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ABSTRACT 

Impedimetric Plant Biosensor Based on Minimally Invasive and Compliant 

Microneedle Electrodes 

Abdullah Hassan Bukhamsin 

 

There is a rising need for inline sensors for continuous and non-destructive monitoring of 

crops status. As growth in agricultural productivity stagnates, farmers are increasingly 

adopting soil-implanted sensors that allow them to optimize their yields. In existing 

literature, plant bio-impedance has been shown to change accordingly with various biotic 

and abiotic stress factors, and thereby may constitute a marker of interest. Yet, to date, 

there is no widespread adoption of bio-impedance for plant health monitoring due to the 

low sensitivity of planar electrodes.  This thesis is dedicated to the development of a plant 

impedimetric biosensor that utilizes micro-needles electrodes for enhanced sensitivity.  

The micro-needles have been designed to pierce the upper waxy layer (cuticle) of plants 

to measure impedance from the underlying layers. Moreover, a micromolding process has 

been utilized to fabricate the micro-needles at scale without sacrificing fidelity. The 

molds were fabricated using dip-in laser lithography to benefit from the high resolution 

and flexibility of the technique. Standard metal sputtering processes were then used to 

confer conductivity onto the micro-needles. Several micro-needle aspect ratios and 

geometries were explored and adapted for use on Barley (Hordeum vulgare L,) and Date 

Palm (Phoenix dactylifera).  
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In order to assess the performance of the sensors, the impedance of several plant 

specimens was monitored using the developed sensors alongside planar electrodes. The 

impedance measured by the sensors was lower than that reported by planar electrodes at 

low frequencies, indicating successful bypassing of the cuticle, as desired. No adverse 

effects were observed on the plant tissue post micro-needle attachment for seven days.  

Furthermore, a cyclical diurnal pattern of impedance was observed in both plants that was 

entrained by light. 

Finally, the micromolding technique developed in this thesis can help produce high-

fidelity 3D electrodes for bio-impedance monitoring. Once the mold is fabricated, the 

electrodes can be produced at scale without the need of clean-room equipment. 

Furthermore, the fabricated sensors can monitor bio-impedance of plant specimens for 

extended durations of time and may offer a platform that can be functionalized to 

selectively quantify specific phytohormones of interest.   
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Chapter 1 Introduction, Motivation, Goals, and Contribution 

Introduction, Motivation, Goals, and Contribution 

1.1 Motivation and Goals 

In the last three decades, the average food consumption per person has increased from 

2370 kcal per day to 2770 kcal per day [1]. Coupled with steady growth in the global 

population, this has strained the world’s food production capacity. By 2050, the UN 

projections show that the food production levels need to increase by 70% from their 

levels in 2007 to meet the rising demand [1]. Although there is a sufficient global spare 

capacity of arable land for food production, it remains largely untapped. In part, this is 

due to the emerging resource constraints, as growth in resources needed for agriculture 

has lagged that of food demand. Considerable attention has been dedicated to either 

increasing or maintaining the yields of the existing fields without increasing their 

resource footprint. 

Collectively, such approaches are referred to as precision farming (PF). PF seeks to link 

the spatial and temporal conditions of crops to site-specific intervention. This can 

mitigate the resource consumption associated with a generalized treatment of a crop field. 

PF techniques, such as variable-rate irrigation and fertilization, can reduce the supply of 

water and fertilizers needed while maintaining high crop yields [2]. Commercial 

translation of such techniques has relied on soil-implanted sensors that monitor the soil 

water and ionic content [3]. However, due to the complexities in crop growing 

conditions, the spatial variability of water and nutrients in the soil is significant and may 

change between seasons [4]. To capture this variability, more soil-implanted sensors are 
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needed, and, in a large-scale farm, this quickly adds to the cost and becomes impractical 

for smaller commercial entities. It is believed that the adoption of PF techniques can be 

greatly accelerated with the availability of precise and robust sensors that allow for real-

time, rapid, non-destructive, and in-line monitoring of crops [2]. 

One such class of sensors is electrochemical impedance biosensors (impedimetric 

sensors). These sensors measure the interfacial impedance of a plant tissue, which 

changes accordingly with the composition of the tissue. Utilizing these sensors can shed 

light on the ionic composition and hydration of the plant tissue, which are important 

parameters for crop health. Existing literature suggests that a variety of biotic and abiotic 

stress factors, which trigger complex stress responses, may influence the composition of 

the tissue and lead to a change in impedance (discussed in chapter 2) [5]. As the plant leaf 

serves as the center of photosynthetic activity, investigating its composition and state is 

of great interest in the pursuit of maximizing yields. As such, attention is dedicated to the 

leaf in electrical bioimpedance studies. To date, there is evidence linking rapid drops in 

temperature [5], bruising [6], and fungal infestations [7] in plants to changes in leaf 

impedance. However, despite the existence of these promising results, these sensors have 

yet to see widespread adoption in commercial farming as there are associated challenges 

with their implementation.  

Plant leaves are enclosed by a waxy upper layer referred to as the cuticle. Similar to the 

skin, this layer insulates the underlying tissue and limits the information that can be 

extracted, when probing the leaves with conventional surface electrodes.  As such, the 

sensitivity suffers, and it is difficult to discern if the source of change in bioimpedance is 
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due to a stress factor [7].  Needle electrodes were developed as an alternative and can be 

inserted directly into the main vein of the leaf (midrib) but remain too invasive and 

impractical for many applications as they tend to deflect the leaves. This renders needle 

electrodes ineffective for investigating the effect of herbivore grazing on impedance and 

studying plants with soft leaves, such as Wheat and Barley. 

Recently, Microneedle electrodes (MEs) have emerged as a promising alternative to 

conventional planar electrodes used to record bio-signals for electromyography (EMG) 

and electrocardiography (ECG). MEs can painlessly pierce the skin and establish contact 

with the underlying layers, thereby eliminating the high impedance of the stratum 

corneum [8]. Furthermore, the contact between MEs and the skin is far more stable than 

that of the planar electrodes and is thereby less sensitive to motion artifacts. This is 

critical for long-term monitoring as the movement of the subjects can influence the 

recorded signals [8]. Using MEs also circumvents the need for skin preparation before 

deployment. As such, hair-cutting, skin abrasion and electrolyte gel coating are not 

needed.   

In this thesis, we explore the potential of MEs for the long-term recording of 

bioimpedance of plant leaves. Various MEs were designed with various shaft lengths that 

were tuned for Barley (Hordeum vulgare L.) and Date Palm (Phoenix dactylifera) leaves. 

The two major contributions of the thesis are (i) the development of a precise, flexible, 

yet scalable fabrication process for MEs, and (ii) to show that the bioimpedance of the 

specimens as recorded by the MEs can be used to monitor crop status. To that end, the 

long-term bioimpedance of specimens of interest was recorded using the MEs under 
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controlled temperature and lighting in a greenhouse environment. The effects of water 

stress, lighting, and fungal infestation on the bioimpedance were investigated (as 

discussed in chapter 4).  

To fabricate the MEs, we used a series of 3D-printed negative molds (as discussed in 

chapter 3) produced using two-photon polymerization (TPP). This process affords 

complete control over the desired geometry and aspect ratio of the produced MEs. The 

molds were used to imprint Polydimethylsiloxane (PDMS). The MEs were fabricated to 

be conformal, lightweight, and minimally invasive. To avoid the use of heavy clamps, the 

molds were also used to imprint a mixture of PDMS and Neodymium magnet pellets 

(NdFeB) (as discussed in chapter 5). The magnetic properties were exploited to allow the 

MEs to adhere to the tissue of interest.  

The main goals of the thesis are as follows: 

1. Develop a robust and efficient method for the fabrication of flexible MEs that retains 

a great degree of control over the needles’ geometry, shaft length, and spacing. 

2. Explore the potential and feasibility of using MEs as impedimetric biosensors for 

long-term monitoring of crop health for PF and research applications. 

3. Obtain suitable electric models for the specimens studied akin to those developed for 

other model plants in the existing literature.  

4. Exploit different selective coatings and the versatile nature of the fabrication process 

outlined to obtain desired magnetic properties or to confer selectivity to 

phytohormones, which act as stress markers. 
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1.2 Thesis Outline 

The thesis is structured to follow the chronology of a proof-of-concept to realization to 

investigate the feasibility and potential of using MEs as plant biosensors. The process 

flow of development of the fabrication method is discussed in the context of each 

targeted application. Results of long-term monitoring of bioimpedance are reported and 

explanations are given based on relevant physiological phenomena. The thesis is divided 

into six chapters:    

Chapter (1) provides the introductory context that motivates the work discussed and 

outlines the thesis structure and goals. Finally, the chapter acknowledges collaborators. 

Chapter (2) discusses the relevant background pertaining to electrical impedance 

spectroscopy (EIS) studies applied to plants and the fabrication methods implemented in 

the thesis. The chapter starts by reviewing the theory of EIS and its application to plant 

studies. This is followed by a review of some of the standard techniques utilized in the 

fabrication, such as TPP, sputtering, and electrodeposition.  

Chapter (3) describes the process flow used to fabricate the MEs used in the thesis. This 

chapter describes the PDMS-imprinting technique and the coating process of the 

microneedles to confer mechanical stability and conductivity.  

Chapter (4) details the testing apparatus used to record the bioimpedance signals of 

plants in the thesis. The chapter goes over the abiotic and biotic factors that were 

investigated in relation to the bioimpedance of the plant specimens.  

Chapter (5) discusses the explored modification to the fabrication process outlined in 

chapter (3) to fabricate MEs. 
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Chapter (6) summarizes the results obtained and discusses their implications and the 

remaining challenges. The prospect of MEs as applied to plant monitoring and future 

work are discussed. 

The presented thesis is mainly centered on investigating the prospects of using MEs to 

monitor crop health via bioimpedance. The thesis utilizes novel technologies, such as 

maskless lithography, to fabricate MEs.  

1.3 Statement of Collaboration 

As the scope of this thesis includes multiple disciplines, several experiments were 

conducted in collaboration with colleagues. The scanning electron microscope (SEM) 

images included in the characterization of the fidelity of the micromolding process was 

conducted by Khalil Moussi, a Ph.D. student from the Sensing, Magnetism and 

Microsystem Group. Furthermore, the mechanical testing of the microneedles was also 

conducted with the help of Khalil Moussi. The synthesis of the molecularly imprinted 

polymers (MIPs) was carried out by the help of Niketan Patel, Post-Doc at the Sensing, 

Magnetism and Microsystem Group. All the remaining experimental procedures were 

performed by Abdullah Bukhamsin.  
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Chapter 2 Background 

Background 

2.1 Principles of Electrical Impedance Spectroscopy  

Electrical impedance spectroscopy (EIS) is a ubiquitous measurement technique used to 

probe the electrical impedance of the sample under test at various frequencies. EIS can 

either be performed in a potentiostatic or galvanostatic configurations. In potentiostat 

EIS, a sine-wave voltage (𝑉(𝑡)) is applied of the form: 

𝑉(𝑡) = �̅� + �̂� ∙ sin(𝜔𝑡),  (2.1.1) 

where �̅� is the DC offset voltage, �̂� is the amplitude of the sinusoidal potential, 𝜔 is the 

angular frequency, and 𝑡 is time. The current generated in the sample is then measured 

and is given by: 

𝐼(𝑡) = 𝐼 ̅ + 𝐼 ∙ sin(𝜔𝑡 + 𝜙), (2.1.2) 

where 𝐼 ̅is the DC offset current, 𝐼 is the amplitude of the sinusoidal current, and 𝜙 is the 

phase shift. The complex impedance, 𝑍(𝑗𝜔), can then be found by dividing the two: 

𝑍(𝑗𝜔) =
𝑉(𝑡)

𝐼(𝑡)
=
�̂�

𝐼
 𝑒−𝑗𝜙 = 𝑅𝑒(𝑍) + 𝐼𝑚(𝑍). (2.1.3) 

The alternative galvanostat EIS is equivalent to potentiostat EIS with the only difference 

being that the probing sinusoidal signal is a current sinewave as opposed to a potential. 

The subsequent impedance formula is equivalent to the phase shift term, 𝜙, being added 

to 𝑉(𝑡) instead of 𝐼(𝑡). 

The electrodes used in EIS can be configured in a two, three, or four electrodes 

implementations. The simplest configuration uses two electrodes, designated as working 
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(WE) and counter electrodes (CE), to apply the sinusoidal stimulus and to measure the 

response. In such an implementation, the obtained impedance spectrum is affected by the 

connecting wires and the interface at the two electrodes. The effect of these interfaces is 

reduced by adding a third electrode, named as the reference electrode (RE), and applying 

the stimulus between the WE and the RE whilst measuring the current using the CE. 

Since no current is drawn by the RE, only the interface at the WE contributes to the 

measured impedance. 

A fourth electrode, named the working sensing electrode (WSE), can be added to 

eliminate the interface impedance contributed by the WE in the three-electrode 

implementation. The stimulus is applied between the WE and the CE whilst the response 

is measured between the WSE and RE. As neither the WSE nor the CE draw any current, 

neither of their interfaces contribute to the measured impedance. Although the addition of 

more electrodes makes the impedance measurement more accurate, this accuracy comes 

at the cost of increased complexity of the testing setup [9]. A schematic overview of the 

conventional EIS electrode configuration is shown in (Figure 2.1). 
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Figure 2.1.1: The EIS testing configuration with (A) two-electrodes, (B) three-electrodes, 

and (C) with four-electrodes. 

Implicit in equation (2.1.3) is an assumption of linearity of the complex impedance of the 

sample. However, in practice, most electrochemical systems exhibit nonlinear behaviors 

[9]. One possible method for circumventing this issue is to stimulate the system with low 

amplitude signals in the range between 10 to 100 mV. This avoids excess perturbation of 

the system and ensures operation in a pseudo-linear region in which the complex 

impedance does not depend on the amplitude of the applied stimulus [9]. 

2.2 Equivalent Circuit Modeling  

As the general behavior of the sample is of interest, the complex impedance is obtained 

over a range of frequencies. Often the data is represented using a Nyquist plot, in which 

for each frequency the imaginary impedance is plotted as a function of the real 

impedance. A Bode plot can also be used to retain the frequency dependence of the 
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impedance on frequency by plotting the magnitude of the impedance and the phase shift 

as a function of frequency. Typically, a Bode plot is made on a log scale to show the 

general trend in the data. 

Generally, these plots are used to evaluate a proposed equivalent circuit model. The 

theoretical response of the proposed model is compared to the experimental Bode and 

Nyquist plots to evaluate the adequacy of the fit. This is done by computing the residual 

sum of errors. Often, the proposed circuit model is made to only include the minimal 

number of frequency-dependent elements that ensure an adequate fit [10]. These models 

are proposed based on a physical understanding of the sample properties and are 

corroborated by the EIS experimental data. Models are revised with new physical insight 

to reduce the residual sum of errors to achieve adequate fitting [11]. 

Several models have been proposed over the years for biological tissue and they are 

rooted in the basic cellular structure. Whilst most of these models were developed for 

animal cells, they have been applied to plant EIS studies [12]. Unlike animal cells, the 

cell membrane, which is composed of a semipermeable phospholipids bilayer, is sheathed 

by a rigid and thick cell wall in plant cells.  This cell wall is composed of various 

cellulose fibers that are embedded with soluble proteins. It provides the bulk of the 

tensile strength and protection for the cell. Within the plant cell body, most of the volume 

is consumed by the vacuole, which stores water and various nutrients needed for growth, 

reproduction, and development. The vacuole is defined by a membrane known as the 

tonoplast, which regulates turgor pressure by controlling the water flux. Typical EIS 

studies on plant focus on the 10 Hz – 1 MHz range, in which the measured impedance 
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changes based on the ionic content and mobility of the tissue [5]. As such, the impedance 

spectra of plants are heavily reliant on the state of the cell wall and the tonoplast, as they 

control the ionic flux in the cell. The structural differences between animal and plant cells 

are highlighted in (Figure 2.2.1)  

 
Figure 2.2.1: A line drawing of a plant cell highlighting the major unique organelles and 

membranes of a plant cell (Adapted from [12]).  

The impedance of plant tissue is complex with the real and imaginary parts being 

associated with the resistive and capacitive pathways, respectively [5]. The bulk of the 

real part of the impedance is contributed by the ionic fluids in the extracellular 

compartments, whilst the imaginary part is due to the capacitance of the membranes. At 

low frequencies, the current mainly travels through the extracellular path as the high 

capacitance of the membranes prevents current passage through cells. At high 

frequencies, the current can travel through the extracellular path whilst crossing through 

the intracellular compartments. As such, the impedance at low frequencies is mostly 

resistive whilst that at high frequencies is mostly capacitive [13].  
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2.2.1 Cole Model 

The Cole model was the simplest electrical model proposed for biological tissues [14]. In 

the model, the extracellular path is modeled as a resistor (R1) whilst the intracellular path 

is modeled as a resistor (R2) in series with a capacitor ©. R1 represents the resistance of 

the intracellular space whilst C represents the membrane capacitance. The two branches 

are combined in one parallel circuit (Figure 2.2.2). At low AC frequencies, the 

impedance is largely resistive as C acts as an open circuit. This suggests that the 

impedance at this range is independent of the intracellular environment. On the other 

hand, at high AC frequencies, the impedance is equivalent to R1 || R2 as C is shorted.  

 
Figure 2.2.2: Equivalent circuit of the Cole Model [14]. 

2.2.2 Hayden Model 

The first equivalent circuit model proposed specifically for plants was proposed by 

Hayden et al. to explain the relationship between impedance, temperature, and humidity 

[15]. The model was developed for potato tubers, which are known to have a 

homogeneous cellular composition of tightly arranged cells. The cells were modeled as 

equivalent resistor-capacitors in parallel with a resistor (Figure 2.2.3). R1 represents the 

equivalent resistance of all cell walls, R2 represents the equivalent resistance of all cell 

membranes, R3 represents the resistance of the cytoplasm (intracellular content) of all 

cells, and C was the capacitance of all the membranes.  
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Figure 2.2.3: Equivalent circuit of the Hayden Model [15]. 

2.2.3 Double Shell Model 

To consider the resistances of the vacuoles and capacitances of the tonoplasts in plant 

cells, Zhang et al. developed an extended model known as the double shell model [16] 

(Figure 2.2.4). As before, R1 represents the resistance of the cell walls and R2 represents 

the resistance of the cell membranes. However, now R3 represents the resistances of the 

vacuole, C1 the capacitances of the cell membrane, and C2 the capacitances of the 

tonoplast.  The model has been validated in multiple studies on several fruits [17, 18] and 

the leaves of Peperomia obtusifolia L. and Brassica oleracea L. [19].  

 

Figure 2.2.4: Equivalent circuit of the Double Shell Model [16]. 

2.3 Electrical Impedance Spectroscopy in Plant Physiological Studies  

As bioimpedance is subject to change based on physiological events that occur in plants 

in response to a stimulus, it can be used to reflect the health status of crops. The changes 
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in the phase shift, impedance parameters, and the equivalent circuit model have been 

used to detect various plant stresses [7, 20] and quantify the quality of fruit [17, 18] and 

vegetable [9, 10] products. However, as there is a lack of available literature on the 

electrical properties of different species of plants and how their chemical composition 

may change based on certain events, it is difficult to generalize experimental 

observations.    

2.3.1 Temperature and Plant Bio-impedance 

Chilling of plants can cause ion leakage [21] and rigidify cell walls [20]. This can 

dramatically impact the quality of crop production and yields for cultivars in the tropic 

and subtropical regions. Early detection of chilling damage can be achieved in plants via 

EIS as the ionic leakage of plant cells post-chilling causes a marked change in 

impedance. The earliest study published on the topic was by Glerum et al. in 1969, which 

focused on the influence of temperature on the impedance of woody tissue. It was found 

that the impedance of the woody tissue increased linearly with a decrease in temperature 

and that EIS could be used to pinpoint the temperature at which ice crystals formed in the 

tissue [22]. Building on this approach, Darryl G. investigated the effect of temperature on 

the bulk impedance of plant tissue. The study centered on investigating the effect of 

chilling on birdsfoot trefoil (Lotus corniculatus L.) stems at temperatures as low as -8o C 

and found that the impedance values between 49 Hz to 1.11 MHz increased markedly 

[23].  

Similar studies were also conducted on the effect of heating on plant bio-impedance. 

Zhang et al. studied the effect of heat injury on the bulk impedance of potato tubers 
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(Solanum tuberosum L.) by raising the tubers core temperature and recording its 

impedance between 100 Hz to 800 kHz [24]. The study found that a fitted double shell 

model exhibited decreases in membrane capacitance and extracellular resistance as 

temperature increased. A similar result was published by Imai et al. in 1995 regarding the 

impedance of white radish (Rhaphis’s sativus L.) post-heating [25]. In the study, white 

radish was heated ohimically to 80o C and its impedance decreased and never recovered 

even after cooling.  

2.3.2 Fungal Infestation and Plant Bio-impedance 

A long duration of moisture retention in leaves is often considered an important indicator 

of pathogen infection. Many plant fungal pathogens require a moist environment to 

germinate in the infected tissue and spread [26]. As moisture retention can be measured 

using EIS [27], it is possible to detect pathogen germination events using the bio-

impedance of plant leaves. As these pathogens are associated with massive annual 

commercial losses, early detection of these pathogens has been an area of intense interest. 

One of the more promising results in the field was reported by Mendes et al. in 2009. In 

their study, the presence of Asian rust diseases was detected on soybean leaves at the 

early stages of the pathogen infection cycle using EIS [28]. The team fabricated a 

biosensor that utilized antibodies immobilized on a gold surface that can bind 

corresponding antigens on the pathogen. Another promising result was reported by a 

study published by Huirong et al. in which EIS was used to detect cucumber mosaic 

virus. This study, however, used conventional planar electrodes and was able to discern a 

drop in impedance between 1 Hz to 10 MHz of infected plants [29].   
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However, the use of conventional electrodes presents some limitations for plants with a 

thick cuticle layer. Borges et al. reported a slight change in the impedance of pinewood in 

response to the burrowing of nematode Bursaphelenchus xylophilus. The results were 

promising for young pinewood specimens, but not for the older specimen with thicker 

cuticles.  The group noted that a more sensitive measurement would require the “most 

superficial possible penetration of the electrodes” whilst not damaging the plant specimen 

[6]. 

2.3.3 Fruit Quality and Plant Bio-impedance 

EIS has been used extensively to quantify fruit quality in terms of ripening state and 

defects (such as bruising). Traditionally, crop harvesting is a process governed by visual 

inspection of fruits and farmers tabulate the optimal time for fruit picking based on 

experience. This invariably leads to fruits with varying degrees of ripening state being 

sold, which generated interest in using EIS as a standardized process for determining the 

ripeness of the fruit. In a paper published in 1996, Varlan et al. investigated the change in 

EIS as tomato and apple fruits ripened. The study reported that as the apple fruit ripened, 

low-frequency resistance and phase angle increased whilst high-frequency resistance 

increased slightly. However, there was significant variance in the EIS results as the apple 

specimens tested varied in their skin thickness. The tomato, with thinner skin, had more 

promising and consistent results [31].  

Similar studies were conducted on nectarine fruits by Harker et al. in 1994. The 

nectarines were reported to conform to the double-shell model. The low-frequency 

resistance of nectarines decreased as the fruit naturally ripened, but it was observed that it 



31 
 

reversibly increased under cold storage [17]. Harker et al. repeated the study on 

persimmons in 1997 and found that the impedance at frequencies higher than 300 Hz 

significantly decreased as the fruit was cooled but, unlike nectarines, reversibly increased 

when the fruit was transferred to room temperature [18]. Furthermore, just like 

nectarines, the impedance at high frequencies also increased during the fruit ripening 

experiment. 

2.4 Microfabrication Techniques Overview  

As discussed in (Chapter 1), in this thesis, MEs are used to circumvent the sensitivity 

limitations of conventional planar electrodes used in EIS. To fabricate the microneedles 

on the electrodes an assortment of microfabrication techniques is utilized.     

2.4.1 Two-Photon Polymerization for Dip-in Laser Lithography 

TPP is a versatile technique that can be used to fabricated 3D structure with a resolution 

lower than the diffraction limit (up to 100 nm [31]). Unlike traditional etching/deposition 

techniques, TPP is a lay-by-lay method and can be used to fabricate 3D structures with 

arbitrary geometries. As with filament-based 3D printing, this enables the rapid 

prototyping of structures with several dimensions. Various fields have greatly benefited 

from TPP including but not limited to microfluidics, micro-optics, and metamaterials. 

When TPP is utilized in the dip-in laser lithography (DiLL) configuration, a femtosecond 

laser is submerged in a photosensitive resin. The laser beam is focused using an objective 

lens with a high numerical aperture (NA). The interface of resin is found by the mismatch 

between the refractive index of the resin and the refractive index of the underlying 

substrate (Silicon or Oil-immersed glass).  
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The photopolymerization process can be described as three photochemical reactions. In 

the first reaction, knowns as initiation, the photo-initiator (PI) absorbs two-photons and is 

excited to a high energy state (PI*). PI* quickly decomposes to two radical initiators (R∙). 

In the second reaction, known as propagation, the generated R∙ combine with the 

monomers (M) to generate radical monomers (RM∙) which in turn combine with other 

monomers to generate a larger radical monomer that grows each time it combines with 

another monomer. The propagation occurs to the two radicals generated from the 

initiation state and thus two radical monomers are generated in this stage (RMn∙ , RMm∙). 

In the last reaction, known as termination, two radical monomers combine, and the 

propagation process is terminated [31].  

𝑃𝐼
ℎ𝑣+ℎ𝑣
→    𝑃𝐼∗ → 𝑅 ∙ +𝑅 ∙ (2.4.1) 

𝑅 ∙ +𝑀 → 𝑅𝑀 ∙ 
𝑀
→ 𝑅𝑀𝑀

𝑀𝑛
→ … → 𝑅𝑀𝑛 ∙ (2.4.2) 

𝑅𝑀𝑛 ∙  +𝑅𝑀𝑚 ∙ → 𝑅𝑀𝑚+𝑛𝑅 (2.4.3) 

To achieve the sub-diffraction limit resolution, quenchers are added to the resin, such that 

if the concentration of the radicals generated is below a certain threshold, the reaction is 

terminated rapidly. Above a certain intensity threshold, which occurs near the center of 

the focal point of the femtosecond laser, enough radicals are generated to overwhelm the 

quenchers, thereby allowing the polymerization reaction to ensue only in a small region 

within the focal point of the laser (Figure 2.4.1). A similar setup can be conducted using 

one-photon polymerization (1PP) by doubling the frequency of the incident photons, as 

this would impart the same energy. However, this would not achieve the same resolution 
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as TPP. In DiLL, TPP relies on simultaneous absorption of two photons of the same 

frequency which excite the initiators to a higher energy level. As this is a stochastic 

process, it can be modeled with the laws of mass action, which state that the rate of a 

given reaction is proportional to the product of their concentration raised to a power 

equivalent to their stoichiometric coefficient [32]. As the reaction necessitates two 

photons, the rate of absorption is thus proportional to the intensity of the incident photons 

squared: 

𝑑𝑊

𝑑𝑡
=
8𝜋2𝜔

𝑛2 ∗ 𝑐2
∗ 𝐼2 𝐼𝑚(𝜒3), (2.4.4) 

Where 𝑛 is the refractive index, 𝑐 is the speed of light in vacuum, 𝜔 is the optical 

frequency, 𝐼 is the intensity of the light, and 𝐼𝑚(𝜒3) is the imaginary part of 

susceptibility raised to the third order [31]. On the other hand, 1PP’s rate of absorption is 

proportional directly to the intensity of the incident light. As such, given a light source 

with the same intensity, the cross-section of the focal point at which the energy reaches 

the needed threshold for polymerization in TPP is smaller than that for 1PP as can be 

seen in (Figure 2.4.1). This makes the needed sub-diffraction resolution limit possible 

during DiLL using TPP.   
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Figure 2.4.1: Gaussian laser light intensity distribution (adapted from [31]), with the 

intensity thresholds for TPP and 1PP shown in blue and red, respectively.  

The resolution of TPP is set by the size of the smallest building unit, designated as a 

voxel. Studies have shown that the voxel in TPP is usually an ellipsoid whose lateral 

diameter (𝑑) is smaller than the axial length (𝑙). The ratio of the two is the aspect ratio of 

each voxel (𝑎 = 𝑙/𝑑). The size of the voxel is influenced by the laser power, exposure 

time, and the NA of the objective lens used. Decreasing the laser power and the exposure 

time leads to fewer polymerization events occurring at a given focal point. This, in turn, 

translates to a smaller and defined voxel size. Similarly, increasing the NA of the lens 

reduces the size of the focal spot of the laser, thereby ensuring that the beam is 

concentrated in a smaller surface area, which reduces the voxel size.  

2.4.2 Metal Sputter Deposition  

Physical sputtering is a vacuum coating process that is widely adopted to deposit thin 

films on various substrates. The process begins with the bombardment of a target metal 
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by ions that eject its atoms onto a substrate. Due to the high kinetic energy imparted on 

the target atoms, as the target atoms reach the surface of the substrate, they diffuse along 

with it. Unlike evaporation deposition, this leads to the formation of a very uniform coat 

with adequate coverage [33].  The gaseous ions are generated and accelerated from 

plasma. An inert gas, often Argon, is fed into a chamber under low pressure (< 5 mTorr 

[34]) and a high voltage between two parallel plates. The voltage ionizes the gas atoms 

and accelerates the cations and the electrons towards the cathode and anode, respectively. 

As the electrons accelerate, they collide with atoms and ionizing more atoms in a chain 

reaction. The substrate is placed on the anode whilst the target on the cathode as shown in 

(Figure 2.4.2). As such, the target is bombarded by the heavy cations that eject it towards 

the substrate. The low pressure of the chamber and the small distance separating the 

target from the substrate ensure that the ejected target atoms will experience minimal or 

no collisions as it travels towards the substrate.  

 

Figure 2.4.2: A schematic overview of the conventional setup used during metal sputter 

deposition (adapted from [35]).  
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The sputtering target may be an element, alloy, or mixture (co-sputtering). Often an RF 

voltage is supplied to the anode electrode to alternate its surface potential. This prevents 

charge build-up which can overt time arc the plasma or prevent deposition [34]. 

Furthermore, this process is often preceded by a round of plasma etching of the substrate 

in the load lock, which increases its surface roughness and may create reactive species, 

thereby improving its adhesion to the sputtered target.    

2.4.3 Electrodeposition of Metals 

Electrodeposition is an electrolytic process for depositing thick layers of metals onto a 

substrate with a conductive seed layer. The process begins by immersing the substrate 

into a solution containing a soluble metal salt. The metal salt is composed of positively 

charged metal cations coordinated by highly electronegative anions. A DC voltage is 

applied between the substrate and an immersed electrode. The substrate acts as the anode 

and the metal cations accelerate towards it whilst the anions are accelerated towards the 

cathode. The resulting transfer of electrons from the substrate to the metal cations reduces 

the metal onto the surface of the substrate and completes the circuit. The basic circuit and 

setup of the electrodeposition process for Nickel is shown in (Figure 2.4.3).  
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Figure 2.4.3: The basic circuit and setup used for the electrodeposition of Nickel (Adapted 

from [36]). 

As the metal cations complete the circuit, the amount of metals deposited is directly 

proportional to the current passed and time. The mass of the deposited metal can be 

computed by multiplying the current by the time the current flows by the ratio of the 

atomic weight by its valency [36]: 

𝑀(𝑚𝑎𝑠𝑠) = (
𝑍(𝑎𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡)

𝑣(𝑣𝑎𝑙𝑒𝑛𝑐𝑦)
) ∗ 𝐼(𝑐𝑢𝑟𝑟𝑒𝑛𝑡) ∗ 𝑡(𝑡𝑖𝑚𝑒). (2.4.5) 

The average coat thickness deposited can be subsequently computed by dividing the mass 

deposited by the product of the density and surface area of the substrate [36]: 
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𝑇(𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) =
𝑀(𝑚𝑎𝑠𝑠)

𝜌(𝑑𝑒𝑛𝑠𝑖𝑡𝑦) ∗ 𝐴(𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎)
 . (2.4.6) 

Electrodeposition forms uniform coatings that cover the entirety of the surface of the 

conductive seed layer added to the substrate of choice. It is often done in a galvanostatic 

mode, in which the current is fixed, or potentiostatic mode, in which the voltage is fixed. 

The galvanostatic mode yields a static deposition rate whilst the potentiostatic mode 

yields more control over the crystallography of the metallic layer irrespective of the 

deposition rate [37].   
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Chapter 3 Microneedles Electrodes Fabrication 

Microneedles Electrodes Fabrication 

3.1 Existing Methods for Fabrication of Microneedles 

Microneedles are versatile platforms that can be applied for a variety of biomedical and 

pharmaceutical applications. The field began to pick traction with the advent of precise 

fabrication techniques utilized in the microelectronics industry [38]. Since then, robust 

microneedle fabrication has been an area that has attracted extensive scientific and 

industrial interest. With increased adoption, the applications of microneedles have 

expanded beyond drug delivery to include biosensing, diagnostics, vaccination, and 

cosmetics.  

Earlier microneedles were fabricated from Silicon via successive rounds of anisotropic 

deep reactive ion etching (DRIE) and wet etching. Square-shaped Silicon Nitride masks 

are deposited using photolithography and low-pressure chemical vapor deposition. This is 

followed by DRIE of the exposed Silicon wafer leading to the formation of square pillars. 

Finally, the pillars are etched in a solution of KOH. The directional nature of the etching 

process yields pyramidal-shaped solid microneedles as done in [39]. More recent 

methods utilize inclined exposure of SU-8, an epoxy-based photoresist, to fabricate 

cylindrical microneedles with tapered ends. A base layer of SU-8 is spin coated and cured 

using UV light on a glass substrate. A second layer of SU-8 is spin coated on the base 

layer and a mask is used to expose it through the glass. Once developed, an array of 

tapered SU-8 structures are defined [40].   
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Although several fabrication techniques have been developed for solid microneedles, 

these conventional methods are typically laborious, time-consuming, and seldom achieve 

high aspect ratios or allow for control of produced needle geometry, sharpness, and 

height. The advent of TPP for DiLL has helped to circumvent the limitations set by 

traditional additive and subtractive manufacturing. The process has enabled the 

fabrication of 3D structures directly from computer-aided design drawings, yielding more 

control over the desired geometry. Combined with the molding of elastomers and 

thermosetting polymers, the structures can be replicated with a high degree of fidelity 

[41].   

Previously, organically modified ceramics, such as Ormocer US-S4 [42], and 

thermoplastics, such as Zeonor 1060 [41], were utilized for replication of a master mold 

fabricated using TPP. An intermediary mold is then used for hot embossing of the 

material. Often, this mold is composed of PDMS as its mechanical properties do not 

degrade over several months [43]. The elastomeric nature of the negative mold is critical 

during demolding as there is a high chance of microneedle failure or plastic deformation 

by the bending force applied during demolding [41]. Based on the Euler-Bernoulli beam 

theory, the maximum lateral bending force before failure is given by: 

𝐹𝐵(𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒) =
𝜎𝑦(𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠) ∗ 𝐼(𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎)

𝐿(𝑙𝑒𝑛𝑔𝑡ℎ) ∗ 𝑅(𝑟𝑎𝑑𝑖𝑢𝑠)
 . (3.1.1) 

As such, given a defined geometry, the method is limited to a set of materials that do not 

fail while demolding. Conversely, given a defined choice of material, the geometries that 

can be fabricated using the methods outlined in [41],[42] are limited. 
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In this work, two strategies are employed to fabricate microneedles. Microneedles are 

fabricated using the micromolding of PDMS with a negative master fabricated using TPP 

(Figure 3.1.1). The second fabrication technique (discussed in chapter 5), akin to [41], 

employs an intermediary PDMS mold but has been adapted for a wider selection of 

materials, including SU-8 and Polyimide, using an alternative mold release technique. 

The first strategy is discussed in this chapter and is the one used to fabricate the MEs 

utilized in chapter 4. 

 
Figure 3.1.1: A schematic overview of the fabrication process employed to make MEs. 
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3.2 Microneedles Design  

The biophysical design of the outer surface of the plant’s epidermal cells, known as the 

cuticle, is of crucial relevance to the design of the MEs. Although the main function of 

the cuticle is to regulate water transpiration and gas exchange, it also serves as a 

protective layer against bruising by pests and as a barrier to pathogens. Its layers are 

known to have a heterogeneous composition in most species. The first layer is composed 

of epicuticular waxes that form an amorphous yet uniform seam of discontinuous 

crystals. This layer sheathes another layer known as the cuticle matrix that is rich in 

cutin, a crosslinked polymer network of fatty acids [44]. The amount of cutin varies 

significantly between different species depending on their biome and ranges between a 

thickness of a few submicrons to 10 𝜇m or more [45]. 

To probe the bioimpedance of the tissue sheathed by the cuticle, the MEs need to 

penetrate through the cuticle and into the underlying layers. To that end, several molds 

were fabricated using DiLL with an array of microneedles whose shaft length is 100 𝜇m, 

230 𝜇m, and 500 𝜇m and a diameter of 230 𝜇m, 240 𝜇m, and 500 𝜇m, respectively. This 

ensures that a sufficient surface area would be immersed in the tissue for plants with 

varying cuticle thicknesses. Another important consideration for the design is the center 

to center spacing of the microneedles, as it influences the percentage penetration into soft 

tissue [46]. This is due to the “bed-of-needles” effect in which pressure is lowered by the 

increase in the contact area between the array and the tissue. Thus, the needles act as 

support pillars as the weight of the tissue does not exert enough pressure on any 

individual needle to pierce it. Increasing the center to center spacing raises the 
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penetration percentage by mitigating of bed-of-needle” effect. The spacing between the 

MNs on the array was 360 𝜇m based on similar experiments conducted on human skin 

[46], [47].  

To ensure optimal contact between the sensor and the leaf while measuring the bio-

impedance, the sensor had to be tailored to be conformal to the surface and that a 

sufficient binding force is applied to prevent the ejection of the microneedles over time. 

The latter goal presents a problem as plants develop thigmomorphogenetic responses to 

mechanical stimulation. A thigmomorphogenetic response manifests as a cessation in 

growth or an increase in stem diameter as the plant attempts to resist mechanical stress 

[48]. To that end, a PDMS layer used as a platform to support the microneedles was 

designed to be 35 𝜇m thick. This ensures that the bedside of the sensor would conform to 

the inhomogeneous surface of the tissue and that the sensor would be lightweight.  

3.3 Fabrication of Negative Molds 

3.3.1 Printing Settings and Designs   

Several negative molds were designed on AutoCAD® (AutoDesk), computer-aided 

design software for drafting and design of 2D and 3D structures. The molds were 

designed with conical cavities corresponding to microneedles of different base radii, shaft 

lengths (defined geometrically in Figure 3.3.1), and microneedles number as tabulated in 

(Table 3.3.1). The designs were then converted to standard tessellation language (.STL) 

format (Figure 3.3.2).  
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Table 3.3.1: Dimensions and specification of fabricated conical negative molds. 

Mold 

Designation 

Base 

Radius  

Shaft 

Length  

Microneedles 

Number 
Mold Size 

[A] 250 𝜇m 500 𝜇m 14 needles 
4.5 mm (width) by 4.5 mm 

(length) by 1.5 mm (height)  

[B] 120 𝜇m 235 𝜇m 42 needles 
3.3 mm (width) by 2.5 mm 

(length) by 1.0 mm (height) 

[C] 115 𝜇m 100 𝜇m 36 needles 
1.5 mm (width) by 1.5 mm 

(length) by 1.0 mm (height) 
 

Mold 

Designation 

X-axis  

Spacing  

Y-axis 

Spacing  

[A] 
Outer rim: 0.78 mm 

Inner rim: 0.42 mm 

Outer rim: 0.78 𝜇m 

Inner rim: 0.42 mm 

[B] 350 𝜇m 320 𝜇m 

[C] 1 mm 450 𝜇m 

 

 

Figure 3.3.1: The graphical definition of the shaft length (A) and the base radius (B) of the 

microneedles as tabulated in Table 3.3.1. 

(B) Shaft Length (A)  Base Radius 
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Figure 3.3.2: The 3D structure design of the fabricated negative molds (A), (B), and (C) 

after conversion to STL files. 

The STL files are then imported into the Describe software (Nanoscribe, GmbH) to 

specify the parameters for the printing of the structure. The first parameter to be specified 

is the slicing distance, which is the vertical distance between the printed layers (Figure 

3.3.3). A small slicing distance yields closer vertical printed slices giving the structure 

superior mechanical integrity, but this comes at the cost of longer printing duration. The 

optimal slicing distance for the mold was determined to be 1.5 𝜇m with a self-intersection 

tolerance of 0.05 𝜇m.  
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Figure 3.3.3: Vertical slicing settings on the Describe terminal. The vertical slices are 

rendered as solid circles on the exterior of the structure. 

The Describe software also supports several internal features for filling printed structures: 

solid, hollow, and shell and scaffold. For solid structures, which are polymerized 

completely internally, the printing duration is usually long as the resin must be exposed 

for an extended period, but the structures are mechanically resilient. Hollow structures 

can be printed rapidly but cannot be used for molding purposes as they break easily. As 

such, shell and scaffold structures are preferable as they can be fabricated in a relatively 

short time whilst retaining some mechanical integrity via the internal scaffold (Figure 

3.3.4).  
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Figure 3.3.4: Shell and scaffold structure viewed through its transparent shell exposing the 

internal triangular scaffold.  

The shell of the structure is still completely polymerized, and its thickness can be 

specified in the software as the shell contour count and base slices (Figure 3.3.5) and 

were both set at 20. The hatching distance, which is the distance between the horizontal 

layers, can also be tuned for the shell and scaffold separately and were set at 1.5 𝜇m and 

2.5 𝜇m, respectively.  
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Figure 3.3.5: The shell contour count and base thickness parameters are shown on the 

structure.  

The file is then exported via Describe to a general writing format (GWL) extension. After 

exporting, the laser power and writing speed is set to 100% (150 mW) and 75000 𝜇m/s 

for the scaffold and 100000 𝜇m/s for the shell. 

3.3.2 Dip in Laser Lithography 

A 4-inch p-type single-side polished Silicon (100) wafer with 500 𝜇m of thickness is 

diced using an ytterbium-fiber laser to 25 by 25 mm2 substrates. The substrates are then 

cleaned by immersions in acetone and sonicating for 5 minutes at a frequency of 45 kHz 

followed by subsequent immersion in isopropanol alcohol (IPA) and another round of 

sonication for 5 minutes at the same frequency. The substrates are then washed by a 
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deionized water gun for 30 seconds and dried with a nitrogen gun. IP-S (Nanoscribe, 

GmbH) resist is drop cast on the center of the substrate, which is then subsequently 

loaded into the Photonic Professional GT direct laser writer (DLW) (Nanoscribe, GmbH) 

(Figure 3.3.6).  

 

Figure 3.3.6: Process outline for DLW of the negative microneedle molds. (1) IP-S resist 

is drop-cast in the center of the Silicon substrate. (2) The 25x lens is immersed into the 

resist and the structure is defined voxel by voxel. (3) The uncured resist is washed away in 

mr-Dev 600 developer. (4) The substrate is immersed in IPA and dried with Nitrogen. 

A 25x objective lens (0.8 NA) is then immersed into the IP-S resist, which 

simultaneously serves as the photosensitive resist in DiLL and the immersion media of 

the lens. The interface of the substrate is found based on the mismatch between the 

refractive index of the substrate and the resist at 780 nm. The negative molds are then 

defined in the resist by polymerizing the IP-S resist using TPP. The femtosecond laser in 

the DLW system exposes the cross-section of a layer of the mold voxel by voxel (Galvo-

IP-S resist (uncured) 

IP-S resist (cured) 

Silicon Substrate 

mr-Dev 600 

(1) Drop Casting (2) DiLL 

(3) Development (4) Drying 

25x 
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scan mode) and shifts upwards in the z-direction using a piezo-motor to expose the 

overlying layers in a lay-by-lay fashion. Once the exposure is over, the substrate is 

immersed into mr-Dev 600 developer (micro resist technology, GmbH) for 15 minutes, 

which washes away the uncross-linked resist. Finally, the substrate is immersed in IPA to 

wash out the developer solution for 1 minute and then dried with a gentle stream of 

nitrogen.  

3.3.3 Mold Surface Smoothing via Parylene C Deposition   

As the DiLL process is a lay-by-lay method, the vertical slices are stitched together as the 

laser moves from one layer to the other. This results in rough stitching marks that can 

impact the demolding of PDMS. Microneedles can either be sheared off by the rough 

surface or deformed during demolding, resulting in a low-fidelity replication result. 

Typically, a self-assembled layer of silane-like molecules are deposited on a mold surface 

before casting to salinize the surface. This sacrificial layer prevents the cast material from 

adhering to the mold, thereby aiding in its subsequent release [50]. However, utilizing 

this approach would require reapplying the layer every time before casting, as it is 

removed during demolding.  

Conformal coatings can also be utilized to fill the stitching marks and smooth the surface 

of the molds. This can allow PDMS to be more easily demolded with little to no 

deformation or shearing of the microneedles. Parylene C, a poly(p-xylene) based 

polymer, is often used to coat complex topologies for biocompatibility, passivation, and 

insulation. It can be used to deposit conformal coatings of thickness ranging from 50 nm 

up to 15 𝜇m at room temperature. Above the 0.5 𝜇m, Parylene C coatings are pinhole-
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free as it can penetrate through small crevices ensuring an exact detailed coat of the 

structure in question [50]. As such, a Parylene C coat of 5 𝜇m of thickness was used to 

smoothen the surface of the stitched negative molds and to anchor the molds to the 

substrate. 

Parylene C is sold as a dimer (C12H8(CH2)4) as it is relatively inexpensive and can be 

deposited using a pyrolysis-based chemical vapor deposition process. The negative molds 

samples were loaded into the chamber of a Parylene LABCOATER® (Specialty Coating 

SystemsTM) and an aluminum boat containing 10 grams of Parylene C dimers was loaded 

into the furnace of the instrument. The chamber was vacuumed to a pressure of 0.1 Torr. 

The furnace is heated up to 150o C to evaporate the dimers and feed the vapor into a 

pyrolysis chamber. Within the pyrolysis chamber, the vapor is heated to 680o C which 

leads the dimers to split into monomers. The monomer rich vapor is then fed into the 

chamber, which is kept at 25o C and polymerizes on the surface of the substrate. The 

process is controlled by a mass flow controller, which measures the mass of the passing 

vapor and ends the process once no dimers are passing through the furnace [51].    

3.4 PDMS Hot Embossing  

PDMS for casting was prepared in a 10:1 (monomer to curing agent) weight ratio 

(SYLGARD 184TM). The two components were mixed in an open-air plastic cup, 

generating air bubbles. The mixture was then degassed under vacuum for 45 minutes at 

room temperature. The mold was cleaned by immersion in IPA and sonication for 5 

minutes at a frequency of 45 kHz followed by drying with a nitrogen stream. This is 

critical as it ensures that debris stuck in the conical cavities is removed before casting. 
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The PDMS mixture was then cast into the mold and the excess was removed using a 

surgical blade. To aid the PDMS diffusion into the cavities and to release the trapped air, 

the molds were then outgassed for 30 minutes. To generate a uniform 35 𝜇m thickness of 

the PDMS back bed, after outgassing, the molds were spun at a speed of 1300 rpm at a 

ramp speed of 300 rpm per second for 30 seconds. The molds were then placed in a 

convection oven set at 90o C for 45 minutes to cure the PDMS with a Silicon substrate 

cap. As the PDMS polymerizes, it will also adhere weakly to the Silicon cap, which can 

then be used to demold the PDMS. 

3.5 Metal Deposition on PDMS Microneedles  

As PDMS has poor metal adhesion, it was treated with O2 plasma at a power of 100 W 

and a pressure of 1.5*10-6 Torr for 35 seconds. This plasma ablation of PDMS increases 

the mean surface roughness by 20 nm, which increases its adhesion to Titanium by the 

increased contact area [52]. Subsequently, a layer of 40 nm of Titanium is sputtered on 

the PDMS microneedles. The Titanium layer is then used as a seed layer to electrodeposit 

an additional layer of 5 𝜇m thick Nickel, which gives the microneedles the mechanical 

integrity needed to pierce the surface of plant leaves. The electrodeposition current and 

time determined utilizing equation (2.4.4) were used as an initial starting point. However, 

as it was intended for electrodepositing on planar surfaces, it was found not to be suitable 

for electrodeposition onto microneedles. High electric field strengths lead to the 

formation of agglomerates on the tips of the microneedles (Figure 3.5.1), which act as 

crystal seeds during deposition. This creates spherical Nickel structures at the tips of the 

microneedles that may impede piercing.  
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Figure 3.5.1: Nickel agglomerates forming at the tips of the microneedles after 

electrodeposition highlighted with a red halo. The inset shows the agglomeration under 

higher magnification.   

As such, the current and time were optimized based on a trial and error process to be 0.24 

mA and 5 minutes, respectively. This yields the desired thickness without the formation 

of the agglomerates. As Nickel is a micronutrient in plants, a final layer of 150 nm of 

Gold is sputtered on the Nickel for biocompatibility (Figure 3.5.2). Previous studies have 

shown that Nickel accumulates in the root systems of higher plants and reduces the 

uptake of iron from the soil. This affects the biosynthesis of metalloenzymes necessary 

for the plant.  The Gold coating prevents the uptake of Nickel, which is critical as 

elevated concentrations of Nickel can also interfere with a variety of biochemical 

processes in plants [53].  



55 
 

 

Figure 3.5.2: Gold coated microneedles under a light microscope.  

3.6 Fidelity Characterization 

The MEs were inspected with an SEM to assess the fidelity of the molded replicas 

(QuantaTM 3D FEG). The geometry, tip shape, and dimensions were inspected, and cross 

referenced with the intended designs (Figure 3.6.1). The hot-embossing method retains 

the minute surface details in the design of the molds including the stitching lines. The tips 

are less than 1 𝜇m in diameter and the shaft length of the microneedles is within ± 1 𝜇m 

of the intended dimension. The SEM characterization also reaffirms the importance of 

sufficient PDMS outgassing before and during casting. Insufficient outgassing leads to air 

bubbles being trapped at the tips of the microneedles, which prevent the PDMS 

monomers from flowing in. As such, once the PDMS is cured, the tip appears warped or 

volcanic in shape (Figure 3.6.2). 
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Figure 3.6.1: SEM images of microneedle fabricated using mold design (A).  

 

Figure 3.6.2: SEM images of microneedle fabricated using mold design (B) with 

insufficient outgassing during casting leading to the formation of a deformed tip.  

 

499.72 𝝁m 

230.35 𝝁m 
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3.7 Mechanical Testing of the Microneedle Electrodes  

To assess the mechanical integrity of the MEs, a crash test setup adapted from [54] was 

used to evaluate the piercing force at which the MEs failed. A 10 N load cell was used to 

press the MEs onto a flat metal surface (Instron® 5966) to generate a load-displacement 

curve (Figure 3.7.1). Using the Bluehill Universal® testing software, the displacement 

rate was set to 20 𝜇m per second and the MEs were monitored with an OLYMPUS PEN 

digital camera with an optical zoom of 3x to assess their mode of failure.   

 

Figure 3.7.1: The mechanical testing setup used to test the MEs.  

As PDMS constitutes the backbone of the MEs, the load-displacement curves begin to 

reflect the elastomeric behavior upon complete bending and inversion of the 

microneedles (Figure 3.7.2). The load rises almost linearly with the increase in 

displacement until the Nickel shell cracks and the microneedles start to bend at 132 mN 

± 27 mN for mold (B) MEs (Figure 3.7.3). This is equivalent to a force of 3.14 mN ± 

0.64 mN per microneedle. Onwards, the force needed for additional displacement does 

not increase as the microneedles invert into the PDMS bed. Once the microneedles are 

completely inverted, the force needed for additional displacement rises again as the 
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PDMS bed itself is compressed. Similar results were observed for MEs fabricated from 

molds A and C (Figure 3.7.4). However, the average bending force was found to be 183 

mN ± 12 mN and 123 mN ± 10 mN for molds A and C, respectively. This corresponds 

to an average of 13.7 mN ± 0.85 mN and 3.14 mN ± 0.28 mN per microneedle for molds 

A and C, respectively. This is expected as the diameter of the microneedles of mold A 

(500 𝜇m) supports the highest load prior to bending. 

 

Figure 3.7.2: Load-displacement curve generated via crash testing the MEs (mold B). 

Insets contain the state of the MEs after compression and show the cracked shell. 

The range of failure forces per microneedle reported in (Figure 3.7.2, 3.7.4, and 3.7.5) 

pales in comparison to microneedles fabricated in literature designed for skin piercing. 

For context, microneedles fabricated using micro-molding of a copolymer of polylactic 

acid and polyglycolic acid fail at a force of 200 mN per microneedle [55]. Metal 

micromachined microneedles are even more resilient with a failure force of 250 mN per 
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microneedle being reported for Titanium microneedles [56]. However, it is possible to 

produce more mechanically resilient microneedles using the hot-embossing process by 

electrodeposition of a thicker coat of Nickel. This prolonged the electrodeposition 

process and requires cycling of the voltage used in the process to avoid excessive heating 

of the specimen, especially at the microneedle tips. As Nickel deposits more efficiently at 

elevated temperatures [36], this leads to a nonuniform coat formation on the specimen.   

 

Figure 3.7.3: The MEs (mold B) imaged by SEM after compression showing the cracked 

Nickel shells in the array. 

Tuning of the mechanical properties of the microneedles fabricated from the three molds 

is unnecessary for testing on Barley and date palm leaves, which are softer than skin. 

Excluding mutant lines, the cuticle layer of Barley and date palm is on average 1 𝜇m [44] 

and 15.6 𝜇m [57], respectively. As reported by Jorge et al., the force required to pierce 

the leaf depends on the thickness of the cuticle and ranges from 0.2 mN for a cuticle of 1 
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𝜇m, such as the case for Barley, up to 12.1 mN for a cuticle of 10 𝜇m or more, as is the 

case for date palm. As such, MEs fabricated from molds B and C are adequate for 

piercing Barley, whilst those of mold A are adequate for piercing date palm. A method 

for the fabrication of more mechanically robust MEs is discussed in chapter 5. 

 

 

Figure 3.7.4: Load-displacement curves generated for (1) mold (A) and (2) mold (C).  

(1) Mold (A) 

(2) Mold (C) 
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Chapter 4 Experimental Measurement of Bioimpedance in Plants 

Experimental Measurement of Bioimpedance in Plants 

4.1 Introduction to Conduction Modes in Plants 

Plant cells are arranged into highly organized structures that exhibit generally non-linear 

responses to electrical excitation. The tissue can be described as both conductive and 

dielectric. The mode of electrical conduction through the tissue depends largely on the 

frequency of the electrical signal (as described in chapter 2). However, conduction can 

occur through several parallel pathways. This makes the electrical properties of the plant 

tissue largely inhomogeneous [59]. There are three main electrical dispersion regions in 

biological tissue; 𝛼 (0 Hz to 1 kHz), 𝛽 (1 kHz to 100 MHz), and 𝛾 (above 100 MHz) 

(Figure 4.1.1). 

 

Figure 4.1.1: Impedance dispersion over the three main regions in biological tissues 

(Adapted from [60]). The x-axis represents the frequency and the y-axis represents the 

electrical permittivity of the tissue (𝜀), which has a real part (𝜀′) and an imaginary part (𝜀′′). 

The impedance dispersion phenomena at the 𝛼-region is generally not well understood in 

biological systems as many processes influence impedance. In this region, the electrode 
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polarization can significantly increase the sample impedance. Electrode polarization 

generally depends on several factors including temperature, electrode material, geometry, 

and electrolyte concentration [59]. The effect of polarization is drastically reduced in the 

𝛽-region and, as such, this region is typically the best for characterizing biological cells 

[60]. In the 𝛽-region, the major sources of dispersion are the membrane capacitances and 

the rotational-relaxation of bio-macromolecules [59]. In contrast, the impedance in the 𝛾-

region is mostly due to water relaxation and sub-cellular processes.      

4.2 Electrode Interface Impedance Assessment    

Conventional planar electrodes used in EIS studies of plants are typically placed on the 

surface of the leaf. As such, they interface directly with the sheathing cuticle (as 

discussed in chapter 3). Thus, the impedance of the cuticle is always present in the 

impedance measured by these electrodes. Changes in the impedance of the underlying 

layers in the 𝛼 and 𝛽 regions may be overshadowed by the large impedance of the 

cuticle, which is a largely static layer. In principle, the MEs can pierce through the cuticle 

and establish contact with the underlying layers directly. As such, the cuticle will have a 

minimal impact on the impedance measured by the MEs. 

To investigate this, the MEs (mold A) were used to acquire the impedance across a date 

palm leaf (Phoenix dactylifera L., 2 years old) in a greenhouse environment (35o C 

temperature in the morning and 27o C at night) (Figure 4.2.1a). Subsequently, on the 

same leaf and using the same electrode separation of 3 cm, planar gold electrodes were 

used to acquire the impedance for reference (Figure 4.2.1b). Lastly, Platinum-Iridium (Pt-
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Ir) needle probes were inserted across two opposite fronds on the same specimen and 

were used to acquire the impedance for comparison (Figure 4.2.1c).  

 

Figure 4.2.1: Electrode placement on date palm specimen for interface impedance 

assessment. (A) The placement of the MEs and planar electrodes, and (B) Pt-Ir needles 

(top view of date palm crown) into the specimen.  

The MEs and the planar electrodes were secured using a breathable tape (microporeTM 

Surgical tape, 3M) and a paper clamp whilst the Pt-Ir needle electrodes needed no 

additional support as they were securely inserted into the fronds.  It should be noted that 

the addition of the clamp noticeably deflected the leaf blade, possibly leading to a 

thigmomorphogenetic response (This limitation and its ramifications are addressed in 

chapter 5). The impedance was scanned from 1 Hz to 100 kHz with a voltage peak to 

peak of 35 mV. The electrodes were connected to the FIR module of an Autolab 

PGSTAT302 potentiostat (Metrohm, AG) and the impedance was acquired in a 

A B 
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potentiostatic configuration. The impedance spectra (bode plot) of the three electrodes is 

plotted in a log-scale plot in (Figure 4.2.2). 

 
Figure 4.2.2: The bode plot generated from the impedance spectra as measured by the MEs 

(green), planar electrodes (blue), and the Pt-Ir needle (red) electrodes.  

As can be seen in (Figure 4.2.2), in the 𝛼 dispersion region, the impedance measured by 

the MEs is an order of magnitude less than that measured by the planar electrodes. The 

Pt-Ir needle electrodes have more surface area in contact with the plant tissue at the 

fronds. As such, it measures an impedance that is lower than both the planar electrodes 

and the MEs. In the 𝛽 dispersion region (above 1 kHz), the impedances measured by the 

MEs and the planar electrodes converge to almost the same value. This is expected as at 

this frequency, the cuticle is shorted, causing the two electrodes to measure essentially 

the same impedance. As the Pt-Ir needle electrodes are placed further apart from one 

another, the current between them passes through more resistance than the closely spaced 
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MEs and planar electrodes. As such, at the 𝛽 dispersion region, the impedance reported 

by the Pt-Ir needle electrodes is higher than both the MEs and the planar electrodes. 

4.3 Date Palm Impedance Monitoring  

4.3.1 Baseline Impedance Determination Using Platinum Needles    

Date palm (Phoenix dactylifera L.) cultivation is of economic importance in Saudi Arabia 

as the kingdom has the highest average per capita consumption of dates in the world 

reaching 34.8 kg per year [61]. Yet, date palm development remains an area of great 

economic concern for the government. Relative to other fresh fruits, the product quality 

and yield of dates is low with high post-harvest losses [61]. The main drivers of date 

production losses are the pests and diseases plaguing date palms in the country, the 

biggest of which are: red palm weevil (Rhynchophorus ferrugineus) and Al-Wijam 

disease. These losses amount to about 1% to 5% of annual date production in the 

kingdom, equivalent to $1.74 to $8.69 million. Early detection of these infestations is 

critical for their management [62]. As such, date palms present a beneficiary testbed for 

the development of an impedimetric plant biosensor. 

To explore the potential of the approach in date palms, initially, Pt-Ir needle electrodes 

were inserted into opposing fronds on two specimens and the impedance spectra was 

recorded at intervals of 15 minutes from 1 Hz to 100 kHz at a voltage peak to peak of 15 

mV using the PGSTAT302 potentiostat. The specimens were housed in a greenhouse 

under controlled temperature (35o C temperature in the morning and 27o C at night) and 

were exposed to natural light. The data was used to generate a series of bode-plots 

including the impedance and phase shift at each frequency probed (Figure 4.3.1). As 
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expected, the impedance reported in the 𝛼-dispersion region is higher than that in the 𝛽-

dispersion region.  

  

Figure 4.3.1: The bode plot (red plot) and phase plot (blue plot) generated from the 

impedance spectra as measured by the Pt-Ir needle electrodes in date palm.  

Inspecting the impedance at the 𝛼 dispersion region has revealed that it follows a cyclical 

pattern entrained by light (Figure 4.3.2). Similar trends were detected as early as 1952 in 

humans. It was postulated that the variations in the body’s impedance during the cardiac 

cycle were due to rhythmic variations in the content of the blood and not due to volume 

changes [63]. A ventilation monitoring system was proposed and patented based on this 

principle, with a transthoracic impedance probe quantifying the oxygen content of the 

blood [64] where the signal is minimally affected by the volume of the blood as described 
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in [63]. Similarly, electrical impedance measurements of the breast were found to vary 

with the menstrual cycle with the rhythmic changes in hormone levels [65].  

 
Figure 4.3.2: The cycling of the impedance recorded by the Pt-Ir electrodes at a frequency 

of 1 Hz. 

A similar explanation can be postulated for the diurnal variation in impedance in the 

crown tissue of the date palm. It was reported that in an evergreen shrub (Laurus nobilis), 

the ionic content of the xylem, which is the central channel for water and mineral 

transport, changes in response to irradiance [66].  Nardini et al. reports that there are 

light-mediated changes in the conductance of the stem. Sun-exposed branches had 

significantly higher sap concentrations of Potassium relative to shaded branches. As the 

Pt-Ir needles were placed into two opposing fronds, their current path crosses the xylem. 

The light-entrained cycling of the impedance observed in date palm suggests that a 
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similar process may be occurring in the specimen. This would explain the high 

impedance observed at night as the ionic concentration of the xylem falls by the same 

light-entrained fluctuation reported in [66].  

Nardini et al. did not propose a plausible mechanism for this cycling as the origin of the 

cations in the xylem was unknown, but the likely source is the phloem, a bidirectional 

channel for transport of nutrients and amino acids [66].  One possible explanation we 

have formulated for this is based on the osmotic pressures enacted on the xylem. It has 

been shown that the xylem and phloem may be connected by light-sensitive cells [67]. A 

leaf under direct sunlight can sustain elevated levels of photosynthetic activities, losing 

water to transpiration and the light-dependent reaction cycle. This renders the leaf as a 

water sink, drawing more water and ions from the xylem. Under direct sunlight, the light-

sensitive cells connect the xylem and phloem, allowing the ions in the phloem to travel to 

the xylem down their concentration gradient. As Nardini et al. reported, this, in principle, 

would allow the plant to lower the hydraulic resistance to flow in the sun-light exposed 

branches and aid to direct more water to it to prevent dehydration and optimize 

photosynthetic activity [66].  

4.3.2 Impedance Measurement Using Microneedles Electrode    

With a baseline reference established using the Pt-Ir needle electrodes, we sought to 

confirm if the diurnal pattern of impedance can be detected using the MEs. As the frond 

tissue is harder than that of the leaf, it was not possible to inset the MEs into the fronds. 

The MEs were inserted into the leaf as was done in (Figure 4.2.1) and the impedance was 

recorded from 1 Hz to 100 kHz with a voltage peak to peak of 15 mV using the 

PGSTAT302 potentiostat. The measured impedance at 1 Hz was one order of magnitude 
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higher than that of the Pt-Ir and the phase shift was on average 15o degrees higher (Figure 

4.3.3). A direct comparison with the Pt-Ir needle electrodes, however, is not valid as the 

tissue being probed by the MEs is the leaf, not the fronds.  

 
Figure 4.3.3: The bode plot (red plot) and phase plot (blue plot) generated from the 

impedance spectra as measured by the MEs in date palm. 

A diurnal pattern was still detected by the MEs at 1 Hz as can be seen in (Figure 4.3.4). 

However, the pattern is reversed now with the impedance peaking during the day.  This 

discrepancy may be explained using the same argument made in section 4.3.1 but applied 

to the leaf. When exposed to direct sunlight, leaves tend to expand. This serves to 

increase their surface area to collect more light, take up more carbon dioxide, and 

transpire water for cooling [68].  This phenomenon is often explained with a rise in the 

turgor pressure, which is the hydrostatic pressure exerted by the plasma membrane on the 

cell wall. As leaves accumulate water, the buildup of turgor pressure causes the cells to 
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expand their volume, thereby leading to the organ-wide expansion of the leaf. However, 

this is contradicted by the observation that leaf growth can be achieved with little to no 

change in leaf turgor pressure [68]. Rather, it is the cell wall’s extensibility which 

influences the volume change. This is also a process entrained by light, as it activates 

proton pumps that import Potassium cations into the cells. This loosens the cell walls by 

activating proteins known as expansins, whilst reducing the concentration of Potassium in 

the extracellular environment [69]. This would correspond to a rise in impedance during 

the day in the leaf at the 𝛼-dispersion region as observed in (Figure 4.3.4). The transient 

increase in extracellular Potassium concentration preceding expansion can be attributed 

to the processes occurring in the xylem as detailed by Nardini et al [66].  

 
Figure 4.3.4: The cycling of the impedance recorded by the MEs at a frequency of 1 Hz. 

Unlike in (Figure 4.3.2), the cycling of impedance as recorded by the MEs on the leaf has 

a wandering baseline with the impedance values at a fixed time of day changing each 
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day. The cycling trend is preserved with impedance being higher in the morning than at 

night but the exact value of each peak and trough changes between different days. The 

cause is unclear, but it may be related to the formation of an insulating layer of epidermal 

cells around the microneedle bores. This would serve to increase the impedance gradually 

over time. The specimen was watered on March 15th, which has led to the subsequent 

drop in impedance. However, the observed impedance after watering doesn’t recover to 

the March 11th level, further supporting the hypothesis of the formation of an insulating 

layer.  

4.3.3 Equivalent Circuit Modeling     

To determine the electrical model (described in chapter 2) with the best fit to describe the 

date palms impedance response, the real and imaginary components of the impedance 

were plotted against one another to generate a Nyquist plot (Figure 4.3.5). At first 

inspection, the Nyquist plot suggests the presence of a constant phase element (CPE) as it 

resembles a half-circle with an off-shooting tail that appears to be linear. This is typical 

of a CPE as their Nyquist plot is a straight line based on their frequency-independent 

nature. CPEs model the behavior of an imperfect dielectric, which usually refers to an 

electric double layer (EDL). Disruptions in the EDL due to diffusion are modeled as a 

Warburg element, which is a CPE with a constant 45o phase. The impedance of a 

Warburg element is given by: 

𝑍𝑊 =
𝐴𝑊

√𝜔
+
𝐴𝑊

𝑗√𝜔
 , (4.3.1)

where 𝐴𝑊 is the Warburg coefficient, 𝜔 is the angular frequency, and 𝑗 is the square root 

of (-1).  
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The coefficient 𝐴𝑊 represents the diffusion coefficient of ions in a solution and it has 

units of 𝛺/√𝑠𝑒𝑐𝑜𝑛𝑑 . It is given by: 

𝐴𝑊 =
𝑅𝑇

𝐴𝑛2𝐹2𝜃2𝐶√2𝐷
 , (4.3.2) 

where 𝑅 is the ideal gas constant, 𝑇 is temperature, 𝐴 is the surface area of the electrode, 

𝑛 is the valency, 𝐹 is Faraday’s constant, 𝜃 is the fraction of oxidized to reduced species 

in the solution, 𝐶 is the concentration of electrolytes, and 𝐷 is the diffusion coefficient.  

At the interface of the MEs with the extracellular fluid in the plant, an EDL forms. An 

ionic diffuse layer forms on top of it, whereby the ions diffuse down their 

electrochemical gradient. At frequencies lower than a threshold, which is known as the 

Helmholtz layer relaxation frequency, the polarization of the EDL is perfectly blocking 

and no ions can enter from the diffuse layer. Above this threshold, however, the EDL 

behaves as a resistor and cross over between the two layers occur independent of 

frequency [70, 71]. This behavior is not captured in any of the classical models presented 

in (chapter 2). Attempts to fit these models to the impedance measured by the MEs were 

met with high error residual errors.  
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Figure 4.3.5: The Nyquist plot generated from the impedance measurement of a date palm 

leaf in the morning using MEs. The inset magnifies the impedance measurements at high 

frequencies. 

An alternative model incorporating a Warburg element, representing the EDL crossover 

events, in series with a resistor (RP) in parallel with a capacitor (CP), representing the 

intracellular resistance and capacitances (Figure 4.3.6). The equivalent impedance of the 

circuit is given by: 

𝑍 =
𝐴𝑊

√𝜔
+
𝐴𝑊

𝑗√𝜔
+ (

1

𝑅𝑃
+ 𝑗𝜔𝐶𝑃)

−1

=
𝐴𝑊

√𝜔
+
𝐴𝑊

𝑗√𝜔
+ (

𝑅𝑃
𝑗𝜔𝐶𝑃𝑅𝑃 + 1

) (4.3.3) 

Using MATLAB’s (MathWorks®) non-linear curve fitting package (lsqcurvefit) and 

equation (4.3.3), the values of RP
 (3.36*105 𝛺), CP (3.5*10-11 F), and W (7.92*106 

𝛺/√𝑠𝑒𝑐𝑜𝑛𝑑) were determined using the minimization of residual error criterion. The 

script used is included in Appendix B.   
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Figure 4.3.6: The proposed equivalent circuit model for the date palm leaf.  

The model’s simulated Nyquist plot was plotted alongside the experimental Nyquist plot 

as a goodness of fit test (Figure 4.3.7). The relative deviation of the spectrum was 

estimated to be 15% from the experimental data, which is lower than the attempted fits 

using the Cole, Hayden, and Double Shell models. 

 
Figure 4.3.7: The Nyquist plot generated from the impedance measurement of a date palm 

leaf in the morning using MEs (blue squares). The simulated Nyquist plot of the fitted 

electrical model is plotted (red line). 
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4.4 Barley Impedance Monitoring  

4.4.1 Impedance Measurement Using Microneedles Electrode    

Barley (Hordeum vulgare L.) is a vital crop that is mainly used as feedstocks for animals 

and brewing. It is the fourth most important cereal in terms of the production quantity and 

cultivation area. The ability of Barley to adapt to a diverse set of conditions has made it a 

key model organism for genetic studies [72]. Its genetic similarity to wheat has also made 

it a testbed for its commercially relevant relative, which is a staple cereal. The two also 

share the same susceptibility to a host of plant pathogens including leaf rust, which are 

Fungi from the Basidiomycete family. This disease has been associated with an annual 

loss of $4.3 to $5 billion in wheat production [73]. These pathogens often require 

moisture to infiltrate the tissue (as discussed in chapter 2), and moisture retention is 

prolonged consequently. This renders Barley ideal as a testbed for the potential of EIS as 

a tool for the early detection of such pathogens. Furthermore, its biophysical design 

makes it a crucial test for the versatility of the MEs sensor. Barley leaves are softer than 

date palm and have a weaker stem pressure to support their vertical orientation. As such, 

we also tested the developed MEs on monitoring the bioimpedance of Barley. It was not 

possible to use the Pt-Ir needle electrodes on Barley as their weight was enough to deflect 

the stem of the plant and break it. The MEs (mold B) were attached to the Barley with a 3 

cm separation and were connected to a PalmSens4 (PalmSens, BV). A 25 mV peak to 

peak signal was used to acquire the impedance from 1 Hz to 100 kHz (Figure 4.4.1). The 

plant was housed in a growth chamber under controlled conditions of 12 hours of light 

and 12 hours of darkness with the temperature set at 20o Cat day and 16o C at night.  
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Figure 4.4.1: The bode plot (red plot) and phase plot (blue plot) generated from the 

impedance spectra as measured by the MEs in Barley. 

The impedance spectrum in (Figure 4.4.1) resembles that of the date palm with a few key 

differences. The magnitude of the impedance is generally lower than that of the date palm 

at any given frequency. This may be due to the high fiber density of date palm relative to 

that of Barley. The dry mass of a normalized 1 cm3 of date palm is 1.90 g [74] whilst that 

of Barley is 0.64 g [75]. As such, the moisture content (volume to volume) of Barley is 

high, which may materialize in the lower impedance amplitude. Furthermore, the phase 

shift appears to be almost inverted in its behavior when compared to (Figure 4.3.3). 

Long-term monitoring of the impedance of Barley yielded the same cyclical pattern seen 

in date palms at low frequencies (Figure 4.4.2). However, both the shape and the baseline 

of the pattern are different. The baseline for the diurnal cycling of Barley is steady, but 

the amplitude of the peak seems to rise over time. The rise and fall of impedance are 
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much sharper in Barley, since the artificial growth light turns off and on abruptly giving 

no space for a gradual light-entrained response as seen in (Figure 4.3.4).   

 
Figure 4.4.2: The cycling of the impedance recorded by the MEs at a frequency of 1 Hz. 

4.4.2 Equivalent Circuit Modeling     

To determine the equivalent circuit model for Barley leaves, the real and imaginary 

components of the impedance were plotted against one another in a Nyquist plot (4.4.3). 

Like the date palm, the Nyquist plot of Barley has a half-circle with an offshoot. 

However, unlike date palm, the offshoot does not have a positive slope, which means that 

it is most likely not a Warburg element. Greischer impedance elements often produce a 

similar Nyquist plot as seen in (Figure 4.4.3). It describes the impedance of the transient 

appearance of immobile oxygen vacancies at the interface of an electrode with porous 

media. These vacancies are created due to a chemical-electrochemical-chemical reaction 
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(CEC) at an inert metal electrode in the presence of trivalent cations [76] as described in 

(Figure 4.4.4).  

 
Figure 4.4.3: The Nyquist plot generated from the impedance measurement of a Barley 

leaf in the morning using MEs.  

 
Figure 4.4.4: Outline of the CEC reaction occurring at the interface of the inert metal with 

a porous media with trivalent cations (Adapted from [76]).  

Observations of Greischer impedance elements are scarce in the existing literature. For 

this impedance element to be observed at the probed potential, a chemical reaction must 

occur at the interface of the electrode, which is followed up immediately by an 
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electrochemical reaction and another chemical reaction to complete the CEC trifecta.  

The impedance of the Greischer impedance element is given by: 

𝑍𝐺 =
1

𝑌0√𝑘 + 𝑗𝜔
 , (4.4.1) 

where 𝑌0 has the same definition as the Warburg element impedance, k is the rate 

constant of the CEC reaction in units of 1/𝑠𝑒𝑐𝑜𝑛𝑑, 𝑗 is the square root of (-1), and 𝜔 is 

the angular frequency. 

As the Nyquist plot in (Figure 4.4.3) suggests a Greischer impedance element is present, 

it may be that the porous nature of the Barley leaf facilitates the CEC reactions at the 

interface of the MEs electrodes.  As such, a model incorporating a Greischer impedance 

element in parallel with a CPE is proposed (Figure 4.4.5). The CPE is added to concur 

with the phase-independent properties observed in the Nyquist plot to the model. The 

impedance of the model is given by: 

𝑍 = (𝑌𝑜√𝑘 + 𝑗𝜔 + 𝑌𝐶𝑃𝐸)
−1
+ (

1

𝑅𝑃
+ 𝑗𝜔𝐶𝑃)

−1

= (
1

𝑌𝑜√𝑘 + 𝑗𝜔  + 𝑌𝐶𝑃𝐸
) + (

𝑅𝑃
𝑗𝜔𝐶𝑃𝑅𝑃 + 1

) (4.4.2) 

 

Figure 4.4.5: The proposed equivalent circuit model for the Barley leaf.  

Using equation (4.4.2) and MATLAB’s (MathWorks®) non-linear curve fitting package 

(lsqcurvefit), the value of RP (7.79*105 𝛺), CP (2.05*10-9 F), 𝑌0 (2.79*10-8 𝛺/√𝑠𝑒𝑐𝑜𝑛𝑑), 
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and YCPE (0.17 𝛺/√𝑠𝑒𝑐𝑜𝑛𝑑) were determined using the minimization of residual error 

criterion. The script used is included in Appendix B. The model’s simulated response was 

plotted against the Nyquist plot generated from the experimental data of Barley’s 

impedance (Figure 4.4.6).  The relative deviation of the spectrum was estimated to be 

22% from the experimental data, which is lower than the attempted fits using the Cole, 

Hayden, and Double Shell models.  

 
Figure 4.4.6: The Nyquist plot generated from the impedance measurement of a Barley 

leaf in the morning using MEs (blue squares). The simulated Nyquist plot of the fitted 

electrical model is plotted (red line).  
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Chapter 5 Explored Modifications for Fabrication 

Explored Modifications for Fabrication 

5.1 Micro-Molding Photocurable and Thermosetting Resins  

Hot embossing of PDMS presents limits on the mechanical integrity of the fabricated 

structures. As discussed in chapter 3, the mechanical properties of the structure can be 

improved by tuning the thickness of the Nickel shell during electrodeposition. This 

process, however, is tedious and labor-intensive as it requires cycling between potentials 

used to drive electrodeposition to avoid excessive heating and non-uniformity of the 

Nickel shell. There are existing strategies that circumvent these issues via micro-molding 

of other polymeric materials [41] and ceramics [42]. These methods combine the 

versatility of TPP with the batch-fabrication feasibility of micro-molding by utilizing 

intermediary elastomeric molds.  

These molds are made by fabricating positive structures using TPP and submerging them 

in elastomer varnish, such as PDMS. This yields a negative elastomeric mold that can 

then subsequently be used to mold thermosetting materials. However, demolding these 

materials from PDMS require bending, which, depending on the mechanical properties of 

the material of choice, may plastically deform the structures. As such, this approach can 

only be utilized for a limited set of materials and geometries. An alternative approach for 

demolding relies on chemically attacking the elastomeric mold with solvents that do not 

damage the materials to be molded. However, due to the stable nature of its crosslinking 

Si-O-Si bonds, etching of PDMS generally requires the use of highly reactive solvents 
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[77], which may also attack the polymer to be molded, or irradiation with high energy 

protons [78]. 

Although the methods to etch PDMS are highly indiscriminate, this is not the case for 

solvents that cause it to swell. A host of nonpolar solvents, such as xylene and toluene, 

can be absorbed into PDMS and cause it to swell [79]. The degree of swelling of PDMS 

using solvents can be quantified using a swelling ratio (𝑆𝑏) that is determined 

experimentally. The swelling ratio is calculated as follows: 

𝑆𝑏 =
𝐷

𝐷0
 , (5.1.1)

where 𝐷 is the volume of the PDMS structure in the solvent and 𝐷0 is the corresponding 

volume of the dry structure. For example, PDMS in chloroform (CHCl3) has a swelling 

ratio of 1.39 [79] translating to an increase in the volume of about 40%. Submerging 

PDMS molds into chloroform at room temperature results in swelling that causes the 

mold to deflect outward once agitated (Figure 5.1.1). This is exploited as a release 

mechanism and is applied alongside sonication for molding of materials without resorting 

to mechanical bending. The swelled molds can be recycled by immersion in a solution of 

1:1 water and ethanol. The high solubility of chloroform in ethanol allows it to be 

released from the PDMS, whilst its poor solubility in water traps it in the solution.  
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Figure 5.1.1: A schematic outline of the proposed release mechanism utilizing swelling 

of the PDMS mold.   

5.1.1 Micro-Molding of SU-8     

SU-8 is a common epoxy-based negative photoresist introduced by IBM in 1989. It is 

composed of Bisphenol A-Novolak epoxy oligomers (EPON©, Shell Chemicals) which 

is made photosensitive by the addition of triaryl sulfonium salts. Once it is excited by 

photons in the i-line of the UV spectra (365 nm), the salts generate acids known as Lewis 

acids that attack the acid liable groups of the oligomers, which in turn leads to their 

polymerization. Since its introduction in 1989, SU-8 has been extensively used in high-

aspect-ratio patterning [80] and as a structural material for lab-on-chip and 

microelectronics applications [81]. This was largely enabled by its thermal (glass-

transition temperature of 200o C), chemical, and mechanical stability (Young Modulus 

between 4 to 5 GPa). It has also been extensively used for biomedical applications due to 

its good biocompatibility [82].  

Direct fabrication of closed or free-standing SU-8 structures using multilevel lithography 

is not possible as it is a negative photoresist [81]. To fabricate such SU-8 structures, 

sacrificial layers or sealing by bonding or transferring is required. These methods are 

PDMS 

Molded Polymer 

In 1:1 H2O and Ethanol Ultra-sonication in Chloroform 
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usually laborious, time-intensive, and are limited in their achievable geometries. Utilizing 

elastomeric molds of PDMS, it is possible to circumvent these limitations. As presented, 

two microneedles arrays were fabricated using DiLL with the same printing settings 

presented in chapter 3. The microneedles arrays are shown in (Figure 5.1.2). The arrays 

were then coated with a layer of Parylene C and were subsequently used to imprint 

PDMS as was described in chapter 3. Using a micropipette, a 10 𝜇L aliquot of SU-8 2005 

(MicroChem) was drop-cast on the PDMS mold cavity under yellow light. SU-8 2005 is 

a commercial formulation of SU-8 with a 45% solid content and 45 cSt viscosity. Its 

relatively low viscosity and adequate solid percentage content enables it to flow more 

easily than the more viscous formulations of SU-8 without drastic shrinking after baking.  

As the outgassing of SU-8 or baking it on hot plates leads to evaporation of the carrier 

solvents, it cannot be used to release air bubbles as was done in chapter 3. With the 

removal of the carrier solvent, the resist’s viscosity increases significantly and its ability 

to flow is subsequently reduced. To release the trapped air bubbles, the molds were 

placed on an inclined holder (45o degrees) and secured with Kapton tape, then spun at 

2500 rpm for 5 minutes. Effectively, this allows the air to be separated based on its low 

density from the resist by centrifugation (Figure 5.1.3). The holder was made by 3D 

printing (Ultimaker) and was fixed on a spin coater using O-ring vacuum suction. 

Subsequently, the SU-8 was soft baked on a hot plate at 65o C by ramping the 

temperature of the plate from ambient at a ramp of 3o C per minute and holding it at 65o 

C for 3 minutes. The temperature was then ramped to 95o C at the same ramp and was 

held for 30 minutes, after which the sample was cooled down to room temperature.  
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Figure 5.1.2: The 3D structure design of the fabricated microneedle arrays after conversion 

to STL files. (A) shows three viewing angles of a 10 by 10 array whilst (B) shows three 

viewing angles of a 15 by 15 array.  
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Figure 5.1.3: The 3D structure design of the printed centrifuge holder. 

After baking, the sample was placed in a UV box (365 nm) and exposed with an intensity 

of 350 mJ/cm2 for 60 seconds. As the optical transmission of SU-8 for the 365 nm 

wavelength drastically decreases upon polymerization, the polymerized layer on the top 

behaves as a UV shield for the underlying SU-8 beyond the 500 𝜇m thickness mark [83]. 

As our mold is made from PDMS which is optically transparent to this wavelength [84] 

(Figure 5.1.4), another round of UV exposure is conducted after flipping the mold on its 

backside to ensure the full polymerization of the microneedles in the array.  

 
Figure 5.1.4: Optical transmission curve for native and treated PDMS with a dashed line 

marking transmission at 365 nm (Adapted from [84])).    
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After exposure, the samples are then hard-baked using the same procedure as the pre-

exposure bake, but the sample is held at 95o C for 45 minutes instead of 30 minutes. This 

ensures a high degree of cross-linking by allowing the generated Lewis acids to diffuse 

through the structure, thereby improving the mechanical properties. To release the SU-8 

from the mold, it is submerged in Chloroform and the container is sealed to minimize 

evaporation of the solvent and placed in an ultra-sonic bath for as long as the structure 

needs to be released after swelling of the PDMS (Figure 5.1.5).   

 

Figure 5.1.5: Microneedle array (A) SU-8 replica. 

Using this method, freestanding SU-8 replicas of interdigitated rows of microneedles 

were possible to fabricate using a positive structure fabricated using DiLL (Figure 5.1.6). 

Attempts to mechanically demold the fragile digits lead to fracturing. Conversely, soft 

demolding using the swelling of PDMS allowed the replicas to be released with minimal 

mechanical deformation (Figure 5.1.7). The structures can subsequently be used to 

fabricate interdigitated electrodes by preventing the shorting of each side of the electrode 



88 
 

using a square-shaped shadow mask of electrostatic tape on the contact area while 

sputtering (Figure 5.1.8). Replicating the process (outlined in Figure 5.1.8) using the 

PDMS hot-embossing method described in chapter 3 was attempted using a negative 

mold of interdigitated rows of microneedles fabricated using DiLL. However, due to the 

elastomeric properties of PDMS, it was not possible to prevent the digits from bending 

and touching during sputtering. Effectively, this shorted the electrodes rendering them 

inadequate for electrochemical detection. Furthermore, difficulties were encountered 

during the demolding of the thin PDMS digits. Using a Silicon cap (as described in 

chapter 3) for demolding stretches the thin PDMS digits causing them to tear.   

 

Figure 5.1.6: The 3D structure design of the fabricated interdigitated electrodes with 

microneedles after conversion to STL files. Three angles are shown for (A) an isometric, 

(B) a top, and (C) a side view.   
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Figure 5.1.7: Freestanding interdigitated rows of microneedles SU-8 replica. Two angles 

are shown for (A) an isometric and (B) a top view.  
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Figure 5.1.8: Schematic outline of the fabrication process of interdigitated microneedle-

equipped electrodes based on SU-8 replicas. 

The developed SU-8 replication process can be applied to fabricate free-standing 

structures of similar dimensions for microfluidics and electrochemical sensing. 3D 

interdigitated electrodes have been shown to exhibit larger cell constants, which is the 
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ratio of the electrode gap to its surface area, and higher sensitivity for molecular 

adsorption [85]. This makes them ideal for biosensing applications and integration with 

microfluidic devices. To date, the fabrication of 3D interdigitated electrodes has been 

limited to the patterning of barrier channels over planar electrodes [85] or the etching of 

the gaps through the conductive layer [86]. The resultant sensing areas in both 

approaches are still planar. In contrast, the method presented in this thesis can be used to 

fabricate a wider selection of geometries that may be tailored for cell-sensing, antibody 

detection, and interstitial fluid sampling.  

5.1.2 Micro-Molding of Polyimide     

Polyimide is a heat-resistant polymer of imides introduced by DuPontTM in 1955. Due to 

its excellent heat-resistance (>500o C), chemical stability, insulating properties, and 

mechanical properties, polyimide has been extensively used for a variety of applications 

[87]. Polyimides can be modified to either be thermosetting, which cures when heated, or 

thermoplastic, which softens when heated. Based on the functional groups present in its 

imide monomer, polyimide can be classified as linear, cyclic, or as sidechains. The most 

used polyimides are aromatic cyclic, with a side-group of Benzene [87, 88]. In a 

thermosetting configuration, aromatic cyclic polyimides can be synthesized by mixing a 

solution of dianhydride, diamine, and poly(amic) acid in a dipolar aprotic solvent such as 

N-methylpyrrolidone [88]. 

Polyimide is often commercially sold as varnish with poly(amic) acid dissolved in N-

methylpyrrolidone. Imidization, or polymerization of imides, can be initiated by heating 

the varnish to temperatures between 250o C to 350o C, which also evaporates the carrier 
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solvent. This forms an insoluble and non-melting film of polyimide, which is typically 

used for insulation [89]. These films can also be subsequently patterned using metallic 

masks and plasma etching. To date, the molding of polyimide into 3D structures has been 

largely restricted for thermoplastic formulations of polyimides. Heating thermoplastic 

polyimides can soften them sufficiently for injection molding to produce large parts that 

are typically used in automotive and aerospace applications [87, 88].   

As was the case with SU-8, the literature on micromolding of polyimide is restricted to 

the patterning of microfluidic channels using hot embossing of polyimide varnish [90]. 

The principal challenge with micromolding polyimide varnish is that its typical solid 

concentration is low, and since the curing process removes the solvent completely, this 

leads to large shrinkage. To create a thicker film of polyimide, an intermediary curing 

step is used to reapply a second layer of the varnish before ramping the solution to the 

final curing temperature and evaporating all the solvent. To micromold polyimide using 

elastomeric molds, this intermediary step is exploited twice to ensure enough remaining 

solid content and low shrinkage.  

Polyimide varnish (PI-2611, HD MicrosystemsTM) was drop-cast onto elastomeric PDMS 

negative molds based on the same designed used for SU-8 replication in section 5.1.1. 

The samples were then outgassed for 35 minutes to ensure the complete filling of the 

conical cavities and the release of the trapped air bubbles. The excess varnish was 

removed with a surgical blade from the mold and it was baked on a hot plate at 90o C for 

30 minutes then at 150o C for another 15 minutes. At 150o C, there is sufficient energy 

for the solvent to begin to evaporate, but not for the imidization process to start. The loss 
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in volume is then supplanted by the addition of another round of polyimide drop-casting. 

To remove the excess varnish from the molds, the molds are spin-coated at 500 rpm for 

10 seconds at a ramp speed of 300 rpm/second and subsequently at 2750 rpm for 30 

seconds at the same ramp speed. 

The molds were then baked at the same temperatures and a third layer of polyimide 

varnish was added to supplant the lost volume and is spin coated using the same speeds. 

Finally, the molds are baked on a hot plate at 90o C for 90 seconds and then transferred to 

150o C for another 90 seconds. With the third layer dry, the temperature is ramped from 

150o C to 255o C at a rate of 4o C per minute. Once at 255o C, the molds are held at a 

constant temperature for 45 minutes. At 255o C, there is sufficient energy for both 

evaporation of the solvent and for imidization to proceed. After curing, the samples are 

brought to room temperature gradually to relieve thermal stress and subsequently 

immersed in Chloroform to release the cured structures (Figure 5.1.9). 

 

Figure 5.1.9: Microneedle array (A) polyimide replica. 
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As polyimide is a thermosetting polymer, the curing process introduces strain due to the 

mismatch between the thermal expansion coefficient of polyimide and that of PDMS. 

This strain causes the polyimide bed of the sample to arc upwards to a lower energy state 

if the sample bed is too thin. This cannot be seen for the microneedle array replicas as 

their bed is 500 𝜇m thick. However, the deflection is extreme in the case of the free-

standing interdigitated microneedles rows (Figure 5.1.10).       

  

Figure 5.1.10: Freestanding interdigitated rows of microneedles polyimide replica. The 

deflection of the bedside is apparent by the shadow cast on the white background. 

5.2 Soft Magnetic Clamping   

As discussed in chapters 3 and 4, plants respond to mechanical perturbations by mounting 

what is known as a thigmomorphogenetic response. Plants are non-motile organisms that 

cannot respond to a localized threat by relocating to a more favorable location. Thigmo-

morphogenesis is a host of responses available to the plant to minimize the impact of a 

tissue-damaging perturbation or to prepare for the onset of heavy winds [48]. The speed 

of the response differs based on the species with higher plants generally having a slower 
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response constrained to expressing defense-related genes. In turn, the proteins produced 

from the transcription of these genes have the collective effect of reducing a herbivore’s 

ability to colonize or feed and may also halt stem elongation. In simulated lab 

experiments, it was shown that touching or deflection of a leaf is enough to trigger 

thigmomorphogenesis [91]. It is probable that the clamps used in chapter 3 to attach the 

MEs to the leaves, which cause noticeable deflection, induce this pathway. Such clamps 

also limit the applicability of the method to rather large plant structures, rendering, to 

some extent, the minimally invasive properties of the MEs ineffective. Although the 

fixation of the MEs onto the leaf is necessary to prevent ejection of the microneedles, a 

softer clamp is needed for prolonged testing as thigmomorphogenesis can impede the 

growth of plants.  

Suitable attachment methods can be tuned for plant leaves based on wearable magneto-

electronics platforms. Light-weight, flexible and biocompatible magnetic “skins” with a 

magnetic remanence up to 360 mT were fabricated using elastomeric materials mixed 

with NdFeB magnetic powders before curing [92]. NdFeB is a widely used material for 

permanent magnets and consists of an alloy of neodymium, iron, and boron. It possesses 

several properties that make it ideal to be used as a permanent magnet. Firstly, it has a 

high magnetic remanence (Br = 0.6 – 1.4 T), which is the magnetic field strength 

remaining in the material in the absence of an external magnetic field [93]. Furthermore, 

it also has a high Curie temperature (Tc = 310o C to 400o C), which is the temperature at 

which the material loses its magnetic properties. As such, it can be used in a wide range 

of temperatures without losing its magnetization [93]. 
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The same technique described in [92] can be applied to PDMS by mixing it with NdFeB 

magnetic powder before curing. The mechanical stiffness of the PDMS is changed 

slightly by the addition of NdFeB, but, by controlling the thickness of the layer via spin-

coating, the flexibility of the bed can be maintained. To magnetize the sample and align 

the magnetic dipoles of the NdFeB particles, an external magnetic field can be applied 

using a vibrating sample magnetometer (VSM) (Figure 5.2.1). The applied field was 

ramped from 0.2 mT up to 2 T with increments of 0.25 mT. The field was oriented in a 

perpendicular direction to the plane defined by the sample bed and parallel to the tips of 

the microneedles.  

 

 

Figure 5.2.1: The VSM setup used to magnetize the PDMS/NdFeB mixture after casting. 

The PDMS used for the hot embossing method described in chapter 3 can be replaced 

with a 1:1 PDMS mixture with NdFeB to fabricate magnetized microneedles (Figure 

5.2.2a).  Alternatively, a microneedle shell can be fabricated from a single layer of 

Electromagnet Microneedle Sample 

Acrylic Sample Holder 

Field Lines 
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polyimide as described in section 5.1.2 and then filled with 1:1 PDMS/NdFeB and cured 

to ensure durable adherence between the two layers (Figure 5.2.2b).  

 

Figure 5.2.2: The two methods for incorporating magnetized PDMS onto the 

microneedles. Figure (A) shows the magnetized microneedles fabricated using hot 

embossing. Figure (B) shows the binding of a magnetized layer of PDMS onto a polyimide 

microneedle shell.    

Using the magnetic attraction between the magnetized microneedles bed and another 

planar sheet of the same material, it is possible to compress a Barley leaf between the 

MEs and the sheet (Figure 5.2.3). The lightweight nature of the arrangement mitigates the 

mechanical stimulation in the leaf and, by extension, the thigmomorphogenetic response.   

 

Figure 5.2.3: The attachment configuration of the magnetized microneedles to a Barley 

leaf using a planar sheet of PDMS/NdFeB on the other side. 

(A) (B) 
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Chapter 6 Conclusion and Future Work 

Conclusions and Future Work 

6.1 Conclusions 

The sparing use of nutrients and water afforded by PF has the potential to reduce the 

resource burden and environmental impact of farming. The current repertoire of 

technologies utilized in PF spans drones, soil-implanted sensors, and automated irrigation 

systems. Bio-impedance sensors have the potential to add a powerful tool to the arsenal 

of PF technologies. Integrating the information acquired by these robust sensors, which 

can probe crops directly, with these existing technologies can enable site-specific 

intervention. The presented MEs may bridge the sensitivity gap and offer a platform that 

can be used to study the physiological responses of plants to various stimuli. The efficient 

distribution of these sensors across a field can tackle the limitations set by soil 

heterogeneity.  

This thesis aimed to explore the performance and sensitivity of MEs relative to 

conventional electrodes in measuring bio-impedance. To that end, a hot-embossing 

process of PDMS using negative molds fabricated using DiLL was developed. After the 

fabrication of the mold, this approach enables batch fabrication of MEs in a clean-room 

free setting. The sensors can then be made conductive using sputtering and their 

mechanical properties are improved by the plating of a thicker layer of metal. The 

fabricated sensors were tested on date palm trees and Barley plants. In the 𝛼-dispersion 

region, the MEs outperformed the planar electrodes by measuring an impedance that is an 

order of magnitude less.  
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Interestingly, continuous monitoring of date palm and Barley specimens has shown 

diurnal cycling of impedance in the 𝛼-dispersion region. There is evidence to suggest that 

the pattern is entrained by light and may be caused by the changes in the transport 

dynamics of Potassium between the phloem and the xylem. This is supported by 

observing that the cycles are sharply defined under synthetic growth light. In contrast, the 

cycles are smooth under natural light which gradually changes over the course of the day. 

Additionally, based on the EIS spectra of the tissue, an electrical circuit model is 

proposed for the leaves of date palm and Barley.  

As the mechanical properties of the MEs were limited by the integration of a PDMS core, 

alternative micromolding strategies were developed. PDMS elastomeric molds were used 

to replicate the shape of microneedle arrays fabricated using DiLL. These molds were 

used to micromold a photocurable resist, SU-8, and a thermosetting polymer, polyimide. 

This strategy was also explored to fabricated free-standing rows of interdigitated 

microneedles. These structures, in turn, have been used to fabricate interdigitated 

electrodes equipped with rows of microneedles. Furthermore, to mitigate stimulating 

thigmomorphogenetic response in the probed plants, a soft clamping method was 

developed based on NdFeB mixed PDMS. This material can be permanently magnetized 

thereby allowing for the use of its magnetic properties to softly clamp the MEs onto the 

leaf without resorting to methods that deflect the leaf significantly.         

6.2 Future Work  

The results suggest that MEs are promising for monitoring the bio-impedance of plants. 

The optimization of the shank length and array density to obtain adequate sensitivity can 
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be tailored for different plants, such as Arabidopsis thaliana, which is a model plant for 

genetic and developmental studies. Cross-sectional imaging of the plane of piercing can 

elucidate the depth of microneedle piercing, thereby help in explaining the patterns in the 

recorded bio-impedance. This can also help target different tissue layers in the leaf or the 

stem, which has not been explored in this thesis.  

The effect of specimen age and various biotic stresses, such as herbivory and pathogens, 

has not been explored using MEs. Existing literature has shown that in several plant 

species fungal infestation can manifest as a marked change in impedance. With the 

marked improvement in sensitivity in measuring bio-impedance offered by the sensors 

developed in this thesis, the MEs may be used to detect the infestation event early on 

prior to germination and spread of the fungus. In the same vein, the MEs may be able to 

detect smaller changes in bio-impedance that result from abiotic stresses, such as 

temperature shock and low hydration. The latter may have direct implications for PF to 

achieve true variable rate irrigation. 

Beyond the scope of bio-impedance measurement, the interdigitated microneedle-

equipped electrodes developed in this thesis are a prime platform for electrochemical 

detection. Several functional coats that utilize MIPs have been shown to be highly 

selective to phytohormones. The binding event reduces the conductivity of the electrodes 

by blocking the electron transfer sites, thereby making electrochemical detection and 

quantification possible. Coupled with the platform developed in this thesis, this may 

enable continuous monitoring of these phytohormones in plants, which was only possible 

by obtaining destructive leaf extracts (Figure 6.2.1).  
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Figure 5.6.1: Schematic representation of functionalized MEs used to monitor 

phytohormone levels in the leaf.  

Phytohormones regulate plant growth and development at every stage of the plant’s life 

cycle. Continuous monitoring of the interplay of these chemicals allows for the detection 

of slow and subtle physiological changes in plants. The early detection of such events 

prior to irreversible changes or tissue damage is often crucial for successful site-

intervention in PF. Furthermore, this platform can also constitute a powerful research tool 

that can be used to further elucidate the roles of these phytohormones. 
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APPENDICES 

Appendix A: Nanoscribe Settings and GWL Code 

A.1 Complete Table of Printing Settings 

Table A.1.1: The parameters used to export the Describe GWL file. 

Step Parameter Value 

Slicing 

Slicing distance 

Hatching distance 

Self-intersection tolerance 

1.5 𝜇m 

1.5 𝜇m 

0.05 𝜇m 

Shell 
Shell Contours 

Base thickness 

20 lines 

20 lines 

Scaffold 
Type 

Hatching distance 

Triangles 

2 𝜇m 

Splitting 

Lateral block size 

Vertical block size 

Angle 

Overlap 

300 𝜇m 

300 𝜇m 

0 

2 𝜇m 

 

A.2 Rapid Prototyping Strategies Prior to Mold Fabrication 

As the negative mold fabrication using DiLL is time-consuming, it is not suitable for 

prototyping. Microneedles arrays can be fabricated rapidly by directly using DiLL to 

fabricate the array on the substrate of choice. In such an approach, the STL file loaded to 

the instrument (Nanoscribe) would only include the design of a single microneedle. 

Using the GWL syntax, the instrument can be programmed to fabricate an array of the 

loaded structure. The Nanoscribe instrument utilizes the refractive index difference 

between the resin and the substrate to find the printing interface. For that to be possible, 
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the substrate must have a refractive index of 3.71 at 780 nm (undoped or lightly Silicon). 

As such, the ideal choice for substrates is Silicon. However, it is possible to spin coat a 

thin layer of infrared-transparent materials on top of Silicon, such as cured SU-8 (up to 

100 𝜇𝑚) or cured polyimide (up to 25 𝜇𝑚), and print on them.  

This layer can be used to transfer the structure to the final substrate after printing. This 

approach requires using a “ZOffset” equal to the thickness of the thin layer in the 

Describe recipe as the laser would still identify the interface of the Silicon as the interface 

for printing. Without this offset, the laser would most likely burn through this layer 

generating bubbles while printing, which compromises the adhesion of the structure and 

its shape as the air refracts the laser light. Furthermore, it is advisable to reduce the laser 

power when printing on such thin layers to 60-55% with a speed of 85000 – 90000 mm/s. 

Using this strategy, different designs can be prototyped rapidly as fabricating an array 

takes significantly less time than a mold. Furthermore, by incorporating a sacrificial layer 

between the transparent material that is spin-coated on Silicon and the wafer, such as 

poly(vinyl) alcohol or polystyrene, it is possible to release the microneedles from Silicon. 

If the transparent film used is polyimide, the microneedles, post-release, are rendered 

flexible and the Silicon wafer can be reused.  
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GWL code for printing microneedle array: 

% System initialization 

InvertZAxis 1 

% Writing configuration 

GalvoScanMode 

ContinuousMode 

PiezoSettlingTime 10 

GalvoAcceleration 10 

StageVelocity 200 

% Scan field offsets 

XOffset 0 

YOffset 0 

ZOffset 0 % Set offset based on substrate 

% Writing parameters 

PowerScaling 1.0 

% Shell writing parameters 

var $shellLaserPower = 60 

var $shellScanSpeed = 70000 

% Scaffold writing parameters 

var $scaffoldLaserPower = 60 

var $scaffoldScanSpeed = 70000 

% Base writing parameters 

var $baseLaserPower = $shellLaserPower 

var $baseScanSpeed = $shellScanSpeed 

var $X1 = -8000 % starting coordinates of microneedle array in 𝜇m 

var $Y1 = 3500 

PiezoGotoX 0 

PiezoGotoY 0 

Stagegotox $X1 

StageGotoY $Y1 

var $n = 5 % number of columns of microneedles 

var $r = 0  

var $s = 0 

var $k = 5 % number of rows of microneedles 

var $xpitch = 4000 % pitching distance between each microneedle in the x 

var $ypitch = 500 % pitching distance between each microneedle in the y 

for $r = 1 to $k step 1 

for $s = 1 to $n step 1 

FindInterfaceAt 0 % find interface at the point of printing again 

ZOffset 0 

include 1MN-500H-250B-10degTip_data.gwl 

MovestageY -($ypitch) 

end 

MovestageY ($ypitch)* $n 

MovestageX $xpitch 

end 
 


