime of highly conductive biodegradable zinc is an important building
block for any biodegradable device with a desired operational lifetime of more than
a few days.

The materials set of wooden stakes, beeswax printing surfaces, zinc conductors,
and beeswax encapsulation layers is well suited for a few types of soil moisture sensors.
In 2021, Sui et al. reported a capacitive soil moisture sensor using Zinc-PVP with
beeswax encapsulation. In order to achieve lifetimes of more than two weeks, a 1 mm
thick encapsulation layer was needed, but this thick encapsulation reduced sensitivity
and the sensors su↵ered from drift before their breakdown [156]. The more stable
zinc-PCL ink could improve the lifetime of similar capacitive soil moisture sensors
while reducing the wax encapsulation thickness required. Similar capacitive sensors
can be used to measure water or other liquid levels, or as interactive touch sensors.

Passive RFID

Besides environmental monitoring, the ability to wirelessly communicate with sensor
tags can be used for wearable health monitoring devices [157, 158, 159], medical
applications [160], smart packaging [161], and vehicular technology [162]. RFID tags
are expected to have major impact in the transport of perishable goods [163], supply-
chain management [164], and warehouse management [165], especially for high-value
products. Dynamic inventory tracking and multi-user quality control could benefit
from a network of nodes which only requires the central reader to have an energy
source. Passive tags, with a variety of sensors, can allow for distributed, mobile, and
interactive sensing.

In the area of environmental monitoring, RFID tags can be used as soil mois-
ture monitors, where the signal strength is an indicator of soil wetness. This has
been shown before using non-degradable buried or partially buried devices [152,
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120]. Switching from conventional to biodegradable materials could be especially
impactful for buried tags to reduce waste and avoid toxic pollution, as buried sen-
sors are likely to be extremely di�cult to retrieve. In this use case, the extended
lifetime of conductive zinc would be important because sensor placement is relatively
labor-intensive, so sensor lifetime needs to be longer than a few days to justify the
investment in installation.

Nitrate Sensors

Measuring nitrate in soil in real time is critically important for both agricultural and
environmental science applications, but is nearly impossible today because the tools
for in-situ nitrate measurement do not exist. Researchers in many areas of life- and
earth-sciences need field-deployable nitrate sensors, and do not necessarily require
them to be biodegradable or integrated with wireless read-out electronics.

Many researchers already have highly-instrumented field sites. Existing sensor
infrastructure might include weather stations, eddy covariance flux towers, gas flux
chambers, groundwater well sampling taps, and suction lysimeters for subsurface
water sampling. Printed soil nitrate sensors could be added to agricultural research
sites to understand how nitrate moves around a field, the scale of spacial variation
of nitrate, and the e↵ectiveness of variable-rate application technology. Sensors at
di↵erent depths in any environment could provide information on nitrate leaching to
groundwater. In conjunction with other soil physical and chemical sensors, nitrate
sensors could be used to understand conditions which lead to nitrous oxide emissions,
or which promote carbon sequestration in soil. These are areas we are beginning to
explore now.

Working at highly-instrumented field sites relaxes several technical requirements
on the sensors themselves. First, data loggers and power infrastructure exists at
research sites. We have already demonstrated reading of printed nitrate sensors
with widely-used Campbell Scientific data loggers. Having a reliable way to read the
sensors removes concerns related to variation in hand-soldered circuit boards or errors
from low-impedance readers used in inexpensive set ups. The powered system can
also record data as frequently as desired, which will help us find short-term spikes
which would otherwise be missed. Secondly, the presence of research equipment
relaxes the biodegradability requirement as routine maintenance is already required
for existing equipment. Non-degradable nitrate sensors should still use a carbon solid
contact layer, but plastic and Teflon encapsulation can be used to minimize physical
breakdown as a cause of sensor drift. Furthermore, conventional wires can be used,
so nitrate sensors can be placed at multiple depths with long wires to connect to
data logging hubs.
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The technical advances in the nitrate sensor itself which are required to enable
widespread deployment at research field sites are improved stability over time and
further studies of the impact of soil properties on the nitrate sensor.

7.3 Full System Use Cases and Improvements

The system envisioned here–biodegradable sensor nodes which are passive (battery-
free), printed, and low-cost–read by an RFID interrogator is technically feasible, but
there are a few engineering challenges to overcome for its full realization. Primarily,
electronics with high input impedance and amplifier input range suitable for reading
potentiometric sensors are needed to integrate the nitrate sensor with the printed
RFID tag. Additionally, modifications to the antenna design may be needed to
account for loading by long sensor leads. Fundamentally, though, the biodegradable
nitrate sensors have been used to read nitrate concentration in soil, printed RFID
tags can wirelessly communicate data from attached printed sensors without on-
board power, antennas can be made out of biodegradable materials, and wireless
communication links are possible from tags slightly above wet soil and under crop
canopies. This RFID-enabled system o↵ers the advantages of full biodegradability
of the in-soil nodes and extremely low cost of sensor nodes when produced at scale.
Reading strategies could o↵er measurements prior to each fertilizer application, an
event which happens a few times per season.

The advantages come with design trade-o↵s, however. The chief disadvantage of
a fully passive sensor node is that no data is collected unless the sensor is being read.
This leads to very low temporal resolution. The sensors, biodegradable materials,
and antenna designed here could be integrated with a di↵erent chip using another
protocol in the 915 MHz band–LoRa, ZigBee, or SigFox for example–to create a
sensor network with more frequent measurements. Such a system would require
innovations in biodegradable power sources such as batteries, microbial fuel cells,
photovoltaics, or other energy harvesting devices.



152

Bibliography

[1] Ken Russel and Leah Sandall. Corn Breeding: Lessons From the Past. url:
https://passel2.unl.edu/view/lesson/c3ded390efbf/10.

[2] Alex Escolà, Viacheslav Adamchuk, and ISPA Board. Precision Ag Definition.
2019. url: https://www.ispag.org/about/definition.

[3] David Mulla and Raj Khosla. “Historical Evolution and Recent Advances in
Precision Farming”. In: Soil-Specific Farming: Precision Agriculture. Ed. by
Rattan Lal and B.A. Steward. CRC Press, 2016, pp. 1–36.

[4] Landsat Overview — NASA.

[5] Mapping with Drones for Precision Agriculture — Virginia Cooperative Ex-
tension - Virginia State University.

[6] Roberto N. Barbosa. “Crop Yield Monitors”. In: Louisiana State University
Agricultural Center (2012).

[7] M.C. Nolin, S.P. Guertin, and C. Wang. “Within-Field Spatial Variability of
Soil Nutrients and Corn Yield in a Montreal Lowlands Clay Soil”. In: 2015.
doi: 10.2134/1996.precisionagproc3.c26.

[8] Ruth Kerry and Margaret A Oliver. Precision Agriculture, 4. Tech. rep. 278.
2003.

[9] W. K. Jung et al. “Spatial Characteristics of Claypan Soil Properties in an
Agricultural Field”. In: Soil Science Society of America Journal 70.4 (2006).
issn: 03615995. doi: 10.2136/sssaj2005.0273.

[10] Qiang Cao et al. “Quantifying spatial variability of indigenous nitrogen sup-
ply for precision nitrogen management in small scale farming”. In: Precision
Agriculture 13.1 (2012). issn: 13852256. doi: 10.1007/s11119-011-9244-3.
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