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Abstract 

 Transcutaneous electrical nerve stimulation is one of the physical neuromodulation methods 

that stimulate a nerve and potentially its adjacent nerve fibers. To make this method more effective, 

it would be of value to design new electrodes that only target a specific nerve and prevent the co-

stimulation of an adjacent nerve.  

 In this dissertation, different scenarios of tissue and blood capillary placements were analyzed 

through multiphysics simulation of a 3D model and the best microneedle array electrode was 

suggested as a new electrode for nerve stimulation. These studies showed that the design of the 

microneedle array plays a critical role in presenting a uniform electric field to a target nerve and 

the resulting performance benefits. Analysis showed that microneedle array electrodes can 

increase the distinguishability between a target nerve fiber and its adjacent nerve fibers up to 10% 

compared to conventional surface electrodes. Uniform electric field, effective thermal behaviour 

and consistent current density in different depths of tissue are the other advantages of using 

microneedle electrodes for stimulation. Different stimulation parameters were investigated and the 

analysis showed that the geometry of the microneedles on top of the electrodes, such as their tip-

to-tip pitch, their numbers and shape can affect performance. 

 Microneedle arrays were fabricated and used for experimental verification of performance 

benefits. One study explored polymer microneedles molded from a polycarbonate master. They 

were coated with titanium and titanium-nitride to increase the mechanical strength, and 

molybdenum (which is a biocompatible metal) to increase the conductivity of the structure. In 

clinical study it was found that they enhanced the tissue-electrode interface parameters, such as 

decreasing the resistance and increasing the double-layer capacitance. In another study, low cost 
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microneedle arrays were printed using 3D printing technology. In a clinical study comparing with 

the molded microneedles, it was found that the 3D printed ones had better high frequency 

performance (such as for EMG), and the molded microneedles performed better for low frequency 

signals (such as for EEG).  
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Introduction  

 

Summary 

 

 The nervous system controls all the voluntary and involuntary actions in the body. Modification 

in the performance of an organ can be enabled via manipulation of that organ’s nervous system. 

Transcutaneous electrical nerve stimulation (TENS) is a non-invasive method that has been used 

for nervous system stimulation of different organs. Recent studies showed that TENS can 

positively affect chronic syndromes. However, the efficiency of the surface electrodes is not 

enough to target a specific nerve fiber. Therefore, effective protocols and electrodes are required 

if a specific nerve fiber is the target of the stimulation. In this dissertation, the performance of 

microneedle electrodes is investigated for both neural recording and stimulation.   

 

 

  



2 | C h a p t e r  1  

 

 
 

1.1. Introduction  
 

 In the human body, the nervous system controls voluntary and involuntary procedures. 

Therefore, in many situations, any interference in an organ’s function can result from 

corresponding manipulation of the nervous system. Depending on the severity of the action, this 

interference might be too invasive or completely non-invasive. For example, implanting a heart 

pacemaker is considered as an invasive procedure where an electrical stimulator is embedded 

inside the thorax cavity to regulate the heart pulses. In contrast, the transcutaneous electrical nerve 

stimulation (TENS), which can be used to treat limb pain mostly, is known as a non-invasive 

technique (Wark et al., 2013).  

 TENS has been applied to many situations. Therefore, many studies have been conducted to 

use TENS to treat different chronic syndromes like bladder dysfunction and sleep apnea. For 

example, in (Chwieśko-Minarowska et al., 2016), TENS was used during wakefulness to stimulate 

the hypoglossal nerve (HGN), and the effect of this on its activity during sleep was assessed. The 

HGN innervating the upper airway (UA) muscles and genioglossal (GG) muscle which controls 

the patency of the UA. Replacing the TENS technique with the conventional apnea treatment 

(Kezirian et al., 2010) is a significant improvement from invasive to non-invasive treatment. The 

other example is using TENS in controlling the muscles that contribute in controlling the bladder 

(Bristow et al., 1996). In a pilot study (Nakamura et al., 1986), it was shown that the transcutaneous 

sacral nerve electrical stimulation caused improvements in the muscles performance that control 

the bladder. Interestingly, the recent clinical studies showed that the TENS had exceptional clinical 

effects on the patients with bladder dysfunctions and increased their bladder capacity (Fall, 2018, 

Peters, 2017, Nitti et al., 2017). 
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 TENS is not applicable in all clinical situations. In cases where a specific nerve is the target 

of stimulation, invasive procedures and implanting the stimulator electrodes on that specific nerve 

is unavoidable. For example, stimulating the sinoatrial (SA) node of the heart is one of the invasive 

nerve stimulation procedures in which the electrodes of the stimulator should be placed on the 

heart by a surgeon. Stimulating vagus nerve (VN) is another invasive example. The left and right 

VN stimulation are either approved or possible treatment for epilepsy refractory or treatment-

resistant depression and the heart failure (Howland, 2014). Since the VN is a deep nerve, it is not 

possible to stimulate it with TENS techniques. Therefore, TENS is limited to the superficial 

branches of VN (Howland, 2014).  

 Besides TENS, current injection and stimulating the tissues can be used in electrical 

impedance tomography (EIT) which is an imaging modality. EIT is based on measuring the 

electrical impedance difference between different tissues. To find this difference, one should 

stimulate the tissue with current and calculate the voltage across the tissue. Therefore, the 

procedure is similar to what happens in the TENS. However, in TENS, it is not necessary to 

measure the voltage across the target tissue.  

 Conventional TENS techniques have different disadvantages. The most important 

disadvantage of existing TENS methods is their poor spatial precision. In the other words, if there 

are two adjacent nerves, both of them will be receive almost the same amount of current density, 

and so stimulating only one is not possible. For example, in the HGN stimulation, exciting the 

branches of the nearby VN is inventible because of its proximity to the HGN. Therefore, more 

precise studies are required to design a system with higher spatial resolution. Also, depending on 

the organ that is stimulated, the depth of current penetration is different.  
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 In many stimulation applications, like EIT, the impedance between the electrodes and the 

skin is mentioned as the biggest problem in exciting the tissue and recoding the response (Hua et 

al., 1993). In the former studies, problems like current singularities along the electrode edges that 

cause non-uniform current density and consequently tissue burning was addressed (Wiley and 

Webster, 1982). In order to make a uniform current density underneath of stimulation electrodes, 

Song et al., suggested a structural change in the electrodes based on a precise mathematical model 

(Song et al., 2011). However, in this dissertation this topic is explored in detail, contrasting the 

performance of surface electrodes with arrays of microneedle electrodes. The microneedle arrays 

offer the opportunity of specific electric field shaping over the skin contact, and so provide the 

potential to make more effective electrodes, both better thermal results and uniform current density 

inside the tissue compared to conventional electrodes.  

 

1.2. Objectives 
 

 This thesis aims to solve some of the limitations of TENS, by exploring new designs for the 

stimulation electrodes particularly for long-term stimulation applications. Also, the characteristics 

of the designed and fabricated electrode when they are used as recorders were investigated. These 

new designs are based on the painless microneedle arrays that can minimally pierce the skin. In 

many TENS practicing cases, the conventional stimulation electrodes are placed on the epidermis 

of the skin and the current is applied to the tissue. However, the practitioners often neglect to 

consider the amount of power that is applied to excitable and unexcitable tissues underneath of the 

electrodes. As mentioned above, in many treatment cases, the treatment protocol is based on 

stimulating a specific nerve. Although it is not possible to avoid stimulating adjacent nerves at the 
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same time, it is possible to decrease the effect of cross-stimulation of undesired tissues by using 

microneedle electrodes. 

 This thesis studies the effectiveness of microneedle electrodes for TENS, and compares to 

standard surface electrodes. First, the performance of microneedle electrodes is modelled and 

compared to conventional smooth electrodes. Second, different parameters of the microneedle 

electrodes are explored to see how they affect the depth of current penetration and the 

distinguishability of the electrical field inside the tissue. From this, it can be understood how much 

current density is present in different adjacent tissues to a specific organ and at different depths 

from the surface of the skin. Finite element modeling (FEM) is employed in this thesis to 

investigate different stimulation parameters, in addition to experimental work. 

 The results of these studies are also of interest for the EIT impedance tomography research, 

where the skin impedance is noticeable problem in getting high signal to noise ratio (SNR). 

Minimally piercing the skin can enhance the SNR of the captured signal for EIT image 

reconstruction. Although this study is only focusing on the TENS parameters enhancement, EIT 

can be counted as one of the other applications for microneedle electrodes. 

 

1.3. Thesis Outline 
 

 In order to complete the objectives, thesis consists of modeling, fabrication and clinical 

measurements of both microfabricated and 3D printed microneedle array electrodes. 

  Background: The anatomy of the peripheral nerve and the skin are reviewed in chapter 2, 

so as to enable discussion of the efficiency of the types of electrodes. Also, the TENS method is 

explained in detail and the physiological perspective is discussed. In the last part of chapter 2, the 

structure of different conventional electrodes for the TENS purpose is reviewed. 
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 Modeling: In chapter 3, a 3D finite element model was developed and different parameters 

of stimulations with microneedle array electrodes and surface electrodes were investigated on that 

model. Chapter 4 follows this, presenting different models of the microneedle array electrodes 

were investigated to find the best design of the microneedle array for stimulation with high 

distinguishability. Findings of chapter 4 about shape, height and number of microneedles on the 

surface of the electrodes were used in the clinical measurement that is described in chapter 7.  

 Fabrication Background: In chapter 5, different methods were investigated to fabricate 

microneedle arrays. Different important parameters and common microneedle experiments for 

different applications are discussed. 

 Fabrication (Method 1): The fabrication process of a short microneedle electrodes based 

on SU-8 etching is discussed in chapter 6. It is also shown that by etching the SU-8, it is difficult 

to build high density and high aspect ratio structures. The technique of coating thick layers of SU-

8 on a silicon wafer is described in this chapter.  

 Fabrication (Method 2) and Clinical Evaluation: Chapter 7 discusses the fabrication and 

simulation model of a molded metal coated SU-8 microneedle electrodes. Clinical experiments 

showed that the performance of these microneedle array electrodes in TENS is better than that of 

conventional smooth surface electrodes. Based on the electrode-tissue-interface electrical model, 

the parameters of stimulation, such as faradaic and double layer capacitor was estimated. The 

estimated parameters showed that stimulation through microneedle arrays can decrease the 

harmful irreversible faradaic current while they are increasing the capacitance of the double layer 

capacitor between the active electrode and tissue.    

 Fabrication (Method 3) and Clinical Evaluation: Chapter 8 compares the structure and 

performance of the microfabricated microneedles of chapter 7, with metal coated 3D printed from 
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methyl methacrylate (MMA) (which is the main material of FormlabTM Clear Resin V4) 

microneedles. It was shown that the microfabricated microneedle arrays have sharp edges and can 

penetrate easier and deeper than the 3D printed ones. Also, it was shown that the capability of the 

microfabricated microneedles in stimulation and recording the low frequency signals is more than 

the 3D printed microneedle electrodes.  

 Finally, chapter 9 presents the conclusions for the work and possible future studies are 

discussed.   

1.4. Contributions  
 

 The 3D finite element model of chapter 3 is a new work that explores the different parameters 

of nerve stimulation, contrasting microneedle array electrodes and surface electrodes. This chapter 

is conditionally accepted in International of Numerical Methods in Biomedical Engineering. 

Chapter 4 is a unique study that discuss important design parameters of MNA electrodes, and 

relates to their performance. This can be potentially be a journal paper. Chapter 5 presents a broad 

and detailed review of fabrication methods for microneedles. This chapter would be valuable for 

readers interested in exploring this topic. Chapter 7 presents experimental testing of microneedle 

electrodes, and this work was published in the Springer journal Biomedical Microdevices. Chapter 

8 presents microneedles fabricated by 3D printing, and explores and contrasts their performance 

with the needles of Chapter 7 in clinical trials. This work was submitted to the Journal of Future 

Medicine: 3D Printing in Medicine and is currently under review. 
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2 
 

A Review on Peripheral Nervous System and 

Skin Anatomy and Different Transcutaneous 

Nerve Stimulation Protocols    

 

Summary 

 

The human nervous system consists of central and peripheral nervous systems. In order to 

stimulate a peripheral nerve fiber effectively, one should know the anatomy and mechanism of 

peripheral nervous system properly. In addition, having knowledge about the skin anatomy and its 

mechanical properties is critical in order to optimize the nerve stimulation procedures. In this 

chapter, a short review on the anatomy of the peripheral nervous system and the skin layer is 

presented. Also, the physiology of transcutaneous electrical nerve stimulation and its different 

protocols are reviewed.      
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2.1. Introduction to Peripheral Nerve Anatomy  
 

 The human nervous system consists of two major structural parts: 1) Central Nervous System 

(CNS) and 2) Somatic Nervous System (SNS). The CNS includes the brain, brain stem, spinal 

cord and the SNS consists of a variety of the voluntary/involuntary and sensational branches of 

cranial nerve, spinal nerves and their roots and branches. The neuromuscular junctions are 

classified in the SNS group. The Peripheral Nervous System (PNS) and the somatic part of the 

CNS are forming the SNS (Moore et al., 2002). Fig. 2.1 shows the role of the SNS and PNS in 

human body briefly. 

 

 

Fig. 2.1. A brief sketch of SNS and PNS and their roles in body (Moore et al., 2002) 

 [Used with permission] 
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 Fig. 2.1 shows that the nerve fibers are initiating from the spinal cord. It is divided into 

anterior (ventral) root that consists of the motor (efferent) fibers, and the posterior (dorsal) fibers 

that deliver the sensory information through the sensory fibers (afferent) to the sensory receptors 

of the CNS (Moore et al., 2002). 

 The PNS includes the nerve fibers and nerve cell bodies that convey information to the CNS 

and back to the PNS (Moore et al., 2002). Peripheral nerves are traveling through the peripheral 

structures like a bundle. These nerve fibers are isolated from the blood vessels by the connective 

tissues. As shown in Fig. 2.2, there are two different types of the nerve fibers in the PNS (Moore 

et al., 2002) :  

1) Myelinated nerve fibers in which a series of the Schwann cells (a part of neuroglia cells) 

surround a nerve axon and build myelin for that axon. 

2) Unmyelinated nerve fibers enwrapped in the cytoplasm of a single Schwann cell that do 

not produce any myelin around the axon. The cutaneous nerve fibers are mostly from this 

type (Moore et al., 2002).   

 

Fig. 2.2. Myelinated and unmyelinated nerve fibers (Moore et al., 2002)  

[Used with permission] 
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 In Fig. 2.2, it can be seen that in the myelinated axons, there are some points that are not 

covered by myelin. These regions are called Ranvier nodes that play important role in the action 

potential conduction along a nerve axon fiber (D’Este et al., 2017, Rasband et al., 1999, Rasband 

et al., 1998).  The Ranvier nodes are placed approximately every 1 µm along the axon (Hubbard, 

2012). 

 In the PNS nerve fibers, the main functional part of the nerve fibers are their axons (Hubbard, 

2012, Moore et al., 2002). Since the peripheral nerves are supported and protected by different 

layers of connective tissues, they are very strong and elastic (Moore et al., 2002). The length of 

the axons in the nerve fibers depends on their role in the body. For example, the nerve fibers in the 

limbs have long axons compare to the other organs. Also, the peripheral axons can be stretched to 

considerable length (Swenson, 2006). Therefore, an axon would be the majority part of a nerve 

that is involved in the peripheral limb stimulation. In the other words, the impulse response of the 

peripheral nerve axons affects the results of the any type of stimulation. The physiology of the 

axon and its impulse response are described below. 

 

2.2. Introduction to Skin Anatomy  
 

 Electrical current should pass through the skin in order to access peripheral nerves. 

Therefore, it is worthwhile to know more about different layers of skin. The skin is the largest 

organ of the human body that covers and protects all the limbs and external organs of the body. 

Also, the skin plays the role as a containment for the important liquids in the body like the blood 

and water, it regulates the temperature of the body through sweating, and contains blood vessels 

and fat. Many open-end nerves exist in the skin that contribute to sense sensation (Moore et al., 
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2002).  Fig. 2.3 shows that the skin has three major layers: epidermis, dermis and subcutaneous 

tissue. The stratum corneum (SC) is the first layer of the epidermis. The SC has the highest 

electrical impedance. It is formed by tough layers of keratin (Moore et al., 2002). 

 

 

Fig. 2.3. Different layers of (A) a hairy thin skin and (B) hairless thick skin 

(Kálmán and Csillag, 2005) [Used with permission] 

 



13 | C h a p t e r  2  

 

 
 

 Former anatomical studies showed that the thickness of the SC in different people and in 

different organs is different (Ya-Xian et al., 1999). For example, the number of SC layers         

(mean ± standard deviation(SD)) in the neck is 10 ± 2 and in the hand palms it is 47 ± 24 (Ya-Xian 

et al., 1999). Consequently, the electrical resistance of the skin in different area of the body is 

different (Ahn et al., 2008).  

 There are no blood vessel in the epidermis and this layer of skin is fed by the capillaries from 

the vessels in the underlying layer which is dermis (Moore et al., 2002). Also, most of the open-

end nerve fibers are located in the dermis. However, some of these nerve fibers penetrate through 

the epidermis and reach closer to the outer layer of the skin (Moore et al., 2002). The nerves in the 

dermis are somatosensory nerves and play role in gathering information via touching or sensing 

the temperature and etc. (Moore et al., 2002).  The dermis mainly consists of elastic fibers that 

strengthen the skin. Between the dermis and the subcutaneous tissue, there are connective tissue 

and a layer of fat (Moore et al., 2002). However, the majority of the adipose tissue (or fat tissue) 

is accumulated in the subcutaneous tissue. Therefore, the thickness of the subcutaneous tissue is 

varying based on the individuals’ nutrition plans (Moore et al., 2002). The subcutaneous tissue 

contains the vessels and the cutaneous nerve fibers. This layer of the skin is separated from the 

muscle underneath by deep fascia (Hansen, 2018, Moore et al., 2002).  

 As mentioned above, the thickness of the skin differs from one person to another. However, 

to model the skin in 3-dimensions (3D), the average thickness of each layer was estimated in this 

thesis. In (Sandby-Moller et al., 2003), it was reported that the thickness of SC in the forearm, and 

shoulder are 18.3 ± 4.9 µm and 11.0 ± 2.2 µm respectively among 71 studied participants.  Also, 

in the same study, it was mentioned that the epidermis thickness is 56.6 ± 11.5 µm and 70.3 ± 13.6 

µm in the forearm and shoulder respectively. In a skin model that was developed by another study 
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(Chizmadzhev et al., 1998), it was assumed that the thickness of the SC has 15-20 µm thickness. 

Also, in the same article, it was assumed that the thickness of the epidermis is from 50 µm to 70 

µm. The thickness of the different layers of the skin affects the skin resistance which will be 

discussed in detail in the following chapters. Noteworthy, in all the body organs, the SC has the 

highest impedance compared to the other skin layers (Chizmadzhev et al., 1998, Keller and Kuhn, 

2008). Therefore, bypassing the SC will facilitate the closing of the electrical circuit through the 

nerve fiber for any treatment (e.g. TENS) or diagnostic (e.g. EIT) purposes. 

 

2.3. Mechanical properties of the Skin  
 

 The performance of microneedle electrodes depends on the depth of their penetration. 

Theoretically, it is assumed that the microneedles pierce the SC and reach the next layer of the 

epidermis. However, in practice, skin is an elastic tissue and the penetration depth of the 

microneedle electrodes depends on the force that is applied on them. Therefore, one should be 

familiar with the mechanical properties of the skin tissue to estimate how deep the electrodes can 

pierce the skin. Former studies showed that the Young’s modulus of the SC and the layers 

underneath are 26 MPa and 136 kPa respectively (Yuan and Verma, 2006). Also, the Poisson ratio 

of the SC and the layers underneath was estimated as 0.49 (Magnenat-Thalmann et al., 2002). 

Kong et al., simulated the microneedles’ insertion into skin and used 34 kPa for hypodermis in 

their simulation (Kong et al., 2011). Also, in the same study, it was shown that the small tip 

diameter of the solid microneedles and the area of their base affects the insertion force of the 

microneedles. 
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2.4. Background on the Transcutaneous Electrical Nerve Stimulation  
 

 Based on the American Physical Therapy Association, TENS is the skin surface application 

of the electrical stimulation to control the pain particularly in the limbs (Sluka and Walsh, 2003). 

The history of stimulating the nerve from the skin surface to manage the pain goes back to ancient 

Egypt and Roman (Gildenberg, 2006). For example, people in those days used electric fish as the 

source of electric current, and they put them on the skin, where their discharges caused electric 

current in the tissue and reduction of pain. The goal of TENS is inhibiting the pain neurotransmitter 

secretion by changing the electrical charge around the nerve. The electrical current changes the 

balance of the electrical field around the axon of a peripheral nerve and this inhibits pain (Johnson 

and Bjordal, 2011). However, the clinical effectiveness of TENS is controversial (Johnson, 2014). 

In the former investigations, it is shown that the effectiveness of TENS depends on many 

parameters such as the settings of the stimulation (i.e. the delay between the stimulation and rest 

portions, the intensity and the frequency of the stimulation signal and the times that the stimulation 

is repeated) (DeSantana et al., 2008, Chandran and Sluka, 2003). These parameters are the ones 

that affect the neuromodulation procedure. In (Chandran and Sluka, 2003), it was shown that by 

an organized daily TENS schedule, the results of the treatment was shown up in the 4th day. In 

another study, a clinical trial was run on a large number of the patients (around 1000 individuals) 

with neuropathic pain and it was realized that the TENS in long-term usage is useful either as a 

preliminary or secondary treatment (Somers and Clemente, 2006). Effectiveness of TENS depends 

on the applied protocol and this is discussed below. 
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2.5. Physiological Perspective of the TENS  
 

 Tissues are categorized into excitable and non-excitable cells. Based on definition, any cell 

that can generate an action potential (AP) is called an excitable cell; otherwise it is a non-excitable 

cell (Hall, 2015). Only a few tissues in the body, like the nerve fibers, are excitable tissue (Hall, 

2015).  By applying electrical current to a nerve, the electrical field will cause a reaction from the 

axon hillock which is located at the beginning of the axon and is indicated in Fig. 2.2 by “Axon”. 

Conventionally, the stimulation signal in TENS is separated into low frequency (LF) and high 

frequency (HF) components, which are less than 10 Hz and more than 50 Hz respectively 

(DeSantana et al., 2008, Vance et al., 2014). TENS affects the mechanism of both central and 

peripheral nervous systems (DeSantana et al., 2008). In general, HF TENS affects the peripheral 

sensory nervous system and LF TENS has impact on the motor neurons (DeSantana et al., 2008). 

However, animal studies show that both HF and LF reduce the dorsal horn neuron cell activities, 

which is a part of the central nervous system (Lee et al., 1985, Garrison and Foreman, 1997).  

Furthermore, it was shown that the HF decreases the sensitization of pain in the central nervous 

system by releasing glutamate as an excitatory neurotransmitter (Ma and Sluka, 2001). On the 

other hand, it is shown that LF TENS can block some of the peripheral opioid receptors that prevent 

pain sensation (called analgesia). These peripheral opioid receptors cannot be reached by HF 

TENS and only LF TENS can block them (Santos et al., 2013, Sabino et al., 2008, Vance et al., 

2014). Therefore, one may conclude that both HF and LF TENS play a role in decreasing the input 

of the afferent nerve fibers and reduce their excitability (Vance et al., 2014). 

 The intensity of the stimulation signal is another important parameter in TENS. Regardless 

of the frequency, high intensity stimulation may excite the motor neurons and this is not painful 

(DeSantana et al., 2008). However, the threshold of motor neuron excitability varies from one 



17 | C h a p t e r  2  

 

 
 

person to another, and it depends on different parameters such as skin moisture, nerve fiber 

performance, body mass index (BMI) of the patients, and others. These parameters determine the 

type of protocol that is applied in order to use TENS for different treatment goals. 

 The stimulation signal used for TENS is a rectangular constant current (or voltage) pulse 

signal. In terms of phase, the stimulation signal may be mono or biphasic. A biphasic stimulation 

signal might be either symmetric or asymmetric rectangle signal. In the biphasic stimulations, the 

cell’s membrane is exposed to the positive current (or voltage depending on the type of 

stimulation) and partially negative current after stimulation. This biphasic exposure will reduce 

the recovery time of the cell after it generates an action potential. Therefore, by using biphasic 

stimulation signals, it is possible to increase the magnitude and the frequency of stimulation 

(Scheiner et al., 1990). In order to reduce the hazard of pH increase, it is recommended that 

imbalanced stimulation signals have higher cathodic portion than the anodic portions (Scheiner et 

al., 1990). It is worthwhile to mention that an imbalanced rectangular single is a signal who’s duty 

cycle is not 50%. Fig. 2.4 shows different biphasic stimulation waveforms. 

 

Fig. 2.4. Monophasic and Biphasic stimulation signals 
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 Depending on the type stimulation signal, between 30 mA to 100 mA of current may pass 

through a tissue that causes a tingling feeling inside the stimulated tissue.  The duration and 

frequency of the stimulation pulse changes the amount of delivered charge to the tissue. The 

combination of the stimulation signal duration and frequency will result in three different TENS 

stimulation protocols: conventional, acupuncture-like (AL), and burst mode. Frequencies of 

conventional and AL stimulation protocols are respectively similar to the HF and LF stimulation 

signals. Burst mode stimulation is a modulation of the HF on LF stimulation signals. The pulse 

duration of the stimulation signal in conventional, AL, and burst protocols is different. In 

conventional TENS, the duration of the stimulation signal is between 50-80 µs. In the AL protocol, 

the duration of the stimulation signal is around 200 µs, but the intensity of the AL is larger than in 

the conventional and burst stimulation protocols (Garrison and Foreman, 1997).  Fig. 2.5 shows 

the stimulation signal for the different described TENS protocols. 

 

Fig. 2.5. Different TENS protocols: (a) Conventional (b) AL (c) Burst mode 

 (Garrison and Foreman, 1997)  
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 In summary, it can be understood that by bypassing the skin, low stimulation signals are able 

to pass to the inner tissues and reach nerves. This can be particularly beneficial for the AL 

stimulation method, as it will be benefit from electrodes that minimally or completely penetrate 

the skin. Skin penetration is also needed in order to stimulate the deep tissues like nerves. Both 

low and high frequency stimulation will involve the inhibitory mechanism of the nervous system, 

and decrease acute or chronic pains. This mechanism can be further applied to include syndromes 

such as overactive bladder and sleep apnea. 
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3 
 

Investigation of Transcutaneous Electrical 

Nerve Stimulation Improvements with 

Microneedle Array Electrodes based on 

Multiphysics Simulation 

 

Summary 

 

This chapter investigates microneedle array electrodes for transcutaneous electrical nerve 

stimulation, and compares their performance with conventional surface electrodes. A 3D model of 

tissue was developed for finite element multiphysics simulations. Investigations included current 

density in different depths of a tissue, space constant under electrodes, specific absorption ratio of 

tissue, distinguishability of stimulation, temperature rise and blood flow. Results showed that 

microneedle electrodes have up to 10% higher distinguishability than the surface electrodes. 

Furthermore, it was found that stimulation using microneedle electrodes provides more robust and 

uniform current density at different tissue depths compared to the surface electrode stimulation. 

Microneedle electrodes showed enhanced stimulation parameters, particularly for targeting a 

specific nerve in a specific depth of a tissue. 
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3.1. Introduction 
 

 In the human body, the nervous system is controlling all the voluntary and involuntary 

procedures. Therefore, in many situations, any interference in an organ’s performance needs 

manipulation of the nervous system. Depending on the severity of the action, this interference 

might be too invasive or completely non-invasive. For example, implanting a heart pacemaker, 

that is embedding a stimulator electrode in contact with the heart to regulate the heart pulses, is 

considered as an invasive procedure. Hearing cortex stimulator and some particular deep brain 

stimulator (e.g. for controlling the Parkinson Diseases) can be mentioned as the invasive 

stimulators too. In contrast, transcutaneous electrical nerve stimulation which is used to treat limb 

pain and also some rehabilitation protocols is known as a non-invasive technique. By improving 

the technology, the ideal treatment procedures are proceeding toward techniques that are harmless 

and have no side effects on patients. Therefore, many studies have been conducted using methods 

such as TENS to treat different chronic syndromes like bladder dysfunction and sleep apnea, which 

involve neuromodulative theory in treatment. For example, in (Chwieśko-Minarowska et al., 

2016), TENS was used during wakefulness and the assessments showed better performance of the 

hypoglossal nerve (HGN) during sleep. It is worthwhile to mention that the HGN innervates the 

upper airway (UA) muscles, including genioglossal (GG) muscle, which controls the patency of 

the UA. The other example is using TENS in controlling the muscles that contribute to controlling 

the bladder (Bristow et al., 1996, McGee et al., 2015). Interestingly, the recent clinical studies 

showed that TENS had exceptional clinical effects on patients with bladder dysfunctions and 

increased their bladder capacity (Fall, 2018, Nitti et al., 2017, Peters, 2018). 

 Based on the American Physical Therapy Association, TENS is the skin surface application 

of the electrical stimulation to control pain particularly in the limbs (Sluka and Walsh, 2003). The 
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conventional TENS techniques stimulates the peripheral nerve (PN) usually with low-intensity and 

high-frequency (>50 Hz) electrical current. There are other types of the TENS, such as 

acupuncture-like TENS (AL-TENS) which stimulates the PN using high-intensity and low-

frequency (<10 Hz)  (Johnson and Bjordal, 2011). Regardless of the TENS protocol, the outcome 

of the stimulation depends on electrode position and type, and the intensity of the stimulation. On 

the one hand, particularly in the implantable electrodes, the mechanical strength and electrical 

impedance of the implanted electrodes are very important parameters (Recio and Schneider, 2011). 

On the other hand, in the conventional TENS application, the placement of the electrodes is critical 

in order to create the desired current density in a targeted tissue. Although the electrical impedance 

of the skin is not uniform in the body, it was shown that increasing the stimulation intensity and 

frequency can compensate for the high impedance of the skin (Vance et al., 2015, Howell et al., 

2015). However, analysis in a former study showed that using surface electrodes for TENS may 

lead to skin burns in long term applications because of differences in the impedance of the first 

layer of skin in different parts of body, and in different persons (Soltanzadeh et al., 2018, Patriciu 

et al., 2001, Keller and Kuhn, 2008). Therefore, the development of new types of TENS electrodes 

that can bypass the skin’s impedance and target a specific tissue with high selectivity would be 

worthwhile. 

 In this chapter, the relationship between different parameters of an MNA (such as the number 

of needle spikes) was investigated to explore the effect on the current density at different depths 

in tissue, the temperature of the tissue during stimulation, and the effect of stimulation on blood 

flow. Since blood and nerve fibers have high conductivity compared to other tissues inside the 

body, the presence of blood capillaries or other nerve fibers will significantly affect the electric 

field and current density at different depths of the tissue. Therefore, the mentioned parameters 
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were simulated in different scenarios. Fig.3.1 shows the different scenarios that were considered 

in this study.  

 

Fig. 3.1. Different simulation scenarios 

 

 Investigating the relationship between the structural parameters of MNAs and the selectivity 

of a specific target nerve compared to adjacent nerves (thereby reducing co-stimulation) was one 

of the goals of this study, and is called “distinguishability”(Graham and Adler, 2006, Gaggero, 

2011). In order to analyze the impact of these parameters on the nerve fibers and adjacent tissues, 

a passive 3-dimension (3D) model was developed and studied in the finite element (FE) software 
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COMSOL Multiphysics 5.3a. By using the simulation results, the space constant of the stimulation 

caused by both surface and MNA electrodes was estimated. Also, it was demonstrated that the 

presence of other tissues with higher conductivity than the subcutaneous tissue (such as blood and 

the other nerves) affects current density and electrical field inside the tissue. 

 

3.2. Methods and Materials 
 

 The model of Fig. 3.2 further expands on the work of (Soltanzadeh et al., 2018). It shows the 

developed 3D multilayer model of the skin, which consists of two nerves (target and adjacent) and 

a blood-filled capillary that is located between the nerves. This multilayer tissue model is based 

on the study by (Moore et al., 2013). The properties of the different model layers are shown in 

Table 3.1. 

 The electrical properties of each layer were mostly adopted from former study (Elder and 

Yoo, 2018) and COMSOL AC/DC library and thermal and fluid properties were adopted from 

COMSOL material library and (Panescu et al., 1995, Comsol, 2011). Different physics properties 

of each model layer are shown in Table 3.1. It is worthwhile to mention that the blood electrical 

properties are varying in different frequency bands (Abdalla et al., 2010). Since the fluid physics 

was only studied for the blood, dynamic viscosity was only required for the whole blood (including 

cells and plasma) in this model and it was considered 3.5×10-3 (Pa·s) (Gore et al., 2018). 
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(a) 

 

(b) 

Fig. 3.2.  (a) Developed 3D multilayer model of the skin, and (b) its cross-section (the values in 

parenthesis are thickness of each layer) 

 

 In the first simulation scenario, it was assumed that only one-third of an MNA with pyramid 

microneedle spikes on its surface (the length of each spike was ~450 µm) pierced the skin. The 

skin thickness is not uniform in all limbs (Olatunji, 2011). Therefore, because of different 

mechanical resistance, the depth of penetration is different in different parts of the body. In order 
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to make the simulation scenarios more realistic, it was assumed that the MNA is not piercing 

completely through, and only two-third of the length of the array is penetrating inside the skin. 

However, because the MNAs’ tips will not pass the dermis layer, the assumption of whole length 

of the MNA piercing will not change the results considerably. The partially penetrating assumption 

was applied on the MNA electrodes with different number of the microneedle spikes (50 and 100), 

and for a conventional surface electrode (without any spikes on it). Fig.3.3 shows the 3D view of 

the electrodes that were used in the simulation scenarios. 

    

Fig. 3.3. Different modelled electrode cases: 50 MNs, 100 MNs, and surface electrode 

(Dimensions are in mm). 
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Table 3. 1. Electrical and thermal properties of the skin  

Layer name Electric Physics Bioheat Physics 

Stratum 

Corneum and 

Epidermis 

Electrical 

Conductivity 

1.67×10-4 

(S/m) 

Thermal 

Conductivity 

0.209 

(W/m·K) 

Relative 

permittivity 
3×104 

Heat capacity 
2500 

(J/kg·K) 

Density 
1000 

(kg/m3) 

Dermis 

Electrical 

Conductivity 

1.4×10-3 

(S/m) 

Thermal 

Conductivity 

0.37 

(W/m·K) 

Relative 

permittivity  
6×103 

Heat capacity 
3391 

(J/kg·K) 

Density 
1109 

(kg/m3) 

Subcutaneous 

tissue* 

Electrical 

Conductivity 

3.03×10-2 

(S/m) 

Thermal 

Conductivity 

0.21 

(W/m·K) 

Relative 

permittivity 
2.5×104 

Heat capacity 
2348 

(J/kg·K) 

Density  
911 

(kg/m3) 

Nerve fibers* 

(myelinated)  

Electrical 

Conductivity 

1.1×10-7 

(S/m) 

Thermal 

Conductivity 

0.21 

(W/m·K) 

Relative 

permittivity 
2.5×104 

Heat capacity 
2348 

(J/kg·K) 

Density 
911 

(kg/m3) 

Capillary 

walls 

Electrical 

Conductivity 

0.095 

(S/m) 

Thermal 

Conductivity 

0.543 

(W/m·K) 

Relative 

permittivity 
8.5×104 

Heat capacity 
3212 

(J/kg·K) 

Density 
960 

(kg/m3) 

Blood 

Electrical 

Conductivity 

8.5×10-6  

(S/m) 

Thermal 

Conductivity 

0.492 

(W/m·K) 

Relative 

permittivity 
2.4×104 

Heat capacity 
4180 

(J/kg·K) 

Density 
1060 

(kg/m3) 

 

Note: Since the nerve fibers are surrounded by subcutaneous tissue, most of their physical 

parameters are close to the subcutaneous tissue parameters.  
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3.2.1. Electrical Physics 

 Electrical physics (Electric Current module) is the physics that was used to analyze the 

simulation model. This model was used to calculate the potential distribution in a conductive 

medium where the inductance effect is not significant (Comsol, 2011). The electrical physics was 

modeled based on the Eq. 1. 

 −∇. (𝜎∇V − 𝑱𝒆) = 0 (1) 

where V is the potential (V), σ is conductivity (S/m) and Je is an external current density. In this 

study, it was assumed that stimulation is based on constant voltage. Therefore, to study the 

potential distribution inside tissue and current density in different depth of the tissue, a 1 ms width 

monopolar pulse with 20V amplitude electric potential was applied between the two MNA 

electrodes and the other boundaries were connected to ground (Fig. 3.4).  

 

Fig. 3.4. Boundary condition of the electrical physics 

 

 It is worthwhile to mention that the purpose of this simulation study is finding the difference(s) 

between TENS through conventional surface electrodes and the MNAs. Hence, in all the scenarios 

it is assumed that the stimulation amplitude is high enough to excite the nerve. It was assumed that 

the nerve fiber itself does not generate any action potential over time and it is modeled as a passive 



32 | C h a p t e r  3  

 

 
 

cable (Gabbiani and Cox, 2017). Using the simulation output, the space constant of different 

stimulation electrodes, specific absorption rate (SAR) and temperature change at each layer of the 

tissue were calculated through the FE results. 

 

3.2.2. Estimating Space Constant 

 Based on the above model assumptions, each nerve membrane is divided into small 

compartments that are isopotential per segment but the voltage of each comportment is different. 

With this assumption, neuroscientists model a nerve fiber membrane like an electrical circuit 

shown in Fig. 3.5 (Gabbiani and Cox, 2017, Warman et al., 1992) where the loops of 1 to n 

represent the isopotential compartments, Cn is the capacitance across the nerve membrane, Gn is 

the electrical conductance of the nerve membrane and V is the voltage difference across the nerve 

membrane in rest. 

 

Fig. 3.5. Electrical model of a passive nerve fiber. 
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 Since the model is a passive one, V can be called the membrane rest voltage. Physiologically, 

the major voltage difference in the rest state is coming from chloride ions (Cl-). Thus, V can also 

be called VCl  (Gabbiani and Cox, 2017). If it is assumed that the length of the modeled nerve fiber 

is l, the length of each segment would be dx=l /n. Also, each segment is coupled with the adjacent 

one via the coupling resistor Rn (which is the electrical resistance of the cell cytoplasm). 

Furthermore, the structural definition of space constant, 𝜆, can be calculated using Eq. 2 (Gabbiani 

and Cox, 2017, Gow and Devaux, 2008).  

 𝜆 ≡ √
𝜋𝑎2𝑑𝑥

𝑅𝑛𝐺
 (2) 

where a is the radius of the nerve fiber. Measuring 𝜆 in practice is not practical in alive tissue. 

Therefore, it was investigated how to estimate 𝜆  with the circuit model in Fig. 3.5.  

 In Fig. 3.5, the voltage of each compartment is v(x,t) changing by both time and distance of 

the compartments where 0 ≤ x ≤ l.  For the nth segment, 𝑣((
𝑛−1

2
) 𝑑𝑥, 𝑡) is the voltage difference 

across the segment n. Based on the described condition and the assumption that the current is 

injected to the first component, the loop equation for each segment can be written as Eq. 3. 

 𝐶𝑚(2𝜋𝑎𝑑𝑥)
𝜕𝑣

𝜕𝑡
(

𝑑𝑥

2
, 𝑡) + 𝐺𝑣 (

𝑑𝑥

2
, 𝑡) −

𝜋𝑎2

𝑅𝑎

𝑣(
3𝑑𝑥

2
,𝑡)−𝑣(

𝑑𝑥

2
,𝑡)

𝑑𝑥
= 𝐼𝑠𝑡𝑖𝑚(𝑡) (3) 

For any interior point inside the nerve, called x, Eq. 3 can be written as Eq. 4 where dx→0.  

 lim
𝑑𝑥→0

[𝜏
𝜕𝑣

𝜕𝑡
(𝑥, 𝑡) + 𝑣(𝑥, 𝑡) − 𝜆2 𝑣(𝑥+𝑑𝑥,𝑡)−2𝑣(𝑥,𝑡)+𝑣(𝑥−𝑑𝑥,𝑡)

𝑑𝑥2 ] = 0 (4) 

Therefore, Eq. 4 can be simplified as Eq. 5 

 𝜏
𝜕𝑣

𝜕𝑡
(𝑥, 𝑡) + 𝑣(𝑥, 𝑡) − 𝜆2 𝜕2𝑣

𝜕𝑥2
(𝑥, 𝑡) = 0;   0 < 𝑥 < l , 𝑡 > 0  (5) 

where 𝜏 = 𝑅𝐶 is the time constant and 𝜆 is the space constant. In steady-state situation, where 

t→∞, Eq. 4 is rewritten as Eq. 6 in which the time derivative is ignored.  
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 𝜆2 𝜕2𝑣(𝑥)

𝜕𝑥2
= 𝑣(𝑥) (6) 

 From Eq.6, 𝜆 = √
𝜕2𝑣(𝑥)

𝜕𝑥2𝑣(𝑥)
 which shows the space constant of a nerve fiber. Although the 

space constant depends on the physical characteristics of a nerve (such as nerve fiber diameter Eq. 

2), Eq. 2-5 show how the stimulation parameters and the amount of potential delivered at different 

points of a nerve will affect 𝜆 too. To investigate the effect of MNAs on the spatial parameter of 

stimulation, the developed model was solved in a stationary study based on Eq. 4 by applying the 

input pulse that was explained in the beginning of the electrical physics section. The voltage and 

𝜕2𝑣

𝜕𝑥2 were estimated from simulated model and inserted in Eq. 5 to find 𝜆 along the nerve. It is 

worthwhile to mention that the Eq. 6 supports the conclusion of the other study in which Rattay 

developed a model and showed that the effectiveness of the nerve fiber stimulation is depending 

on the second derivative of the external voltage around the nerve fiber (Rattay, 1986). Although 

the name of the space constant is inducing a constant value, based on what is defined in Eq. 6, it 

is following the finding of Rattay. In the other words, the space constant parameter is the second 

derivative of the potential difference that is normalized by the voltage along the nerve. Since the 

variation of this parameter is constant along a nerve, for each nerve fiber depends on its 

morphology, it is known as space constant. More discussion about the results are provided in 

section 3 of this chapter. 

 

3.2.3. Estimating Specific Absorption Rate in Different Depths of the 3D model  

 In order to investigate differences between MNA and surface electrodes performances, 

current density is a crucial factor.  Current density in a specific depth reveals the energy that is 

applied to that depth. Thus, one can estimate how much energy is absorbed in an specific layer 
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based on SAR that is calculated by Eq. 7 depends on the current density at that layer (Panescu et 

al., 1995).  

 𝑆𝐴𝑅 =
|𝐽2|

2𝜎𝜌
 (7) 

where J is the norm of current density in an specific depth, 𝜎 is electrical conductance and 𝜌 is the 

density of that depth respectively. SAR was calculated based on the parameters that were obtained 

from numerical simulation. 

 

3.2.4. Estimating the distinguishability of two adjacent nerves  

 In a situation where there are two (or more) nerves besides each other, there is possibility to 

have co-stimulation while one wants to simulate only a specific nerve fiber among them. 

Hypothetically, if the current injected by the electrodes is such that it was more localized, it could 

be possible to target one nerve without co-stimulation of the other adjacent nerve(s). To explore 

this, the distribution of energy inside the tissue was investigated for both the surface electrode and 

MNAs. 

 Distinguishability is a parameter that shows how much of the energy is distributed towards 

the target compare to an adjacent nerve (Gaggero, 2011). The method for calculating 

distinguishability is similar to the one for calculating signal-to-noise ratio (SNR) in signal 

processing (Johnson, 2006). The concept of distinguishability is close to selectivity as is defined 

in (Grill and Mortimer, 1995). The concept of distinguishability can also be used to investigate 

how to enable more localized studies in electrical impedance tomography (EIT), as electrodes with 

more localized interrogation of tissue would better discriminate between adjacent tissues. 

 Distinguishability is calculated based on the effectiveness coefficient (EC) that is defined in 

Eq. 8. 
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 𝐸𝐶 =
𝑚𝑒𝑑𝑖𝑎𝑛[𝐽]

𝜎𝐽
 (8) 

where the median[J] is the median value and σJ is the standard deviation of the normal current 

density along a nerve. When the stimulation is more targeted toward a specific nerve, EC of the 

target nerve (ECstim) should be higher than the adjacent nerve’s one (ECadj). The values of current 

density along two target and adjacent nerves were obtained from the results of simulation in 

different scenarios. 

 

3.3. Thermal Physics 
 

 Applying electrical current to a living tissue will end to increase the temperature of the tissue. 

This temperature rising happens more in the connective tissues with no blood vessel in the vicinity. 

In this study, the temperature changes in different layers of the developed 3D model was 

investigated, and calculated from the result of the multiphysics simulation based on Eq. 9 (Davalos 

et al., 2005, Comsol, 2011). 

 𝛿𝑡𝑠𝜌𝐶
𝜕𝑇

𝜕𝑡
+ ∇. (−𝑘∇𝑇) = 𝜌𝑏𝐶𝑏𝜔𝑏(𝑇𝑏 − 𝑇) + 𝑄𝐸𝑥𝑡 (9) 

where δts is a time-scaling coefficient; ρ is the tissue density (kg/m3); C is the tissue’s specific heat 

(J/(kg·K)); and k is its thermal conductivity (W/(m·K)). On the right side of the Eq.9, ρb gives the 

blood’s density (kg/m3); Cb is the blood’s specific heat (J/ (kg·K)); ωb is its perfusion rate (1/s); Tb 

is the arterial blood temperature (Κ); while QExt is the heat sources from electric source (W/m3). 

The initial temperature of all the boundaries was set on 37 º C.  

 Also, the relationship between SAR (calculated from Eq. 7) and temperature of the specific 

layer of tissue, can be calculated from Eq. 10 (Panescu et al., 1995):  
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 𝑆𝐴𝑅 = 𝑐.
𝑇(𝑡)−𝑇0

2.𝑡
 (10) 

where c is the thermal capacity of the specific layer of tissue, T0 is the initial temperature and T(t) 

is temperature of that layer in time t. 

 

3.4. Fluid physics   
 

 In this study, it was assumed that the blood enters from one side (inlet) of the capillary and 

flows out from another side (outlet) of the blood capillary. In the former studies, the blood flow 

speed in capillary was measured about 1.14 mm/s (Ivanov et al., 1981). The creeping flow physics 

was studied only on the blood and capillary based on Eq. 11. 

 ∇. [−𝑃𝐼 + µ(∇𝑢 + (∇𝑢)′] = 0 ; ∇. 𝑢 = 0. (11) 

where P, is the pressure, 𝜇 , is the viscosity and u is velocity of the blood. Blood flow is affected 

by temperature. In a living tissue, when temperature is increased locally, the blood flow will 

increase at that area to remove the heat (Pennes, 1948, Pennes, 1998, Petrofsky et al., 2009, 

Petrofsky et al., 2011). Assuming that the heat transfer from blood to tissue is uniform and 

consistent regardless of the tissue type, the relationship between heat and blood flow rate can be 

modeled by Eq. 12 (Pennes, 1948). 

 ℎ𝑏 = 𝑉. 𝑠 (𝜃𝑎 − 𝜃) (12) 

where ℎ𝑏 is rate of heat transfer from blood to tissue, V is the blood volume, s is time, 𝜃𝑎 is arterial 

temperature and 𝜃 is the surrounding tissue temperature. From Eq. 10, it is obvious that increasing 

the tissue temperature will result in blood temperature elevation and increase the blood flow locally 

and in the entire of the limb or organ eventually. 
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3.5. Meshing  
 

 The model was segmented into tetrahedral elements, in order to simulate the described 

physics on the developed 3D model (Fig. 2). Since the model consists of small feature in some 

points and large part in the rest, the meshing procedure was divided into coarser and extra-fine 

categories. In the coarser category, element sizes are varied between minimum values of 2 mm to 

1 cm. In contrast, in the extra-fine category, the elements were smaller and varied between 80 µm 

to 1.8 mm. On average, the developed 3D model was meshed into 539,476 elements. One should 

keep this in mind that because the distinguishability was calculated based on a comparison between 

the current density of the target and adjacent nerves, the size of the meshes did not affect the 

calculated parameters. Therefore, once the independency of the results from the size of the meshes 

was proved by some studies, all the scenarios were investigated based on the described mesh 

setting. 

 

3.6. Results  
 

 The results of this study are separated into analytic and simulation sections. The organization 

of the results is based on the physics. In each physic, there are some parameters that were 

calculated based on the outcome of the simulation and the calculation method was earlier discussed 

in Methods and Materials (section 3.2). The result of each physic in multiphysics simulation was 

calculated based on the equation of that physic. All the physics of the described model were 

segregated and the equations of the physics were calculated simultaneously. The model was run in 

a time-dependent study with the length of 1 ms and the steps of 0.1 ms.  
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3.6.1. Electrical Physics  

 In this physics, first current density of each layer of the skin, which was calculated from the 

model for different scenarios (Fig. 3.1), is presented. In the next step, space constant, SAR and 

distinguishability of the scenarios of Fig. 3.1 are calculated based on the outcomes of the 

simulations.  

 

3.6.2. Current Density 

 A single pulse was applied like what was explained in section 3.2.1 (1 ms width and 20V 

amplitude) in different scenarios of Fig. 3.1. The current density in different depths of the tissue 

was simulated in the 3D model. In order to demonstrate the average current density over 

stimulation time in different depths of the developed 3D model properly, two different cross-

sections of the model were considered. These two cross-sections were taken from points A and B 

in Fig 3.6a. 

 From the current density graphs of both A and B cutlines, it can be seen that the current 

density drastically drops in dermis layer. According to the values of Table 3.1, the dermis layer 

possesses a lower relative permittivity (휀) than the epidermis and subcutaneous tissue which 

explains the drop in the current density. Because of this low 휀, less electrical charge will sit on the 

dermis compared to the epidermis and subcutaneous tissue. This causes low current density 

between epidermis and subcutaneous and consequently the valleys in the graphs of Fig. 3.6. 
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(a) 

 

 

(b) 
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(c) 

 

 

(d)  

Fig. 3.6. (a) The two cutlines (A and B) across which the current density in different depths of 

the 3D modeled tissue was measured (b) Current density in different depths of cutline A (left) 

and B (right) for an electrode with 100 microneedles (c) Current density in different depth of 

cutline A (left) and B(right) for an electrode with 50 microneedles (d) Current density in 

different depth of cutline A (left) and B(right) for a surface electrode. 
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3.6.2.1. Estimating Space Constant  

 Based on the cable theory, the practical definition of space constant is defined as the distance 

that electrical potential can travel along a nerve (Rall, 2011). In Eq. 6, it was shown that the space 

constant depends on the variation of the voltage respect to the distance (x) along a nerve fiber. The 

voltage, that a nerve fiber receives, depends on many factors like presence or absence of adjacent 

nerve and blood capillary. These tissues affect the electrical field and consequently the voltage 

along the nerve. Fig. 3.7 shows the space constant in different scenarios of the simulation that 

picked the values of the voltage below the electrodes in different depths (cutline A of Fig. 3.6a). 

It can be inferred that the microneedle electrodes have almost similar space constant. However, 

because of the blood capillary that causes a charge barrier between the nerves, space constant of 

stimulation through surface electrode is significantly higher than the microneedle electrodes. It is 

worthwhile to mention that in Fig. 3.7, the space constant was calculated in different depths to 

estimate the effectiveness of the stimulation on the nerve fibers that might be located in different 

depths from the skin surface. 
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(a)        (b) 

 

(c) 

Fig. 3.7. Space constant in cutline A for (a) 100 microneedle electrode, (b) 50 microneedle 

electrode, (c) surface electrode. 

 

3.6.2.2. Estimating Specific Absorption Rate in Different Depth  

 SAR is an index that should be considered in a specific range while an alive tissue is exposed 

to any type of electrical or electromagnetic stimulation (Kiminami et al., 2008). In order to measure 

this index in different studied scenarios, the developed model was cut through horizontal planes 

where the nerve fibers and the blood capillary were located. Following this, the maximum SAR 

during stimulation time along the nerve fibers (target and adjacent farther fibers) and capillary wall 
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were shown in Fig 3.8. In Fig 3.8a, the horizontal plane cut is shown. Also, the target nerve is 

directly underneath the stimulating electrodes, and the farther nerve is the one that is not supposed 

to be stimulated. The graphs show how the applied energy impacts both nerve fibers at the same 

time. 

 

(a) 

 

(b) 
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(c) 

 

(d)  

Fig. 3.8.  (a) Horizontal plane of the model and SAR in (b) target nerve fiber (c) farther adjacent 

nerve fiber (d) capillary wall.  

 



46 | C h a p t e r  3  

 

 
 

 From Eq. 7, one can speculate that the SAR is high in the layers with low density and 

conductance. It means that these layers absorb more energy and their temperatures increase with 

prolonging the stimulation time. However, this increase should be restricted over time and should 

not exceed an specific range. The maximum amount of the SAR that is allowed by the medical 

device standard (IEC 60601-2-33 and FDA) is less than 3.2 W/kg for head and neck and less than 

10 W/kg for any other localized area in the body (Commission, 2010). In the graphs of Fig. 3.8, it 

is shown that all the stimulations are in the acceptable range. However, as the SAR graphs show 

(Fig. 3.8), stimulation via microneedle electrodes transfers more energy to the target nerve 

compare to the other electrodes. 

 

3.6.2.3. Estimating Distinguishability 

 It was shown in Eq. 8 that the distinguishability is a statistical feature that is related to the 

current density. Fig. 3.9 shows the mean and standard error of the current density along the two 

nerve fibers in the model. 

 

Fig. 3.9. Mean and standard deviation of the time-average of current density over stimulation 

period along the nerve fibers in the developed 3D model. 
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 Calculating EC factors shows that the distinguishability of the microneedle electrodes is 

more that the surface electrodes. Fig. 3.9 bar chart is showing the ratio between the EC factors of 

the main target nerve and the adjacent farther nerve when they were stimulated with different types 

of electrodes. From the bars in Fig. 3.10 one can understand that the microneedle electrodes are 

more distinguishable than the surface electrodes. Also, it can be inferred that the 100 pyramidal 

microneedle electrode can be more distinguishable than the other types of electrodes. 

 

Fig. 3.10. Distinguishability percentage between a target nerve and adjacent nerve when 

different electrodes were used for stimulation. 

 

 The electric field of the model in different scenarios was calculated in order to investigate 

the reason of distinguishability increase. As shown in Fig 3.11a, a cross-section of the model and 

the stimulator electrodes was picked and the average of vertical electric field (Ez) over stimulation 

time was calculated. The graph of Fig. 3.11b shows how the microneedle electrodes will increase 

the directive electrical field that ends to higher distinguishably than the surface electrodes.  
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 The reason for the Ez difference in different electrodes can be shown in the electrode-tissue 

interface of the model. Fig. 3.12 shows the Ez at the interface for the surface and 100 microneedle 

electrodes. It shows that the microneedle electrodes can generate a uniform electric field along the 

z-axis. Therefore, the Ez component of the applied electric field will have higher amplitude 

compare to the other components in the microneedle stimulations. 

 
(a) 

 

(b) 

Fig. 3.11. Electrical field in (a) vertical cut of the model, and (b) Ez in different depths along 

redline of figure (a).  

Electric field of 100 

microneedle is more than the 

other electrodes in a certain 

depth  
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(a) 

 

(b) 

 

Fig. 3.12. Electrical field along z-axis (Ez) in (a) surface electrode (b) 100 microneedle 

electrode. 
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3.6.3. Thermal Physics 

 The thermal physics simulation was done to investigate the temperature change of the 

modeled tissue during pulsatile stimulation. It was shown in Eq. 9 that the temperature difference 

of different layers in a living tissue during stimulation depends on the thermal capacity of each 

layer. Referring to the values of Table 3.1, the thermal capacity of different layers of the tissue is 

high. High thermal capacity decreases the temperature difference in each layer. The simulation 

results support the fact that the temperature rise in tissue caused by the pulsatile electrical 

stimulation is negligible. Fig. 3.13 shows the temperature of different layers of a tissue that was 

stimulated by different types of electrodes. 

 

Fig. 3.13. Temperature of the modeled tissue in different depths during stimulation. 

(Note: The initial temperature was 37º C on the surface of the model and it decreases in the inner 

layer because of higher thermal capacitance than the surface layers.) 

 

 Thermal analysis is not limited to the temperature of different layers of the stimulated tissue. 

The amount of dissipated heat under the electrodes is very crucial. If the generated heat by the 

electrodes is accumulated, it may burn the top layer of the skin. In order to investigate the amount 
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of dissipated heat, a horizontal cut plane is investigated through the tissue located underneath of 

the surface and 100 microneedle electrode. Fig. 3.14 shows that the amount of dissipated heat 

under both types of electrodes. 

 

3.6.4. Flow Physics  

 Flow physics was only studied for the blood capillary in the developed model. It was assumed 

that the initial blood velocity is 1.14 mm/s (Ivanov et al., 1981). Fig. 3.15 shows that how the 

surface electrode will increase the blood flow velocity compared to the other types of microneedle 

electrodes.  

 

(a)                                                              (b)  

Fig. 3.14. (a) Maximum planar cut of the volumetric dissipated heat underneath of working 

electrodes; input: 20 V and 1 ms stimulation pulse width in fabricated MNPs model (Average over 

stimulation time: 4×105 W/mm3 on some spots). (b) Smooth surface electrode (Average over 

stimulation time: 105 W/mm3). 
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Fig. 3.15. Blood flow velocity during stimulation by different types of electrodes. 

 

 It was shown in Eq. 12 that the blood flow velocity depends on the temperature difference. 

Also, Fig. 3.13 illustrates that the temperature difference is not significant while the tissue is 

stimulated. Therefore, it is not expected to have a considerable change in blood flow velocity 

during stimulation with different types of electrodes in a short period of time. However, prolonging 

the stimulation time will increase the temperature difference and blood flow velocity consequently. 

 

3.7. Discussion  
 

 TENS is recently being considered as a treatment for chronic syndromes. Therefore, 

enhancing its parameters, like distinguishability to target an specific nerve, is valued. In this study, 

different electrodes were investigated to determine their performance for TENS. The TENS 

parameters were investigated through 3 different physics: electrical, thermal and flow. Since, all 

the studied physics affect each other, a multiphysics study was run on a developed 3D model. The 

model was stimulated by 3 different electrodes in different simulation scenarios (Fig. 3.1).  
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 Current density at different depths of the tissue is one of the parameters that plays a critical 

role in nerve stimulation. As it is shown in the graphs of Fig. 3.6, below the microneedle electrodes 

the current density at different depths is considerably higher than the surface electrodes, regardless 

of existence or absence of another nerve or blood capillary. However, the current density is not 

changing consistently in different depths while the model was stimulated by surface electrodes and 

different tissues with different conductivities were existed. Although the surface electrodes cannot 

deliver robust current density in different depths, more current density was generated is generate 

by surface electrodes compare to the MNAs. Also, it can be inferred that increasing the number of 

the microneedles on the surface of the electrodes would increase the current density slightly, 

particularly at a depth of ~1 cm below the electrodes. The fact that makes the MNAs performance 

outstanding is that the MNAs pierce the skin and bypass the SC which causes a higher current 

density at an specific location, while the surface electrodes spread the electric field over a larger 

area. One should keep this in mind that because the surface electrodes have more contact surface 

than the MNAs, they generate more electrical field in a large area. Therefore, the current density 

that surface electrodes generate in all the tissues at different depths is higher than the situation that 

the tissue is stimulated by the MNAs. 

 Adding microneedles on the electrode surface will slightly increase the surface area of the 

electrode. The 100-microneedle, 50-microneedle and surface electrodes have 115 mm2, 72.7 mm2 

and 63.14 mm2 area respectively. Due to the pyramidal shape of the microneedle spikes, the 

resistance against piercing the skin will increase by increasing the depth of penetration. Therefore, 

the electrodes do not completely pierce the skin, and so the effective contact area of the 

microneedle electrodes would be less than their total surface area. In the other words, the effective 

contact surface of the MNAs would be less than their total surface area and the conventional 
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surface electrodes obviously. This effective contact surface reduction is similar to decreasing the 

size of electrodes in (Geuze, 1983, Ksienski, 1992) that will lead to high tissue-electrode resistance 

and more uniform electric field underneath of an electrode consequently. 

 In the graphs of cutline B in Fig. 3.6, it can be seen that current density drastically drops 

across the dermis layer but this cannot be seen in the cutline A graphs. Aforementioned, the dermis 

layer has lower relative permittivity compared to the other layers. Therefore, lower electrical 

charge will sit on this layer compared to the other layers. This effect cannot be seen in the cutline 

A graphs because it was immediately underneath of the electrodes where the current density is 

inherently high. This is supporting the idea that increasing the local current density around a 

particular nerve will increase the stimulation selectivity (Djilas et al., 2011). 

 The reason for exploring the different scenarios of the nerve fibers and blood capillary, was 

to find a robust MNA design that can generate a uniform current density and has a consistent result 

in the various scenarios. The graphs of Fig. 3.6 showed that both 100- and 50-microneedle 

electrodes have fairly consistent results in the different scenarios, particularly underneath of the 

electrodes. Their distinguishability (Fig. 3.9) is higher than the surface electrodes while their 

current density is lower (Fig. 3.8). Furthermore, it was shown in the graphs of Fig.7 that the space 

constant in the microneedle electrodes is relatively higher than the surface electrodes. It can be 

seen when the surface electrodes were used for stimulation, the presence of tissues with high 

conductivity (like blood capillary and another nerve fiber) significantly affected electric field, 

current density and the space constant consequently. However, the presence or absence of any 

other tissue did not affect the stimulation parameters in the scenarios that MNAs were used as the 

simulator electrodes. It is worthwhile to mention that the space constant was used as a stimulation 
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parameter in this study because it shows the normalized second derivative of the voltage across 

the target nerve fibers (Rattay, 1986). 

 In Fig. 3.13 it was shown that the temperature inside the tissue did not change considerably 

at different depths. Therefore, there is not any concern about tissue burning during short time 

stimulation. However, it should be considered as a serious hazard during long term stimulation or 

longer pulse than what was studied in this simulation. Although it is shown in Fig. 3.14 that the 

maximum dissipated energy on the tip of the MNAs is higher than the surface electrodes, the risk 

of tissue burning can be mitigated by fabricating the tip of the needles more curvature 

(Tungjitkusolmun et al., 2000). Furthermore, according to the graph of Fig. 3.15, blood flow 

increases in surface electrode stimulation more than 100- and 50-microneedle electrode 

stimulation. 

 Overall, one may conclude that depending on the application, either 100 microneedle or 

surface electrodes can be used in TENS. If a specific nerve needs to be stimulated and more current 

density uniformity is required, the 100 microneedle electrodes can provide  more distinguishability 

and robust uniform current density  but less strength compared to the surface electrodes with a 

same stimulation setup. Furthermore, if increasing the blood flow velocity is required, one may 

choose the surface electrodes for stimulation. However, the effectiveness of each of them on the 

long term application, particularly for specific syndromes like overactive bladder, should be 

investigated clinically.  
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3.8. Conclusion 
 

 In this study, a 3D model of tissue was developed and finite element multiphysics 

simulations, including electrical, thermal and flow physics, were run on it. Different parameters, 

like the current density in different depths of the tissue, the space constant under electrodes, 

specific absorption rate of the tissue, distinguishability of the stimulation, temperature rise of the 

tissue and the blood flow under the electrodes, were investigated in the model in different 

scenarios. For each scenario the model was stimulated in the mentioned physics with 100 

microneedle, 50 microneedle, and surface electrodes. 

 Simulations showed that the microneedle electrodes can increase the distinguishability of 

stimulation. Performing stimulation through microneedle electrodes will provide a relatively 

robust current density at different depths of the tissue, compared to conventional surface 

electrodes. It was shown that increasing the number of microneedles on the electrodes, increases 

the distinguishability of stimulation. However, because of localizing the electrical field, 

microneedle electrodes showed reduced current density. Furthermore, this study indicates that if 

the purpose of the TENS is increasing the blood flow velocity, surface electrodes would be superior 

to microneedle electrodes. 
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4 
 

Analysis of the Effects of Different Models 

and Microneedle Array Designs on the 

Parameters of the Transcutaneous Nerve 

Stimulation  

 

Summary 

 

This chapter is about investigations on microneedle array electrodes for transcutaneous electrical 

nerve stimulation, and comparing their performance with conventional surface electrodes. A 3D 

model of tissue was developed for finite element multiphysics simulations. Investigations included 

current density in different depths of a tissue, space constant under electrodes, specific absorption 

ratio of tissue, distinguishability of stimulation, temperature rise and blood flow. Results showed 

that microneedle electrodes have up to 10% higher distinguishability than the surface electrodes. 

Furthermore, it was found that stimulation using microneedle electrodes provides more robust 

current density at different tissue depths compared to the surface electrode stimulation. 

Microneedle electrodes showed enhanced stimulation parameters, particularly for targeting a 

specific nerve in a specific depth of a tissue. 
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4.1. Introduction  
 

 The effect of microneedle arrays (MNAs) on different parameters of transcutaneous 

electrical nerve stimulation (TENS) was investigated the simulation scenarios of chapter 3. It was 

shown that the MNAs can increase the distinguishability of between a target nerve and an adjacent 

nerve while the two nerve fibers are besides each other. Also, based on the simulation results, it 

was proved that the space constant of the MNAs is independent of the depth of penetration and the 

existence or absence of a blood capillaries between them. All these advantages of the MNAs 

happen while the specific absorption ratio (SAR) of the MNAs in different parts of a model remains 

lower than for surface electrodes. While the parameters for the MNA designs were shown to be 

superior, possible causes of the performance improvement was not investigated. Furthermore, it 

was not investigated what parameter(s) are important to make an MNA more efficient in nerve 

stimulation. In this chapter, the physical reasons that may relate to the better performance of the 

MNAs is investigated, by exploring different models and designs. These investigations also reveal 

what MNA design features provide best performance for transcutaneous nerve stimulation. 

 The only change that is applied on the model of chapter 3 is to include the effect of the 

stratum corneum (SC) on the performance of the stimulation electrodes. The design features that 

are explored for the MNAs consist of changing the shape (pyramid and cone), pitch (distance 

between the microneedle spikes tip-to-tip) and the base area of each microneedle. It is proved that 

the pitch of the microneedle spikes plays a very critical role in the stimulation distinguishability 

for the case of two adjacent nerve fibers. However, it does not mean that changing the number of 

the microneedle spikes has no effect of the distinguishability. Another finding showed that the 

shape of the microneedle spikes does not any significant effect on the distinguishability and the 

SAR. 
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4.2. The Effect of SC Removal on the Results of Electrical Simulation  
 

 In the study of chapter 3, the surface electrodes were placed on the exterior of the skin, while 

the MNA pierced the SC layer. In this section it is investigated whether placing the surface 

electrodes below the SC layer would give similar improvement to the MNA case. The simulation 

was re-done but now with the condition that the surface electrodes are place underneath the SC 

layer. It should be mentioned that in practice, usually the SC can be partially removed by scrubbing 

the skin with an alcohol pad. However, this method cannot remove the SC consistently on the 

entire of the surface. 

 

(a)                                                             (b) 

Fig. 4.1. (a) Distinguishability in two scenarios of with and without SC. (b) Mean and standard 

deviation (error bar) of current density along target and adjacent nerve fibers. 

 

 Fig. 4.1 shows the effects of bypassing the SC on the current density and the 

distinguishability (calculated based on Eq. 8 in Chapter 3) of the surface electrodes with and 

without SC. Fig. 4.1b shows that the current density does not change significantly along the nerve 

fibers by removing the SC. However, in Fig. 4.1a one observes that the distinguishability is 

improved. The reason is that by removing a layer with relatively high relative electric permittivity, 

the capacitance of the tissue will decrease. Therefore, the amount of current that is delivered to the 
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tissues in different depths will decrease slightly. By reducing the capacitance, the current leakage 

to the area around the electrode will decrease and target nerve will grab more amount of current 

than the adjacent nerve. Therefore, the distinguishability will increase slightly. 

 

4.3. The Effect of Microneedles Base and Tip Area on the Result of 

Electrical Simulation  
 

 Increasing the base size of the MNAs was another parameter that was investigated. The base 

of the microneedles was increased from 0.45×0.45 mm to 0.5×0.5 mm in the 50 microneedle 

electrode patch. Although the base area of the needles was increased, the needle length and wall 

angle (26°) was kept constant. Therefore, the area of the final tip then increases up to almost two 

times. It should be mentioned that by increasing the width of the tips, the penetration depth will 

decrease in practice. However, in the developed model, it was assumed that the depth of 

penetration is not affected and only two-third of the needle’s length will pierce the skin. Fig. 4.3 

shows the electric field inside the tissue when it was stimulated with MNAs with 0.45×0.45 mm 

and 0.5×0.5 mm based microneedles.  

 In Fig 4.3, it can be seen that the electric field of the MNAs with the large tip area (110×110 

µm where the base area is 500×500 µm) is slightly less than the one with small tip area (60×60 

µm where the base area is 450×450 µm). This is to be expected. 
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(a) 

 

(b) 

Fig. 4.2. MNA with the base needle of (a) 450 µm and 60×60 µm tip (b) 500 µm and 110×110 

µm tip (Note: all dimensions are in mm)  
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(a) 

 
(b) 

 

Fig. 4.3. A comparison between the averages of electric field over stimulation time in (a) MNA 

with 50 microneedle with 450×450 µm microneedle bases (b) MNA with 50 microneedles with 

500×500 µm microneedle bases. 
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 In Fig. 4.4, it can be seen that neither distinguishability nor the current density change 

significantly by changing the base and tip areas. It is worthwhile to mention that the horizontal tip-

to-tip pitch of the needles is 1.2 mm, the distance between each row is 0.6 mm and the diagonal 

tip-to-tip pitch is 0.8 mm.  

 

(a)       (b) 

Fig. 4.4. (a) Distinguishability (b) current density of two different MNAs 

 

 

4.4. The Effect of Microneedles Shapes, Pitches and Numbers on the 

Result of Electrical Simulation 
 

 In this section the shape of the MNAs, their numbers, and the distance between them on an 

8×8 mm surface is investigated. In all the simulations, pyramidal and conical shapes of the needles 

are studied. Fig. 4.5, shows a schematic of conical MNA that contains 100 conical microneedles.  
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Fig. 4.5. Simulated conical MNA (all dimensions are in mm) 

 

 Table 4.1 presents different simulations scenarios. In each scenario, only one parameter was 

changed and its effect on the distinguishability and the maximum SAR along the nerve is shown. 

It can be seen that the tip-to-tip pitch of the microneedles on the surface of an MNA plays an 

important role in the distinguishability. Decreasing the pitch to a certain level will increase the 

distinguishability. However, placing the microneedles too close to each other will decrease the 
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distinguishability. In the other words, decreasing the tip-to-tip pitch of the needles will result in a 

large number of needles on a specific area, and this eventually corresponds to the case of a surface 

electrode that has infinite spatial resolution. For example, these effects can be seen for the case of 

the conical MNAs, with the distinguishability increasing when reducing the pitch from 0.7 to 0.6, 

and the distinguishability decreasing when reducing the pitch from 0.6 to 0.5. According to the 

percentage of the area the MNs occupied on a patch, it can be understood that there might be a 

spatial cut-off pitch for the best distinguishability in each application that can be studies based on 

the type of application and the depth of the target nerve.  

 

Table 4.1. A comparison between the distinguishability and average current density of different 

simulation scenarios  

Needle 

Shape 

Tip-to-

Tip Pitch 

(mm) 

Distinguishability 

(%) 

Average of 

current 

density on 

the target 

nerve 

(A/m2) 

Number 

of needles 

Length 

(mm) 

Tip size 

(µm) 
MN area 

Cone 0.45 

mm 

diameter 

0.7 59.73 0.3357 100 0.45 69.36 0.829268293 

0.6 63.73 0.2958 100 0.45 69.36 0.62249727 

0.5 63.14 0.2794 100 0.45 69.36 0.527120495 

Pyramid 

0.45×0.45 

mm 

0.62 64.96 0.2518 100 0.45 60×60 0.655260284 

1.2 62.13 0.3211 50 0.45 60×60 0.633600291 

Pyramid 

0.3×0.3 

mm 

0.7 60.96 0.3033 100 0.3 ~10×10 0.792864944 

0.6 63.61 0.2718 100 0.3 ~10×10 0.622861303 

0.5 65.18 0.2220 100  0.3 ~10×10 0.419366582 

0.4 65.49 0.1681 100 0.3 ~10×10 0.27684747 

0.4 64.71 0.2181 144 0.3 ~10×10 0.402074991 

0.4 61.4 0.2939 256 0.3 ~10×10 0.722424463 

Surface 
NA 57.61 0.4757 0 NA NA 1 
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 From Table 4.1, one may conclude that the MNA with a 100 microneedles has the highest 

distinguishability compare to the others. However, the pitch for these MNAs was almost 0.60 mm 

in the pyramidal MNAs.  

 Since an MNA substrate has a confined area, it is hard to keep the pitch constant and increase 

the microneedles quantity more than a certain number. Therefore, increasing the number of needles 

more than specific number results in a corresponding lowering of the tip-to-tip pitch. In order to 

investigate the effect of the microneedles number on the distinguishability, a small model of the 

microneedles with 0.3×0.3 mm base size was studied too. The length of these needles was lower 

that the ones with 0.45×0.45 mm because their wall angle was kept constant while the base size 

was increased. The tip-to-tip pitch of the microneedles in an MNA was 0.4 mm and the number of 

the microneedles were changed in different simulation scenarios. The results support the reason 

that was discussed about the MNAs with larger base and showed that increasing the number of 

needles up to certain amount, like decreasing the tip-to-tip pitch of the needles down to specific 

distance, will increasing the distinguishability. However, beyond that threshold, the 

distinguishability of the MNAs will decrease. Furthermore, fabricating the MNAs with small base 

area was not easy. Therefore, these scenarios were not studied experimentally.  

  In a comparing conical and pyramidal microneedles, it can be seen that the pyramidal MNAs 

can be more effective when all the other parameters in an MNA are identical. The reason is that 

the electric field at the tip of pyramidal needles is greater than for the conical ones. This is 

discussed further in section 4.5. Regardless of the shape, pitch, and the number of microneedles in 

an MNA, it can be seen that the distinguishability in the MNAs is better than the surface electrodes. 

Although the average of current density in the surface electrodes is higher than for the MNAs, the 
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reduced distinguishability results in almost same current density present on the adjacent and target 

nerves. 

4.5. Discussion and Conclusion 
 

 This chapter showed that the pitch of the microneedles on the surface of an MNA plays a 

critical role on the distinguishability and effectiveness of an MNA. In order to find the reason, the 

electric field below emanating from the electrodes was investigated. 

   

 (a) (b) (c) 

 

Fig. 4.6. Z-axis Electric field in the interface of the electrode and two first layers of skin in (a) 

surface electrode (b) 50 microneedle electrode (c) 100 microneedle electrode. 

 

 The z-axis component of the electric field (Ez) underneath of a surface electrode, a 50- 

microneedle MNA and a 100-microneedle MNA are shown in Fig. 4.6. In all cases, it can be seen 

that the electric field on the edges of the electrode is more than the central areas. However, one 

can see that the density of the electric field at the tip of the microneedles is considerably higher 
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than the surface electrode. Between the microneedles in the middle an electrode, it can be 

understood that the strength of the electric field is higher for MNA cases, and higher from 100 vs. 

50 MNA case. This can be a reason for the distinguishability improvement. Though, increasing 

the tip-to-tip pitch will bring more skin between the needles and causes more contact surface which 

leads to high current density in different depths. Reducing the number of needle spikes, while the 

pitch is kept constant, due to reduction of contact surface and penetration, will reduce both the 

current density and distinguishability. However, increasing the number of microneedles too high 

will result in a behaviour that is similar to that of a surface electrode. Loosely speaking, a roughly 

opposite relationship between distinguishability and current density (average of all frequencies) 

can be seen in all the simulation scenarios. Also, results showed that the best distinguishability can 

be achieved when the tip-to-tip pitch is around 0.62 mm and the number of microneedles on the 

surface is around 100 for an 8×8 mm MNA pyramidal MNA.  

 The length of the needles is the other parameter that affects the stimulation parameters, 

particularly distinguishably. The MNAs with 450 µm and 300 µm length were analyzed in this 

study. The MNA with microneedles longer than 450 µm may hit the percutaneous pain nerves 

during insertion (depending on the skin thickness). However, needles less than 300 µm may not 

be able to bypass the stratum corneum layer. Besides the piercing concerns, fabrication difficulties 

are the concerns that one may encounter in building the MNAs. Since the MNAs are the high 

aspect ratio structures, their microfabrication processes are not easy to implement. More details 

about fabrication difficulties are reviewed in chapters 5 and 6. 

 Overall, if one wants to adapt the simulation parameters of this chapter with tissue-electrode-

interface circuit, it can be seen that long microneedle spike will decrease the resistance (R) and 

capacitance (C) between the electrode and tissue. In oppose to long microneedle spikes, the short 
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ones will increase both C and R while C will increase more than R by shortening the microneedles 

height. Also, the size of the area where microneedles are distributed on is very crucial; larger 

microneedle area will increase C and R but C elevation is more than R.  

 From results of Table 4.1, one may conclude that the best implementable structure can be 

MNAs with ~0.45 mm and ~0.6 mm tip-to-tip pitch and with 100 microneedles. An MNA with 

the suggested structure was built and its performance is compared experimentally with the surface 

electrodes in chapter 7.  
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5 
 

A Review on Microfabrication of Different 

Types of Microneedles  

 

Summary 

 

This chapter is a review on various fabrication and replication methods of different types of 

microneedles and their applications. The microneedles are classified into single and array types, 

and different structural material and fabrication methods of each group were reviewed. Since the 

fabrication method may depend on the application, the application and test procedure are discussed 

in separate sections. From this review, one may understand that the easiest way to build a 

microneedle array is by using polymers like SU-8, which is a negative tone photoresist.  
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5.1. Introduction  
 

 Microneedles (MNs) are in the frontline of many different versatile fields in biomedical 

engineering. The application of MNs was investigated in epidermis drug delivery, bio-signal 

recording and electrical stimulation of excitable nerves. As the technology advanced, the base 

materials of MNs changed. The early MNs were fabricated by heating and stretching glass pipes 

(Chaen et al., 1989). Most of the studies between 1980 and 1990 explored single MN fabrication. 

Single MNs are usually used for recording from a specific nerve, cell, or sarcomere of a muscle 

(Reitboeck, 1983, Jahnke, 1982). Therefore, it is worthwhile to consider single MN fabrication 

methods as a topic in the review of MN fabrication. In the first decade of 2000, most of studies 

explored MN fabrication based on micro-electromechanical systems (MEMS) techniques (Henry 

et al., 1998, Zahn et al., 2000, Stoeber and Liepmann, 2000, Shikida et al., 2004, Griss et al., 2002). 

By combining bulk and surface processing, Lin et al. fabricated a type of hollow MN that can be 

considered as the first attempt to use MNs for drug delivery (Lin and Pisano, 1999b, Lin and 

Pisano, 1999a). Afterwards, many other research groups researched fabrication methods of 

different designs of MNs for different applications (Eriksson, 1997, Smart and Subramanian, 2000, 

Brazzle et al., 2000). It was almost in the same decade that polymers started being used in MEMS 

labs as structural materials. Since working with polymers is easier than silicon, these materials 

replaced silicon in different microfabrication studies. 

 SU-8 is a negative photoresist polymer that is used in the MEMS industry to fabricate 

different structures (Lorenz et al., 1997). Because of its high mechanical strength and simple 

lithography methods, SU-8 was used in many different high aspect ratio (HAR) microfabrication 

studies including MN fabrication (Shirtcliffe et al., 2004, Park et al., 2004). Furthermore, polymer 

MNs can be fabricated from degradable materials like polylactic acid, polyglycolic acid, and their 
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co-polymers (Park et al., 2005, Sullivan et al., 2008). Biocompatibility and biodegradability 

opened new areas in the field of drug delivery through MNs. Also, polymers were used as the 

sacrificial layers or the material of the micro-molds in many studies (Becker and Heim, 2000, 

Soltanzadeh et al., 2018). Polymers like polydimethylsiloxane (PDMS) and polymethyl 

methacrylate (PMMA) are common materials in micromolding of HAR structures. (Kuo and Chou, 

2004, Bystrova and Luttge, 2011, Moon et al., 2005). Therefore, polymeric MNs are a major study 

in the MN area. 

 In this review, various fabrication and replication methods of different types of MNs and 

their applications are discussed. Moreover, in different articles, various experiments were 

introduced to test MNs. Fig. 5.1 shows briefly how this review is organized. As it is illustrated, 

single MN and MN array electrodes are known as different classes of MNs. Based on these two 

categories, the fabrication, application, and assessment experiment methods of single and arrays 

of MNs are discussed separately. The time trend of the fabrication studies showed that most of the 

studies were concentrating on MN arrays, and single MNs were studied only in a few recent 

investigations (Lee et al., 2018). 
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Fig. 5.1. Different categories of the application, fabrication and the experiments on the MNs  
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5.2. Single Microneedle 
 

 Single MNs are the popular type of the electrodes for recording inside cellular membrane. In 

some studies, they were used for drug delivery purposes. In terms of fabrication, different materials 

have been used as the base material for single MNs. In this section, different fabrication techniques 

and applications of single MN fabrication are reviewed. Depending on the type of application, 

different evaluation experiments are described. 

 

5.2.1. Single Microneedle Fabrication Techniques   

5.2.1.1. Glass Single Microneedle Fabrication  

 Pulling glass rods, with a precise mechanical puller, is the common way to fabricate the solid 

single MNs (Römgens et al., 2014, Martanto et al., 2006, Brown and Flaming, 1974). To build 

hollow single MN, glass pipettes are narrowed by a precisely controlled puller while its middle is 

heated by either an electrical heater or a laser beam (Wang et al., 2006, Mahadevan, 2011, 

Chowdhury, 1969). One of the pipette puller devices is P-97 from the Sutter Instrument ® company 

(shown in Fig. 5.2.a) (Osterele, 2011). In the glass pulling techniques, the diameter of the MN is 

varied based on the location that the MN is cut and the initial diameter of the micropipettes. 

Fig.5.2.b and Fig. 5.3 shows MN tips with different diameters that have been cut at different 

locations of a puller micropipette.  
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(a)         (b) 

Fig. 5.2. (a) P-97 (Suttern Instruments®) Micropipette puller (Osterele, 2011) [Used with 

permission] (b) Glass MN with different tip diameters (Römgens et al., 2014) [Used with 

permission]  

 

 In the applications were the MNs were needed to be conductive, a fine wire string was passed 

through the inner area of the formed micropipette (Levick, 1972). However, this technique takes 

up the area inside the fabricated micropipette and is not efficient particularly when the 

microinfusion is happening simultaneously. 

 

Fig. 5.3. (a,e,d) Glass MN with tungsten wire in it (b) tapered glass MN (c) tungsten micro-wire 

(Levick, 1972) [Used with permission]   
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 The use of microfabrication techniques simplified the fabrication of MNs and the ability to 

coat them with different metals. Therefore, with advancing micro-electromechanical systems 

(MEMS) fabrication methods, many studies started to investigate single MN fabrication from 

silicon and the other common MEMS materials. 

 

5.2.2.2. Silicon Single Microneedle Fabrication  

 Loosely speaking, MEMS methods involve combinations of bulk and surface processes that 

fabricate a specific geometry from silicon and its derivatives (Lin and Pisano, 1999b, Held et al., 

2010). The advantage of fabricating MNs from silicon is that a proper substrate is already provided 

to fabricate other needle’s accessories. For example, in (Lin and Pisano, 1999b), as shown in Fig. 

5.4, several micropumps were built together with the needle itself, in order to control the rate of 

fluid injection through the fabricated MN. 

 

Fig. 5.4. The schematic of the fabricated silicon process MN (Lio et al, Silicon-processed- MNs, 

Journal of Microelectromechanical Systems) IEEE copyright line © 2011 IEEE 
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 Single MNs were used for measurements inside cells or cortical brain measurements. As 

another example, in (Sawahata et al., 2016), a single fine silicon wire electrode with a 3 µm 

diameter tip and 160 µm length was fabricated and used to record the in-vivo brain activity of 

rodents. The researchers used vapor-liquid-solid (VLS) method in this study to grow a single 

silicon MN on top of a frame on top of a printed circuit board (PCB). In this study, gold (Au) was 

used as the metal catalyst in the VLS technique (Wagner and Ellis, 1964, Trentler et al., 1995, Wu 

and Yang, 2001). Fig. 5.5 shows the single MN grown on locations of the silicon substrate where 

the Au and the silicon dioxide (SiO2) were etched. In order to increase the mechanical strength of 

the needle, a layer of titanium (Ti) with a thickness of 50 nm was sputtered on the grown needle. 

Also, to enable a biocompatible electrode, platinum (Römgens et al.) was sputtered on top of the 

Ti with a thickness of 150 nm. Afterwards, all the needle’s body was insulated with parylene-C 

(Sawahata et al., 2016). In the last step, the area between the MNs was diced by laser and each 

MN (or more than one of them depending on the application) was used separately.  

 

(a)        (b)  

Fig. 5.5. (a) Fabrication procedure of the single MN with VLS technique (b) The schematic of the 

finished MN (Sawahata et al., 2016). 
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 The above described methods are for hollow and solid MNs respectively. There are other 

MEMS techniques, like deep reactive ion etching (DRIE), that were employed to build the MNs. 

However, those techniques are expensive and were commonly used to fabricate MN arrays. These 

are discussed in section 5.3.1.  

 

5.2.2.3. Polymer Single Microneedle Fabrication  

 Polymers are categorized into three different classes: 1) fibers, 2) plastics, and 3) elastomers 

(Liu, 2007). Polymers have been substituted for silicon in many investigations since the 1990s 

(Liu, 2007). Although silicon has a higher Young’s modulus than polymers and can provide 

superior mechanical strength, in some cases it is brittle (Sharpe et al., 2001, Sharpe Jr and Bagdahn, 

2004). Polymers, particularly the elastomers, are more flexible materials than silicon. One of the 

advantages of using polymers is their various forming methods. As an example, with simple 

lithography it is possible to fabricate high aspect ratio (HAR) structures with SU-8, which is a 

common “photopatternable epoxy”, and used as a photoresist in optical lithography (del Campo 

and Greiner, 2007, Liu, 2007). Some polymers, like polydimethylsiloxane (PDMS), are solidified 

by heat curing. PDMS is one of most applicable elastomers for micro- and nano- molding (Liu, 

2007, Kim et al., 2002, Zhang et al., 2006). Polycarbonate, polyimide, acrylics, biodegradable 

polymers (like polyvinylpyrrolidone (PVP), carboxymethylcellulose (CMC), and sodium 

hyaluronate (HA)) and polyurethane are the other polymers that have been used in MN fabrication 

procedures either as the main material or as sacrificial ones (Liu, 2007, Kim et al., 2012, Kim et 

al., 2013).  

 SU-8 as a negative photoresist was introduced in 1989 by IBM (Lorenz et al., 1997). This 

photopolymer epoxy consists of 8 epoxy groups. It has revolutionized the MEMS fabrication 
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technology particularly for fabricating the HAR structures  (Lorenz et al., 1998). SU-8 can be 

easily coated with different thicknesses on relatively rough surfaces. The adhesion of different 

metals to SU-8 was investigated and it has been shown that the adhesion strength of metals like 

titanium, copper (Cu) and chromium (Cr) on SU-8 is suitable for MN fabrication (Dai et al., 2005). 

Also, it has been shown that SU-8 does not trigger the immune system while implemented 

subcutaneously and so it can be considered as a biocompatible material (Nemani et al., 2013). All 

these advantages make SU-8 one of the most popular materials for fabricating MNs. As an 

example, a single MN was fabricated from SU-8 for neural applications (Altuna et al., 2010). The 

MN in (Altuna et al., 2010) consists of the insertion area, the MN body, and a connection head. 

Fig. 5.6 shows the schematic of the fabricated MN and its insertion tip image under a scanning 

electron microscope (SEM).  

   

(a)        (b)  

Fig. 5.6. (a) The schematic of the fabricated MN (b) the SEM image of the MN tip 

(Altuna et al., 2010) [Used with permission]  
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 In another study, SU-8 was used as a mold to fabricate hollow MNs for blood sampling (Lee 

et al., 2018, Li et al., 2013). The SU-8 was first spun on a glass wafer. In order to control the inner 

diameter of the fabricated MNs, they changed the thickness of the coated SU-8 by changing the 

speed of its spin deposition process. By sucking the coated SU-8 to give a pulling force, a wasp 

waisted structure was formed. Afterwards, a thin a layer of silver (Ag) was coated on the structure 

as the seed for nickel (Ni) electroplating by electrolyses. In the final step, the uncured SU-8 was 

removed from the fabricated metallic MN so as to make it hollow. Fig. 5.7 shows the described 

fabrication steps in detail. The tip of the fabricated metallic MN was cut to the desired angle (either 

30° or 60°) by laser beam.  

 

(a)        (b)  

Fig. 5.7. (a) Different fabrication steps of metallic hollow MN (b) The SEM image of the beveled 

fabricated MN (Lee et al., 2018) [Used with permission]  

 

 A similar technique was used to fabricate an arched MN in (You et al., 2014). As it is shown 

in Fig. 5.8, the coated SU-8 on the substrate was drawn by a hypodermic needle. To make the 

arched MN, a controlled air flow was blown on the lower part of the drawn MN to bend it slightly. 
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After solidifying, the formed SU-8 was used as a mold for Ni electroplating. When the Ni was 

coated on the MN, the uncured SU-8 was removed to make the hollow inner channel.  

 

Fig. 5.8. The fabrication steps of the arched hollow MN (You et al., 2014) [Permission governed 

through Creative Commons Attribution (CC BY) license] 

 

 SU-8 was used as a sacrificial material in the above fabrication methods. However, because 

of its suitable mechanical strength, SU-8 can also be used as the main structural material. As an 

example, in (Vasylieva et al., 2015), a combination of silicon and SU-8 was used as the main 

material of a fabricated multi-electrode MN. Fig. 5.9a illustrates the fabrication steps and Fig. 5.9b 

shows the final fabricated MN used as an electrochemical sensor for three different materials. In 

Fig. 5.9b, SU-8 was used as the insulator between platinum wires (Römgens et al.). Although the 

main substrate in the suggested fabrication method is silicon, SU-8 was used permanently as a 

structural material.   

 

https://creativecommons.org/licenses/by/4.0/
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(a)         (b)  

Fig. 5.9.(a) Fabrication steps of the multi-sensor MN structure (b) finalized structure (the SU-8 

was used as an insulator between the Pt wires) (Vasylieva et al., 2015) [Used with permission]  

 

 Another design of a standalone SU-8 structure was investigated in (Fernández et al., 2009). 

Like most of the single MN applications, the suggested MN design in (Fernández et al., 2009) was 

used in neuroscience applications. In the first step, the SU-8 was coated and patterned on a thin 

(125 µm) Kapton film on top of a Pyrex substrate. Kapton is a polyimide film that remains stable 

over a wide range of temperatures and has low adhesion to SU-8 (Films, Agirregabiria et al., 2005). 

The poor bonding between Kapton and SU-8 allowed the SU-8 to detach from the main substrate 

when the fabrication procedure was completed. A layer of Cr and Au was used as a protection 

layer for the un-exposed SU-8. Afterwards, the microchannel in the middle of the MN and the 

Pt/Ti recording electrodes beside the microchannel were patterned. To finalize the design, the cap 

of the microchannel, which was a 20 µm thick SU-8, was fabricated separately and placed on top 

of the fabricated MN channel. Fig 5.10, shows the different fabrication steps of the single SU-8 

MN and the final design.  
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(a)      (b)     (c)  

Fig. 5.10. Standalone SU-8 MN for injection and recording (a) fabrication steps (b) final design 

schematic (c) microscopic and SEM image of the fabricated SU-8 MN (Fernández et al., 2009) 

[Used with permission]  

 

 Overall, it has been shown that using the polymers for single MN fabrication is more popular 

and easier than using Si or any other common materials in MEMS. Biocompatibility, photo- 

patternability, high adhesion to metals, low adhesion to some other polymers like Kapton, high 

capability of fabricating HAR structures, relatively high mechanical strength (Hammacher et al., 

2008) and the initial liquid state of most polymers, make them favorite materials for single MNs 

with or without a hollow microchannel. On the other hand, the requirement of a primary substrate, 

multi-level curing, poor adhesion to some surfaces like glass, oxides and nitrides, significant 

difference between the thermal expansion coefficients of SU-8 and its substrate (which can cause 

wrinkles on the SU-8 when the crosslinks are formed in it (Conradie and Moore, 2002)), and the 
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requirement of special temperatures and moisture level for storage conditions, are the 

disadvantages of SU-8 when applied to MN fabrication. Also, the curing condition of SU-8 affects 

its mechanical properties. For example, it has been shown that a longer post exposure bake (PEB) 

increases SU-8’s mechanical strength, because it helps form more crosslinks in the exposed SU-8 

(Feng and Farris, 2002).  

 

5.2.2. Single Microneedle Application  

 In most of the MN investigations, the single MNs were used to access a very fine spot in the 

body or inside a cell. As mentioned earlier in the fabrication section, single MNs are usually used 

in neuroscience studies to stimulate or record from a specific cortex area in the central nervous 

system (CNS). A particular region in the brain or in the spinal cord may involve injection of a 

particular drug, be used for recording an action potential, or both at the same time (Seymour et al., 

2017). In an interesting study, arched MNs were used to inject drugs to retinal tissue. Also, blood 

sampling, in-vitro fertilization (IVF) and the patch-clamp method for membrane studies can be 

considered as an application for single MNs. In some applications, the MNs needed to be 

conductive. Therefore, they were fabricated either directly from metal or coated by suitable metal, 

by either electroless methods or cold reactive sputtering.  

 Testing procedures for fabricated MNs depend on the application and should be done before 

the main experiment. For example, the mechanical strength of the fabricated MNs is one of the 

most important parameters, and this should be measured before any experiment particularly for in-

vivo applications. Table 5.1 demonstrates some of the other materials, applications, and tested 

parameters of single MNs which have been studied in different investigations. 
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Table 5. 1. Different materials, applications and testing parameters of the fabricated single MNs

Study MN 

material 

Type of the 

MN 

Application Testing 

parameters 

Fiber microelectrodes for 

electrophysiological 

recordings (Reitboeck, 1983) 

Tungsten-glass and platinum-

rhodium-quartz fiber 

Solid/Conductive Electrophysiological 

recordings 

Permissible axial force 

for various MN 

lengths/Electrical 

impedance 

Microchip Technology for 

Automated and Parallel Patch-

Clamp Recording (Brüggemann 

et al., 2006) 

Borosilicate glass Hollow Patch-clamp for cell 

membrane studies 

Measuring the “tip 

potential”(Okada and 

Inouye, 1975) / 

Electrical impedance of 

the electrode (Edelman 

et al., 2004) 

New  Rapid  Method 

Of Producing 

MNs for 

Subzonal Sperm 

Insertion (Gordon et al., 1993) 

Glass/Quartz/Silicon 

micropipette 

Hollow Subzonal sperm 

insertion (SUZI) 

Flow rate of the fluid 

inside the MN 

A self-powered one-touch blood 

extraction hollow MN 

(Li et al., 2015) 

Replication with a Mixture of 

PVP, CMC 

and HA polymers 

Hollow Blood sampling  Mechanical strength  

  Brain activity mapping at 

multiple scales with silicon 

microprobes containing 1,024 

electrodes (Shobe et al., 2015, 

Scholvin et al., 2016, Seidl et al., 

2012, Jun et al., 2017) 

Silicon  Solid MN with 

electrode arrays 

on it  

Cortical recording  Electrical 

Impedance/potential 

measurement in the 

electrolyte (0.9% saline 

solution)    

Development of electrical 

conductivity measurement 

technology for key plant 

physiological information using 

MN sensor (Wise and Najafi, 

1991, Jeon et al., 2017) 

Silicon  Solid MN with 

electrode arrays 

on it 

Electrical 

impedance/pressure 

measurement in 

plants to monitor 

nutrient solutions. 

Electrical 

Impedance/mechanical 

strength  

Microneedle-Based Transdermal 

Sensor for On-Chip 

Potentiometric Determination of 

K+ 

(Miller et al., 2014) 

PMMA Hollow MN Ion-selective-

electrode to measure 

the K+ concentration  

Electrochemistry 

properties of the 

fabricated 

electrochemical cell 
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 From Table 5.1, it can be inferred that over time the application of single MNs approached 

towards neurological applications. Also, it is worthwhile to mention that the single MNs were 

usually fabricated from silicon. Although the silicon fabrication techniques are expensive, it 

provides a good quality substrate upon which to fabricate the accessories around the fabricated 

MN, like electrodes and amplifiers. Therefore, silicon is still favorite material particularly for 

single MN fabrication for special purposes.  

 For applications where high fluid rate or low electrical conductivity is needed, usually MN 

arrays were fabricated. In the next section of this review, the fabrication methods and applications 

of MN arrays are discussed in more detail.  

 

5.3. Microneedle Arrays  
 

 There are many different fabrication methods and applications for MN arrays. Most of the 

studies employed MEMS techniques to fabricate disposable (or biodegradable) MN arrays for drug 

delivery purposes (Kim et al., 2012). In the discussion below, in the first section, different 

fabrication techniques that have been used to fabricate MN arrays is discussed. Since MN arrays 

consist of many MNs on the substrate, several different replication methods are investigated. 

Therefore, this discussion will also describe replication methods. Moreover, MN rolls, which are 

a new format of MN and being used mostly in dermatology applications, is introduced and 

explained. In the last part of this section, different applications are discussed. 
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5.3.1. Microneedles Array Fabrication  

 There are many different techniques to fabricate MN arrays. MN arrays might be fabricated 

in the format of single row (1-dimension (1D)) (Paik et al., 2004, Parker et al., 2007) or multiple 

rows (2-dimension (2D)) (Stoeber and Liepmann, 2005). In this review, 2D arrays of MNs will be 

addressed. Depending on the application, MN arrays are fabricated in either solid or hollow shape. 

Different materials were used as the structural material. Silicon, metals, and polymers are the most 

popular materials that have been used for the main structural material for the MN arrays. Different 

examples of the fabrication techniques of each of these materials for solid and hollow MN are 

discussed separately below. 

 

5.3.1.1. Solid Vertical Silicon Microneedle Array Fabrication  

 Making hollow channels inside the MNs array fabricated from Si is not easy. Therefore, most 

of the Si MNs, even for drug delivery purposes, are solid. As an example, one of the early studies 

on the fabrication of a silicon MN array was done by (Henry et al., 1998). Reactive ion etching 

(RIE) was used to etch the silicon and build the MN array. However, RIE has low throughput 

compared to the other fabrication techniques used to build HAR structures (Jansen et al., 1996). 

Since MN arrays are a HAR structure and the deep etching of silicon depends considerably on the 

side wall temperature, RIE cannot be suitable method for fabricating MN arrays (Jansen et al., 

1996). In order to overcome this problem, other advanced methods like cryogenic deep reactive 

ion etching (Cryo-DRIE) (Laermer et al., 2015) have been used. As an example, in (Griss et al., 

2001), through a sequence of isotropic (like the recipe that is mentioned in (Jansen et al., 1996)) 

and anisotropic etching procedures, MN spikes were etched on the surface of electrodes. In onrder 

to connect both sides of the electrodes and to connect a wire to them, a hole was etched on the 



91 | C h a p t e r  5  

 

 
 

fabricated electrode using KOH wet etching of silicon. In the next step, the fabricated electrode 

was made conductive by evaporating silver on the electrode, using a tilting and rotating 

mechanism. Fig. 5.11 shows a schematic of the described fabrication steps and the Ag evaporation 

system.  

 

  

(a)                                      (b)  

Fig. 5.11. Solid MN electrode (a) fabrication steps (b) metallization (Griss et al, Micromachined 

Electrodes for Biopotential Measurements, Journal of Microelectromechanical Systems) IEEE 

copyright line © 2011 IEEE 

 

 In addition to the DRIE method, another HAR silicon etching method called the Bosch 

process, was used in some studies (Roxhed et al., 2007). The Bosch method is a procedure that 

consists of alternating RIE anisotropic and isotropic etch steps. The problem with the Bosch 

method is the poor quality of the MN sidewall. As it is shown in Fig. 5.12, the sidewall of the MNs 

are dentate. Therefore, the penetration depth for MN arrays fabricated with the Bosch method is 

not as clearly understood as the ones fabricated by the DRIE technique. Also, the processing time 
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of the Bosch method is significantly longer than the DRIE method, because it is a multi-step 

reactive ion etching technique.  

    

(a)        (b)  

Fig. 5.12. (a) Bosch technique steps (b) the dentate walls (results of the Bosch method) 

[Used with permission] 

 

 There are some other techniques for fabricating MN arrays from silicon that have been used 

based on dicing the silicon and then using silicon wet etching to taper the micro rods. (Bhandari et 

al., 2010a, Bhandari et al., 2010b, Jones et al., 1992). 

 

 In some applications, it is needed to reach different depths of penetration in one MN 

insertion. Therefore, MN arrays have been fabricated in a slanted format which is described in the 

next section.  
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5.3.1.2. Solid Slanted Silicon Microneedle Array Fabrication  

 A bundle of peripheral nerves or capillary branches have different parts located at different 

depths that cannot be reached with vertical MN arrays. Therefore, a morphology for MN arrays 

was suggested that had slanted MN spikes on the surface of a substrate (Wark et al., 2013). This 

design was called the Utah slanted microelectrode array (USEA). As it is shown in Fig. 5.13, the 

slanted MN arrays were fabricated by different depth fine saw cut of Si wafers and followed by a 

wet etching process (Abaya et al., 2012, Bhandari et al., 2009).  

 

 

(a) 

 

(b) 

Fig. 5.13. Slanted MN array fabrication steps (a) Wafer saw in different depth (b) Wet etching 

process (Adapted with permission from (Abaya et al., 2012) [OSA publication]) 
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 In the application section, it was shown that the USEA is more effective than vertical MN 

arrays. However, the fabrication process of the USEA, particularly from Si, is more challenging 

than for regular MN arrays. 

 

 Although in many applications, solid silicon MNs array have been used, hollow MN arrays 

are more applicable in the drug delivery investigations. In the next section, some examples about 

hollow silicon MN arrays fabrication are described. 

 

5.3.1.3. Hollow Vertical Silicon Microneedle Array Fabrication 

 As mentioned earlier, hollow MNs are a popular structures in drug delivery studies. 

Therefore, much effort has been done to make them more efficient and disposable. One of the 

parameters that affects the efficiency of hollow MN arrays is their mechanical strength, which is 

needed to pierce the skin, and to remain intact until the whole drug dosage is applied, via either 

injection or polymer dissolve (Larrañeta et al., 2016). A recent study showed that a hollow MN 

array with smooth wall channels has the best performance in drug delivery (Bal et al., 2008). In 

order to make a silicon MN array hollow, the common fabrication method is DRIE. For example 

in (Ji et al., 2006a), as shown in Fig. 5.14, a combination of inductively coupled plasma (ICP) and 

DRIE etching techniques was used to fabricate a hollow MN array (Ji et al., 2006b). 
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Fig. 5.14. Hollow MN fabrication using ICP and DRIE etching techniques (Ji et al., 2006a) 

[Used with permission] © IOP Publishing.  Reproduced with permission.  All rights reserved  
 

 As it shown in Fig. 5.14, the MNs’ tips were tapered via the ICP method (Fig.14a). 

Afterwards, the needle shaft and the microchannel inside them were grooved by the DRIE 

technique (Fig 5.14d-f). By etching the backside of the array, enough space was created for the 

fluid drug (Fig. 5.14g). Noteworthy is that the SiO2 is a suitable mask material in DRIE. There 

other studies that used similar techniques for fabricating the MN arrays from silicon (Resnik et al., 

2018, Khanna et al., 2010). 

 

5.3.1.4. Solid Vertical Metallic Microneedle Array Fabrication 

 Working with the metals on the micro scale is difficult for fabricating MN arrays. In order 

to tackle this problem, usually other materials, like Si or polymers, were used as either the base for 

the MN arrays or a sacrificial material, and they are coated with a particular metal needed for the 

application. The techniques that used polymers as the base material for the metal coated MN is 

discussed in the polymer MN array section. 
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 There are some studies that formed metals in the micro-scale to fabricate the metallic MN 

arrays directly from stainless steel, Al (coated with Pt), or Ti using photolithography and etching 

techniques (Cormier et al., 2001, Trautman et al., 2000, Peixoto et al., 2014). For example, in 

(Martanto et al., 2004), researchers used a laser to cut the MN array out of a stainless-steel 

substrate. In another study, a hollow MN array was fabricated by femtosecond laser etching from 

a bulk stainless steel substrate (Vinayakumar et al., 2016). Although the laser micromachining 

technique is simple and a one-step method, the high cost of the laser techniques is a disadvantage 

particularly for mass production and disposable structures. To date, no study was found that 

fabricated slanted metallic MNs directly from a bulk metallic material. However, as mentioned 

above, there are fabrication methods that involved polymers as either structural or sacrificial 

materials for fabricating hollow metallic MN arrays, particularly for drug delivery purposes. 

 

5.3.1.5. Solid Metallic Microneedle Rollers Structure   

 A microneedle rollers structure consists of a body with handle and a MN sheet which is 

wrapped around a detachable cylinder. The substrate of the MN sheet should be flexible to be able 

to bend it (Lee et al., 2010b). In terms of fabrication, different methods have been used depending 

on the application. In most of the cosmetic and dermatology applications, stainless steel or Ti MNs 

are fabricated in either a separate circular form or a row of MNs and inserted inside the sluts on a 

cylinder (Lee and Hong, 2008, Kim et al., 2009). It is worthwhile to mention that for dermatology 

applications, the lifetime of Ti alloy MNs is more than those fabricated from stainless steel (Kim 

et al., 2009, Altarac, 2016). Fig. 5.15 shows three different samples of MN rollers and the length 

of their MNs. Different applications of MN rollers will be discussed in the application section. 
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(a) 

 

(b)  

Fig. 5.15. (a) MN roller (b) a single MN of each roller (Zhou et al., 2010) 

[Used with permission]   
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5.3.1.6. Solid Vertical Polymeric Microneedle Arrays Fabrication  

 Polymers are the most common material for fabricating MN arrays. The negative tone 

photoresist SU-8 and PDMS are the well-known materials used for structural and molding types 

respectively. However, other polymers, like polycarbonate (PC), PMMA, and acrylic, have been 

used as either sacrificial materials or the main structural materials in different investigations. For 

example, in a recent investigation (Nejad et al., 2018), an acrylic sheet was used as a substrate for 

a PDMS mold fabrication, and the desired MN shape was cut on it by laser beam. Afterwards, in 

a 2-step procedure, a PDMS mold was prepared. The prepared mold could be filled by any type of 

polymer to fabricate the MN array. Fig. 5.16, shows the mold fabrication from PDMS on an acrylic 

sheet by a laser beam etching technique.  

 

   (a)       (b)  

Fig. 5.16. (a) Preparing the acrylic substrate for molding PDMS (b) Preparing the PDMS mold for 

the other polymers (Nejad et al., 2018) [Permission was governed through Creative Commons 

Attribution (CC BY) license] 

 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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 A similar method was investigated in (Tu and Chung, 2016) using PMMA as a mold for 

poly-lactic-co-glycolic acid (PLGA) as the main material of the MNs. It is worthwhile to mention 

that a CO2 laser was used in this study. Different laser powers (from 1.5 W to 10 W) and different 

scanning rate (from 11.4 mm/s to 114 mm/s) were adjusted for the laser to achieve the desired 

cutting depth in the micro-mold.   

 The other technique is called “Lithograph Drawing” (LD). LD was used to fabricate MNs 

from the polymers. In this technique, stainless steel drills were built to draw the coated polymer 

and make the MN pillars. For example in (Lee et al., 2010a, Paek and Kim, 2014), SU-8 was drawn 

by a drill (show in Fig. 5.17).  

 

Fig. 5.17. The drawing drill (top left) and different steps of the LD fabrication technique (Lee et 

al., 2010a) [Used with permission]  
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 One of the advantages of polymers is their flexibility and plasticity. The photoresist 

polymers, like SU-8, can be shaped based on the direction of the UV beam exposure direction. 

Based on the properties, many different studies were run by fabricating MN arrays from the SU-8 

with a simple lithography step (Srivastava et al., 2015). Dependig on the length of the MNs, 

different types of SU-8 might be used in different studies. Usually, the type of SU-8 that has been 

used in different studies was SU-8-2025. The last two numbers in the SU-8 name, represents its 

increasing viscosity, and higher viscosities result in thicker coating layers on the substrate. For 

instance, SU-8-2025 is much thinner than SU-8-2075. Working with a thick layer of SU-8 is not 

easily practically, because the refractive index of the SU-8 is not a constant parameter (Lawes, 

2005). It has been shown that at different depths the refractive index of SU-8 in the UV wavelength 

varies (Martham et al., 2014). Also, it was shown that the SU-8 preparation process (like its soft 

bake time) affects its refractive index (Parida and Bhat, 2009). Therefore, one may conclude that 

fabrication of HAR MN structures from SU-8 by means of a simple UV lithographic method is 

challenging. To tackle this problem and enable consistent UV exposure of the SU-8 over its entire 

depth, different solutions have been explored. For example, in (Park et al., 2005, Park et al., 

2007b), first an array of micro-lenses were fabricated on a glass substrate using an etching process. 

The fabricated lenses helped the UV to converge to a point in the depth of the SU-8, and so make 

tapered MN arrays. It was reported that up to 600 µm length and 100 µm base have been fabricated 

by this method. However, their shape specifications depends on different parameters like the soft 

baking time and the initial concentration of the solvent in the SU-8. In another study, the intensity 

of the UV beam was alternated spatially. In the other words, it was tried to taper the tip of the MNs 

by exposing different UV intensities in different spots of the SU-8 substrate (Takahashi et al., 

2016). Using lithography techniques to taper MNs’ tips have been investigated in the other studies. 
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For example in (Ami et al., 2011), it was shown that UV diffraction can form the tapered shape of 

the MNs in an array. Moreover, SU-8 is not the only polymer that is used as a structural material. 

Different polymers, that might be doped by medications or specific chemical agents, have been 

used to fabricate the MNs. In (Caliò et al., 2016), poly(ethylene glycol) diacrylate (PEGDA) doped 

by enzyme was used as the structural material for sensing glucose and lactic acid. In another 

example, a researcher used polylactic acid (PLA), and which is biocompatible material and 

harmless for the body (Tomono, 2018). In this study, Tomon used a combination of imprint and 

tilted lithography to fabricate a master (from SU-8) for a slanted polymeric MN array mold (from 

PDMS). Afterwards, PLA was used as the main material of the MN array and filled the PDMS 

mold to form the MN array. 

 In summary, it can be inferred that polymers are more common materials for fabricating solid 

MN arrays. Flexibility, sufficient mechanical strength, biocompatibility, and their capability to be 

doped by other chemicals, are the advantages of polymers in fabricating solid MN arrays. 

 

5.3.1.7. Solid Slanted Polymeric Microneedle Arrays Fabrication  

 Simultaneous access to different specific spots at different depths in tissue is one of the 

challenging issues, particularly for drug delivery and neurosciences studies. For example in 

neuroprosthetic applications, it is necessary to either record or stimulate different nerve fibers at 

different depths of a nerve bundle simultaneously (Normann, 2007). There are two different 

techniques to build solid slanted MNs arrays. In one approach, the researchers fabricated MNs on 

a flexible substrate. Therefore, depending on the type of the surface and the depth that they wanted 

to penetrate, the suitable force was applied on the MNs over the tissue (Xiang et al., 2016). MNs 

with a flexible based were used in cortical recording; this will be discussed more in the application 
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section. In the other approach, the MNs were fabricated on a rigid substrate with varying lengths. 

An example of this type was fabricated from a droplet of a SU-8 and used backside lithograph to 

form the MNs (Kwon et al., 2014). However, this technique needs a very accurate droplet of the 

SU-8 to be placed on a substrate, like PDMS, and has a specific diameter to shape the MNs in the 

different desired lengths. In another investigation, an array of 10×10 MN were attached to an 

adhesive substrate inserted to a PDMS petri dish (Cha et al., 2014). The length of the fabricated 

MNs in this technique depended on the level of the liquid PDMS in the petri dish. Also, the micro-

mold can be patterned in different shapes depending on the formation of the mold casts. The final 

structural material in this study was PLA, which is a biodegradable material. The fabrication 

processes is shown in Fig. 5.18.  

 

 

Fig. 5.18. Fabrication steps of slanted polymeric MN using PDMS as the micromold and the 

PLA is the main material of the MNs (Cha et al., 2014). [Used with permission]  

 



103 | C h a p t e r  5  

 

 
 

 From the discussion of this section, it can be inferred that the polymeric slanted MNs are the 

favourite designs particularly for the rapid prototyping and feasibility studies. In the mentioned 

studies, it was shown that the slanted polymeric MN arrays can be shaped by lithography methods 

readily. However, the throughput of methods like micro-molding would be more than the other 

fabrication techniques. Therefore, in most of the studies that used polymers to fabricate MNs, it 

was preferred to use the micro-molding techniques. This is discussed in detail in the replication 

section. 

 

5.3.1.8. Solid Polymeric Microneedle Rolls 

 Technically, polymeric rolls are flexible MN arrays which were wrapped around a cylinder. 

For example, in (Park et al., 2010), a flexible MN array was fabricated from PLA in a two-step 

molding procedure, where two other polymers (SU-8 and PDMS) were used. Afterwards, the 

fabricated PLA was wrapped around a cylinder to make a roller. Fig. 5.19 shows the fabrication 

processes of the described procedure. 

 The important fabrication point in this study is the method of preparing the PLA. As it is 

shown in Fig. 20, the PLA was treated by either a vacuum oven or only a thermal process without 

any pressure change. In the process with the vacuum oven, the prepared MN array was coated by 

water-soluble carboxy-methyl-cellulose (CMC). In the thermal PLA treatment, the PLA and CMC 

formed the main casting material. In this example, the main material of the MN cylinder was 

dissolved in the skin, which is the main purpose of the drug delivery application. In the other study, 

the MN arrays were fabricated on a flexible substrate that could be possibly used as a MN roller 

(Rajabi et al., 2016). The flexible substrates were fabricated from polystyrene and thiol-ene-epoxy- 

based thermoset film with a thickness of 250 µm. Also, the relatively long MNs (with 1.8 mm and 
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2 mm length) were assembled on the substrates by magnetic force applied by an external 

permanent magnet.  

 

 
Fig. 5.19. Fabrication steps of an MNA roller fabricated from PLA (Park et al., 2010)  

[Used with permission]  

 

 The roller shape of a MN array makes it easier to use and facilitates multiple skin piercing 

while the roller is moving on the skin. These kinds of structures are being used either for cosmetic 

purposes or for drug delivery applications. It is worthwhile to mention that the long MNs are 

usually used for skincare purposes, particularly in the parts of the body were thick layer of tissue 

or scars are existed. This is the reason that some MN rollers are fabricated in relatively large 

lengths. However, the outer diameter of the fabricated MNs are around 200 µm to 250 µm to 

facilitate the skin piercing. Also, depending on the dosage of the drug that is needed to be delivered 
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to the body, some grooves or holes might be embedded inside the shaft of the MNs (Gill and 

Prausnitz, 2007).  

 

5.3.1.9. Hollow Vertical Polymeric Microneedle Arrays Fabrication   

 Fabricating a MN array from materials like Si and metals is a complicated procedure 

particularly when hollow MN arrays are required to deliver a fluid into the body. Therefore, in 

many studies researchers use the flexibility of the polymers to form their desired shape and use 

that polymeric structure either as the main material or a sacrificial one. In some studies, the 

finishing structure might be a metal that has been electroplated on the polymer or sputtered on it. 

For example, in (Kim et al., 2004), SU-8 was used as a sacrificial material to form the MNs 

structure by backside lithography method. Afterwards, Cr and Cu was sputtered on it as a seed for 

Ni electroplating on the SU-8 fabricated array. In the last step, the SU-8 was removed and the final 

Ni MN array was released. A similar technique was used in (Mansoor et al., 2013) to fabricate a 

conductive MN array. In some application, the SU-8 was directly used as the main material of the 

MNs and no finishing procedure was applied on the structure. For example in (Wang et al., 2009), 

PDMS was etched by plasma etching procedure and was used as a mold for SU-8. By doing 

backside lithography, the microchannel was grooved inside the fabricated needle shaft and made 

a hollow needle. Since SU-8 can be peeled off easily from PDMS, the final structure was released 

by mechanical force (Patel et al., 2008). It is worthwhile to mention that the RIE etching (1:3 

mixture of O2 to CF4 gas) is the best way to etch the PDMS anisotropically and make almost 

vertical walls in the HAR structures (Garra et al., 2002). Instead of PDMS, Si was used as a 

substrate for SU-8 in another study (Ceyssens et al., 2013). Another other technique that used 

polymers as the main and sacrificial material was introduced in (Perennes et al., 2006). In this 
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technique PMMA was formed a saw tooth pattern via x-ray lithography which fabricated the tip 

of the MN array. Afterwards, polyvinyl alcohol (PVA) was used as the secondary material to build 

the negative mold of the MN array. In the third step, again PMMA was cast on top of the PVA. 

Finally, the surface of the fabricated needles was electroplated by an appropriate metal. Fig. 5.20 

shows the different steps of the described fabrication method.   

 

Fig. 5.20. MN fabrication steps using PMMA, PVA and metal (Perennes et al., 2006) 

[Used with permission]   

 

 In order to enhance the mechanical strength of the PMMA as the main material of a HAR 

structure like a MN array, different methods have been suggested in different applications. For 

example in (Choi et al., 2010), metal was coated on the PMMA structure via laser ablation 

patterning. In another study, the beveled tip MN array was fabricated from PMMA and inclined 
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X-ray lithography and Ni was electroplated on the arrays as the finishing surface to increase the 

mechanical strength of the structure (Lee, 2003).  

 The discussion of this section showed that polymers are more applicable than the traditional 

MEMS materials for MN array fabrication. Photoresists like SU-8 (with negative tonality), PMMA 

(with positive tonality) and PDMS are the common polymers used in MN array fabrication 

processes. The mentioned polymers are biocompatible and harmless for living tissue. This 

different properties determine their usage in specific applications. This will be discussed further 

in the application section.  

 

5.3.1.10. Hollow Slanted Polymeric Microneedle Arrays Fabrication  

 Inclined MN arrays are more interesting in some applications because they pierce the skin 

easier than the vertical ones (Kuo and Chou, 2006). Fabrication of slanted MNs from Si wafers is 

a complicated process. Therefore, fabricating slanted hollow MN arrays has been mostly from 

polymers. By reviewing the rational behind the design and fabrication of slanted and hollow MN 

arrays, one may understand that they were mostly used in the electrophysiological and drug 

injection investigations respectively. Therefore, having both hollow and slanted features at the 

same time brings up applications like studying the effects of specific drug injection on the 

physiological signals in mind. To date of this review, no study that investigated the fabrication 

methods of the hollow slanted MN arrays was found. However, in many articles and patents, 

researchers explored techniques for making hollow MNs via laser cut along the MNs’ shafts (Allen 

et al., 2002, Sage Jr and Gillett, 2009, Gittard and Narayan, 2010, Duan et al., 2011). It is 

worthwhile to mention that in some drug delivery studies, solid slanted MNAs coated by the drugs 
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has been investigated, but drug injection through the hollow polymeric MN arrays have not been 

investigated.  

 

5.3.1.11. 3-Dimentsional printer Microneedle Arrays  

 3-Dimensional (3D) printer technologies are advancing rapidly and different designs for 

them are presented to the market. Depends on the type of nozzle used, different materials and 

resolutions can be obtained in the printed structure. In some cases, 3D printers can print the 

structures that could not be fabricated by conventional methods, like multi-step molding processes. 

Since molding is one of the most common methods in HAR structures fabrication, like MN arrays, 

and 3D printing is going to be replaced with the molding in many applications, 3D printers were 

engaged into printing MN arrays (Prasad and Smyth, 2016). 

 Generally, there are two common types of 3D printers; inkjet and powder based. The inkjet 

printers perform either in continuous inkjet (CIJ) or drop-on-demand (DoD) format (Economidou 

et al., 2018). To date of this review, no report was found employing printing MNs with 3D printers. 

However, Yanfeng Lu et al., developed a 3D printing method that can print MN arrays via layer 

by layer UV exposure, which is called microstereolithography (µSL) for drug delivery applications 

(Lu et al., 2015). The µSL has been used in many former studies to fabricate HAR structures, 

particularly MN arrays. For example, Shaun D. Gittard et al., coated fabricated MNs via µSL 

method with the antimicrobial drugs (Gittard et al., 2011). Also, there are several other studies that 

used the µSL technique to fabricate MNs (Choi et al., 2006, Boehm et al., 2012, Maruo et al., 

2003, Choi, 2007). In an investigation, the DoD method was used for post-fabrication processing 

like coating MN arrays. For example, in (Boehm et al., 2013, Boehm et al., 2011), an inkjet 

piezoelectric printer was used to modify the surface of a prepared MN array for drug delivery 
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based on the DoD method. Besides µSL, there is a similar method called two-photon 

polymerization where two light beams in a proper wavelength is focused on specific points at 

different depths to enable polymerizeation at only in the focal point of these to beams (Kavaldzhiev 

et al., 2017, Gittard et al., 2009, Ovsianikov et al., 2007).  

 Another technique that has been introduced as a 3D printing technique was called direct laser 

writing, and is similar to µSL but it is performed by laser beams (Hwang et al., 2018). Likewise, 

the two-photon lithography can be performed by femtosecond lasers (Schmidt et al., 2007). The 

laser absorption can be controlled by parameters like the laser wavelength, laser pulse duration, 

exposure time, laser repetition rate and the material properties (Gittard and Narayan, 2010).   

 In this section, it was shown that 3D printing technology can be a pioneer in MN arrays 

fabrication at large scales. Techniques like µSL, two-photon polymerization and the laser writing 

techniques are the studied methods in the fabrication of the whole structure of the MN arrays. 3D 

printing is not only employed in fabrication, but has been used in surface modification of MN 

arrays. Many studies investigated coating a particular drug on the spikes of a MN array with 

different thicknesses, and will be discussed more in the application section.  

 

5.3.2. Replication  

 Replication is used in many studies. In the ones were the application of the MNs is considered 

as the main topic of investigation, the MNs were replicated. Usually, during the replication, a 

liquid polymer fills a prepared mold from a fabricated master. The important practical issue about 

fabricating MNs through molding with liquid polymer is the way that the polymer fills the mold. 

Since the density of the liquid polymer (e.g. SU-8) is high, air bubbles will be trapped in the MNs’ 

tip area and does not allow the polymer to form the MNs’ tip completely. Therefore, in the molding 
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procedure, it is useful to either use diluted polymers or decrease the pressure while the polymer is 

filled in inside the mold (Heyderman et al., 2000). 

 “Hot Embossing” (HE) is a technique for MN array mold fabrication. As it is shown in Fig. 

5.21, in this technique the micromachined embossing master, which was fabricated from Si or 

metals, is used to build the desired microstructure on a polymer substrate (Becker and Heim, 2000, 

Worgull, 2009). HE is known as a low-cost and flexible method for microstructures particularly 

HAR ones like the MN arrays (Heckele et al., 1998).  

 

Fig. 5.21. The schematic of the HE process (Larraneta et al., 2016) [Used based on Creative 

common attribution license; DOI: 10.1016/j.mser.2016.03.001] 

 

 For example in (Jin et al., 2009), two different mold masters was used that were fabricated 

from Ni and PMMA for preparing a mold that were filled by melted PC. For fabricating the master 

from PMMA, deep X-ray lithography was needed which required long exposure time. Therefore, 

Jin et al. built a 1-dimension (1D) MN row and repeated on the surface to fabricate a 2D MN array. 

Repeating a 1D MN array on the surface is similar to what Moon et al. reported in (Moon et al., 

2006). Using the HE method is not only restricted to specific polymers. Depending on the 

maximum heat and pressure that a polymer can tolerate and that can be provided, different 

polymers can be used in HE technique. For example, the HE method was used to build MNs from 

the Cyclic Olefin Copolymer (COC)(Trichur et al., 2002).   
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 Replicating a hollow MN array is not as simple as the replication procedure of solid MN 

arrays. Lippmann et al. presented a method that used a sacrificial layer, which they called investing 

polymer, to replicate hollow MN arrays via molding techniques (Lippmann et al., 2007). In order 

to replicate a hollow MN array, in the first step Lippmann et al. inserted a sacrificial polymer in 

the middle of the MN mold. Afterwards, they molded the main shaft of the MNs and removed the 

sacrificial polymer in the last step. 

 Increasing the throughput of MN arrays is an advantage of replication methods. In (Lutton 

et al., 2015a), it was suggested that a rolling based replication can significantly increase the 

throughput of the MN array fabrication compared to the other common methods. Based on the 

experiments, it was shown that the replicated hydrogel MN arrays and the directly fabricated ones 

have almost same mechanical characteristics that can pierce the SC of the skin readily. 

 One can infer that replication can be done via either HE or a simple molding procedure. 

Although these two are different methods, they are being used in different studies as 

complimentary steps. In some studies, it was shown that replication can be used to commercialize 

specific MN array for particular applications. However, the commercialization of MN arrays needs 

to be investigated in detail through microstructure manufacturing hazard and cost assessment 

protocols, which is beyond the scope of this review (Martin et al., 2017). 
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5.3.3. Application and testing parameters of the Microneedle arrays 

 MN arrays have been used in different applications. Drug and vaccine delivery, 

electrophysiological signal recording, optical and electrical conduction through the MNAs are the 

most common applications. The common reasons for using MN arrays in almost all the 

applications is to bypass the SC. Also, the MN array length is usually short enough to avoid 

touching the pain percutaneous nerve (< 500 µm). Therefore, being painless is the other advantage 

of MN arrays. However, in some applications, particularly in cosmetic purpose and scare tissue 

removal, the MN length is chosen around to be 1 mm to pierce the thick tissue.  

 

5.3.3.1. Drug Delivery Applications  

 The majority of applications for the MN arrays is related to drug delivery which is called 

transdermal drug delivery (TDD) (Prausnitz, 2004). MN arrays are usually used to deliver vaccine, 

insulin and the other hormones (Marshall et al., 2016, Quan et al., 2013). As it is shown in Fig. 

5.22, there are different approaches of drug delivery that used MN arrays (van der Maaden et al., 

2012).  

 

Fig. 5.22. Different methods of drug delivery via MN arrays 

MN array for drug 
delivery purposes 

Solid MN coated by 
drugs

Makes some micropores and 
place the drug patch to deffuse 

through the skin;                  
"Poke and patch"

Disolvable MN arrays;        
"Poke and release"

Coating by 3D printing 
techniques surface 

modification;                  
"Coat and poke"

Hollow MN arrays

"Poke and flow"
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 There are different advantages and disadvantages for each of the TTD approaches. For 

example, one of the advantages of the “coat and poke” method is that the MN is reusable. However, 

the “coat and poke” technique can only be used for small dosage of drugs. Depending upon the 

drug dosage, molecular weight and metabolizing propensity, an appropriate solid MN array is 

designed. In order to adjust the drug or vaccine dosage, MN arrays with either surface or hole and 

dents in their shafts might be fabricated. For example in (McGrath et al., 2011), the best parameter 

to spray hydroxypropylmethylcellulose (HPMC) and carboxymethylcellulose (CMC) through 

conventional film spray-coating process was investigated. 

 In drug injection applications, or “poke and flow” TTD approach, the flow regime of the 

fluid inside the microchannel of a hollow MN is critical. Because of the microscale of the MN 

arrays, the dominant flow regime in the MN arrays channel is laminar flow (Lhernould, 2013, 

Colin, 2004). However, the flow regime of a fluid in a MN channel depends on the geometry of 

the MNs, the viscosity of the fluid, number of the spikes that a MN array has on the surface, 

pressure drop in both sides of the MN channel, and the roughness of the internal walls of the MNs 

(Lhernould, 2013).  

 Dissolvable MNs for drug delivery are being used in the “poke and release” approach. The 

dissolvable MNAs are usually built from the water-soluble materials like maltose, dextran, 

albumin and etc.(Ita, 2017). By piercing the skin, the structural materials of the MNAs would be 

resolved in the water of the tissue, and the drug would be released into the patients’ tissue and 

blood consequently (Chen et al., 2014, Chu et al., 2010, Thakur et al., 2016, Gujjar and Banga, 

2014). In some structures, the drug is embedded between the layers of an MNA. By resolving each 

layer, the drug would be released and the next layer of the water-soluble material would be exposed 

to the tissue water (Ito et al., 2012). Since these types of MNAs are resolved in the water 
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completely, no hazardous residue will remain on the skin after usage (Lee et al., 2008). 

Furthermore, dissolvable MNAs are inexpensive and can be used for variety of the drugs (Chu et 

al., 2010). 

 In the “poke and patch” method, the role of an MNA is only in making pores on the skin and 

so to facilitate the drug diffusion into the deep skin layer. For this, the MNAs only pierce the skin 

and after that a drug sponge or patch will be replace by the MNAs. The “poke and patch” technique 

was used to deliver insulin by Mortanto et al. (Martanto et al., 2006). 

 Overall, among the different methods of TDD, it can be inferred that depending on the goal 

(dose and the placement of drug), the delivery method may vary. However, “poke and release” 

was known as the best method for subcutaneous drug delivery in different articles.  

 

5.3.3.2. Electrophysiological Signal Recording 

 Electroencephalography (EEG) is the brain electrical activity that is a resultant of millions 

of the nerve fibers inside the brain. EEG is a low-amplitude (~20 µV) and low-frequency (0.16 Hz 

to 30 Hz) signal. Therefore, to record the EEG, a high input impedance, high gain and high 

common mode rejection ratio (CMRR) amplifier is inevitable. Besides that, the efficiency of the 

electrodes plays a crucial role in the quality of the signal and its signal-to-noise ratio (SNR). 

Bypassing the SC in recording the EEG has a similar correspondence to bypassing a series resistor 

in a circuit, and so result in increasing the raw signal amplitude. Recording EEG with MNAs of 

different length and materials, particularly for long term recording, was investigated in many 

studies. In a recent study, MNAs with a length of 500 µm and circular base of 100 µm were 

fabricated from SU-8 and decreased the tissue-electrode interface resistance from 15 MΩ to 7 MΩ 

(Stavrinidis et al., 2016). However, no result was mentioned about SNR or total harmonic 
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distortion (THD) enhancement. MNAs with rigid substrate are fragile practically. To resolve this, 

Wang et al., designed an MNA with flexible substrate that could reshape slightly (Wang et al., 

2012b, Wang et al., 2012a, Wang et al., 2017a). 

 MNAs were not only used to record EEG. Electrophysiological signals such as 

electrocardiography (ECG) and electromyography (EMG) have been recorded via MNA 

electrodes in different applications. For example in (Chen et al., 2016), an MNA constructed from 

a magnetic fluid and coated with Ti and Au, successfully recorded ECG and EMG. Also, they 

demonstrated that because of its secure and greater surface contact, the MNA can record ECG in 

dynamic situation better than the conventional Ag/AgCl electrodes. Similar investigation and 

results have been reported by Ren et al. in (Ren et al., 2016, Ren et al., 2017). Electrooculography 

(EOG) is the other biopotential that can be recorded with MNAs (Golparvar and Yapici, 2017). 

They revealed that MNAs are the favorite structures particularly for long term applications like 

the wearable technology and brain computer interface (BCI) applications. However, over short 

time usage, the recoded signals via the MNAs have higher SNRs compared to the surface 

electrodes.  

 

5.3.3.3. Optical and Electrical Conduction through MNAs  

 An interesting application of the MNAs is optical nerve stimulation. Since the refractive 

indices and the light reflection of different layers of the skin are different at specific wavelengths, 

bypassing a layer facilitates reaching the layers underneath. For example in (Ding et al., 2006), it 

was shown that the reflection of the epidermis in the wavelength of 633 nm is more than the other 

layers of the skin. Therefore, by bypassing the epidermis with an MNA that is transparent in this 

wavelength, one can obtain more data from the layer underneath. Another potential application of 
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MNAs is recording blood oxygen saturation using the photoplethysmography (PPG) technique. 

Studies showed that the skin colour pigments increase the bias of the obtained data through PPG, 

particularly in the dark skins and at low oxygen saturation levels (Bickler et al., 2005). Therefore, 

if MNAs can bypass the SC, where the most of the skin pigments are placed, then it can be 

speculated that robust results can be obtained. However, this should be studied clinically.  

 The depth of light penetration using MNAs was studied in (Kim et al., 2016). In that study, 

they fabricated an MNA with 11×11 MN on the surface from PLA. The length of the designed 

needles was 1.6 mm which is relatively large. Also, they fabricated a micro-lense on the back of 

the fabricated MNAs to focus the light beams toward the tips of the MNs. They showed that 7.5% 

of the input photons at the wavelength of 491 nm was delivered to the specific subcutaneous tissue, 

compared to 0.85% without the MNAs. In another study, Kwon et al. designed a slanted MNA that 

can deliver light to different depths of tissues, particularly the brain cortex (Kwon et al., 2013).  

 SC is the most resistive layer of the skin and has around 100 kΩ resistance (Miklavčič et al., 

2006). Therefore, any surface stimulation should pass through this relatively high electrical 

resistance. Using MNAs will assist to bypass this high resistance layer and reach the lower layers 

that have more conductivity. Moreover, it was shown that bypassing the SC will increase the 

directivity of the current density toward a target nerve fiber. In long-term applications, using 

MNAs will reduce the hazard of skin burn (Soltanzadeh et al., 2018). In another application, MNAs 

were fabricated from PMMA to electroporate the epidermis layer of the skin and increase the 

transfection of the drugs and vaccines that enhances the “poke and patch” TTD method (Choi et 

al., 2010, Choi et al., 2005). 

 MNAs are being used in implantable stimulators. For example in (Patel et al., 2016), an MNA 

cuff-electrode was fabricated in which the length of each needle was 100 µm and they minimally 
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pierced the surface of a nerve fiber to stimulate it with a 0.95 mA lower current than the regular 

flat cuff-electrodes.   

 

5.3.3.4. Testing parameters  

5.3.3.4.1. Mechanical Parameters Testing  

 The main goal of testing an MN or an MNA is assessing its safety and efficiency (Lutton et 

al., 2015b). The testing parameters vary depending on the application. However, in all the 

applications, the mechanical strength of any type of MN is very important. Therefore, different 

studies investigated the needed mechanical requirements of an MN structure. Since the skin is the 

first barrier that a MN confronts, most of the investigations have addressed the mechanical 

interaction between the skin, particularly the SC, and the MN. A MN may experience different 

mechanical stresses. Different situations like an uneven insertion force, non-uniform skin surface 

and unexpected movements during insertion or removal are some of the mechanical stresses that 

a MN may experience. 

 The geometry and material of the MN play a crucial role in their failure from any of these 

forces (Park and Prausnitz, 2010). Studies showed that polymer MNs are more efficient and safer 

than other materials like Si and metals (Park et al., 2006, Han et al., 2007). In many cases, the tip 

of MNs are sharpened to facilitate their insertion. Meanwhile, the diameter of the MNs are 

increased to enhance their mechanical strength (Park et al., 2007a). Insertion and fracture forces 

of MNs in the skin were the mechanical parameters assessed in (Davis et al., 2004). It was 

concluded that the insertion force decreases by decreasing the tip radius and increasing the wall 

angles. It was demonstrated that the fracture force increases by thickening the MN. Also, in the 
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same study, the insertion force was measured in the range of 0.1 to 3 N, which supports the 

measurements of the other studies (Roxhed et al., 2008, Park et al., 2006).  

 

5.3.3.4.2. Fluidic Parameters Testing  

 In the “poke and flow” drug delivery method, the drug flow regime and the hydraulic 

resistance in the channel of a MN should be considered in any MN design. Lyle et al. estimated 

the fluid regime and hydraulic resistance of a silica MN (with 150 µm inner diameter). Their 

calculations based on Poiseuille’s Law for deionized water with 69-621 kPa showed that in a MN 

channel the Reynold number is around 700 and the fluid regime is laminar (Hood et al., 2011). 

Also, they concluded that decreasing the MN tip will increase the hydraulic resistance 1 to 2 times. 

In another study, Chakraborty et al. fabricated very thin and tall MNAs (3.5 - 4 mm length and 30 

µm inner diameters) to take blood samples (Chakraborty and Tsuchiya, 2008). To evaluate their 

sputtered titanium structure, they took a third fluidic regime into account which is called “meniscus 

traction” regime (Huang et al., 2001, Chakraborty, 2005).  

 

5.3.3.4.3. Electrical and Electrochemical Parameters Testing  

 In order to design MNAs as an electrode for either recording or stimulation, the electrical 

and electrochemical parameters should be assessed. Electrical impedance of the recording 

electrode at different frequencies is the most important parameter that should be measured, 

particularly in the biopotentials recording devices (Pini et al., 2012, Wang et al., 2012b). Low 

electrical impedance between the skin and the electrode will increase the SNR of the signal and 

enhance the quality of the recorded signal (Huigen et al., 2002). Also, electrical charge is 

transferred by ions inside the body, compared to the electrodes where this happens through electron 
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movement. This conversion happens in electrodes through a set of electrochemical process. 

Therefore, assessing the electrochemical properties of the electrodes is very crucial in the 

performance of MNAs used in the biological applications. The common test that is used for 

characterizing the electrochemical properties of the structures is cyclic voltammetry (CV) test that 

can determine the rate of the ion and electron charge transfer (Shih et al., 2007). In the other words, 

CV characterizes the properties of the electrode-electrolyte interface (Chen, 2016). 

 

5.4. Discussion and Conclusion  
 

 MNs are micro-scale structures that can change the quality of different medical interventions 

like drug delivery, mechanical/electrical stimulations, etc.. The main purpose of the application of 

MNs is to bypass the SC, which is the first barrier of the skin and which has the highest electrical 

and mechanical resistance. Therefore, bypassing this layer may increase concerns about the safety 

of these components, and this is the topic of some investigations (Martin et al., 2017, Van Damme 

et al., 2009). In this review, the structure of MNs was categorized into single and array MNs. For 

each section, different methods of fabrication were described. Based this the research, one may 

understand that MNs are mostly fabricated (or mostly replicated) from polymers, because 

polymers are more flexible and biocompatible compared to the other materials like silicon or 

metals. However, depending on the application, the surface of MNs are coated either completely 

or patterned from different suitable metals, which are mostly biocompatible. The shape of MNs 

are either pyramidal or conical in most of the investigations, but the other shapes like rod, 

hexagonal, octagonal and rocket-shape have been investigated (Ashraf et al., 2011). The 

fabrication method and the application usually determines the shape of the electrodes. However, 

the main parameters that determine the shape needed for an MN is the amount of resistance that it 
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confronts during the insertion. For example, in the rod shapes, the resistance against the MNs 

during insertion is consistent. In contrast, in the cone and pyramid structures, because of increment 

in the surface area, more force is required to reach deeper layers of the skin than the surface layers. 

Pyramidal structures with a side length the same as the diameter of a conical structure, have a 

larger area. Therefore, the insertion force of a pyramidal structure is more than a conical one. In 

MNAs, not only the shape, but the increasing the space between the needle spikes will increase 

MNs penetration (Kochhar et al., 2013). By increasing the number of needle spikes on the surface, 

and decreasing the spacing between them, results in the insertion force increasing from 0.1 to 3 N. 

The tip sharpness of MNs is affects the insertion force. Sharp MNs need less effort to penetrate 

the skin and bypass the SC. Almost all of the investigations have been done on tapered MNs, as 

their primarily role is penetrating the SC (Chua et al., 2013). Also, in many applications the length 

of the MNs is between 100 µm to 500 µm, but in applications where access to capillaries and blood 

flow is required, the length of the MNs is increased to 1.5 mm. The number of MNs on the surface 

varies from 1 to 100 in an area less than 1 cm2. The other application of long MNAs is the rollers 

that are used to stimulate scar tissue or thick layers of the tissue mechanically, and bring collagen 

to the skin surface.  

 In terms of application, it was realized that most of the single and one-row (also called in-

plane) MNs are used in neurological applications to either record or stimulate a nerve fiber or the 

brain cortex. Single MNs are used in the applications where spatial accuracy is required, like 

reading from a single nerve fiber or a single cell (like patch-clamp technique). However, MNs with 

different lengths on a plane and MNAs (particularly ones with different lengths on the surface) 

were used in the neuroscience investigations too. MNAs have been used in different methods of 

drug delivery (described in Fig.22). In most of the TTD applications, the “poke and flow” method 
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was investigated through hollow MNAs. The other methods like “poke and release” and “poke and 

patch” need the MNAs.  

 Overall, it can be concluded that MNs, particularly MNAs, can enhance the quality of 

different medical interventions and monitoring. Many studies are on-going that apply MNs to 

scientific fields particularly medicine. The goals of these studies include increasing the throughput 

of the fabrication procedure and decreasing the cost to enable disposable low-priced MNs. In many 

fields of drug delivery, like vaccine and antibiotic delivery, MNAs are commercialized, but in the 

other fields like BCI, bionic limbs, and neuroscience studies, more clinical trials are needed to 

reach the level of the commercialization. The materials that MNs are fabricated from are still under 

investigation. Several different biocompatible polymers are studied and used for MN fabrication 

without any hazard for patients. One may reasonably call the MN field a major effort in micro-

medical device investigation.  
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6 
 

Fabricating High Aspect Ratio SU-8 

Microneedle Array Electrodes Using Dry 

Etching Method 

 
Summary 

 

The negative photoresist SU-8 is becoming more popular in MEMS applications particularly for 

fabricating the high aspect ratio structures. This chapter is a demonstration of a fabrication process 

of a microneedle array of tapered microneedles make using SU-8. The goal of this study was to 

fabricate a 5 × 5 mm patch with a 10 × 10 array of SU-8 pillars. Different MN lengths from 600 

to 850 µm were fabricated. In order to determine the best fabrication process, different RIE recipes 

were investigated. However, it was found that only the length of 100 µm could be fabricated. The 

results revealed that plasma etching is not a suitable method to fabricate a high aspect ratio 

structure from SU-8. Because of this, in chapter 7 an SU-8 molding process is explored. 
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6.1. Introduction 
 

 SU-8 has been widely used in high aspect ratio (HAR) structures either for mold purposes or 

as a main material of a final design (Bogdanov and Peredkov, 2000). After UV exposure, a post-

exposure bake (PEB) is done to form cross-links inside the SU-8 by eight epoxy groups at each 

molecule. A suitable PEB time, like 10 to 15 minutes, will result in an SU-8 structure with a 

suitable mechanical strength and chemical stability needed for a HAR structure (Anhoj et al., 

2006). The mechanical strength of a cured SU-8 structure enables the required skin piercing needed 

for an MNA, with the tips’ diameters in the range of 25 µm to 30 µm. In addition, the SU-8 

fabrication methods have a relatively low-price compared to the other silicon-based techniques, 

which make it suitable for fabricating disposable MNAs. 

 In this study, a fabrication process for a dense MNA from SU-8 was investigated. In the first 

step, a smooth thick layer of SU-8 (~ 600 µm) was prepared on top of a silicon wafer. Afterwards, 

the SU-8 was coated with a thin layer of chrome (Cr) using vacuum sputter deposition. This Cr 

layer was used as a plasma etch mask in the reactive ion etching (RIE) technique. After coating, 

the Cr was patterned by optical lithography, and the samples were prepared for plasma etching to 

form the pillars of the microneedle from the SU-8. This chapter will explore all the steps of 

fabrication in detail. 
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6.2. Methods and Materials 
 

 The process to fabricate the MN is illustrated in Fig. 6.1, and summarized in Table 6.1. The 

following sections detail these processes. 

 

Fig. 6. 1. Fabrication process to form the SU-8 MNA. 
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Table 6. 1. Summarized fabrication processes 

Process name Step 

SU-8 preparation Fig. 6.1.b 

Preparing and patterning the metal mask Fig. 6.1.c 

Plasma etching form the needle pillars Fig. 6.1.d 

Metalizing the needles and connect them to the backside Fig. 6.1.e 

 

6.2.1. Deposition of a thick layer of SU-8 on a silicon wafer 

 A silicon wafer was used as the substrate for the MNA fabrication. The un-polished side was 

chosen to increase the adhesion between the SU-8 and substrate, in order to avoid any shrinkage 

or wrinkle on the SU-8 surface. A thin layer (around 20 nm) of chromium could be sputtered on 

polished side of the silicon substrate in order to increase the adhesion of SU-8 to silicon. However, 

our experiments illustrated that the unpolished side of a silicon wafer is more adhesive to SU-8 

than a thin layer of Cr. 

 A 3 inch diameter silicon wafer was cleaned by piranha solution (7:3 concentration ratio of 

H2SO4/H2O2). Afterwards, 10 ml of dense and highly viscose SU-8 MicroChem 2075 series, was 

spun on the at 50 rpm for 10 seconds, and spread thin at 1000 rpm for 30 seconds, to spread the 

photoresist evenly over the surface of the substrate. Since it was intended to work with a thick 

layer of SU-8, it is crucial to de-stress the material before any processing. Thus, the sample was 

left to rest at room temperature for 15 min to decrease the stress of the SU-8 in the superficial 

layers particularly. 

 In the soft-bake phase, the SU-8 solvent (cyclopentanone) is evaporated from the deep layers 

of the spun SU-8 completely. Otherwise, there will be trapped gas deep inside the SU-8, whereas 
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the upper layers lose the solvent. As shown in Fig. 6.2, the trapped gas will cause mechanical 

tension in the inner layers of the SU-8, which results in wrinkles on the surface of the photoresist. 

These wrinkles disappear after rewarming the sample, but they will remain at the surface of the 

sample permanently after exposure if the solvent is not evaporated in the deep layers. 

 

Fig. 6. 2. Large wrinkles appear on the spun SU-8 surface due to solvent trapped in the inner 

layers of the coated SU-8. 

 

 To resolve this problem, all the solvent should be evaporated for the SU-8 during the soft 

bake procedure. This step must be done carefully to get rid of most of the solvent from the spun 

SU-8. In the suggested soft-bake procedure, to reduce the processing time and increase the quality 

of the photoresist, the pressure was gradually decreased while the temperature was rising. A study 

(Barhala et al., 2006) has shown that the evaporation temperature and pressure of cyclopentanone 

are relevant with the ratio 0.8. Using that result, the pressure was gradually decreased from almost 

9.3×104 Pa to 1.01×104 Pa, while the temperature was increased from 25 °C to 95 °C. The samples 

were kept in these conditions for 30 minutes. If the soft bake was paused in this situation and the 

samples were inspected, the solvent bubbles could be seen in inner layers of SU-8 like what is 

shown in Fig. 6.3.a. After half an hour, the samples’ weight decreased 1 gram, which implies that 
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1 gram of solvent was evaporated through the described procedure. At the end of the soft bake 

procedure, the coated SU-8 looked like what is shown in Fig. 6.3.b. 

 

              

(a)                                                                 (b) 

Fig. 6. 3. (a) Solvent bubbles trapped in thick spun SU-8 on a silicon wafer (b) Uniform thick 

layer of SU-8 spun on the unpolished side of a silicon wafer. 

 

6.2.2. Metal mask for plasma etching  

 In the next step, the soft-baked SU-8 was exposed to the ultraviolet (UV) light with the 

wavelength of 350 nm. Then, a layer of metal was sputtered on it that was patterned and used as a 

mask for plasma etching. Since the microneedle pillars were intended to be tall, a durable metal 

was needed that can tolerate the needed time required for the plasma etching. For this reason, two 

different metals were tried, Aluminum (Al) and Chrome (Cr), each with 45 nm thickness. During 

the experiments it was found that Cr resist was more than Al in the RIE plasma process, and the 

results of Cr mask are discussed in this chapter. The sputtered metal was lithographically patterned 

and then wet etched to form an array of circular Cr masks with 50 μm and 85 µm base diameter. 
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6.2.3. Plasma etching process  

 Different plasma etch recipes were investigated, with etching done in a Trion Phantom II 

ICP/RIE plasma etcher. The effect of changing 5 main parameters was explored. These parameters 

were etching pressure, plasma generator power (ICP), RF electric field (RIE), etching gas mixture 

of oxygen and SF6 gases. Successful etching of the MN requires an appropriate balance between 

lateral undercut of the etch mask (isotropic etch), and vertical etching downwards (anisotropic 

etch), so as to make the needed tapered profile of the MN. This is illustrated in Fig.6.3b. In order 

to understand the best recipe for fabricating the SU-8 microneedles, 44 experiments were run. Fig. 

6.3a shows one of the partially etched samples in which the mask was bombarded by the ions in 

plasma and its surface was roughened. We can also see some undercut of the chrome mask in this 

figure. 

 The 44 trials were run to study the relationships which control the lateral vs. vertical etch 

rate, which are needed to fabricate the tapered structure of the needle spike. The experiments are 

classified to 5 groups. In each group, one parameter was changed and the others were kept constant 

to investigate the effect of that particular parameter. Table 6.1 shows the base condition for all the 

sample groups. The results of the plasma etching were classified depending on the changed 

parameter and its influence on the etch rate. For example, if in an experiment the pressure was 

swept between from 20 - 100 mTorr, the other parameters were kept unchanged based on the 

principle values of Table 6.2. The results of the plasma etching are summarized in Table 6.3. In 

Table 6.3, the etch rates are separated into four categories: low etch rate (0.07-0.77 µm), mild etch 

rate (0.78-1.48 µm), moderate etch rate (1.49-2.19 µm) and the high etch rate (2.2-2.92 µm). 

 Amongst these experiments, 11 tries failed. In the failed efforts, either the metal mask peeled 

off or the sample was burned because of the high ICP power. In the cases where the mask was 
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peeled off, the speculated reasons were very high DC bias on the samples, or high SF6 gas 

concentration that resulted in lots of (chemical based) isotropic etching that undercuts the mask a 

significant distance and so ends up in the removal of the metal mask (Fig. 6.4). 

 

(a)    

 

(b) 

Fig. 6. 4. (a) Top view picture of the metal mask showing the visible undercut (the chrome metal 

has slight bending in the undercut region) during SU-8 plasma etching process. (b) Mask 

undercut (lateral view).   
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Table 6. 2. The initial value of the parameters 

Parameter Base value 

Pressure 50 mTorr 

ICP 250 Watt 

RIE 100 Watt 

% O2 / O2 + SF6 90% 

% SF6 / O2 + SF6 10% 

 

Table 6. 3.The variation of each parameter and the resulting etch rate (E.R.) 

Parameters Low E.R. Mild E.R. Moderate E.R. High E.R. 

Average of Pressure 

(mTorr) 
23  96  47  44  

O2 flow percentage in 

the mixture of  

O2 + SF6   

15-30 % 90-93 %  93-95 % 80-90%  

SF6 flow percentage in 

the mixture of  

O2 + SF6   

85-90 % 70-75 % 5-10 % 20-10% 

ICP (W) 204 258 306 307 

RIE (W) 50 152 206 104 

 

6.2.4. Metallization of the MN 

 In the next step of fabrication, would have been the metallization of the MNs. However, since 

successful needles were not fabricated of appropriate length, this process was not done. The 

alternate process of Chapter 7 was used instead.  
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6.3. Discussion and Conclusion  
 

 This study was an attempt to fabricate a microneedle array through plasma etching of SU-8. 

The fabrication steps of this study were reviewed in Fig. 6.1 and Table 6.1 respectively. From the 

values of Table 6.3, one can understand that reducing pressure, will decrease the etch rate of the 

SU-8. There is a relationship between the oxygen gas ions and the etch rate, as the SU-8 etch rate 

reduces as the number of oxygen molecules reduce. The gas mixture ratio (O2 / O2 + SF6) is an 

important factor in the anisotropic (formation of a more vertical slope angle) nature of the etc. This 

is also supporting the finding in (Bogdanov and Peredkov, 2000). High amounts of SF6 gas resulted 

in isotropic etching and subsequently pealing of the mask. However, reducing the SF6 gas will 

slow down the etching process. Therefore, a mixture of 80-90% oxygen and 20-10% SF6 was 

found to be a suitable choice for having an anisotropic etch in a suitable time period. 

 A high ICP power generates a stronger plasma that has more ions in it, which impact the SU-

8 and results in a high etch rate. On the other hand, the RIE which is connected to the substrate 

and by applying negative DC bias to it, helps the substrate to attract the positive oxygen ions and 

improves the anisotropy of etching process. However, high amounts of RIE causes high energy 

ions that strike the substrate, which can peel off the SU-8 from substrate and can even burn it. 

Therefore, one may conclude that an intermediate value of ICP and RIE will provide both a fast 

and more vertical etch. 

 After all the experiments, the deepest etch depth achieved was with the high etch rate process, 

and this depth could not go beyond 100 μm without resulting in damage (burning) of the sample. 

From this it was concluded that plasma etching of SU-8 could not be used to make HAR SU-8 

structures. However, structures with low aspect ratio (around 5) can be fabricated with this etching 
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technique. Since HAR was needed for the MN under investigation, this etching process was 

abandoned, and the molding process of Chapter 7 was developed. 
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7 
 

Molybdenum Coated SU-8 Microneedle 

Electrodes for Transcutaneous Electrical 

Nerve Stimulation 

 
Summary 

 

In this chapter, design and replication of the microneedle electrodes for applications such as 

peripheral nerve stimulation is discussed. Molybdenum was coated on microneedle which is a 

biocompatible metal; it was used for the conductive layer of the needle array. In order to evaluate 

the performance of the fabricated electrodes, they were compared with the conventional surface 

electrodes in somatosensory nerve conduction velocity experiment.  The recorded signals showed 

a much lower contact resistance and higher bandwidth in low frequencies for the fabricated 

microneedle electrodes compared to those of the conventional electrodes. These results indicate 

the electrode-tissue interface capacitance and charge transfer resistance have been increased in our 

designed electrodes, while the contact resistance decreased. These changes will lead to less 

harmful Faradaic current passing through the tissue during stimulation in different frequencies. 

Also, for more investigation, a 3-dimensional (3D) finite element simulation was run to analyze 

the performance of the surface electrodes and the microneedle array electrodes.  
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7.1. Introduction 
 

 Electrophysiological devices connect to the body using transcutaneous or subcutaneous 

electrodes. This chapter reports on the design, fabrication and evaluation of a micro-needle array 

for transcutaneous interface with peripheral nerves. Depending on the type of device, the 

electrodes may either convey a signal from the body to the device, or from the device to the body 

to stimulate local nerves in the body. 

 The electrodes are categorized based on their size into micro and macro-electrodes. If any 

part of an electrode structure is less than 10,000 µm2, the electrode is considered as a 

microelectrode (Cogan 2008). The shape of electrodes differs from one application to another, 

with common shapes being square and circular similar to the electrodes used in recording vital 

signals (Cogan 2008). In some cases, it is needed to penetrate the area of stimulation and contact 

an underlying region (Moses et al. 2007). Noteworthy, it has been shown that using conductive 

microneedle patches (MNPs) for physiological recordings increases the signal-noise-ratio (SNR) 

and obviates using any gel and surface preparation (Griss et al. 2002). 

 Different fabrication methods have been used to fabricate high aspect ratio (HAR) MNP 

structures. Many of these methods use micromachined and etched silicon as the main material of 

the needles, which are coated by biocompatible metals to make them conductive (L. Yu et al. 2009; 

P. Griss 2001 et al.; J.-C. Chiou 2006 et al.). However, microfabrication of silicon MNPs is not 

favorable for mass production due to its high cost. For low-cost electrodes a replication process 

would be more cost effective. 

 Polymers as the base material for MNPs have been explored recently, and different 

techniques have been proposed for fabricating HAR MNP structures (C. Liu 2007; M. Han et al. 
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2007). However, some of these techniques are not possible in many laboratories. For example, 

patterning and developing the photoresist polymers during HAR fabrication procedure is a 

complex process, and needs X-ray lithography which is not available in most fabrication 

laboratories. In the other investigations, researchers studied techniques like inclined rotational 

exposure of SU-8 (Y. K. Yoon et al. 2006). The inclined method is used to make the cone structure 

of each needle. Therefore, it confines the number of the electrodes that can be formed in a small 

area of a microneedle array and decreases the number of needles per unit. Moreover, in another 

investigation, the micro-lenses were designed on a glass substrate and it was tried to bend the 

exposed ultraviolet (UV) beam. That technique is not reliable in all the situations because it 

depends on the SU-8 optical parameter that may change during storage in the lab (J. H. Park et al. 

2007). Other fabrication methods, like photochemical milling of metal for microneedle fabrication, 

were suggested to fabricate cylindric needle arrays with small number of needles in a unit area (G. 

S. Guvanasen et al. 2016). In this study, the molding and replication method was used as it can be 

done rapidly, at a low cost and by simple laboratory equipment. Also, the pyramidal structure of 

the fabricated needles will prevent deep penetration and touching the pain nerves. 

 To make a mold there are several methods. One is to use polydimethylsiloxane (PDMS) 

using lithographic technique followed by polycarbonate being casted in the mold, hardened by 

cooling, and the soft PDMS mold being removed (H. Becker et al. 2000). In most of the molding 

techniques, the mold is built by a master template, and the main material is injected inside the 

mold. Another molding method is to use laser (Aoyagi et al. 2007). For applications in need of 

conducting MNPs, the structure should be coated by a metal (M. Matteucci et al. 2007; Cogan 

2008). The coated metal additionally enhances the mechanical strength of the HAR structure. For 
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example, K. Kim et al. (2004) fabricated hollow needle arrays for drug delivery. The needles were 

metallized to enhance their strength against insertion force.  

 Different metals or metal alloys have been explored for coating MNPs, such as stainless steel 

(SS), tungsten (W), platinum (Römgens et al.), platinum-iridium alloys (PtIr), iridium oxide (IrO), 

and titanium nitride (TiN) (A. Norlin et al. 2002; M. Schaldach et al. 1990; D. Zhou et al. 2003). 

Each of these materials has unique mechanical and electrical characteristics that can influence the 

stimulation parameters. For example, TiN has been explored for increasing the mechanical 

strength of the needles during penetration and enhancing the capacitance of the electrode-tissue 

interface (M. Schaldach et al. 1990; D. Zhou et al. 2003). Molybdenum (Mo) was proposed as a 

biocompatible metal for health care applications due to its low electrical resistance and robustness 

against corrosion (A. M. Ribeiro et al. 2016). Hence, Mo can be used as the surface material on 

top of TiN to reduce the electrical resistance and improve the stimulator electrodes capacitance 

effect. 

 The stimulation of underlying nerves is complicated by the impedance of the contact to the 

stratum corneum (SC). Studies have shown that the impedance of the SC drops for stimulation 

voltages above 30 V and the SC thickness varies in different parts of the body. (T. Keller et al. 

2008; Y. A. Chizmadzhev et al. 1998). This non-linear impedance relationship can complicate 

prediction of the stimulation current on underlying nerves. However, MNP electrodes can offer 

benefit as they pierce the SC and epidermal minimally. Thus, they provide stimulation below the 

SC, thereby bypassing the contact impedance of the SC. This would provide the benefit of 

reduction in voltages; thus, it facilitates the design of an efficient low-power wearable peripheral 

nerve stimulator. Apart from the electrode tissue interface (ETI) resistance reduction, the ETI 

capacitance is another important parameter that should be taken into account for electrode design 
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(D. R. Merrill et al. 2005). A higher capacitance would reduce harmful Faradaic currents. As it is 

shown in Fig. 7.1.a, there two different charge injection from an electrode to a tissue:  Capacitive 

and Faradaic. The Faradaic current can be either reversible or irreversible. The irreversible 

Faradaic currents are considered as the harmful current that ends up with net charge transfer and 

tissue pH change (D. R. Merrill et al. 2005). Different types of current in ETI are modeled like 

Fig. 7.1.b.  

 

Fig. 7.1. (a) Electrode-Tissue-interface (ETI) ion diagram (b) equivalent electrical circuit of the 

ion diagram (D. R. Merrill et al. 2005). [Used with permission] 

  

 In this study, minimally piercing MNP electrodes with high ETI capacitance were fabricated 

to provide stimulation below SC. To reduce the fabrication cost, a replication technique was used 

to fabricate low cost MNPs components. MNPs with different lengths were fabricated from SU-8 

and sputtered coated with TiN/Mo. Their effect on the current passed through the median nerve 

was measured and analyzed at different frequencies during a nerve conduction velocity (NVC) 

experiment. The frequency response of the fabricated microneedle arrays were compared with 
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conventional electrodes that are common for clinical somatosensory NCV examinations. Also, a 

3-dimensional finite element modelling (FEM) of the current density at different depths of the 

tissue, heat dissipation and the directivity of the electrical field inside the tissue, were simulated 

using COMSOL® Multiphysics software. The FEM simulation was done for both conventional 

and micro-needle electrodes, and results were compared. 

 

7.2. Fabrication process and Evaluations   
 

 In this study, the conductive MNPs with 410 µm lengths were fabricated. The MNPs with 

this length are tall enough to penetrate SC and reach the dermis layers underneath, which has lower 

electrical resistance. Since the needles are pyramidal, more penetration force will cause more 

penetration resistance from the skin. Therefore, the needles will penetrate a bit more than SC 

thickness. However, the depth of needles’ penetration may not be consistent and depends on the 

individual’s skin properties. In this section, the replication procedure of the MNP structure is 

described, followed by the NCV experiment and FEM simulation to evaluate the fabricated MNPs 

in comparison to the conventional electrodes. 

 

7.2.1. MNP fabrication process  

 The fabrication of MNPs was done using a molding replication process.  A MNP template, 

made of polycarbonate (H. Becker et al. 2000), was used to create the mold. Fig. 7.2, demonstrates 

the dimensions of the mold master that has been replicated. These dimensions are same as the final 

MNP design dimensions that has been examined in this study. As it is shown in Fig.1, the replicated 

MNPs has 100 pyramidal needles. Each needle has a 350×350 µm square base and almost 30 µm 
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radius sharpened tip. Also, the needles side-by-side pitch is 200µm. Overall, the fabricated MNPs 

is 8×8mm. 

 

Fig. 7.2. Dimensions of the mold master and the final design of the fabricated MNPs (The total 

area of the mold template was estimated around 23 mm2). 

 

 As shown in Fig. 7.3, the MNP template was first mounted on the bottom of a petri dish. 

Next, the petri dish was filled by PDMS (Fig. 7.3.a and Fig. 7.4a).  After 10 minutes degassing at 

room temperature, the petri dish was heated up in 85 ̊C for 30 minutes. Once the PDMS became 

solid, the polycarbonate MNP template was easily peeled off, and the PDMS mold was ready (Fig. 

7.3.b and Fig. 7.4.b).  

 The PDMS mold was then used to cast the SU-8 MNP structure. SU-8 2025 from 

Microchem® was diluted by SU-8 thinner solution with 1:1 ratio and used. Also, the 

biocompatibility of SU-8 was proved in a former study (K. V. Nemani et al. 2013). Therefore, any 

straight contact of SU-8 to the tissue is not biologically hazardous. After filling the PDMS mold 

with SU-8, it was heated up in a vacuum oven, where the pressure was decreased to 100 Torr for 

45 minutes. 
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(a)                                                (b)  

 

Fig. 7.3. (a) Mold fabrication schematic before heat curing. (b) PDMS mold fabricated by the 

polycarbonate template after heat curing. 

 

 

Fig.7.4. Fabrication process steps 

 

 The simultaneous pressure reduction and heating up to 95 ̊C increases the rate of evaporation 

of the SU-8’s solvent during this soft-bake procedure; it also strengthens the cross-linking between 

SU-8 epoxy groups in next steps (T. A. Anhoj et al. 2006). Following this stage, both sides of the 

SU-8 filled mold were exposed to ultraviolet (UV) light of 350 nm wavelength for 20 seconds 

(Fig. 3.c). Then, a hard-bake step was done. This is the most important procedure in the hardening 

of the SU-8, and is where the SU-8 is cross-linked (M. B. Chan-Park 2004; C. Y. Jin et al. 2009). 
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 The mold and SU-8 were baked for 30 minutes at 95 ̊C. The PDMS has been reported that it 

could be used as a sacrificial layer for SU-8 (J. N. Patel et al. 2008). Likewise, in this study it was 

found that with a successful hard-bake process, the PDMS could be peeled-off the SU-8. However, 

it is important to note that if the hard-bake is not completed properly, the cross-linking of SU-8 in 

the narrow part of the structure, like the needle tips, is not sufficient. In such situation, both the 

structure and the mold will be destroyed during peel-off. In contrast, if the SU-8 cross-links are 

formed properly, the structure can be peeled-off with a small mechanical force without damaging 

the needle tips. 

 In the next fabrication step, a thin layer of copper (Cu) (<1µm) was sputtered on the back 

side of the SU-8 based MNP (Fig.4.d). As shown in Fig. 5, this was done to facilitate either binding 

wire with conductive epoxy or soldering the MNP directly to the stimulator circuit. Since the 

sputtered Cu is on the small area of the SU-8, its adhesion is high enough to connect the wire to 

the MNP (W. Dai et al. 2005). Moreover, the area where the wire is soldered (or glued by a 

conductive epoxy) to the MNP was already covered by solder. Therefore, it is not exposed to the 

air to be oxidized and change the electrical impedance of the connection. 

 

 

Fig. 7.5. Wire connection to the back side of the fabricated MNP 
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 The surface of the needles was coated by a thin film of Ti/TiN by reactive sputtering using 

Argon (Ar) and Nitrogen (N) flowing at 40 sccm and 20 sccm, respectively, and at 7.6 mTorr 

working pressure. At the beginning of the sputtering process, a thin layer of Ti was deposited on 

the sample for about 2 minutes as an adhesion layer for TiN; then the nitrogen was applied to the 

sputtering chamber with the mentioned flow rate. Sputtering was done at the DC power of 150 W 

and for 16 minutes (A. Norlin et al. 2002; M. Schaldach et al. 1990). Since the thermal conductivity 

of the SU-8 substrate is not high enough to dissipate heat, a sputtering and cool down procedure 

was used with 2 minutes sputtering, followed by 2 minutes cool down (Fig. 7.4e). The average 

thickness of the sputtered Ti/TiN was around 300 nm. The Sputtered TiN will increase the 

mechanical strength of the structure.   After this stage, the needles were then sputter coated with 

Mo using DC power of 150 W at 4.1 mTorr working pressure (Fig. 7.4f). The thickness of the 

sputtered Mo with the mentioned sputtering configuration was around 600 nm and overall 

thickness of the deposited metals was less than 1 µm. The Mo has higher electrical conductivity 

than TiN and it was chosen as the finishing surface of the MNPs. The scanning electron microscope 

(SEM) images of the fabricated MNPs are shown in Fig. 7.6. In these images, the adhesion and 

the side wall coverage of the sputtered metals on the needles are noticeable. Particularly in            

Fig. 7.6c it is shown that the sputtered metals adhered to the needles and the side walls of the 

needles are fairly covered. 

 Furthermore, the adhesion of the sputtered metals was examined three times based on 

“Scotch tape peel off test” qualitatively and the deposited layers were perfectly adhered to the    

SU-8 substrate (K. L. Mittal 1976). Also, in the former studies, it was shown that the Ti can be 

used as a proper adhesion layer for the other metals (W. Dai et al. 2005). The findings of this study 
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are confirming that the deposited metal can be tightly adhered even on the side walls of the needles 

after usage as shown in Fig. 7.6a-c. 

 

     

(a)          (b) 

 

(c) 

 

Fig. 7.6.  (a) SEM images of two rows of fabricated MNPs. (b) Top view of two successive needles 

in a row. (c) Top view of a single needle. (Note: the black spots in the images are the impurities 

remained after alcohol wash; because the images were taken to inspect the mechanical strength of 

the needles after test)  
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7.3. MNPs Performance Evaluation 
 

7.3.1. Nerve Conduction Velocity (NCV) experiment and MNPs characterization  

 The NCV is the most practical in-vivo examination that could be setup noninvasively to 

study the peripheral nerve conductivity. In an NCV experiment, the nerve stimulation current 

amplitude is gradually increased till the supramaximal voltage is reached.  Hence, to evaluate the 

performance of the fabricated MNPs and estimate their different parameters, the sensory median 

conduction velocity examination was performed with VikingQuest® Electromyogram (EMG) 

machine by a neurologist. Two electrodes were connected to the amplifier and another two of them 

were connected to the stimulator (Fig. 7.7a). During the experiment, the stimulator electrodes, 

which was conventional metallic electrodes, were the same for testing both fabricated MNPs and 

carbon/AgCl gel (Fig. 7.6b) electrodes.  

                     

(a)                                          (b) 

 

Fig. 7.7. (a) The stimulator and electrode placement in the NCV test. (b) The conventional 

electrodes used for stimulation clinically. The effective area of the conventional electrode is 

16mm×23mm=368 mm2. 

 

 The stimulation signal was a square step pulse with 0.1 ms duration and in the range of 0 to 

50 mA. During the test, the amplitude of the stimulation current was increased gradually to reach 
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the supramaximal stimulation current (a high enough strength stimulating signal) to activate all 

the nerve or muscle fibers in contact with the electrode (V. Parker et al. 2016). The recorder 

amplifier was filtered by a band-pass filter in the range of 20 Hz to 2 KHz. The test was repeated 

three times for each electrode type in the same condition to ensure reproducibility of the results; 

the variation of the results was found to be negligible. 

 

7.3.2. 3-Dimension Finite Element Model (FEM) Simulation 

 In order to realize the role of the needles on the electrodes and compare the performance of the 

roughened surface electrodes to that of the electrodes without needles, a simple 3-D model was developed 

in FEM Multiphysics software, COMSOL® v5.2. With this model, the parameters like current density in 

different depths of a tissue, maximum heat loss and field directivity of the electrodes with and without 

needle spikes were analyzed. The skin tissue in this model had 4 layers, and the properties of each layer 

were adopted from (A. Kuhn et al. 2008; T. Maeda et al.) (Fig. 7.8).  

 

Fig. 7.8. The developed 3D model for FEM analysis 

 

 In the developed 3D model, the “electrical physics” were chosen to analyze the model in the 

frequency domain from 10 Hz to 1 kHz. Also, the stimulation amplitude was swept from 10 to 40 

http://ajpgi.physiology.org/content/253/4/G517.short
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V. In the first simulation scenario, the MNPs were placed on the surface of the tissue model, while 

in the second simulation setting, the electrodes resembled to the fabricated MNPs but without any 

needle spikes. Since the frequency did not play a critical role in the desired parameters, the results 

are presented in the maximum analyzed frequency. Unlike the frequency, the simulation voltage 

was correlated with the resultant signal’s amplitude. Thus, the results of maximum input, 40 V, 

were presented.  

 

7.4. Results    
 

7.4.1. Nerve Conduction Velocity experiment  

 The experiments of the conventional electrodes and the fabricated MNP were performed on 

the same hand. If the characteristic of the limb tissue was consistent during the experiment, 

investigating the order of the test was not considered in this experiment. However, a short 

relaxation time (around 10 minutes) was applied between testing each electrode. Fig. 7.9 shows 

the time response of both conventional electrode and the fabricated MNPs. They were found 

similar although the size of the conventional electrode was more than that of the MNPs. Moreover, 

the supramaximal current of the fabricated MNPs was almost half of that of the conventional 

electrode’s one. Noteworthy is that supramaximal current is the stimulating current applied to the 

nerve incrementally to reach an almost constant voltage during the test. The plateau voltage (which 

is called supramaximal voltage) in Fig. 7.9 occurred in almost same voltage for both electrodes. 

However, the current that cause supramaximal voltage in the fabricated MNPs was almost twice 

of that for the conventional electrodes; this indicates the fabricated electrodes’ resistance is almost 

half of the resistance of the conventional electrodes.  
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 In order to interpret the result of the in-vivo NCV test, the electrical model of ETI, suggested 

by (Sawan et al. 2008; McAdams et al. 1991), was used. In that model (Fig. 7.9), the tissue is 

modeled by charge-transfer resistance (RCT) and a double layer capacitor (Cdl). The estimation of 

complex impedance Cdl between the electrode and tissue was addressed in the former studies 

(Beckmann et al. 2010, Oh et al. 2008). In this study, the cut-off frequency of the recorded NCV 

signal was used to estimate Cdl (Fig. 7.10). 

 

 

Fig. 7.9. A comparison between the time response and latency of the conventional electrodes and 

the fabricated MNPs 

 

 Besides the RCT and Cdl, like all other materials, biological tissues have a real resistance 

against the electrical current that is presented by RTOTAL in the ETI model. Moreover, the polarity 

characteristics of the nerve is modeled by Erev (Bard et al. 2001). For simplicity, it was assumed 

that the nerve below the skin corresponds to a simple linear resistor (Rel) (McAdams et al. 1991). 
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Fig.7.10. Electrical model of ETI in TENS (D. R. Merrill et al. 2005) 

 

 In order to compare the performance of the fabricated MNPs in different frequencies and 

estimate the parameters of the ETI model, the response of the nerve was analyzed in the frequency 

domain.  For this purpose, the recorded voltage from the electrodes was converted to frequency 

domain and its magnitude Bode diagram was plotted. Fig. 7.11 shows the differences between the 

impedance of the fabricated MNPs and the conventional surface electrodes. In regard to the 

circuitry model of the ETI, at zero frequency (dc currents) the voltage would be across the two 

RCT and Rel. In contrast, in high frequencies, it is assumed that the Cdl is short circuit and the 

voltage would be across the two RTOTAL and Rel.   
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Fig. 7.1. Bode plot of the Nerve Voltage Response 

 

 If it is assumed that the resistance of the nerve (Rel) is negligible, then the voltage response 

of the nerve to the step current is presented by equation (1) (McAdams 2011) 

𝑉(𝑡) = 𝐼𝑑𝑐𝑅𝑇𝑂𝑇𝐴𝐿 + 𝐼𝑑𝑐𝑅𝐶𝑇(1 − 𝑒
−𝑡

𝑅𝐶𝑇𝐶𝑑𝑙)      (1)  

 

 In Equation (1), when t → 0, it is corresponding to the high-frequency part of the Bode plot 

in Fig. 7.11. On the other hand, as t→ + ∞, it is corresponding to low-frequency part of the Bode 

plot. Using Equation (1) and data presented in Figs. 7.9 and 7.11, different parameters of the model 

(Fig. 7.10) were calculated; they are presented in Table 7.1.  Note that the value of the Cdl was 
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calculated in the cuff-off frequency of the electrodes, where the amplitude of the voltage decreased 

3dB compared to the initial magnitude.   

 

Table 7. 1. Calculated parameter for the ETI model in conventional and fabricated MNPs 

Parameters Conventional Electrodes 

Fabricated 

MNPs 

RTOTAL 

(kΩ/m2) 

190.2 

 

64.3 

RCT 

(kΩ/m2) 

18.2 143.7 

Cdl (µF/ mm2) 700 3200 

E (µV) 40.4 42.2 

 

 Furthermore, the electrical impedance spectrum (EIS) of the fabricated MNPs were 

compared with the surface electrodes in Fig. 7.12 for three different test the same subject. In Fig. 

7.12, it is shown that the impedance of the conventional electrodes is higher than the fabricated 

needles particularly in the low frequencies. However, in the high frequencies the resistance of the 

fabricated MNPS is higher that matches the results of Table 7.1. 
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(a) 

 
(b) 

Fig. 7.2. The electrical impedance spectrum of (a) the conventional surface electrodes                  

(b) the fabricated MNPs  
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7.4.2. Simulation Results 

 The electrodes’ heat dissipation is important, particularly for the long-term stimulations. If 

the area underneath the electrode is exposed to high heat for a long period of time, it may burn and 

damage the tissue. Aforementioned, in this study the simulation was used to analyze and compare 

the current density, the maximum heat dissipation of the electrodes with and without needle spikes 

and the directivity of the electrical field within the tissue. It was assumed that the simulated 

electrodes have the same base area. However, in two different scenarios, the fabricated MNPs and 

smooth surface electrodes were used as the working and counter electrodes separately. The models 

with fabricated MNPs and smooth surface were solved for 580,112 and 98,184 elements, 

respectively. Fig. 7.13 shows that the maximum heat dissipation underneath (in the depth of 

~400μm from the top of the skin model) of the two electrode types. The heat dissipation in the 

spiked electrodes occurred on tip of the needles, while the power was dissipated in the large middle 

area of the smooth electrode. 

 In the next step of the simulation, the current density underneath of the MNPs and smooth 

surface electrodes were compared. The graph in Fig. 7.14, depicts that the maximum current 

density of the fabricated MNPs in 40 V amplitude and 1 KHz stimulation is remarkably higher 

than that of the smooth surface electrodes. Although there might be concerns about the nerve 

damage because of the high charge delivery around the nerve, the former studies showed that in 

the microelectrodes, short time pulses would be safe for the tissue (Merrill et al. 2005). 

Furthermore, the directivity of the electrical field within the tissue is one of the important factors 

that analyzed in the simulation. It was found that the fabricated MNPs caused more directive 

electrical field towards the nerve within the tissue in comparison to the smooth surface electrodes. 

In Fig. 7.15, the lines show the electrical field between the working and counter electrodes.  
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          (a)                                            (b)  

 

Fig. 7.3. (a) Maximum planar heat dissipation of working electrodes; input: 40 V and 1 kHz in 

fabricated MNPs model (max: 3.8 J/mm2 on some spots). (b) Smooth surface electrode (max: 3.2 

J/mm2 on the major part of the surface). 

 

 
                          (a)                                                   (b) 

 

Fig. 7.4. (a) Current density of the fabricated MNPs. (b) Current density of the electrodes 

without needle spikes on the surface. 
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(a)                                                          (b) 

 

Fig. 7.5. Field spatial distribution inside between (a) two MNPs and (b) Smooth surface 

electrodes  

 

 7.5. Discussion  
 

 In this study, a new MNPs sample was developed and examined by NCV experiment (base 

on 2 stimulation electrodes and 2 recording electrodes) for nerve stimulation applications. Also, 

the characteristics of the electrical field within the tissue was analyzed by a 3D FEM simulation. 

The main material of the fabricated MNPs was SU-8, and it was coated by Ti/TiN and Mo. The 

Ti/TiN layer was used to increase the mechanical strength of the needles and plays as adhesion 

layer. However, in other applications than nerve stimulation, it might be replaced by iridium oxide 

(IrO) or any other similar material that has almost same mechanical characteristics. The top layer 

was chosen from Mo, which has been extensively studied. Mo has a lower cost and is more reliable 

than other regular metal like tungsten (Merrill et al. 2005; Ribeiro et al. 2016). 

 In comparison to conventional electrodes, the roughness of MNPs surface was higher 

because of the shape of electrode; this causes remarkable increases in the capacitance of electrodes 

as each needle forms a capacitor; as these capacitors are all in parallel to each other, the resultant 
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overall capacitance of the MNP would be much higher than that of conventional electrodes. To 

study these characteristics, the NCV test was run. As seen in Fig. 7.9, the MNPs time response 

resembles to that of the conventional carbon/AgCl gel electrodes. In contrast, the MNPs frequency 

response showed to have a much wider bandwidth in the lower frequencies and lower contact 

resistance (leading to lower dc gain) compared to that of the conventional electrodes (Fig. 7.11). 

The calculated values shown in Table 7.1, indicates that the fabricated MNPs increased the ETI 

capacitance more than 4 times and decreased the contact resistance down to almost 3 times. 

Simultaneously, the charge transfer resistance (RCT) was increased remarkably; it is an advantage 

particularly in TENS stimulation (E.McAdams et al. 2011). Overall, the measured and calculated 

parameters from the in-vivo test showed that the Cdl and RCT were increased and the RTOTAL 

decreased simultaneously. Therefore, the suggested MNPs passed less faradaic current compared 

to the regular electrodes. Thus, MNPs would be less harmful for the long-term applications. 

 Moreover, the electrical EIS graph (Fig. 7.12) shows that in the lower frequencies, where the 

double layer capacitor is being charged through RTOTAL, the resistance of the fabricated MNPs is 

lower than the conventional electrodes. This is also demonstrated in the values of the Table 1 

where the RTOTAL in the fabricated MNPs is less than the conventional electrodes. In the high 

frequencies, the impedance of the fabricated MNPs is more than the conventional electrodes. It 

means that the MNPs eliminate the harmful Faradaic current more than the conventional electrodes 

by charging the Cdl. Also, the EIS graph in Fig. 7.12 was measure from the opposite hand where 

the NCV test was performed and proved the reproducibility of the test experiments. 

 The result of the heat dissipation shows that the overall dissipated heat underneath of a 

fabricated MNP electrode is slightly more than that of the surface electrodes. The simulated 

average volumetric density of the energy in the maximum input (40 V at 1 KHz) in a fabricated 
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MNP (~ 2.66×10-8 J/mm3) was slightly higher than that of the smooth regular stimulation 

electrode (~ 8.28×10-9 J/mm3); this was observed more in the needle spikes, which are located on 

the edges of the electrode. Although there is more heat dissipation at the tip of the needles in the 

MNPs, long-term stimulation through the MNPs with maximum input will not be hazardous for 

the tissue because the needles are periodically spaced on the surface; that helps the dissipated 

energy to distribute on the surface evenly. In contrast, using long-term the regular high impedance 

carbon/gel stimulator pads may result in serious injury of the skin surface (DeMonte et al. 2005). 

Moreover, in the real experiments, the pyramidal shape of the needles does not allow the needles 

to penetrate through the skin completely. Thus, the heat dissipation on the skin will be less. Also, 

in case of any damage on the surface of the fabricated MNPs, like breaking of the Mo or TiN, 

because of the short stimulation pulse, the skin will not be affected thermally. The 3D simulation 

revealed that the MNPs delivered higher current density in comparison to that of the similar 

electrodes without spikes. As shown Fig. 7.14, the current density of the smooth surface electrode 

was attenuated considerably in lower depth in comparison to that in the MNPs. Moreover, the 

simulation results show that the current density in the deep layer of the tissue mostly depends on 

the amplitude of the stimulation voltage rather than its frequency. However, the current density on 

the skin surface, particularly SC, is fairly correlated with the frequency. 

 Lastly, the directivity of a stimulator electrodes is quite important. Fig. 7.15 demonstrates 

the differences between the electrical field of the fabricated MNPs and the one without spike. 

Clearly, the generated field by the MNP is quite directive towards the nerve, which is intended to 

be excited. In contrast, the regular smooth surface electrode generated a wide electrical field on 

the SC that has lower resistance than fat layer; therefore, the electrical field within the tissue passed 
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mostly through the SC. The may lead to an increase in the SC temperature, and burn it in long-

term applications. 

 Overall, one may conclude that compared to conventional electrodes such as smooth surface 

carbon/AgCl gel or metallic/AgCl gel electrodes, the developed MNPs results in power 

consumption reduction, low Faradaic current rate, less tissue damage hazardous and more 

directivity toward the target nerve. Furthermore, in this study, Mo was used for coating electrodes, 

which can be considered as a new step toward using Mo in health care applications. 

 

7.5. Conclusion  
 

 In this study, double-layer (Ti/TiN/Mo) painless (which do not touch the pain nerve in the 

skin dermis) microneedle electrodes were fabricated for electrical peripheral nerve stimulation. In 

terms of fabrication, it was shown that polycarbonate can be used as a master for PDMS molding 

process instead of silicon, and it can be detached from the cured PDMS readily.  Also, it was 

successfully demonstrated that the fabricated electrodes increased the capacitance and the charge 

transfer resistance of ETI; that substantially reduces the harmful Faradaic current passing through 

the tissue. By developing a 3D tissue model and FEM simulation, it was shown that the fabricated 

electrodes had better performance and current density delivery in different layers and electrical 

field directivity toward the target nerve than the conventional surface electrodes.  However, 

clinical long-term experiments are required to characterize the performance of the fabricated 

electrodes practically. 
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8 

Structural and Performance Comparison 

between SU-8 Microfabricated and 3D-

Printed Microneedle Electrodes 

 
 

Summary 

 

3-dimensional (3D) printing technology is one of the most popular technologies these days. There 

are tons of application of 3D printing in medicine. Relatively fast, easy design and reliable output 

are the most important features of the 3D printing technology. In this chapter, the 3D-printed 

microneedle arrays are compared with the microfabricated one to show their structural difference 

based on their scanning electron microscopy (SEM) images. Also, the performance of the two 

different types of the microneedles was investigated both in time domain and frequency domain. 

Results showed that the 3D printed microneedles can have higher gain than the microfabricated 

ones in the high frequencies. Also, SEM image comparison showed significant differences 

between the outputs of the 3D printed microneedles compare to the microfabricated ones and the 

primary design.  
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8.1. Introduction 
 

 3-dimensional (3D) printing technology is one of the pioneer technologies in medicine. From 

artificial organs to alive tissues have been printed with 3D printing technologies since mid-1990s 

(Michalski and Ross, 2014). Regardless of the type of 3D printer, almost all of them are common 

in the method that converts a 3D drawing to a physical prototype which is based on the layer by 

layer additive manufacturing technology (Standard, 2013). All of them convert the geometry of a 

drawing to Standard Tessellation Language (STL) file and a geometry file (called G-code) and 

transfer the G-code to the 3D printer machine (Brown and de Beer, 2013). However, the precision 

of the exported file in each of the mentioned conversion steps depends on the type of the 3D printer 

and its capabilities. Therefore, most of the 3D printer manufacturers provide a convertor with their 

machines. There are 5 different types of 3D printer technologies and almost all of them have been 

used for medical purposes to print artificial organs (Rybicki and Grant, 2017). These technologies 

are summarized in Fig. 8.1 diagram. Among all these technologies, stereolithography (SLA), is 

one the most accurate and high resolution technology that is progressed significantly in the recent 

years (Wang et al., 2017b). Also, preparing biocompatible light-cure resin materials, for SLA 

printers is more feasible compare to the other types of the 3D printing technologies (Chia and Wu, 

2015). 
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Fig. 8.1. 3D printing technologies 

 

 Digital light processing (DLP) and SLA work based on photopolymerization method but 

there are some differences between them. In DLP printers, the resin is exposed to the pattern of 

each layer at once using an array of micromirrors that selectively reflect the light beams onto the 

resin. In contrast, in the SLA printers, the pattern of each layer is drawn by only one scanning 

micromirror that reflect a laser beam onto one point of the resin at each step (Groth et al., 2014). 

The main difference between the SLA and DLP technologies is the exposure time. Different types 

of resins vary in the exposure time that is required for photopolymerization. The importance of the 

exposure time becomes noticeable in the quality difference between the SLA and DLP 3D-printed 
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samples that posses specific features. However, generally, the printing time in DLP is shorter than 

SLA. 

 Several articles have been published on the effect of using different materials or employing 

various 3D printing techniques on a 3D-printed medical device or body organ (Au et al., 2015, 

Mannoor et al., 2013, Ho et al., 2015, Mironov et al., 2003). However, not many researches can 

be found that compare a micromedical device that is fabricated by microfabrication techniques 

with the same micromedical device that is printed by a 3D printer. 

 Microneedle Arrays (MNA) are one of the micromedical devices that have several 

applications including biopotential recording and drug delivery (Forvi et al., 2012, Yu et al., 2009, 

Prausnitz, 2004, Lee et al., 2008). By advancing polymer technology, most of the microfabrication 

procedures were modified to enable fabricating structures in the scale of micrometers, by forming 

photopolymers like SU-8. For example (Stavrinidis et al., 2016) reported MNAs that were made 

of SU-8 for recording electroencephalogram (EEG). In other studies (Pere et al., 2018, Luzuriaga 

et al., 2018) reported water solvable 3D printed MNAs that were developed for drug delivery 

purposes. However, these studies do not include the comparison between the microfabricated 

MNAs with the 3D printed version of the device. 

 Fabrication challenges caused most of the studies about the 3D printed MNAs, investigated 

on the drug delivery application rather than using MANs as dry electrodes for biopotential 

recording or electrical stimulation. Making MNAs conductive with a biocompatible and low 

resistance metal (or alloy) for biopotential recording application is one of the major challenges in 

fabricating (or printing) conductive MNAs from the polymers. In this study 8 × 8 mm2 MNAs 

(with 100 microneedles) was printed using a SLA printer. Then, it was coated with Molybdenum 

(Mo) to make it conductive using a direct current (DC) magnetron sputtering method. The structure 
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and the performance of the 3D printed MNA were compared with the replicated ones made from 

SU-8 in different experiments. Results showed that the structure of the replicated MNAs is 

significantly different from the 3D printed one with an identical geometry. The structural 

differences were observed in the sidewalls, edges and the microneedle tips. Also, in the method 

and material section, the type of 3D printing resin and its properties were compared with SU-8. 

Furthermore, the advantages and limitations of 3D printing MNAs were discussed and compared 

with the microfabricated ones in the discussion section. 

 

8.2. Methods and Materials     
 

 In this section, first the 3D printing procedure for MNA is described and its properties are 

described. Afterwards, the resin that was used for 3D printing the MNA is compared with SU-8 

which is a well-known photoresist in microfabrication processes. Then, in the second part of this 

section, the impedance characteristics and final structure of the 3D printed MNA are compared. 

 

8.2.1. 3D printed MNA Material  

 In this study, 3D printer model Form II from Formlabs Company was used to print the MNA. 

The MNA was printed out of Clear V4 ® resin (FLGPCL04) whose properties are tested in (Zguris, 

2016). Clear resin V4 is an acrylonitrile-butadiene-styrene (FormLabs) material that has been used 

in the other studies for 3D printing precise geometries (Chen et al., 2018, Etheredge et al., 2018). 

Regardless of 3D printer technology, the solidification process of the 3D printing materials plays 

a key role in the quality of the printed structure (Maniruzzaman, 2019). In the SLA printer resins, 

chemical solidification happens. Chemical solidification is a set of the chemical reactions inside 
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the resin that causes the phase change of the resins from liquid to solid state. The transition time 

from liquid to solid state is a determinant factor in the quality of a feature in a structure when it is 

printed with a polymer like Clear resin V4. For instance, if the material state transition happens 

slowly in photopolymer, a fine feature like the sharp edges cannot be formed and they collapse 

consequently. A fast solidification can result in a high-quality printed sample, however, it may 

weaken the adhesion of the sample to the printing substrate. Clear resin V4 is an amorphous 

polymer. Hence, it has a reasonable transition time from liquid state to solid one (Piorkowska and 

Rutledge, 2013). 

 Besides the material state transition time, the mechanical properties of a photopolymer (3D 

printer resin) play important roles on the mechanical strength of the printed structure. A weak 

mechanical structure cannot pierce the skin or it may break inside the tissue. The mechanical 

properties of Clear resin V4 are shown in Table 8.1. The values in Table 8.1 are for the post cured 

samples in 405 nm wavelength in 60º C for 60 minutes. 

 

Table 8. 1. Mechanical properties of Clear Resin V4 (FormLabs). 

Property Name  Value  

Tensile Modulus  2.8 GPa  

Ultimate Tensile Strength 65 MPa 

Flexural Modulus 2.2 GPa 

 

 These parameters are compared with the mechanical properties of SU-8, which is used for 

microfabricated microneedles, in section 8.2.4.  
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8.2.2. 3D printed microneedle geometry  

 The 1010 array of needles was printed on an 8 mm  8mm substrate. The length of the 

3D printed needles is 450 µm. Each microneedle spike is 30×30 µm2 at tip and 450×450 µm2 at 

base. The walls of each microneedle spike are extended from the base to the tip with the angle of 

26º. Fig. 8.2, shows the geometry of an array of 3D printed microneedles that contains 100 

microneedle.  

 

 

Fig. 8.2. The geometry of the 3D printed microneedles (all the dimensions are in mm) 

 

8.2.3. 3D printed microneedle array Metallization  

 After printing, the samples were washed with isopropanol alcohol for 10 minutes and cured 

with ultraviolet (UV) light (wavelength ~305 nm) for 5 minutes. The printed microneedles were 

metalized using sputtering technique. The microneedles were first coated with a 250 nm layer of 

Titanium Nitride (TiN) to increase the mechanical strength of the microneedle spikes. The 

metallization process was followed by depositing a layer of 300 nm-thick Molybdenum (Mo) on 

top of the Ti layer to increase the electrical conductivity. Then, the sample was flipped over and a 
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layer of copper with 200 nm thickness was deposited on the backside of the microneedles substrate 

(Panescu et al.) to facilitate the wire connection on the back side of the printed MNA.  

 In the sputtering process, the samples were placed in the sputtering machine chamber and 

the chamber pressure was decreased down to 3.2 ×10-6. In order to increase the mechanical strength 

of the microneedle spikes, an alloy of Ti and Nitrogen (N) was coated on the needles in a situation 

that the flow of Argon (Ar) and N were selected on 60 sccm and 20 sccm (working pressure 9.2 

mT) and 150 W DC power. After sputtering TiN for 15 minutes with the described setting, the 

average thickness of the TiN was measured around 250 nm. The Mo was sputtered in the next step 

to increase the conductivity of the microneedles. After 30 minutes sputtering of Mo with 200 W 

DC power and Ar flow 78 sccm (while the working pressure was 8.3 mT), 300 nm of the metal 

was coated on the samples. Also, to avoid any thermal defect, all the described metal sputtering 

process was done with the periods of 10 minute sputtering and 5 minutes cool down.  

 

8.2.4. SU-8 Microneedle Electrodes Replication and Metallization  

 The methods of replication and metalizing of the SU-8 microneedle electrodes were adapted 

from our former study (Soltanzadeh et al., 2018). In summary, an MNA template was used to build 

the mold of MNA from polydimethylsiloxane (PDMS). In the next step, the mold was filled by 

SU-8 and after proper cure procedures, the MNA was replicated. The SU-8 that was used in this 

study was from 2000 family. The geometry of the replicated microneedles is same as what is shown 

in Fig. 8.2. Also, Table 8.2, shows the mechanical properties of SU-8.  
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Table 8.2. Mechanical properties of SU-8(MicroChem) 

Property Name  Value  

Tensile Modulus  2.0 GPa  

Ultimate Tensile Strength 60 MPa 

 

 A comparison between Tables 8.1 and 8.2 shows that the mechanical strength of the Clear 

resin is slightly more than the SU-8. However, by increasing the post exposure bake (PEB) time, 

the mechanical strength of the SU-8 will increase more than the typical values in Table 8.2. 

 

8.2.5. Structural Comparison between the Replicated and 3D printed Microneedle Arrays  

 Scanning electron microscopy (SEM) images of both microfabricated and 3D printed 

microneedles were investigated. Energy Dispersive Spectroscopy (EDS) test was run on both of 

the MNAs, to ensure that the major coated material on top of the samples was Mo. 

 

8.2.6. Impedance Characteristics of the Microfabricated and 3D printed Microneedle 

Arrays  

 In order to compare the functionality of the 3D printed MNAs with the microfabricated ones, 

their impedance characteristics were measured in the frequency range of 20 Hz to 200 KHz. Fig. 

8.3 shows the location of the MNA electrodes for impedance spectroscopy. Two identical MNAs 

were placed on the forearm and the impedance spectroscopy was performed between them. The 

test was run while the electrodes were secured on the skin by pieces of medical tape. Also, before 

placing the electrodes, the skin was not cleaned to remove the stratum corneum.    
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Fig. 8.3. MNA placement on the forearm skin 

 

8.2.7. Nerve Fiber Action Potential Recording  

 In a clinical experiment, the signal recording ability of the 3D printed MNAs were compared 

with the microfabricated and conventional surface electrodes. The recorded action potential of the 

median nerve was studied in both time and frequency domains. The details of this experiment was 

described in Chapter 7 (Soltanzadeh et al., 2018). Fig. 8.4, shows the electrode placements. The 

MNA electrodes were connected to the amplifier setup. The test was run with VikingQuest® 

Electromyogram (EMG) machine with a sampling rate of 1000 sample per second and was 

supervised by a neurologist. 

 

Fig. 8.4. Nerve conduction velocity (NCV) test electrode setup (Soltanzadeh et al., 2018) 
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8.3. Results  
 

 The results of the experiments on the microneedles are presented into three sections. In 

section 8.3.1, the SEM images of both 3D printed and microfabricated MNAs are compared. In 

section 8.3.2, the EDS graphs of the 3D printed and microfabricated MNAs are compared to ensure 

that the expected metal (which is Mo) is the major material on top of the MNAs. In sections 8.3.3 

and 8.3.4, the impedance spectroscopy and the clinical measurement of the microfabricated MNA 

and 3D printed one are compared respectively. 

 

8.3.1. Structural Comparison of Microfabricated and 3D printed MNAs 

 The SEM images of the 3D printed MNA and microfabricated MNAs are shown in Fig. 8.5a 

and Fig. 8.5b. Through the SEM images, some differences could be understood in the details of 

the MNA structures. The major structural difference that can be seen it the SEM images is the side 

walls of the needle spikes. Fig. 8.5 shows that the side walls of the microfabricated needles are 

sharper than the 3D printed ones. The quality of the microneedles’ walls will affect the depth of 

penetration of an MNA electrode. 

 In the process of microfabrication, a PDMS mold was used to replicate the microneedles. 

The side walls of the PDMS mold provide the sufficient support for the SU-8 microneedles in the 

molding procedure. This support does not exist in the 3D printing process, therefore the walls of 

the microfabricated MNAs are sharper than the 3D printed one. Another reason is the difference 

between the solidification time of the SU-8 and the Methyl Methacrylate oligomer (MMA) which 

is the main material of the Clear resin (Tontowi et al., 2016).  
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(a) 

 

(b) 

Fig. 8.5. SEM image of (a) 3D printed MNA electrode (b) Microfabricated MNA electrode 

 

 The effect of sharp tips and walls of an MNA on its performance was investigated by 

developing a 3D multilayer model. The developed model was analyzed using a finite element 

analysis (FEA) simulation in COMSOL Multiphysics 5.3 software. In the developed model, a 

microneedle spike was segmented into 3 equal lengths. It was assumed that in a proper MNA 

penetration, two third of the needles on its surface pierced the skin which equals to 300µm for a 

450µ-tall needle. In another simulation scenario, only one third of the needles lengths pierced the 

skin which equals to 150µm for a 450µm-tall needle. The simulation was run for the described 
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scenarios with different depths of penetrations. The frequency of the input voltage was swept from 

20 Hz to 200 kHz and the impedance between the MNA electrodes was calculated. The simulated 

MNAs contained 100 microneedles on the surface. The parameters of the model like the geometry 

and electrical properties were adapted from former investigations and the model developed in 

Chapters 3 and 4 (Comsol, 2011, Elder and Yoo, 2018, Panescu et al., 1995). Fig. 8.6, shows the 

developed 3D model that consists of different layers of the skin, two never fibers and a blood 

capillary in the subcutaneous layer. Simulation in the frequency domains showed that the depth of 

penetration affects the impedance between the electrode and the first layers of the skin. As it is 

shown in Fig. 8.7, particularly in lower frequencies, the impedance of the MNA that pierced skin 

with the depth of 150 µm is higher than the one that pierced the skin with depth of 300 µm. In 

practice, the impedance in the interface of the MNAs and skin can be more than what is simulated. 

The reason is that the MNAs will not be inserted evenly when an individual wants to use it. 

Therefore, some spikes may not even pierce the skin and some may fully penetrate and this ends 

to an inconsistent impedance in the interference of an MNA and the first layer of the skin.  
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Fig. 8.6. Developed 3D model to investigate the effect of different depths of penetration by 

MNAs 

 

 

 

Fig. 8.7. Simulated impedance spectroscopy of the MNA pierced the skin in different depths of 

penetration. 

 

A 

A 

“A” cross-section 
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 The microfabricated electrodes have sharper edges than the 3D printed ones but sometimes 

molding procedures may defect the fabricated structure. Since the molding procedure was done in 

medium vacuum chamber, the main material of the SU-8 damages the PDMS mold can causes the 

structural defects that is shown in Fig. 8.8a. Furthermore, peeling the molded sample of the mold 

may cause some defects itself. Most of the time, peel off defects affect the fine parts of the 

microstructures like their tips as it is shown in Fig. 8.8b.  

 
(a) 

 

 
    (b)  

 

Fig. 8.8. (a) Defected parts on the edges of a microneedle because of the solvent evaporation 

during low pressure molding procedure (b) Damaged microneedle tip during peel off of the 

sample from micromold. 
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8.3.2. Energy Dispersive Spectroscopy 

 As mentioned above, the fabricated and 3D printed MNA arrays were sputtered with Mo as 

the finished conductive layer. However, because of the plasma formation during sputtering 

process, there is a risk that the Mo reacts chemically or make an alloy with the elements of the SU-

8 and Clear resin. In order to make sure about the dominant element on top of the MNA arrays, 

the EDS measurement was run on both fabricated and printed MNA. Fig. 8.9 shows the EDS result 

of the coated and uncoated area of a 3D printed MNA and the microfabricated one form SU-8.  

 

 

 

Selected Area 1 
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Selected Area 2 
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(b) 

 

 

Fig. 8.9. EDS analysis of (a) 3D printed MNA (b) microfabricated MNA 
 

 The graphs of Fig. 8.9 show that the after sputtering, the Mo coated the surface of the samples 

properly and it is the dominant element of the finished surface of the microneedles. Likewise, in 

the non-sputter coated area, the major element is carbon which is the main material of the 

polymers.  

EDS Spot 1 

EDS Spot 2 
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8.3.3. Electrical Impedance Spectroscopy of the Microfabricated and 3D printed MNAs 

 The impedance of the microfabricated MNAs and the 3D printed ones were measured in the 

range of 20 Hz to 200 kHz with 4294A AgilentTM Impedance Analyser with the step of 10 Hz.   

Fig. 8.10 shows the absolute value and the phase of the impedance for the samples that built with 

different methods. The test was run 3 times and there was not any significant difference between 

the results of each time.  

 

 

 

 

(a)    
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(b) 

Fig. 8.10. A comparison between impedance (a) magnitude (b) phase of microfabricated and 3D 

printed MNAs  

 

 From Fig. 8.10, it can be inferred that the impedance difference between the 3D printed and 

microfabricated MNAs is significant particularly in the lower frequencies. Also, the phase of the 

3D printed MNA is less than the phase of the microfabricated ones. It means that the 3D printed 

MNAs have more capacitance effect than the microfabricated ones.  

 

8.3.4. Nerve Action Potential Recording  

 The performance of the 3D MNAs was compared with the microfabricated one in an extra 

experiment which was NCV test. As it was described in section 8.2.7, two electrodes were used to 

stimulate the median nerve and two MNAs were used to record the response of the nerve with 

respect to a reference electrode.  
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(a)         (b) 

Fig. 8.11. (a) Time domain (b) frequency domain of the median nerve response 

 

 From the time and frequency responses of Fig. 8.11, it can be understood that the 3D printed 

MNAs’ performance is similar to the microfabricated ones. Also, because the skin was properly 

prepared in this test (cleaned with an alcohol pad), the surface electrodes have similar response to 

the MNAs. However, amplitude of the high frequencies in the 3D printed MNAs is higher than the 

other types of the MNA. This supports the results that obtained from electrical impedance 

spectroscopy section where it was showed that the capacitance of the 3D printed MNAs is higher 

than the microfabricated one. In the other word, the 3D printed MNAs can pass the high frequency 

signals more than the microfabricated ones. There are more discussions about the differences 

between different electrodes in the discussion section. It is worthwhile to mention that the nerve 

response signal was recorded 3 times in identical recording setup and situation and no significant 

difference was observed. 
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8.4. Discussion  
 

 Nowadays, 3D printing technology has engaged into different field of science and medicine. 

However, there is not enough studies to show its effectiveness particularly in microstructure 

printing. In this study the structure and the performance of a 3D printed and microfabricated MNA 

were compared. The design of the structure was identical but one was built with micromolding 

and the other was printed with a SLA 3D printer. In the structural comparison, it was shown that 

the structure of the needles’ spikes changed during the printing procedure. The reason is relatively 

long solidification time of the 3D printing resin. Changing the structure of a needle spike from 

pyramid to cone can affect the needle’s depth of penetration and it was shown in the simulation at 

the end of section 8.3.1. 

 Besides the solidification, in the micromolding technique the area around each spike is 

confined and the main material (SU-8) has enough time to keep its shape. However, due to the fact 

that the micromolding technique was performed in a medium vacuum chamber, some defects were 

seen on the body of the needles like what is shown in Fig. 8.8. Regardless of the quality of the 

structure, the building time is another important factor that distinguish between the microfabricated 

and 3D printed MNA. In order to print an MNA that has 220 layers with 0.02 mm thickness, it 

needs 42 minutes and 15 seconds. This time is relatively constant for printing up to 5 needles on a 

substrate. However, micromolding needs more than an hour and vacuum oven. Therefore, 3D 

printing would be faster and easier than microfabrication techniques. 

 Difference in the main material of the 3D printed and microfabricated MNAs did not affect 

the results of sputtering. In graphs of section 8.3.2, it was shown that the results of EDS 

measurements are consistent in both sputtered 3D printed MNA and the microfabricated one. 
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 As a part of performance comparison, the impedance of the microfabricated and 3D printed 

MNAs were measured in different frequencies from 20 Hz to 20 kHz. It was shown that the 

impedance of the 3D printed MNAs is significantly higher than the microfabricated MNA. The 

reason can be found in the images of Fig 8.9. In these images, it is shown that the surface of the 

3D printed structure is rougher than the microfabricated ones. Therefore, the connectivity between 

the sputtered metal spots on the surface of the 3D printed structure is weaker than the 

microfabricated ones that ends to lower conductivity. Also, the depths of penetration can be 

another reason. Because of the sharp wall edges in microfabricated needles, it can be speculated 

that the 3D printed MNA cannot pierce the skin as deep as the microfabricated ones. 

 The last performance comparison was done based on a clinical study that its results were 

described in section 8.3.4. In the graphs of both tine and frequency domains, it is shown that the 

microfabricated MNAs performed so close to the surface electrode when the skin was prepared by 

an alcohol pad. However, the 3D printed MNAs can record high frequency components of the 

signal with higher gain. This shows that a 3D printed MNA increase the capacitance in the interface 

of the recorder and the tissue. The reason of this increase can be higher relative permittivity of 

MMA (main material of the 3D printed MNAs) compared to SU-8 (main material of the 

microfabricated MNA) in the measured range (Thomas et al., 2012, MicroChem). Although it is a 

suitable feature for recording the bio-signal with high frequency components like electromyogram 

(EMG), it cannot be considered as a benefit for low frequency signals like EEG. The notch in the 

frequency range from 10 Hz to 20 Hz (where the most of the EEG component existed 

(Georgopoulos and Vaporidi, 2019)) supports the idea that the 3D printed MNAs are not suitable 

for recording low frequency signals like EEG. 
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 Overall, it can be concluded that neither structure nor performance of the microfabricated 

and 3D printed MNAs are similar. Microfabricated MNAs can be used for recording different bio-

signals. Also, they can be used for stimulation of the nerve percutaneously. However, the 3D 

printed MNAs, are not good choice for low frequency bio-signal. It can be predicted that the 

performance of the 3D printed MNAs will not be as good as the microfabricated ones in stimulation 

but it needs to be studies separately. 

 

8.5. Conclusion 
 

 In this study the feasibility of print MNAs was investigated and it was understood that the 

microneedles with the length more then 0.5 mm can be printed with the SLA printers. Then, the 

printed MNAs were coated with metal to be conductive. In order to find the difference between 

the 3D printed MNAs and the microfabricated ones, SEM images were taken from both 3D printed 

and microfabricated MNAs. The images revealed that the structure of the 3D printed MNAs was 

not exactly what was expected. Also, the roughness of the surface in the 3D printed structures is 

more than the microfabricated ones. This ends to the fact that 3D printed MNAs have higher 

impedance and they are not suitable for direct current stimulation and some biosignal recordings. 

However, more clinical studies are required to determine the exact advantages and disadvantage 

of MNA applications and particularly 3D printed MNAs in medicine. 
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9 

 

Conclusion and Future works 

 

Summary 

 

In this thesis new type of electrodes were suggested for electrical nerve stimulation and recording. 

Through different analysis and simulations, it was shown that the suggested microneedle array 

electrodes are working better than the conventional surface electrodes for both stimulation and 

recording. However, thee geometry of the microneedles should be modified depends on the type 

of application. Also, different low-cost methods were suggested to build the microneedle arrays. 

One may continue working on this topic with using the suggested electrodes in different 

application like electrical impedance tomography and compare the results with the conventional 

electrodes. More clinical and animal studies can also be recommended as a part of future work. 
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9.1. Conclusion  
 

 In this thesis, the performance of microneedle arrays was assessed for their performance in 

stimulation and recording. The focus was to investigate these new electrodes for nerve stimulation 

in terms of their ability to provide enhanced performance in different parameters like 

distinguishability between two nerves and avoid co-stimulation. This is very important particularly 

when the stimulation is used as a treatment method to moderate chronic syndromes like apnea and 

overactive bladder. Efforts included both simulation and clinical experimentation, so as to provide 

a comprehensive analysis on the functionality of the MNAs on both recording and stimulation. 

Also, a complete review on different methods of microneedle fabrication was presented. In the 

fabrication part, two low-cost methods for building MNAs were presented. 

 In chapter 2, a brief review on the nervous system in human body was presented. Since the 

skin is the first layer in TENS that electrical current should pass by, its mechanical and electrical 

properties were reviewed in a part of chapter 2. Also, depends on the application, different 

protocols are existed for TENS that has been reviewed in chapter 2.  

 In chapter 3, the parameters of stimulation like distinguishability, SAR, current density and 

others were analyzed for both microneedle electrodes and the conventional surface ones. Through 

a multiphysics simulation, it was shown that the suggested electrodes can increase the 

distinguishability while the SAR and temperature of the inner layers of the tissues from the skin 

surface and the nerve are not increasing. Therefore, using the microneedle electrodes can increase 

the efficiency of the stimulation. In the other words, the explorations of this study have shown that 

MNAs are suitable electrodes that can replace conventional surface stimulation electrodes. More 

robust and uniform current density, better distinguishability, and effective thermal behaviour for 

long term usage are the advantages of MNAs that are highlighted in this study through different 
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simulation scenarios. Besides the stimulation parameters, it was shown that the presence of any 

blood vessel in vicinity of a nerve fiber does not have a significant impact on the results stimulation 

while the electrical current is applied via microneedle electrode. In contrast, presence of a material 

with high conductivity, like blood, can drastically have negative impact of the stimulation. It was 

shown that the existence of blood capillaries can make the current density inconsistent in different 

depth of the tissue. Although the performance of microneedle electrodes is more consistent in 

different limbs with different variant types of tissue, the structure of the microneedle arrays is 

really important.  

 Investigations in chapter 4 showed that the tip-to-tip pitch of the microneedle arrays and the 

area that microneedles occupied on the electrode surface will affect the calculated stimulation 

parameters. Different scenarios of simulation showed that the tip-to-tip pitch around 0.62 mm and 

100 microneedle on a surface was the best feasible geometry configuration. Increasing the pitch 

further or decreasing the pitch and increasing the number of needle spikes on surface was found 

approaching to the situation of a continuous surface and so the results of the surface electrodes. In 

the scenarios where the number of electrodes were decreased, because the current density was also 

decreased, the distinguishability of stimulation between a nerve fiber and its adjacent fiber was 

poor. Microneedle spikes strength the electric field along the z-axis that makes the electric field 

more directive and uniform toward the target nerve.  

 Using MNAs is altering the electrical parameters between the tissue and the electrode. 

Therefore they deliver more focused electric field to a target nerve. Loosely speaking, increasing 

the depth of penetration by microneedles will increase the distinguishability of a specific target 

nerve because it is decreasing the capacitance and resistance between the electrode and tissue. 

However, decreasing the length of the microneedle spikes will increase current density in different 



209 | C h a p t e r  9  

 

 
 

depth because of increasing both resistance and capacitance (much more than resistance) between 

the tissue and electrode. This conclusion is supported while one is using surface electrode for 

stimulation that generates a widely distributed electric field (with singularities on the edges of the 

electrodes), extended along the underlying SC layer and does not specifically target a below nerve 

fiber. One should keep this in mind that depends on application, the geometry of the microneedles, 

their distribution on the surface and their structural material should be determined properly based 

on these findings.  

 After analyzing the performance of various MNA designs, and finding the best ones, the 

techniques for fabrication were reviewed. A complete review on the fabrication of different types 

of microneedles was presented in chapter 5. Since the application of the microneedle may affect 

the fabrication process, the application of different fabrication methods was also reviewed in this 

chapter. It was understood that the most flexible materials for microneedle fabrication are 

photopolymers. SU-8 is a negative tone biocompatible photoresist that has enough mechanical 

strength to be used as the main structural material. In the first fabrication effort of this thesis, 

various SU-8 etching recipes for building an MNA were investigated. However, problems like 

metal mask peel-off and SU-8 burning were encountered, and so it was not possible to build MNAs 

by etching SU-8. 

 Different methods of fabrication were explored, and it was realized that the best way to 

fabricate a high aspect ratio microstructure is molding. Therefore, a PDMS mold was built from a 

polycarbonate master (that was built in another study through hot embossing method) and an MNA 

was replicated from SU-8 and metalized with Mo. The experimental clinical studies and 

impedance spectroscopy measurement showed that the microfabricated MNA enhances the tissue-
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electrode interface parameters, such as decreasing the resistance and increasing the double-layer 

capacitance.  

 Since microfabrication procedures are time consuming and difficult, this thesis also explored 

3D printed MNAs, which were printed with SLA printers and Clear resin V4 commercial resin 

from Formlabs Company. The dominant material in Clear resin is methyl methacrylate. However, 

because of longer solidification time and lack of support, the structure of the 3D printed MNAs 

was different from the main design and microfabricated ones. Analysis and measurement showed 

that the 3D printed MNAs perform better than the microfabricated ones in high frequency signal 

recoding like EMG. For low frequency signals like EEG, the microfabricated MNAs perform 

better than the conventional surface electrodes. Since the stimulation signals are usually low 

frequency square waves, the 3D printed MNAs cannot be suitable choice for stimulation.  

 

9.2. Future work  
 

 This study showed that the tip-to-tip pitch of the microneedles plays important role in 

distinguishability (or selectivity) of a specific nerve beside the adjacent ones. Therefore, design 

and optimizing a model that can link all the geometrical and stimulation parameters can be a good 

start point for the future work. Geometry optimization can be the next step that optimizes the shape, 

length of the fabricated MNAs based on the depth of the target nerve fiber and adjacent tissues.  

  In order to strengthen the results of the optimized model, a complete animal study is 

suggested. Two adjacent nerve can be picked in a rodent and current sensing sensor can be 

implemented inside the animal body. The current around each nerve fiber and the adjacent tissue 

can be measured while the tissue is stimulated transcutaneously. The described animal study can 
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assess the performance of different electrodes and verify any 3D model that is developed for 

stimulation. A preliminary animal study was done to study the effect MNAs stimulation on HGN 

but it was not completed to report (for more detail see the Appendix).  

 The skin is the first protection barrier for the internal organs. Among the skin layers, the first 

layer, SC, has the highest electrical impedance. Therefore, bypassing SC will end higher signal-

noise-ratio (SNR) in the application like electrical impedance tomography (EIT). One of the future 

studies can be assessment of the EIT images of the surface and MNA electrode and compare the 

peak of SNA in reconstructed images.  

 Different clinical applications for recoding and stimulating through MNAs can be explored, 

as well as using the MNAs for medical devices, wearable devices, etc.. MNAs potentially represent 

the next generation of reusable electrodes (because they can be washed with alcohol and sterilized 

in oven) for medical devices. However more clinical and experimental works are required.  

 Though electrode type and geometry are very critical in stimulation results, the configuration 

of stimulation signal and the stimulation protocol is another key factor that should be considered 

in targeting a specific nerve. Developing a general model that can discuss the performance of 

different MNA geometries with different stimulation configuration can also be suggested as a 

future study in this field.  
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Appendix  

 

Hypoglossal nerve stimulator development project – Pilot project animal study proposal  

 

INTRODUCTION 

Obstructive sleep apnea (OSA) is a common, serious disorder defined as episodic obstruction of 

the airway during sleep.  Obstructive episodes are caused by relaxation of the muscles of the tongue 

and pharynx, particularly in deeper stages of sleep – stages III and IV.  The episodes may be brief 

and of little consequence or prolonged and of serious consequence.  OSA is more common in 

males than females.  OSA is highly correlated with obesity, excessive daytime sleepiness with loss 

of productivity, motor vehicle accidents, cardiomyopathy and a variety of health disorders.   

Lee et al (2008) report that Obesity is a well-recognized risk factor for a variety of medical 

conditions such as type 2 diabetes, cardiovascular diseases, hyperlipidemia, metabolic syndrome, 

and nonalcoholic fatty liver disease.  OSA greatly increases the odds of cardiovascular disease.  It 

is a major health problem and will increase in importance as the obesity epidemic continues.  Using 

in-laboratory polysomnography, Young et al (1993) reported that the prevalence of OSA (AHI ≥ 

5) in 602 middle-aged adults between 30 and 60 years of age was 9% for women and 24% for men. 

The fundamental pathophysiology of OSA is a loss of muscle tone in the base of tongue muscles 

during the deep stages of sleep which causes the airway to collapse, obstructing airflow.  This 

obstruction is relieved by partial alerting so that the muscle tone is increased, opening the airway 

until the cycle repeats again.  When this occurs hundreds of times per night, poor oxygenation and 

cardiovascular complications are likely. 
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Although the pathophysiology is strait forward, treatment is not.  Tracheotomy is highly effective, 

but very few people would tolerate a tracheotomy for this disorder.  Other forms of nasal, dental 

and oropharyngeal surgery and appliances have limited success.  Standard therapy today is 

continuous positive airway pressure (CPAP) delivered via a mask, tightly applied during sleep.  

CPAP is uncomfortable and non-compliance rates are high.  Many patient simply stop using the 

machine and tolerate the disease.  

This project seeks to develop a new approach to treating OSA by maintaining muscle tone in the 

muscles of the tongue with a newly developed type of electrode.  The new electrode is a patch that 

can be worn like a Band-Aid and has a special design that offers much lower resistance than other 

types of electrode.  It can be predicted that this should prevent the obstructive episodes.  Although 

muscle stimulation has been tried in the past it has not been successful because the method of 

stimulating the muscles using needle or surface electrodes is unpleasant.  Large current densities 

are required for surface electrodes to stimulate the nerve and/or muscle percutaneously.  Needle 

electrodes and various electrified oral appliances can stimulate the tongue but these devices are 

painful and not feasible for routine use.  For this project the evidences were explored that showed 

the surface electrode system can increase muscle tone when the hypoglossal nerve is stimulated 

by wearing a wearable stimulator circuit (WSC).  The electrode array consists of microneedle 

patches (MNP) that do not pierce the skin, yet should deliver reliable stimulation to the nerve and 

muscle.  Later projects will refine the parameters more fully, if this pilot study shows promise. 
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HYPOTHESIS 

The wearable hypoglossal nerve stimulator (WHGNS) with the MNPs will increase muscle tone 

in a controlled manner. 

METHODS 

A custom-made apparatus will be constructed that consists of two components, 1) a recording 

system that records spontaneous firing rates of muscle and 2) two stimulation systems that 

stimulation of muscle of the tongue.  One of the stimulation systems will be our WHGNS and the 

other will be a commercially available stimulator that stimulates muscle by transcutaneous needle 

electrodes. 

Tongue muscles demonstrate natural myoelectric impulse patterns that are modulated by the stage 

of sleep and respiratory cycle. The sensor system will record the pattern and frequency of these 

impulses in the tongue and permit synchronization of the stimulation, if desired, with respiratory 

cycle.  The sensor will employ a clip-type of electrode, clipped to the frenula in the midline of the 

tongue. A thermistor will be available to permit recording of the respiratory cycle. 

Two types of stimulator will be compared – ours and a commercially available system (Agilent 

33220A).  The commercially available standard stimulator utilized needle electrodes inserted into 

the hypoglossal muscles.  Our new WHGNS stimulator looks like a 1 cm3 patch of material but it 

actually has hundreds of tiny projections that increase the surface area.  These projections are 

molybdenum (Mo) coated in tungsten (W) that results in a very low. Hypothetically this low 

impedance will permit effective simulation with small current densities, reducing the unpleasant 

sensation of other types of electrode systems.  The sensor will be placed in the submandibular area 

directly on the skin after shaving.  It will be held in place with tape.  There is some evidence that 
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a reasonable set of electrical parameters for this application utilizes electrical pulses every 5 sec, 

2 ms length, 20 mV (Koizumi, Hidehiko et al.[2008]).   

 

Questions to be addressed in this pilot study 

1.  Does single stimulation or sustained stimulation for a minute alter the muscle tone in the 

tongue as measured by spontaneous firing rate of muscles? 

2. Does single stimulation or sustained stimulation for a minute alter the synchrony of muscle 

tone in the tongue with respiratory cycle as measured by spontaneous firing rate of 

muscles? 

 

Depending on the findings of this study we may propose other studies to optimize our device. 

Testing parameters 

Each guinea pig will serve as its own control and each sensory / stimulation combination will be 

tested in all guinea pigs.  All testing will be performed under ketamine/xylazine (10:1) general 

anesthesia so the animal will not move and so that sleep and OSA is mimicked. 

1.  Baseline recording – no stimulation.  Parameters of interest are the firing rate and 

modulation with the respiratory cycle for one minute. 

2. Single, short, 2 ms, 20 mV stimulation from 0 to 1 mA stimulation of the tongue with the 

commercial stimulator, followed by recording for one minute to establish the threshold 

parameters for modulating the myogenic firing rate. 
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3. Single, short, 2 ms, 20 mV stimulation from 0 to 1 mA stimulation of the tongue with our 

WHGS device, followed by recording for one minute for comparison to the commercially 

available system. 

4. Sustained 1 mA stimulation with pulses every 5 sec, 2 ms length, 20 mV of the tongue with 

the commercial stimulator for one minute, followed by recording for one minute 

5. Sustained 1 mA stimulation with pulses every 5 sec, 2 ms length, 20 mV of the tongue with 

our WHGS device for one minute, followed by recording for one minute for comparison 

with the commercially available device. 

6. Post-testing recording for one minute to assess the effects of stimulation on spontaneous 

firing rates. 

 

Animal numbers.  We propose to use three animals, repeating the sequence of recordings outline 

above in each 3 times so that we may learn if the responses are consistent and predictable across 

different times and individuals. 
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