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Abstract

A Bio-mimetic Leaf Wetness Sensor

by

Brian Nguyen

Leaf wetness duration (LWD) is an important measurement in agricultural

meteorology since it is a determining factor to pathogen infection and critical to the

rate of plant disease development. Currently, there are commercially available electronic

LWD sensors implemented in crop management systems, and, although, these sensors

are robust and highly precise, they are unable to fully mimic the surface and wetting

properties of real leaves. To mitigate the limitations of commercially available leaf

wetness sensors (LWS), I developed a bio-mimetic sensor that closely replicates the

surface properties and hydrophilicity of the leaves using a polydimethylsiloxane (PDMS)

double-casting technique. Measurements taken from the modified LWS suggest that

from three different leaf species, the commercialized LWS is capable of closely matching

the wettability of only one of the corresponding leaves. This proof of concept shows

that bio-mimetic leaf wetness sensors can better represent plant leaves and, therefore,

not only verifies the commercialized LWS’s limited effectiveness but also demonstrates

the importance of incorporating wettability into future LWS sensor development.
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Chapter 1

Introduction

In 2019, the Food and Agriculture Organization of the United Nations esti-

mated that between 20 to 40 percent of global crop production are lost to plant diseases

and pests annually, with plant diseases costing the global economy roughly $220 billion

each year [1]. Controls measures to mitigate the impact of plant disease on global agri-

cultural production is therefore necessary. Growers and researchers have developed a

wide array of measures for the management of specific plant diseases, and, as a result,

disease-warning systems have become a popular method used by growers to preemptively

mitigate destructive events using chemical treatment or biological management [2, 3].

Environmental monitoring, particularly humidity and leaf wetness, is especially

important. The relationship between leaf wetness duration and plant diseases is a field

that first dates to 1853. Debary was one of the first researchers to study the association

between the infection of potatoes by Phytophthora infestans with occurrence of free

water on the plant canopy [4]. Since then, disease-warning systems have progressed to
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include other meteorological factors including rainfall, humidity, and air temperature.

However, the measurement of leaf wetness duration (LWD) remains a priority due to

its governing role in infection processes for many fungal pathogens [5–11].

Fungus Host
Epidemiological
Variable

Range of
LWD (h)

Botrytis cinerea strawberry flowers disease incidence 6–32
Botrytis squamosa onion leaves number of lesions 6–32
Colletrotrichum acutation strawberry fruit disease incidence 3–40
Colletrotrichum coccodes tomato fruit severity 10–50
Diaporhe phaseolorum soybean disease incidence 2–140
Phakopsora pachyrizi soybean number of lesions 6–12
Phytophtora cactorum strawberry fruit infection 0.5–5
Puccinia arachidis groundnut lesion density 4–40
Puccinia recondita wheat infection hyphae 9–15
Puccinia striiformis wheat infection 3–6
Pyricularia grisea ryegrass number of lesions 6–48
Pyrenophora teres barley infection 3–24
Uromyces phaseoli bean number of pustules 4–25

Table 1.1. Wet period requirements for infection by several foliar pathogens (results
published between 1985 and 1991) [14]. Reproduced with permission from Annual
review of phytopathology. Adapted from Huber and Gillespie.

Infectious plant disease is defined as the plant’s immune system response when

inflicted by a pathogenic organism. Basic physiological or biochemical features including

the plant’s ability to reproduce, yield, or even maintain a normal structure are affected

[12]. Ultimately, fungi are the most common causal agent of plant disease but require

“free water” on the plant surface prior to infection [13]. Free water, in the form of rain,

fog, or dew, provides an ideal environment for pathogenic microbe development. Huber

and Gillespie conducted a literature review of work performed between 1985 and 1991

regarding the disease, crop affected and the range of wetness duration that is required
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for the epidemiological variable indicated (Table 1.1) [14]. The duration of which is

necessary for infection varies from a short period of time, as brief as half an hour for

the infection of Phytophthora cactorum in strawberry fruit, to as long as 140 h for the

development of Diaporthe phaseolorum in soybean.

’Volare’
Wet Period (h) Disease Index
4 1.67
5 2.22
6 3.56
24 4.00

’Magic Carousel’

Wet Period (h) Disease Index

4 0.33
8 0.89
12 1.22
24 3.67

Table 1.2. Disease index (0 to 5 ) 0 = no infections, 5 = all or nearly all petal tissue
necrotic. Reproduced and adapted from D. Coyier [15]

As the wetness duration needed for infection varies, the severity of infection

increases with longer leaf wetness periods. The severity of Botrytis cinerea, for example,

on the ’Volare’ Rose and ’Magic Carousel’ Rose increases with longer wetness duration

(Table 1.2) [15].
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Figure 1.1. Schematic of bio-mimetic leaf wetness sensor with replica molded surface to
accurately measure leaf wetness duration.

Monitoring environmental factors including humidity, temperature, rainfall

and LWD are especially important. However, unlike environmental factors, LWD is

not a standard meteorological measurement [16]. Moreoever, current sensors are unable

mimic the surface of a leaf providing results that are not directly correlated with what

truly occurs on a leaf surface. Accurately measuring leaf wetness duration, poses a signif-

icant challenge to correctly estimating the risk of fungal disease infections.To address the

issues associated with commercially available LWS, we have fabricated a modified leaf

wetness sensor by directly replicating the surface of leaves using polydimethylsiloxane

replica molding soft lithography techniques (Fig. 1.1). In the following work, I demon-

strated a LWS in which captures the complex leaf surface topography [17]. Therefore,

by creating a bio-mimetic surface, the resulting wettability of the LWS closely matches

that of the corresponding leaves.

4



Chapter 2

Background

Leaf wetness is a concern for the development of fungal pathogens for many

plants. Hence, the measurement of the duration of time during which the leaves are

wet is critical for plant disease management. In this section, I will address the different

types of leaf wetness sensors (LWS) available, the capacitive sensor, the causes of leaf

wetness, and engineered bio-mimetic surfaces.

2.1 The Leaf Wetness Sensor

Leaf wetness duration (LWD) is an important measurement in agricultural

meteorology since it is a determining factor to pathogen infection and critical to the

rate of plant disease development. To this end, agricultural communities have adopted

leaf wetness sensors as a part of crop management systems to monitor the duration

of leaf wetness resulting from dew, rainfall, or irrigation events. Over the duration of

several decads, LWS have evolved from empirical methods to those based on electronics.
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Sensors can be divided into three categories: static sensors, mechanical sensors, and

electronic sensors.

Figure 2.1. (a) Duvdevani dew gauge, (b) De Wit leaf wetness recorder, (c) Davis
Instruments resistive leaf wetness sensor, (d) METER Group Phytos 31

The static sensor contains no mechanical nor electronic components. A prime

example of the static sensor is the Duvdevani dew gauge which operates based on
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empirically examining dew formation on wooden blocks. The sensor is comprised of

Wooden blocks that are painted red and placed outdoors, after sunset, at heights of 5,

25, 50, and 100 cm above the ground (Fig. 2.1(a)). Prior to sunrise, the dew formation

of the painted block is then visually compared to a series of photographs called the dew

scale. The dew scale acts as a reference for growers to compare and estimate the amount

of dew formed [18]. Like most static sensors, the Duvdevani dew gauge relies on visual

observation to estimate the amount of dew formed overnight but is lacking as it unable

to provide a quantitative value for measuring dew duration.

The production of mechanical sensors aimed to resolve some of the shortcom-

ings to static sensors. The De Wit leaf Wetness recorder, for example, consists of a

length of string to measure water content during rainfall or periods of high relative

humidity (Fig. 2.1(b)). It uses a hemp string that lengthens when exposed to moisture.

The expansion and contraction of the string causes an ink pen to mark the duration

of wet periods on a rotating chart [18]. Unlike its predecessor, the mechanical sensor

takes a quantitative approach to measuring LWD. However, the mechanical sensor is

also without its severe limitations. Rainfall is a significant contributor to the formation

of water on leaf surfaces but this type of sensor cannot be used in precipitation events

and is subject to numerous failures [18].

The electronic leaf wetness instrument has become the predominant method to

measuring LWD. At the moment, there are two commercially available electronic LWS

consisting of the resistive LWS and the the capacitive LWS [6]. The resistance LWS

is comprised of a printed grid, where the circuit is complete when water on the sensor
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surface bridges interlocking electrodes (Fig. 2.1(c)). The electrical resistance drops as

water accumulates. The resistive LWS is not without flaws as its inability to measure

small droplets and vulnerability to harsh environments make it unreliable. In contrast,

the capacitive LWS is sensitive to sub-milligram levels of water condensing on the surface

and is resilient to the harsh natural environment due to its insulated electrodes (Fig.

2.1(d)) [19]. The sensor functions by measuring a change in the capacitance seen at

its insulated surface which then yields an output signal that changes according to its

surface wetness. For its reliability, the capacitive LWS has become the gold-standard to

LWS, but there are several limitations that need to be addressed. The capacitive LWS

reflects only wetness on a particular surface of moderate wettability and is unable to

effectively represent wetness of leaves of actual plants which vary tremendously [20]. In

this work, I aim to take advantage of the capacitive LWS’s strengths, but also remedy

some of its short comings by modifying to surface to mimic the surfaces of actual plant

leaves.

2.2 The Capacitive Sensor

Applications to capacitive sensing include the measurement or detection of hu-

midity, position, fluid level, proximity, and acceleration [21]. Today, its most prominent

use can be found in the touch screens of mobile devices and laptops. Human interaction

such as a finger, ear, or hand elicits a capacitive change to the sensor element within

the touch screen. This is often termed “capacitive touch” or “proximity,” but sensing
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is not limited to human interaction. In fact, other objects such as water droplets can

change the capacitance seen at the sensor.

2.2.1 Capacitive Sensing Working Principle

Figure 2.2. Water droplet interaction with the capacitor’s electric field.

Capacitance is defined as a measure of an object’s ability to store electric

charge. If close enough together, any two conductive materials which are separated by

a dielectric will exhibit capacitance [22]. Capacitors are typically designed to have a

fixed value determined by the area of the two conductive plates, the distance between

the plates, and the dielectric constant of the material between the plates. Altering the

physical dimensions of the capacitor is not viable but, instead, the capacitance can be

altered by “changing” the dielectric constant. Because a water droplet has much greater

dielectric value than air, its interaction with the capacitor’s electric field represents an

overall increase its dielectric constant and thus an increase in its capacitance (Fig.

2.2) [22].
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Figure 2.3. Equivalent circuit of droplet interaction with sensor.

The formation of a water droplet affects the overall dielectric constant seen at

the surface of the sensor and therefore alters the overall capacitance. However, it must

also be considered that the droplet acts as an additional capacitor in this system due to

its inherent conductivity. The new capacitor formed by the water droplet is effectively

in parallel with the existing PCB capacitor and, therefore, increases the system’s overall

capacitance (Fig. 2.3). Note that the water droplet itself is not electrically connected

to the electrodes and is not in parallel in a circuit-analysis sense.

Two mechanisms are involved when a water droplet is formed on the surface

of the capacitive sensor. First, because of the droplet’s greater dielectric constant,

its interaction with the capacitor’s electric field produces an increase in capacitance.

Simultaneously, the droplet’s inherent conductivity forms a second capacitor in parallel

with the PCB capacitor further increasing the overall capacitance of the system. We

can see that both mechanisms govern the interaction between droplet and sensor but

other factors such as the configuration of the capacitive sensing system also determines

its effectiveness.
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Figure 2.4. (a) Electric Field propagation of mutual-capacitance system (b) with water
droplet. (c) Electric Field propagation of self-capacitance system (d) with water droplet.

Capacitive sensors fall into two types of categories: mutual capacitance and

self-capacitance (Fig. 2.4). The operational principle of a self-capacitance sensor relies

on measuring changes in capacitance with respect to earth ground. In a parallel-plate

capacitor model, the electrode defines one plate of the capacitor while the other plate

represents ground. In comparison, rather than have a single plate act as an electrode,

mutual capacitance utilizes both plates to behave as electrodes [22]. Mutual capacitance

electrodes consist of two separate electrode structures: the transmit electrode (Tx) and

the receive electrode (Rx). The mutual capacitance formed between the Tx and Rx
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form an electric field and, when disturbed by an object like a finger or water droplet,

results in a change in capacitance [22].

Figure 2.5. Working principle of charge transfer method to capacitance measurement.

Much of the capacitive sensor is dependent on the charge transfer method as

an effective means to measure a change in capacitance based upon a fixed capacitance.

In principle, the sensing circuit consists of two capacitors: a relatively large capacitor

(CL) of known fixed value and a variable capacitor(CV ) that is smaller than CL . Charge

transfer method operates by having CV charged in which it is then transferred into CL

(Fig. 2.5). The capacitance of CV is then determined based on the number of times

it takes to fill CL. Subsequently, if the number of times it takes to fill CL changes, it

indicates that the capacitance of CV has altered [22]. It is this change in CV that is

measured and indicates if the surface of the capacitive sensor has been influenced.
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2.2.2 Optimization of Capacitive Sensor Design

The working principle of the capacitive LWS is based on the fringing electric

fields formed from the interdigital electrodes. The fringe electric field extends from

the electrodes, out of the printed circuit board (PCB), where electrical environment

changes from the formation of water droplets, result in an increase in capacitance. The

performance of the sensor is determined by the penetration depth of its fringing field and

its sensitivity which, in turn, are dependent on the geometry and material properties

of the sensor. Consequently, there is a design tradeoff between the sensor’s sensitivity

and its penetration depth. Increasing the gap space between electrodes yields a greater

penetration depth of the fringing field but also results in a loss in sensitivity [23, 24].

Conversely, decreasing the gap space increases the sensor’s sensitivity but in-trade loses

penetration depth. The primary goal of the capacitive sensor design is to achieve an

optimum balance between these two factors [23].
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Figure 2.6. Perspective view and cross section of interdigital sensor.

Geometrical parameters including the width of the electrode digits (w), thick-

ness of each electrode digit (h), number of electrode digits (N), and the gap size between

them (g), are factors affecting the penetration depth of the fringing field and sensitivity

of the sensor. In particular, the digit width-to-gap ratio, w/g, and the number of digits

are key. A perspective view of the interdigital sensor is shown in Fig. 2.6.

2.3 Leaf Wettability

Leaf wettability can be described as the leaf’s surface’s affinity to water and

varies based on the chemical composition and structure of leaf surfaces of the plant

species. In a natural environment, leaf surfaces are frequently wetted by dewfall, pre-

cipitation, and irrigation events but depending on the tissue hygroscopicity, wettability

can consist of individual drops or nanometer-thin water films [25]. In order to quantify

leaf wettability, researchers use the contact angle (θ) of water on leaves measured at

the gas, solid, and liquid interface as an index for surface wettability. Contact angles
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between leaf surfaces and water droplets range from 0°to 180°. The variation across

physical and chemical properties of leaf surfaces between species accounts to the differ-

ent contact angles of leaves. These surface properties include chemical factors such as

the content and microstructure of the epidermal wax and physical factors that consist of

the number, size and pattern of trichomes, stomatal density, the shape of epidermal cells,

and leaf water status [5, 6]. The wettability of leaves are categorized in the following

way: “super-hydrophilic” if θ < 40°, “highly wettable” if θ < 90°, “wettable” if θ < 110°,

“non-wettable” if θ < 130°, “highly non-wettable” if θ < 150°, and “super-hydrophobic”

if θ > 150° [6].

2.3.1 Criteria and measurement of leaf wettability

Figure 2.7. Young’s modulus diagram of wetting of a solid surface with water, with air
as the surrounding medium.
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The extent of which a surface becomes wet is determined by the contact angle

which is formed at the three-phase boundary where the liquid, gas, and solid intersect.

The three free energies involved in this system consist of the solid-gas/vapor intersect

(γsg), liquid-gas/vapor intersect (γlg), and solid-liquid/vapor intersect (γsl). The bal-

ance of the following forces of a water droplet on a smooth flat surface is explained by

Young’s equation [26]:

cosθsmooth =
(ysg − ysl)

ylg
(2.1)

The contact angle given from Young’s equation provides information regarding

the interaction energy between the leaf surface and water droplet (Fig. 2.7) [27]. When

γlg = γsl, the water droplet forms a contact angle of 90°. When ysv − ysl ≥ ysv, θ

= 0 and the water droplet completely spreads on the leaf surface. The contact angles

between water droplets and the leaf surface are greater than 90°when ysv − ysl < 0. It

is important to recognize that Young’s equation is only applicable to ideal surfaces. Yet,

leaf surfaces are rarely smooth due to three dimensional structures like the epidermis

and cuticle structures. The presence of epicuticular waxes and trichomes also influences

its roughness [7].
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Figure 2.8. Diagram of Wenzel model and Cassie-Baxter model

To account for the contact angle formed on rough surfaces, Wenzel modified

Young’s equation by adding a roughness factor (r) as follows [28]:

cosθsmooth = cosθrough = rcosθsmooth
(2.2)

The roughness factor is defined as the ratio of actual contact area of the leaf

surface to the projected area of leaf surface that the droplet contacts [28]. While Wen-

zel’s equation can account for surface roughness, the equation can only be applied to

a homogeneous surface. Consequently, most leaf surfaces are heterogeneous and hence

contact angle hysteresis occurs.

Contact angle hysteresis is defined as the difference between the contact angle

of the advancing edge of a liquid drop, θa, and the contact angle of the receding edge of

a liquid drop, θb. To account for a heterogeneous surface, a more complex model known

as the Cassie-Baxter equation is required to measure how the apparent contact angle

changes when various materials are involved [29]. For a surface with a two-component
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surface, the Cassie-Baxter equation is expressed as:

cosθc = f1cosθ1 + f2cosθ2 (2.3)

In the Cassie-Baxter model, f represents the fraction of leaf surface area with a

contact angle of θ. A surface in which incorporates patches of air and liquid on the leaf

surface is a prime example. Due to the presence of small air pockets under the droplet

in the Cassie-Baxter wetting scheme, the water droplet has less physical contact with

the surface and a small contact angle hysteresis [29].

2.3.2 Bio-mimetic Surface Engineering

Bio-mimetic surface engineering can be interpreted as the adaptation of biolog-

ical surface features on otherwise man-made materials. The addition of pattern or the

control of chemical properties of a surface, may provide beneficial properties such as an

induced wetting state and an enhanced interaction of materials with the environment.

The lotus flower (Nelumbro nucifera) has become a popular example for artificial bio-

logically inspired materials due to its super-hydrophobicity and self-cleaning property

found on its leaves [30].

18



Figure 2.9. (a) A photo of a lotus leaf on the water. An ESEM image of the lotus
surface.(b) The inset is a magnified image of the papilla structure.(c) Contact angle of
lotus leaf. Reproduced with permission from the Royal Academy of Chemistry [30].

The lotus flower has a distinctive self-cleaning mechanism known as the “lotus

effect.” Its super-hydrophobic surface causes water droplets to bead up and roll off while

collecting contaminants from its surface. This phenomenon is a result of micro-scale

papillae covered with nano-scale wax crystals (Fig. 2.9). The heterogenous surface along

with its ability to tilt or vibrate creates a self-cleaning surface promoting protection

against fungal pathogen and aiding photosynthesis activity [30].
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Figure 2.10. (a, b)SEM images of fresh lotus leaf surface composed of micro/nano scale
binary structures. Typical SEM top-view and cross-section images of the as-prepared
lotus-leaf-like hierarchical ZnO surfaces obtained (c, d). eproduced with permission
from the Royal Academy of Chemistry [32].

Because the lotus leaf has become a popular subject for bio-inspiration, there

have been numerous studies involving different methods to synthesize lotus-leaf-like

surfaces. Lee et al. demonstrated a mass-production fabrication method involving

nickel-mold making via electroforming which is then followed by a replication step via

UV-nanoimprint lithography [31]. In addition, Dai et al. combined a sol-gel technique,

soft lithography, and hydrothermal treatments to imprint microscale pillar structures

from a PDMS mold directly into a ZnO sol film (Fig. 2.10) [32]. Similarly, mimicry
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of hydrophilic leaf surfaces have also been reported. Kim et al. uses soft lithography

in combination with polycaprolactone (PCL) and polyurethane acrylate (PUA) to fab-

ricate surfaces that mimic the hydrophilic property of the common camellia (Camellia

japonica) [33].
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Chapter 3

Biomimetic Leaf Wetness Sensor Design,

Fabrication, and Characterization

The objective of this work was to fabricate a modified bio-mimetic LWS using a

simple double-casting method involving polydimethylsiloxane (PDMS) replica molding

soft lithography techniques. In this section, I will discuss the design and testing of

two components: the PDMS leaf replica and the capacitive LWS. I then verify surface

replication and discuss capacitance measurement results.

3.1 Leaf Replica Fabrication and Assembly

Much of the internal factors that affect leaf wettability are owed to the mi-

crostructures found on its surface. It was important that during the leaf surface repli-

cation process, that details from its surface topography were retained to the utmost

fidelity. The thickness of the patterned layer was also considered. One of the limita-
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tions to the capacitive sensor is the penetration depth of its fringing fields at the sacrifice

of sensitivity. Therefore, another goal was to design a fabrication process that yields a

thin-enough layer to enable adequate sensor penetration with optimal sensitivity.

3.2 Template Mold and Fabrication

The process of creating the template is an easy and versatile method that is

widely used to obtain bio-mimetic surfaces. The typical method involves a template

with desired surface properties and pressing it on a soft polymer surface to copy its

morphological features [32].

The casting process used polydimethylsiloxane (PDMS), an elastomer widely

used for casting due to its low shrinkage properties during cure, excellent elasticity,

and ability to replicate features at nanoscale resolution [34, 35]. In addition, PDMS is

also ideal due to its water contact angle of 105° [36]. Because the controlled wetness

properties of engineered surfaces are dependent on the natural properties of the material

used to replicate the surface of leaves, I felt that the innate contact angle of PDMS acts

as an optimal compromise between hydrophilic and hydrophobic [32]. Typically, when

PDMS is prepared, a manufacturer-recommended 10:1 weight ratio between monomer

and crosslinker is performed. However, for this process, it was important that I create a

hard/soft dynamic between casting material and template to retain detail across surface-

pattern transfer [37, 38]. To form this dynamic relationship, the ratio was adjusted to

20:1 to increase the disparity in stiffness between casting material and template [38,39].
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In choosing the casting polymer, the next step in the process was to design a

casting method to form the leaf template. Leaves were prepared by first removing from

plants, rinsed under running water for 1 min, and dried with nitrogen gas. Within the

same day, the leaf was attached to a disposable Petri dish using double-sided Kapton

tape. PDMS (20:1 weight ratio) was poured into the Petri dish containing the leaf and

placed into the vacuum desiccator for 30 min to remove any further bubbles formed

during the pouring process. Manufacturer protocol suggests curing PDMS in an oven

at 60°C for 48 h, but at this temperature I observed that the leaf had lost much of its

physical integrity due to the excessive heat. To remedy this issue, PDMS was cured

instead in ambient air for 72 h. Once fully cured, the PDMS negative template was cut

using a box cutter and peeled from leaf.

Following fabrication of the negative PDMS template mold, the next step was

to form the positive PDMS replica. This process underwent two revisions. The first

strategy was a protocol that involved a simple double casting method through plasma

treatment followed by ethanol treatment to release a thin layer of patterned PDMS.

The plasma treatment oxidizes the surface of the mold, showing an increase in the

concentration of hydroxyl functional groups. Subsequent exposure of ethanol prevents

adherence of the PDMS replica once cured [40]. Following surface passivation, I poured

uncured PDMS into the template mold and excess elastomer was scraped away using

a blade. The template along with the uncured PDMS was then cured in an oven at a

temperature of 60°C for 48 h. Once fully cured, the positive replica layer was peeled

away from the template mold to be bonded to the PCB sensor and act as a bio-mimetic
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surface (Figure 3.1).

Figure 3.1. Initial strategy for replication of leaf surface onto capacitive sensor. The
leaf of interest is mounted to a Petri dish using double-sided Kapton tape. (a) PDMS
(20:1 weight ratio) is poured over the leaf and cured at room temperature. (b) The
template mold is cut and peeled from the Petri dish. (c) PDMS (10:1 weight ratio) is
poured into template mold and cured for 72 h at 60°C. (d) PDMS replica layer is peeled
away from template mold and bonded to capacitive sensor.

However, upon use, this thin layer fabrication strategy suffered from various

shortcomings. The two-step surface treatment was only able to prevent adhesion to a

limited extent. I was able to separate the mold and replica but, because the replica

layer was so thin and some adherence was still present, tearing occurred (Fig. 3.2a).

The residual adherence was most likely due to the remaining uncrosslinked molecules

and polar oxygenated species that was not fully leached by ethanol. While a thicker

layer of PDMS would resolve the issue of tearing, an increase in the thickness of the

replica layer would significantly limit the sensitivity of the sensor. Although, regardless

if the replica-release method was successful, microscope imaging revealed that the layer

was too thick at 380 µm to permit fringe field penetration (Fig. 3.2b).
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Figure 3.2. (a) Template mold highlighted in red and torn PDMS replica layer high-
lighted in blue. (b) Thickness of PDMS replica layer.

From flaws observed from the initial fabrication strategy, I had to address two

issues: first, the use of ethanol as a passivation agent was not effective and, second, the

current method of peeling away the replica layer was not viable if I was attempting to

create a layer less than 380 µm thick. A new method had to be devised.

The second revision to my strategy still involved a double-casting method, but,

rather than attempt to peel away and bond a thin patterned layer of PDMS, I instead

used the negative template mold to act as a stamp and imprint the PCB sensor with

the leaf pattern. To achieve this, I used a procedure called spin coating. Spin coating

is a procedure used to deposit uniform thin films onto flat substrates, and, depending

on the speed at which the material coating is subject to, the thickness of the film can

be controlled. A 25 µm layer of PDMS (10:1 weight ratio) was first deposited onto the

sensor by spin coating at 1000 rpm for 10 min and cured in an oven for 48 h. This first
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layer acted as an insulating layer to protect the electrodes from corrosion.

Figure 3.3. Schematic illustration of PDMS surface modification by PFOCTS.

To ensure the template mold did not adhere to the PCB sensor during pattern

transfer, the template mold was treated with trichloro(1H,1H,2H,2H-perfluorooctyl)

silane (PFOCTS) (97% Sigma Aldrich, USA). This chemical is commonly used as a

self-assembled monolayer (SAM) on a mold as an anti-sticking agent for nanoimprint

and has also been applied to PDMS to enable double casting [41–43]. PFOCTS‘s non-

adhesive property is attributed to its several fluorine terminates [44].

A second layer of PDMS was spun on the PCB sensor but at 250 rpm for 60

s to yield a 200 µm layer. Before the PDMS was cured, the treated negative template
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mold was then firmly pressed face-down into the coated PCB sensor. The assembly

was placed in an oven to cure at a temperature of 60°C for 48 h. Once fully cured,

the negative leaf replica mold was peeled from the PCB sensor exposing the patterned

surface (Fig. 3.4). Profilometer measurements indicated that following double-casting

procedures, the patterned PDMS layer had a maximum thickness of 180 µm.

Figure 3.4. Working strategy for replication of leaf surface onto capacitive sensor. The
leaf of interest is mounted to a Petri dish using double-sided Kapton tape. (a) PDMS
(20:1 weight ratio) is poured over the leaf and cured at room temperature. (b) The
template mold is cut and peeled from the Petri dish. (c) Template mold is then pressed
face-down onto a PCB sensor that has been coated with uncured PDMS (10:1 weight
ratio). PCB sensor is placed in an oven to cure at 60°C. (d)Template mold is peeled
away from PCB sensor exposing the imprinted surface.

3.3 Printed Circuit Board Sensor Design

The capacitive sensor acts as the transducer in the bio-mimetic LWS. The

fringe electric field extends from the electrodes, out of the printed circuit board (PCB),

where electrical environment changes from the formation of water droplets, result in an
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increase in capacitance. The performance of the sensor is determined by the penetration

depth of its fringing field and its sensitivity. These two factors are dependent on the

geometry and material properties of the sensor components.

Figure 3.5. From left to right, PCB sensors with electrodes widths of 250 µm, 500 µm,
800 µm, 1000 µm, and 1500 µm. Each sensor caontined gap sizes of 250 µm.

Following double-casting procedures, the patterned PDMS layer had a maxi-

mum thickness of 180 µm. The goal during this portion of sensor design was to determine

an optimal electrode width so as the fringing fields can penetrate the patterned layer of

PDMS while still maintaining maximum sensitivity. To determine this parameter, PCB

sensors of varying electrode widths were manufactured. Each sensor contained gap sizes

of 250 µm but varied in electrodes widths of 250 µm, 500 µm, 800 µm, 1000 µm, and

1500 µm (Fig. 3.5). Designs were all constrained in a sensor head area of 20 × 45 mm2.

In addition, an unmodified 180 µm layer of PDMS was deposited onto the sensor via

spin coating to imitate the thickness of the leaf surface patterned layer. To test the limit
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of detection for fringe field penetration, a sessile 0.5µl water droplet was placed on the

surface for each sensor design and capacitance measurements were taken using an LCR

meter (HANTEK 1832C). I found that among the sensor designs, an electrode width of

800 µm was able to detect a 0.8% change in capacitance with the 0.5 µl water droplet.

A change in capacitance was not discernable with designs containing smaller electrode

widths. This occurrence was most likely due to the fringe fields’ inability to penetrate

past 150 µm of PDMS. In contrast, while a change in capacitance was detectable with

designs that included electrode widths of 1000 µm and 1500 µm, much of the signal was

saturated with noise.

3.4 Surface Replica Verification

Three different bio-mimetic LWS were fabricated corresponding with a unique

plant species. For this study, leaves of Umbellularia californica (California bay), Pla-

tanus racemosa (West Sycamore), and Escallonia ‘Iveyi’ (an Escallonia hybrid) were

obtained from trees found on the University of California, Santa Cruz campus and were

specifically chosen based on their diverse wettability. In addition, a LWS mimicking the

PHYTOS 31 leaf wetness sensor (METER, USA) was fabricated and used as the basis

for comparison against the other leaves.

Water contact angle measurements were taken for each leaf, the commercial

sensor, and their replicas [45]. Contact angle measurements were obtained using a VHX-

5000 Digital Microscope (Keyence, USA) and analyzed using Image J. Initial contact
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angle measurements of the leaf replicas demonstrated that further surface modification

was necessary to have the contact angles of the replicas and corresponding leaves match.

To mediate this discrepancy, replicas were exposed to an oxygen plasma treatment to

change the surface properties of the PDMS to a more hydrophilic state [46,47].

Figure 3.6. (a–d) Photographs of Umbellularia californica, Platanus racemosa, Escal-
lonia iveyi, and commercial sensor. (e–h) Water contact angles of corresponding leaf
samples and commercial sensor. (i–k) Water contact angles of PDMS leaf replicas. (l–o)
SEM images of leaves and (p–r) their complementary PDMS replicas.
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Based on the results from Fig. 3.6(e–r), the water contact angle measurements

and SEM images verified that the replicas were able to capture the surface topography

of each sample and closely match its wettability. The commercial sensor had a θ of

48° and is, therefore, termed “highly wettable”. P. racemosa is categorized as “highly

wettable” with a θ of 66°, E. Iveyi is “wettable” with a θ of 80°, and U. californica is

“non-wettable” with a θ of 101°.

3.5 Humidity and Dew-Controlled Chamber

Dew is the moisture that forms as a product of condensation and occurs as the

air surrounding an object becomes cold enough where it no longer has the capacity to

hold water vapor. The water vapor in the air condenses causing small water droplets to

form on the cold surface. The goal, following surface mimicry-verification, was to expose

the bio-mimetic LWS to a similar dew-inducing environment and investigate its wetting

properties. Factors, ranging from the relative humidity of the condensing environment

to the degree of subcooling of the sample, contribute to the extent of condensation that

occurs. As a result, controlling condensation in an experimental setup requires proper

control of these factors. To test the the condensation behavior of the water droplets, I

constructed a relative humidity and dew-controlled chamber (Fig. 3.7).
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Figure 3.7. Diagram of humidity and condensation control chamber.

To reflect environmental conditions, the relative humidity of the chamber was

maintained at 80% and the sensor surface kept at 45°F. The desired relative humidity

was maintain by a means of spraying deonized water with an ultrasonic nebulizer where

the exact humidity was monitored using a humidity sensor. In addition, the subcooling

of the sensor surface was controlled by a Peltier-heat sink arrangement. The ultrasonic

nebulizer and Peltier device were controlled by an ON/OFF trigger-driven mechanical

relay connected to the Arduino environment [48]. However, temperature readings from

an infrared temperature sensor recorded higher values compared to the Peltier set tem-

perature owing to the thermal contact resistance of the 1.6mm sensor substrate [49–51].

To mediate this, an infrared camera was used on each LWS to monitor surface tem-

peratures. Recordings of the fabricated LWS based on replicating the surface of its

corresponding leaf species were performed. As a comparison, a LWS mimicking the
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wettability of the commercial LWS was also placed within the chamber.

3.6 Wetting Measurements

Figure 3.8. Response of replica LWSs measured via change in capacitance versus time.
Once the commercial replica LWS reached full water surface saturation, dew chamber
was deactivated and replica LWSs were allowed to dry. (a) The response of the LWSs
were recorded and (b) corresponding photos were taken at 0 minutes and 30 minutes
for each LWS.

Results shown in Fig. 3.8 confirm that the LWS’s response is dependent on its

wettability. At a 55% change in capacitance (∆C), the surface of the sensor mimicking

the commercial sensor was fully saturated with water. At this point, the Platanus race-

mosa replica LWS, which was the most hydrophilic leaf among the samples, exhibited
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a similar response of the commercial replica LWS at 52% ∆C. Accordingly, the E. Iveyi

yielded a 32% ∆C and the U. californica replica LWS displayed the smallest change at

9% ∆C. Once the commercial replica LWS reached full saturation, the humidity and

dew-controlled chamber was shut off and the replica leaf sensors were allowed to dry in

ambient air. The commercial replica LWS took roughly 30 min to reach full saturation,

exhibiting a 55% ∆C. The commercial LWS replica exhibits a similar response to the

P. racemosa replica LWS (52% ∆C) and, in principle demonstrates that it would be

an adequate representation for Platanus racemosa. However, unlike the other replica

LWS, the commercial replica LWS failed to accurately represent E. Iveyi and U. cali-

fornica in terms of wettability. To reach 32% ∆C, it took the commercial replica LWS

about 11 min while the E. Iveyi replica LWS requires 30 min. In a similar pattern, the

commercial replica LWS requires only about 6 min to reach a similar saturation point

to the U. californica replica LWS’s . This discrepancy could potentially translate to

severe misjudgments for LWD, and especially in the field, where water droplet formation

could extend up to many hours [52]. Where other leaves likeE. Iveyi and U. californica

are more hydrophobic compared to P. racemosa, the commercial LWS may report full

saturation after a certain period when the leaf is actually far from saturation.
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Chapter 4

Conclusion

Accurately measuring LWD poses a significant challenge to correctly estimat-

ing the risk of fungal disease infections. While commercialized leaf sensors have demon-

strated their ability to precisely measure surface water content in harsh environments,

they are inadequate representations of actual leaves because they do not consider leaf

wettability. Therefore, the purpose of this study was to establish the importance of leaf

wettability as a parameter when designing LWS. The use of commercial LWS appears

to be adequate for plants that have leaves with comparable leaf wetness properties.

However, with species with hydrophobic or hydrophilic leaves, there is a great poten-

tial for error when determining LWD. The results points to the importance of using

sensors with appropriate surface wettability when determining LWD and offers an easy

method to fabricating a more representative LWS. However, while we were able to ver-

ify contrasting responses between the commercial replica LWS and other LWS, further

verification is necessary.
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4.1 Outlook

In this work, while I was able to demonstrate that leaf wettability as a pa-

rameter for LWS is critical, there are further limitations in this work that need to be

addressed.

Figure 4.1. (a) SEM image of Escallonia iveyi. SEM image of template mold for
Escallonia iveyi. SEM of image of PDMS replica for Escallonia iveyi.

With the double casting method, the leaf surface pattern is transferred twice:

once from the leaf to the negative template mold, and again from the negative template

mold to the positive replica. It is evident from Fig. 4.1 during the casting process there

was some loss of morphology detail. The negative mold was able to effectively capture

the micro-scale features of the plant leaf but, moving from negative template mold to

positive replica, the loss is apparent. This shortcoming was most likely owing to the

hard/soft dynamic between casting material and mold not being significant enough. A

polymer with a high Young’s modulus, like SU-8 photoresist, would be a better material

to act as the positive replica mold [53]. SU-8’s stiffer properties would yield a greater

hard/soft dynamic and, accordingly, micro-structures can be better retained during

casting.
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Another limitation is the mismatch of rigidity between LWS and leaves. This

limitation, in fact, is applicable to all electronic LWS as they are typically composed of

hard materials. On the other hand, plant leaves typically flexible and will bend to allow

excess water to travel down the leaf surface [54, 55]. Removing excess water from the

leaf surface helps to prevent fungal growth. Fabricating the LWS on a flexible substrate

may provide more representative data for specific crops [56].

4.2 Future Work

For this work, there are many opportunities to improve the sensor. Further

optimization of the geometrical parameters of the interdigitated electrodes on the ca-

pacitive sensor can better its performance. Using a more rigid polymer like SU-8 to

form the positive replica could better maintain the surface micro-structures during pat-

tern transfer. Lastly, fabricating the sensor on a flexible substrate like PDMS could

potentially produce more representative LWD data.

Though, more significantly, the next steps in this study are to perform field

in-situ LWD measurements. Strawberries and beans are of particular interest because

of their potential as profitable crops but are also recognized to be easily susceptible to

disease development. Further work would see deployment of the bio-mimetic LWS in

strawberry and bean fields.
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Appendix A

Supplementary Information

A.1 Printed Circuit Board Sensor Design

The PCB sensor interdigitated electrode design was printed on a 1.6mm thick

fiberglass substrate and with the sensor head area constrained to a 20 × 45 mm2 area.

Each electrode had a finger width of 1 mm and a gap space of 250 µm. The PCB

electrode side is covered with a 25 m protective coating of PDMS (10:1 weight ratio),

by spin coating at 1000 rpm for 10 min. The coated PCB sensor was cured in an oven

at a temperature of 60°C for 48h.

A.2 Leaf Replica Fabrication

To create the negative mold, leaves were first removed from plants, rinsed

under running water for one minute, and dried with nitrogen gas. Within the same day,

the leaf was attached to a disposable Petri dish using double-sided Kapton tape. PDMS
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(SYLGARD 184; Dow Corning, USA) was prepared by mixing the PDMS prepolymer

and cross linker in a 20:1 weight ratio and degassed for 1 h in a vacuum desiccator to

remove air bubbles. The 20:1 ratio PDMS was poured into the Petri dish containing

the leaf and placed back into the vacuum desiccator to remove any further bubbles

formed during the pouring process. The PDMS was cured in an oven in ambient air at

a temperature of 25 °C for 72 h. Once fully cured, the PDMS negative mold replica was

cut using a box cutter and peeled from the template.

A.3 Sensor Assembly

To imprint the PCB sensor with the leaf pattern, the final step requires pressing

the negative leaf replica mold into the PCB sensor. A second layer of PDMS was spun

at 250 rpm for 60 s to yield a 200 µm layer on the PCB sensor. Next, the negative mold

leaf replica was treated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOCTS)

(97% Sigma Aldrich, USA) to act as a non-stick agent. Deposition of PFCOCTS was

performed via gas-phase evaporation in a desiccator for 2 h. The treated negative mold

leaf replica was then firmly pressed face-down into the coated PCB sensor and was cured

in an oven at a temperature of 60°C for 48 h. Once fully cured, the negative leaf replica

mold was peeled from the PCB sensor.
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A.4 Plasma Treatment

Replica PDMS leaf surfaces required further treatment following sensor assem-

bly. After coating, replica LWS were exposed to oxygen plasma treatment at a base

pressure of 40 mTorr, oxygen flow rate of 17.6 sccm, and RF plasma power of 45 W for

exposure times varying between 10 - 60 seconds.

A.5 SEM Imaging

All SEM images were taken using a FEI Quanta™ 3D field emission microscope

(FEI, USA). Surfaces were observed at a power of 10 kV and spot size of 3.5 nm.

A.6 Contact Angle Measurements

Contact angle measurements were obtained using a VHX-5000 Digital Mi-

croscope (Keyence, USA) and analyzed using Image J. Deionized water was used to

determine the surface energy of leaves and PDMS leaf replicas. Contact angle of water

droplets with a volume of 5µL were recorded.

A.7 Experimental Leaf Wetting Setup

In a natural environment, leaf surfaces are frequently wetted due to dew for-

mation. To achieve the best conditions for dew formation, we created a controlled

dew chamber environment where we can regulate meteorological factors including am-
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bient temperature and humidity. Furthermore, a Peltier device mounted underneath

to control the temperature inducing water droplet condensation. Capacitance measure-

ments were taken using the PCAP02 Capacitance-to-Digital Converter (ScioSense, The

Netherlands).
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