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Abstract 
 

Background This project provides a proof of principle to use microneedles in combination with optical 

spectroscopy for bilirubin detection. For newborns, high bilirubin levels in the blood can lead to serious 

health consequences, such as jaundice, which can lead to brain damage. Therefore, it should be 

detected as early as possible. However, bilirubin monitoring of newborns in remote African areas is 

insufficient. In these areas the current invasive methods are time-consuming, and minimally invasive 

methods, such as bilirubinometers, are quite expensive, and may be inaccurate in babies with stronger 

skin pigmentation. In short, the conditions are not optimal to detect jaundice, and therefore an 

affordable method is needed to accurately and quickly measure the concentration of bilirubin. Aim The 

aim of this project was to develop microneedles for optical spectroscopy, and to test them in simulated 

skin to determine the usability for reflection measurements. Fabrication Microneedles are created by 

using microfabrication techniques with a focus on backside exposure. Multiple prototypes have been 

developed and evaluated based on dimensional properties. The prototype closest to the requirements 

was chosen to take measurements. These were the microneedles with an average length of 410 μm, 

an average base diameter of 106 μm and an average tip diameter of 43 μm. Measurements To test the 

microneedles for their performance, an indentation test, and transmission and reflection 

measurements has been performed. The indentation test showed that the average fracture point of 

one microneedle is at a force of 72.5 mN and an average displacement of 63 µm. The fracture point 

per area microneedle is on average 16.5 N/mm2. Furthermore, transmission measurements have 

shown that the reduction in transmission is 70 % from the base and 75 % from the tip. Therefore, the 

maximum amount of light that can be used for reflection measurements is 7.5 %. Moreover, reflection 

measurements have shown that the differences in color concentrations in the simulated skin results 

in differences in absorption and therefore reflection values. Also, the measurements in simulated 

bilirubin (skin simulation with yellow colorant) showed a dip in the blue spectrum, e.g. at 460 nm, the 

absorption peak of bilirubin. Conclusion In this project microneedles have been developed that are 

minimally invasive, biocompatible, optically transparent, and easy-to-process. The first measurements 

have shown that it seems possible to use the microneedles in combination with optical spectroscopy 

to detect differences in “bilirubin” concentrations. Moreover, the microneedles can be used to 

puncture the skin without fracturing. However, the actual usability in the clinical setting still needs to 

be investigated. Other important recommendations for future research are research into 

measurements with real bilirubin; the optimal alignment between the microneedles and the optical 

spectrometer; optimization in the manufacturing process to cover the spaces between the 

microneedles; and possible other development methods for microneedles (e.g. 3D printing) and other 

designs (e.g. mirrors for efficient light use). 
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1 Introduction 
 

This report describes the design and fabrication of microneedles for optical spectroscopy in simulated 

human tissue. The project is focused on the detection of bilirubin in blood using a low-cost minimally 

invasive system, although there may be many more applications for the fabricated microneedles. 

 

1-1 Problem and relevance 

According to field research by Stellenbosch University in South Africa, there are no suitable methods 

to measure bilirubin in newborns in remote African areas, and this can have serious consequences. 

Bilirubin is a yellow, toxic product which is released by degradation of hemoglobin in red blood cells. 

Because bilirubin is not water soluble, it is transferred through the bloodstream bound to the plasma 

protein albumin. In this form, it is known as conjugated bilirubin, which is then further metabolized 

and excreted via the faeces [1]. Very high levels of bilirubin, called hyperbilirubinemia, lead to 

jaundice, which is a yellow discoloration of the eyes and skin caused by excessive bilirubin in the skin 

and mucous membranes. In neonatal jaundice there is an imbalance between bilirubin production 

and conjugation, which leads to increased bilirubin levels. This imbalance is mainly caused by the 

immature liver of the neonate and the fast breakdown of red blood cells. Approximately 60 % of the 

full-term babies and 80 % of the premature babies experience hyperbilirubinemia. The average 

neonatal jaundice is often not life threatening. However, in case of severe jaundice, bilirubin 

accumulates in the brain and provoke kernicterus, which can result in irreversible brain damage, 

cerebral palsy and hearing impairment [2-4]. Therefore, it is important to diagnose bilirubin levels in 

high-risk population groups, such as newborns, and manage it appropriately. Ideally, the bilirubin 

level of all babies should be checked at birth and again three days after birth [1].  

 

As previously indicated, bilirubin monitoring of newborns in remote African areas is insufficient. 

There are several reasons for this. Firstly, in these areas the current invasive method for measuring 

bilirubin by taking a blood sample is time-consuming since there are no facilities nearby where the 

blood sample can be examined. Moreover, taking a blood sample is invasive, can be painful, and has 

a higher risk of infection on the sampling site. Furthermore, noninvasive methods, such as 

bilirubinometers (i.e. Philips BiliChek and JM-103 bilirubinometer), a method based on the principle 

of multi wavelength spectral reflectance of bilirubin staining in the skin, are quite expensive [5]. 

Besides that, these bilirubinometers may overestimate the bilirubin concentration in colored babies 

caused by the stronger skin pigmentation and are therefore inaccurate for this group [6]. This may 

result in unnecessary treatment, which is a burden for the patient and a waste of money, especially 

in poor remote African areas. Also, there are few to no qualified people in these areas who can 

perform bilirubin measurements. In short, the conditions in remote African areas are not suitable to 

detect hyperbilirubinemia. For these areas, an affordable and a non- or minimally invasive method is 

needed to easily, accurately and quickly measure the concentration of bilirubin, especially in 

resource-limited settings. 

 

 



Microneedles for Optical Spectroscopy: To measure across the skin barrier 

4 

 

1-2 Possible solution and aim 

Optical spectroscopy, the measurement of optical properties of a biospecimen by following light 

interactions with the specimen, is one of the methods used in biosensors [7]. This is also a method 

that is used in bilirubinometers, but which is negatively influenced by the amount of pigmentation 

[6]. More pigmentation results in more absorption of light, and therefore less reflection. To minimize 

the effect of pigmentation, the use of optical spectroscopy just below the skin layer that contains the 

pigmentation could be a solution. However, this construction requires a device that transports light 

through the skin. A study by Kwon et al. [8] shows that this is possible by using microneedles as 

‘waveguides’. A big advantage of microneedles is that, compared to conventional needles, they have 

a smaller risk of infection and produce little to no pain sensation. This is because microneedles hardly 

have any interactions with the innermost layer of the skin, the dermis, where sensory nerve endings 

are located [9]. Kwon et al. [8] have developed microneedles for the optical stimulation of cortical 

neurons in specific brain areas with a light emitting diode (LED). However, this is only a part of optical 

spectroscopy, namely the ‘input’ of light into the human body. In optical spectroscopy there is also 

an ‘output’ of light, which is an important variable when measuring bilirubin, as it indicates its 

amount. Therefore, the aim of this project was to develop microneedles for optical spectroscopy, and 

to test them in simulated skin to determine the usability for reflection measurements. 

 

1-3 Thesis structure 

Chapter 2 describes background information about the skin, its structure, optical and mechanical 

properties. Chapter 3 provides information about current methodologies for measuring bilirubin 

followed by an overview of the solution provided by this project. Chapter 4 starts with literature on 

microneedle types and design considerations when developing microneedles. Subsequently, the 

design requirements and the design of the microneedles of this project are discussed. Chapter 5 starts 

with literature on the general methodology to fabricate microneedles and presents the complete 

process for producing the microneedles with the corresponding results. Chapter 6 shows 

measurements of dimensional aspects, mechanical failure and optical properties of the microneedles 

focused on transmission and reflection. Chapter 7 concludes this report and contains 

recommendations for future research. 

 

  



Microneedles for Optical Spectroscopy: To measure across the skin barrier 

5 

 

2 The skin 
 

2-1 Skin histology 

The skin is an organized structure consisting of three major layers, called the epidermis, dermis, and 

hypodermis. The epidermis is the outermost layer and has a thickness of approximately 75-150 μm, 

depending on the location. The epidermis consists of four to five sublayers, from outermost to 

innermost called stratum corneum, stratum lucidum (only in soles and palms), stratum granulosum, 

stratum spinosum, and stratum basalis (Figure 1). The epidermis consists of a variety of cell types, for 

example, keratinocytes which produce keratin which serves as a protective overcoat, and 

melanocytes, cells responsible for producing melanin that gives colour to the skin and protects it from 

ultraviolet radiation. The dermis, the layer between the epidermis and the hypodermis, is a thick layer 

which contains connective tissue, such as collagen and elastin, which dictates the mechanical 

behaviour of the skin. Furthermore, the dermis contains nerve endings, blood vessels, hair shafts, 

and sweat glands. The epidermis and dermis together have a thickness of approximately 1.5-2.5 mm. 

The innermost layer, the hypodermis, consists mainly of adipose tissue (fat cells) [10-11].  

 

 

 

Figure 1 – Schematic view of the human skin 
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2-2 Absorption and scattering in the skin 

The optical properties of the skin must be considered when measuring bilirubin with optical 

spectroscopy, so that the measurements are interpreted correctly. Optical properties of the skin 

depend on the location and histology of the skin layers. Light that meets the skin surface can be 

reflected to the environment or transmitted to deeper layers. Light that penetrates the deeper layers 

can be attenuated. Attenuation is the process by which photons are 'removed' from a light beam 

while propagating through a matter where absorption and scattering occurs. Eventually, some of the 

light can be propagated back to the environment.  

 

Absorption of light means that light is converted into energy. If the electromagnetic frequency of the 

light corresponds to the electromagnetic frequency of the matter, the light will be absorbed, and 

otherwise it is transmitted or reflected. Scattering means that light is converted into energy and that 

the energy is re-emitted as light in different directions. Scattering is a form of reflection where there 

is diffuse reflection where light is 'lost' and non-scattering reflection, called specular reflection, can 

be captured by a sensor. Thus, attenuation of light can be caused by absorption and scattering. The 

attenuation depends on the thickness of the matter through which the light travels. The attenuation 

coefficient indicates the amount of attenuation and is therefore the sum of the absorption coefficient 

and the scattering coefficient. The attenuation coefficient is inversely proportional related to the 

average distance that photons can travel before they interact [12]. Thus, if the attenuation coefficient 

increases, the travel distance of the photons decreases.  

 

Figure 2 shows where scattering and absorption take place in the skin layers. This takes place in both 

the epidermis and the dermis (the hypodermis is not shown here). However, different substances 

lead to absorption and scattering, which differs per skin layer. 

 

 

Figure 2 – Schematic view of optical pathways in skin (1 = keratin, 2 = melanin, 3. = hemoglobin and bilirubin) 
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The amount of absorption and scattering differ between skin layers. Figure 3 shows the absorption 

(A) and scattering coefficients (B) of the epidermis and the dermis of Caucasian subjects. At 460 nm, 

the absorption coefficients in the epidermis and dermis are 0.09 and 0.06 cm−1 respectively. At 

460 nm, the scattering coefficients in the epidermis and dermis are 0.85 and 0.55 cm−1 respectively 

[13].  
 

 

                                                  A                                                                                                         B 

Figure 3 – Absorption (circles) and scattering (triangles) coefficients of the epidermis and dermis 

 

Figure 4 shows the absorption coefficients of the main components in the skin. In the epidermis, 

melanin mainly causes absorption. Melanin plays a major role in absorption in the visible domain. 

Moreover, blood (hemoglobin) and yellow pigments (bilirubin) mainly cause absorption in the dermis. 

Hemoglobin and bilirubin absorb also in the visible domain. The graph shows that the absorption 

coefficient of hemoglobin and bilirubin is approximately the same. Therefore, when measuring 

bilirubin, the interference of hemoglobin will have to be considered. Furthermore, in the hypodermis, 

fat mainly causes absorption, with a high absorption in the infrared domain. Lastly, water plays a role 

in all skin layers and has a high absorption in the infrared domain [14].   

 

 

Figure 4 – Absorption coefficients of the main components in tissue 
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Figure 5 – Reflectance spectra of human skin for varying melanin concentration 

 

The epidermis, specifically the stratum basale, contains a lot of melanin. The amount of melanin in 

the skin has a significant influence on bilirubin measurements with optical spectroscopy. Figure 5 

shows that a higher melanin concentration in the epidermis results in more absorption by melanin, 

and therefore less reflection in the wavelength region of bilirubin [15]. Thus, this layer will have to be 

eliminated with bilirubin measurements. 

 

In healthy individuals, bilirubin is present in a small amount. However, in persons whose liver 

functions do not work properly or with a large amount of red blood cell breakdown, the bilirubin 

amount is higher. This increases the absorption of light by bilirubin. Research has shown that bilirubin 

has a peak absorption at 460 nm (Table 1). A higher bilirubin concentration results in more 

absorption by bilirubin, and therefore less reflection in the wavelength region of bilirubin (Figure 6) 

[15]. 

 

 

Article Absorption spectrum (nm) 

Javid et al. [16] 457-473, peak at 460 

Lodha et al. [17] 440-530, peak at 460  

Mohamad et al. [18] 400-600  

Sudha et al. [19] 460-550  

Veenstra et al. [20] 440-660, peak at 460 

Table 1 – Absorption spectrum of bilirubin 

 



Microneedles for Optical Spectroscopy: To measure across the skin barrier 

9 

 

 

Figure 6 – Reflection at different concentrations of bilirubin 

 

 

When measuring the amount of bilirubin with optical spectroscopy, substances that absorb in a 

comparable wavelength range must be considered. As mentioned above, the absorption wavelength 

spectra of haemoglobin partly overlap with that of bilirubin. This is also shown in Figure 7. 

Overlapping spectra can influence the accuracy of the measurements [21]. 

 

 

 

Figure 7 – Absorption spectrum of bilirubin and hemoglobin 
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As indicated above, scattering also influences the attenuation of light. Scattering in the skin is mainly 

caused by proteins. Keratin, filamentous protein, plays a major role in light scattering in the 

epidermis. In addition, melanin contributes significantly to the amount of scattering in the epidermis. 

However, the amount of scattering caused by melanin varies substantially between individuals, 

because the volume fraction, distribution and size of melanin varies between skin types. In the 

dermis, collagen causes scattering [22].  
 

 

 

 

 
 

 

 

 

 

 

 

 

2-3 Skin resistance 

The mechanical properties of the skin play a role in, for example, puncturing the skin. When 

puncturing the skin, the needle will experience resistive forces exerted by the skin. In order to 

puncture the skin, the ultimate stress of the skin must be overcome by pushing perpendicular to the 

skin with the needle to bend and stretch the skin. In addition, other factors also play a role in 

stretching the skin, such as the stiffness of the tissue underneath. Several mechanical properties of 

the skin can be found in the literature. However, there is a wide range of variation in the numbers, 

because the mechanical properties depend on factors such as the hydration of the skin, age, location 

on the body and the testing method, and these are not always clearly stated.  

 

According to Jacquemoud et al. [23], the ultimate stress of human skin is 3.0 N/mm2. Furthermore, 

the Young’s modulus (stiffness) of the overall epidermis is 1.1 N/mm2, and the Young’s modulus of 

the dermis is approximately 7.3 N/mm2 [24]. Thus, the dermis is stiffer compared to the epidermis. 

Moreover, aging influences the mechanical properties of the skin. The stiffness of the skin increases 

linearly during aging, and aging also makes the skin thinner, less tense and less flexible. For example, 

the thickness of the epidermis and the dermis together is 0.7 − 0.8 mm smaller in elderly people 

compared to normal skin [23].  

 

According to Aggarwal et al. [25], the theoretical force required to puncture the skin (Fpuncture) is 

3.2 N/mm2, which is slightly higher than stated by Jacquemoud et al. [23]. Once the skin is punctured, 

this force is much lower. Moreover, the tip diameter of the needle plays a role in the ease of 

puncturing the skin. If the tip diameter is very small, the load on the needle becomes more 

concentrated during puncturing. As a result, the ultimate stress will be reached faster.  

Conclusion 

Melanin play a major role in absorption of light in the skin. This concerns the outermost layer of the 

skin, the epidermis. Especially in people with a higher amount of melanin in the skin, a lot of light is 

absorbed in the visible domain. In addition to absorption in the epidermis, the amount of scattering 

in this layer is also high relative to the dermis. This is also caused by melanin, but also by keratin. Thus, 

both the absorption and the scattering are high in the epidermis compared to the dermis. Therefore, 

when measuring substances, such as bilirubin, in the dermis with optical spectroscopy it is desirable 

to eliminate the epidermis. Furthermore, hemoglobin in the dermis influences the reflectance spectra 

in the visible domain. Therefore, in the case of bilirubin measurements, it is important to consider the 

interference by hemoglobin. 
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3 Measurement methods for bilirubin 
 

3-1 Current measurement methods 

The concentration of bilirubin in the human body can be detected through several techniques, which 

can be subdivided into two categories: invasive and non-invasive. In invasive detection methods 

blood is taken, commonly performed by a heel stick, for laboratory testing of the blood sample. 

Currently, this is the gold standard to measure the concentration of bilirubin. It is the most used 

method worldwide, because it accurately measures the concentration of bilirubin. However, taking a 

blood sample may lead to unnecessary blood loss, pain, stress, and an increased risk for infection at 

the sampling site [20]. In non-invasive detection methods, a blood sample is not necessary. The most 

obvious example of a non-invasive method is the use of the human eyes to look at the yellow 

discoloration of the skin. This is a cheap technique and easy to implement. However, knowledge 

about the condition and symptoms is needed. After detection with the eye, a check via a blood 

sample is still required to record the amount of bilirubin. Moreover, optical spectroscopy is used to 

measure the concentration of bilirubin. There are bilirubinometers on the market that measure the 

concentration of bilirubin by means of optical spectrometry, such as the Philips BiliChek (Figure 1) 

and the JM-103 bilirubinometer.  

 

The Philips BiliChek measures bilirubin by using white light. The device directs the light through a 

disposable tip into the skin of the forehead or the sternum and measures the intensity of the 

wavelengths that return. The amount of bilirubin is determined by considering the spectral properties 

of hemoglobin and melanin. Philips indicates that the BiliChek can be used with all variations in skin 

tone [26]. However, according to the research of Olusanya et al. [3], the device overestimates the 

amount of bilirubin in neonates with more pigmentation. 

 

 

 

Figure 1 – Philips BiliChek 
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3-2 Measurement methods in recent literature 

In addition to the existing methods for measuring bilirubin, research is being done into other 

methods. In recent literature, the focus is on minimally invasive devices. The most common method 

in recent literature is the use of a smartphone camera in combination with an application and a color 

calibration card (Figure 2). With this method a photo is made of the color card on the baby’s skin. The 

application on the smartphone (i.e. BiliCam and BiliScan) determines the yellowness of the skin using 

image processing techniques and relates this to a certain bilirubin concentration. This method is 

cheap, easy to implement, and the processing time is short. However, all studies show that the 

accuracy is not yet optimal [27-29]. 

 

 

Figure 2 – Smartphone camera with color calibration card 

 

Furthermore, the combination of a dermatoscope, a magnifying loupe with a built-in light source, 

with a smartphone camera and image processing techniques to determine the yellowness of the skin 

was investigated (Figure 3). The authors indicate that this is an easy to implement method. However, 

according to the authors, a dermatoscope is difficult to obtain and has a low level of validity for clinical 

use [30]. Lastly, there are several studies in which optical spectroscopy is used in another way to 

measure the concentration of bilirubin. However, all studies indicate that the accuracy is not optimal. 

[20, 30-31]. 

 

 

 

Figure 3 – Smartphone camera with dermatoscope 
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3-3 Our solution 

As described above, taking a blood sample is the gold standard to measure the concentration of 

bilirubin. However, this is an invasive method, causes pain and increases the risk of infection. A widely 

used minimally invasive method is a bilirubinometer, which is easy to use and reliable. However, it is 

not accurate enough in babies with high pigmentation levels. It is also too expensive for many remote 

areas. For these reasons, our proposal is to develop a method where optical spectrometry is used to 

measure the amount of bilirubin, but in which the effect of pigments is eliminated as much as 

possible. This mainly concerns the epidermis. In addition, the proposed solution is expected to be 

minimally invasive, accurate, inexpensive, quick and easy to use by unqualified persons. Figure 4 

shows schematically our idea. The device consists of an optical spectrometer connected by a fiber to 

microneedles that puncture the skin. The microneedles, built on a transparent substrate, act as a 

‘tunnel’ to get light in and out of the skin. The optical spectrometer is a fixed device, and therefore 

only needs to be purchased once. The microneedles are made from an optically transparent, 

inexpensive, easy-to-process and biocompatible material, and are disposable.  

 

 

 
Figure 4 – Schematic view of our solution 
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4 Microneedle design 
 

4-1 Microneedle types 

Microneedles can be roughly divided into two types: microneedles for therapeutics and microneedles 

for diagnostics. In therapeutics, microneedles can be categorized into four subtypes: solid, hollow, 

coated and dissolving (Figure 1). Solid microneedles are solidified with micron sized pores, allowing 

slow diffusion of compounds. Hollow microneedles allow the diffusion of compounds through a 

lumen, comparable with conventional infusion needles. Coated microneedles are coated with 

dissolvable compounds. Dissolving microneedles are biodegradable and encapsulated with 

compounds, which dissolves completely when inserted into the skin [9]. In diagnostics and 

monitoring applications, microneedles can be categorized into four subtypes: microneedles for 

interstitial fluid sampling, for selective “catching” of biomarkers, for biomarker monitoring, and for 

biopotential measurements (Figure 2) [33]. Most of the publications in diagnostic and monitoring 

applications involve microneedles used for monitoring of glucose levels in the interstitial fluid [34-

36]. They are also applied in the detection of lactate [37], cholesterol [37], pH [39], protein [40], 

cancer [41], and alcohol [42]. 

 

 
 

Figure 1 – Microneedle types in therapeutics 

 

 

 
 

Figure 2 – Microneedle types in diagnostics 

 

4-2 General microneedle design considerations 

Several articles have highlighted several design considerations that have to be considered when 

designing microneedles [43]. Starting with the geometrical aspects that need to be considered, the 

length of the microneedles is an important aspect. The length of the microneedles must be long 

enough to puncture the stratum corneum and short enough not to reach the dermis, where nerve 

endings are located, such as for pain, pressure and temperature. In this way, the use of microneedles 

will be pain-free and minimally invasive. The tip sharpness is also involved in this. The sharper the tip, 
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the easier it is to puncture through the skin. Furthermore, the choice for the shape and type of the 

microneedles is also important and depends on the purpose for which it will be used. For example, if 

a substance must be extracted from the body, a hollow type must be chosen. In contrast, a solid type 

is useful when signals need to be measured. The tip radius is dependent on the choice of the type; 

the hollow type usually has a larger tip radius compared to a solid type. In addition to the geometrical 

aspects, the mechanical aspects of the microneedles must be examined. It is crucial that the 

microneedles do not break when puncturing into the skin. To successfully penetrate the skin and to 

keep the risk of fracture as low as possible, the microneedles need to be designed mechanical 

stronger/tougher than the skin. Mechanically, skin is a heterogeneous, anisotropic, and non-linear 

viscoelastic material. The effectiveness of microneedles used in biosensors is dependent on an 

efficient and stable insertion of the microneedles into the skin at a specific depth. In order to achieve 

this successfully, the mechanical insertion of the microneedles should be ‘matched’ to the mechanical 

properties of the human skin, which are primarily the Young’s modulus and the skin breaking 

stress/ultimate stress [44]. Other design considerations that can be looked at are related to the 

manufacturing process. First, if there is a limited budget, it is essential to take the costs of the 

manufacturing procedures into account. The choice of materials plays a role here. For example, 

micromachining processes used to develop microneedles usually requires a cleanroom, which 

increases the costs. Besides that, if the product must be produced cheaply on a large scale, then the 

scalability of the manufacturing process on a commercial scale is important to think about. Lastly, an 

important design requirement in medical applications is biocompatibility, the ability of the 

microneedles (used materials) to function without generating an immune response. To avoid 

infections, the possibility to sterilize the microneedles before use is also desirable. Based on the 

guidelines of the United States Food and Drug Administration, the endotoxin content should be lower 

than 20 EU per device. There is a possibility to design a device fully aseptic, but this could increase 

the manufacturing costs. 

 

4-3 Microneedle design requirements 

The microneedles to measure bilirubin optically must meet the following requirements: 

1. It must be biocompatible; 

The microneedles will enter the skin and should therefore not cause any unwanted reactions.  

2. It must be able to pierce the skin; 

The tip of the microneedles must have enough surface for passing light and must be sharp enough 

to pierce the skin. Kwon et al. have shown that tips with a smaller diameter allow less light to pass 

through compared to tips with a larger diameter. For example, no light passes through a tip with 

a diameter of 10 𝑢𝑚. A tip diameter of 30, 40 and 50 𝑢𝑚 gives a light flux of 20, 30 and 45 % 

respectively [8]. The diameter of the tip must be as large as possible, but also sharp enough to 

pierce the skin. A tip diameter of approximately 40 𝑢𝑚 has been chosen for this project. 

3. It must provide enough mechanical strength for insertion into the skin; 

It is important that the tip of the needles do not break and that the overall structure has the 

required mechanical strength to withstand the force applied during insertion into the skin. The 

theoretical force required to puncture the skin (𝐹𝑝𝑢𝑛𝑐𝑡𝑢𝑟𝑒) is 3.2 𝑁/𝑚𝑚2 [25]. 
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4. It must be minimally invasive; 

The length of the microneedles must be long enough to puncture the dermis, and short enough to 

avoid contact with the sensory nerve endings. The skin thickness depends on the location. Because 

it is not yet known which location for bilirubin measurements is the most ideal, the length of the 

microneedles is based on the study by Gill et al. According to that research, a microneedle with a 

length of 480 𝑢𝑚 only gives 5 % of the pain of a conventional needle. The longer the microneedle, 

the more pain is experienced. In addition, the number of microneedles also influences pain, as 

more sensory nerves are stimulated. The use of five microneedles accounted for 10 % of the pain 

of a conventional needle [45]. Based on this information, a length of 400 𝑢𝑚 has been chosen. 

With this length, the dermis is punctured well, and the pain will be minimal. 

5. It must be optically transparent for the wavelengths of bilirubin; 

SU-8 is an epoxy-based negative photoresist which is transparent for the wavelengths of bilirubin, 

biocompatible, cheap to process, and suitable for high aspect ratio structures [46].  

6. It must be accurate and reliable in clinical application; 

7. It must be easy to integrate with a spectrometer; 

8. It must be cheap to produce; 

9. It must be easy to use (by people without qualifications). 

 

In this project the focus was on requirements 1 to 5. Three approaches to meet these requirements 

have been developed through co-creation. The approaches differ in the design of the tip, with the 

focus on efficient use of light. The first approach focuses on developing microneedles from SU-8 only 

(Figure 3A). The processing steps can be found in the next chapter and in Appendix A1. With the 

second and third approaches, the focus is more on the (expected) efficient use of light. In the second 

approach, there is a convex 'mirror' of metal in the tip of the microneedle. The expectation is that 

more light will go in and out of the microneedle as a result (Figure 3B). However, more processing 

steps are required to create this type of microneedle. The third approach is like the second approach; 

however, it contains 'mirrors' in the form of nanoparticles (for example, gold) instead of a convex one 

(Figure 3C). A possible processing flowchart of the second design approach can be found in Appendix 

A2. In this project it was decided to implement the first approach, because of the time available for 

this project and the options available (i.e. equipment and expertise) in the relevant cleanroom. 

 

 

                                                                 A                                  B                                  C 

Figure 3 – Design approaches (schematic) 
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5 Microneedle fabrication 
 

5-1 Common microneedle fabrication method 

Microneedles have been manufactured from various materials (e.g., metal, polymers and silicon) with 

different lengths, features, and shapes (e.g., canonical, cylindrical and pyramidal). 

Microelectromechanical systems (MEMS) technology is the most common method for developing 

microneedles, because it allows the production of very small structures and very precise devices. 

Most fabrication methods for microneedles are based on microfabrication techniques, such as 

adding, removing, and copying microstructures by making use of photolithographic processes, laser 

cutting, metal electroplating, silicon etching, metal electropolishing and micromoulding.  

 

Generally, the manufacturing methods used for producing microneedles can be reduced to three 

basic techniques: deposition of thin films of the material on a substrate; applying a patterned mask 

on top of a film by photolithographic imaging; and etching the films carefully to the mask. Thin film 

deposition includes processing above the substrate surface (mostly silicon), in which the material is 

added to the substrate in the form of thin film layers. Deposition can be chemical, in which the 

material is deposited on the substrate through a chemical reaction, or physical, in which the material 

is physically moved onto the substrate surface. Subsequently, the film layers are patterned using 

photolithography to make copies of a pattern onto the surface of a substrate of the material. Finally, 

parts of the surface are etched away to release the final structure. This can be achieved by wet 

etching or dry etching. In wet etching, parts are removed by immersion in a liquid bath of a chemical 

etchant. In dry etching, parts are removed by exposing the parts to an attack of ions [47-48]. 

Microneedles are often provided with a coating at the end of the manufacturing process. In most 

cases in diagnostic and monitoring applications, microneedles function as electrodes. This sensing 

method for microneedles is usually chosen when it comes to detecting biosignals, such as in 

electroencephalography (EEG) and electromyography (EMG). Also, these are all solid microneedles. 

The mainly used materials are polymers (SU-8, PET, parylene, epoxy, PMMA, and PLA). Furthermore, 

gold (Au) is often used as a coating, and titanium (Ti) also seems to be a popular choice.  

 

5-2 Fabrication process 

The microneedles are manufactured by backside exposure. This process is based on the process 

described by Liqun et al. [49], and information from the datasheet for SU-8 [46]. The microneedles 

are built on a glass wafer (⌀ = 100 mm, t = 525 μm), because of the transparency. The polymer SU-8 

2075 (MicroChem Inc.) was used for the microneedles, since this variant of SU-8 has a high viscosity 

(more than 73 % solids) which is necessary to create thick layers onto the substrate. Eight prototypes 

have been made to optimize the parameters to obtain the desired microneedles. The parameters 

used in these prototypes are shown in Table 1. Prototype 4 was the closest to the desired 

microneedles. Below is the process shown to develop the desired microneedles. More schematic 

process steps can be found in Appendix A1. 
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 #1 #2 #3 #4 #5 #6 #7 #8 

Spin-coat 4×100 4×100 2×200 2×200 2×200 2×200 1×400 1×400 

Soft bake at 65 °C (min.) 0 0 2×10 2×10 2×10 2×10 1×20 1×20 

Soft bake at 95 °C (min.) 4×20 4×20 2×60 2×60 2×60 2×60 1×120 1×150 

Exposure energy (mJ/cm2) 1500 1500 2500 1750 1000 800 1750 1750 

Proximity (μm) 60 60 130 130 130 130 130 130 

Post-exposure bake at 65 °C (min.) 0 0 0 0 0 10 10 10 

Post-exposure bake at 95 °C (min.) 15 15 20 20 20 20 20 20 

Development (min.) 40 40 100 100 100 100 100 100 

Spinning during development (rpm) 250 250 0 0 0 0 0 0 

Drying with centrifuge yes no no no no no no no 

Table 1 – Prototypes with processing parameters 

 

Step 0: Prepare 

SU-8 is a very viscous material. To be able to use SU-8 more easily during processing, approximately 

30 mL from the original bottle from the fridge was poured into a cup that was kept at cleanroom 

temperature in a room with yellow light (because of the cross-linking behavior of SU-8) for at least 

four hours before use. 

 

Step 1: Spin-coat  

The Brewer Science Manual Spinner is used to cover the wafer with the desired film thickness of SU-

8. First, the wafer is centered and vacuumed on a contaminated chuck. Then approximately 10 mL 

SU-8 was directly poured from the cup at the center of the wafer (Figure 1). Subsequently the spinning 

started at a spinning speed of 500 rpm with an acceleration of 100 rpm per second and a spinning 

time of 5 s to spread the SU-8 a bit, following a spinning with a spinning at a speed of 1300 rpm with 

an acceleration of 300 rpm per second and a spinning time of 30 s to get a film thickness of 200 μm 

(Figure 2). After a rest of 5 minutes, the edge and the back of the wafer (still vacuumed to the chuck) 

were manually cleaned with a swab soaked in acetone. 

 

     

         Figure 1 – A drop of SU-8 at the center of the wafer                       Figure 2 – Wafer coated with a layer of SU-8 
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Step 2: Soft bake 

A mobile hotplate is used to soft bake the film (Figure 3). First, the film was baked for 10 minutes at 

65 °C and then for 60 minutes at 95 °C. Subsequently, the wafer was removed from the hotplate 

and cooled for 10 minutes at cleanroom temperature.  

 

 

Figure 3 – Soft baking SU-8 on mobile hotplate 

 

Step 3: Spin-coat 

Step 1 was repeated to achieve a thickness of 400 μm by creating a second film of 200 μm on the 

first film. The film layer is spun in two parts because it leads to more uniformity. If the layer is spun 

on it in one go, a "donut" is created in which the edge is thicker than the center. 

 

Step 4: Soft bake 

A mobile hotplate is used to soft bake the final film. First, the film was baked for 10 minutes at 65 °C 

and then for 60 minutes at 95 °C. Subsequently, the wafer was removed from the hotplate and 

cooled for 20 minutes at cleanroom temperature. Figure 4 shows the result. 

 

 

Figure 4 – Wafer coated with SU-8 
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Step 5: Exposure 

The EVG420 Contact Aligner (with 465 nm (i-line), 405 nm (h-line), and 436 nm (g-line)) is used to 

expose the film. The wafer is turned upside down on a carrier (a silicon wafer) and exposed through 

a mask (with circles of 20, 50 and 100 μm) with an exposure energy of 1750 mJ/cm2. A proximity of 

130 μm has been used. 

 

Step 6: Post-exposure bake 

A mobile hotplate is used to post-exposure bake the exposed film. The layer was baked immediately 

after exposure for 20 minutes at 95 °C.  

 

Step 7: Develop 

Propylene glycol methyl ether acetate (PGMEA) is used to develop the microneedles by dissolving 

unexposed SU-8. The wafer was completely immersed in PGMEA by using a holder (Figure 5). The 

development has taken place with a spinning speed of 0 rpm for 100 minutes at cleanroom 

temperature. 

 

 

Figure 5 – Developing SU-8 

                                                  

Step 8: Clean 

Isopropyl alcohol (IPA) is used to clean the microneedles after development by spraying on it 

carefully. Subsequently, nitrogen is used to blow dry. Figure 6 shows the result of the process. 

 

 

Figure 6 – Result of the process 
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5-3 Fabrication results 

Prototype 1 

Figure 7 shows that the microneedles of prototype 1 are bent. The smallest microneedles (the most 

left one) were bent the most. The stability of the microneedles is probably too low to withstand 

centrifugation (for drying). Another cause may be spinning during development. 

 

 

Figure 7 – Prototype 1 from left to right made with mask with circles with diameter of 20, 50 and 100 μm 

 

Prototype 2 

Centrifugation to dry the microneedles has been omitted in the process of creating prototype 2. 

However, the microneedles were still bent, in which the smallest microneedles were bent the most.  

 

Prototype 3 

Spinning during development has been omitted in the process of creating prototype 3. Figure 8 shows 

that microneedles are much more upright compared to the first two prototypes. The smallest 

microneedles are bent the most. After three prototypes it was clear that the microneedles resulting 

from the medium sized circles (50 μm) of the mask give the best results.  

 

 

Figure 8 – Prototype 2 from left to right made with mask with circles with diameter of 20, 50 and 100 μm 

 

Prototype 4 

Compared to prototype 3, the exposure energy has been reduced with 750 mJ/cm2 in this attempt. 

The goal was to obtain more tapered microneedles. Figure 9 shows a similar result as in attempt 3. 

However, the tip diameters of prototype 4 were slightly smaller. 
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Figure 9 – Prototype 4 

 

Prototype 5 

Compared to prototype 4, the exposure energy has been reduced to 1000 mJ/cm2 to create even 

more tapered microneedles. Figure 10 shows that this is the case, but that the surface also becomes 

rougher. 

 

 

Figure 10 – Prototype 5 

 

Prototype 6 

Compared to prototype 5, the exposure energy has been reduced to 800 mJ/cm2 to create even 

more tapered microneedles. Figure 11 shows that the microneedles are more tapered, but also bend 

more towards the tips. This is probably due to less stability.  

 

 

Figure 11 – Prototype 6 
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Prototype 7 

Prototype 4 had the best result with the desired tip diameter. For this reason, prototype 7 looked at 

whether it is possible to create the film layer in one go instead of in two parts. Figure 12 shows that 

the microneedles are bent despite maintaining the same parameters as in prototype 4. Wrinkles 

appeared during the soft bake of the film. This usually indicates skin formation on the film. The 

bending probably has something to do with the amount of moisture in the layer that could no longer 

get out. Too much moisture in the microneedles can lead to less stability.  

 

 

Figure 12 – Prototype 7 

 

Prototype 8 

To check whether the bending has anything to do with the soft baking, a longer baking time was used 

for this last prototype. This resulted also in skin forming during the soft bake and bending of the 

microneedles. 

 

   Conclusion 

Prototype 4 has resulted in microneedles with the desired tip diameter. This means that, with a film 

thickness of 400 μm, a mask with circles of 50 μm and a proximity of 130 μm during exposure with 

an exposure energy of 1750 mJ/cm2, the desired microneedles in terms of dimensional aspects can 

be created. 
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6 Measurements 
 

6-1 Dimensional aspects 

The dimensional properties, i.e. the length, the base diameter and the tip diameter of the 

microneedles, have been determined using scanning electron microscopy (SEM). The microneedles 

from prototype 4 that were made with the mask circles with a diameter of 50 μm were measured 

with the SEM's built-in program at four places on the wafer. Table 1 shows the results. 

 

 #1 #2 #2 #4 Mean 

Length (μm) 420 417 405 398 410 

Base diameter (μm) 101 110 108 105 106 

Tip diameter (μm) 35 41 48 46 43 

Table 1 – Dimensional properties of the microneedles 

 

 

 

 

 

 

6-2 Mechanical failure 

The FT-NMT04 Nanomechanical Testing System (FemtoTools) has been used to quantify the fracture 

point of the microneedles when pressing onto it vertically (at the tip) and horizontally (at the base). 

A nanoindenter with a tip diameter of 20 μm is used to deliver the force. To make sure that the 

nanoindenter was in full contact with the microneedle, calibration was performed to obtain an 

accurate position of the nanoindenter relative to the microneedle using an optical microscope on the 

system.  

 

Multiple vertical compression tests have been performed. When pushing on the tip (Figure 1), the 

microneedle starts bending (Figure 2), first showing elastic behaviour and then changing to plastic 

behaviour, and finally breaks. Two of the vertical compression tests were meaningful. Figure 4 shows 

the result of the first vertical compression test. This shows that the microneedle breaks at a force of 

78.1 mN and a displacement of 63 μm. The ultimate strength is 88.6 mN. Figure 5 shows the results 

of the second vertical compression test. This shows that the microneedle breaks at a force of 67.0 mN 

and a displacement of 62 μm. The ultimate strength is 96.7 mN.  

 

There was no movement in the horizontal compression test at the base with the maximum force of 

the testing system (Figure 3). The force required for this is therefore higher than the maximum force 

of the testing system, which is equal to 200 mN. 

 

Conclusion 

The microneedles have an average length of 410 μm, average base diameter of 106 μm and an 
average tip diameter of 43 μm. 
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        Figure 1 – Vertical compression         Figure 2 – Microneedle bends backwards      Figure 3 – Horizontal compression 

 

 

 

Figure 4 – Vertical compression test 1 of one microneedle 

 

 

Figure 5 – Vertical compression test 2 of one microneedle 
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6-3 Transmission 

The transmission of the microneedles is measured to quantify the maximum amount of light that can 

be passed through the microneedles from the base and from the tip, and the difference between 

them (loss of light). However, in vivo there is no transmission. 

 

The transmission of the microneedles is measured from both the base and the tip, since the 

microneedles will be used to both send light into the skin and receive light from the skin. Figure 6 

shows the measurement setup. A microscope, the Flame Miniature Spectrometer (Ocean Optics), the 

SPLIT400-UV-VIS fiber (Ocean Optics) and the software 'Ocean View' (Ocean Optics) were used for 

this. The fiber consists of three fibers, two fibers on one end and a third fiber on the other end (Figure 

7A). The core diameter of each fiber is 200 µm, and the wavelength range is 300 − 1100 nm.  

 

 

 

Figure 6 - Measurement setup 

 

 

Conclusion 

With a vertical compression test on the tip of the microneedle, the average fracture point of one 
microneedle is at a force of 72.5 mN and an average displacement of 63 µm. The average fracture 
force per area microneedle is therefore is 16.5 N/mm2. However, the number of necessary 
microneedles still needs to be investigated. The use of more microneedles will influence the fracture 
point. 

Fiber 
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                                                                       A                                                           B 

Figure 7 – Fibers (A: SPLIT400-UV-VIS, B: FCR-7UV200) 

 

The transmission was measured from the base. The light from the microscope has been used as a 

source. First, the transmission from the light source is calibrated to a transmission of 100 %. Then, 

the transmission through the substrate with the microneedles was measured, which turned out to 

be 86 %. This transmission loss is caused by reflection from the fiber (glass) to air, from air to the 

substrate (glass) and from the substrate to the microneedles (SU-8). The first transition, from the 

fiber to air, has a difference of 0.5 (1.5 − 1.0) in refractive index. The resulting reflection can be 

calculated as follows: 

 

𝑅 = |
𝑛1 − 𝑛2

𝑛1 + 𝑛2
|

2

= |
1.5 − 1.0

1.5 + 1.0
|

2

= 0.04 

 

Thus, the transition from the fiber to air leads to 4 % of reflection. The second transition, from air to 

the substrate (glass) equals the reflection during the first transition and is therefore 4 %. The third 

transition, from the substrate to the microneedles, has a difference of −0.2 (1.5 − 1.7) in refractive 

index. This leads to 0.4 % of reflection. Therefore, there is 91.6 % light left. This is the theoretical 

value, but with the measurements this value turned out to be 86 %. To reduce the reflection at the 

substrate, optical glue or an anti-reflective coating on the substrate can be used to eliminate the 

reflection between the fiber and the substrate.  

 

To measure the extent to which the microneedles transmit light from the tip, skin simulations are 

made from gelatin (gelatin granules mixed with water, 20 % by weight), and to measure whether the 

microneedles pass the correct wavelength, blue food colorant has been added (Figure 8).  

 

 

Figure 8 – Gelatin for transmission measurements 

 

 

 



Microneedles for Optical Spectroscopy: To measure across the skin barrier 

28 

 

For the transmission measurements through the microneedles, the microneedles are pressed into 

the gelatin. Because the spaces between the microneedles are not covered, the light also passes 

through these spaces (Figure 9). As a result, optical measurements will not be accurate, because 

these spaces participate. To eliminate these spaces as much as possible, gelatin has been covered on 

one side with a permanent black marker, so that the light that meets these spaces is absorbed (Figure 

10). In Figure 9 and 10, absorption and scattering are not considered; it only shows schematically 

what the difference is between covering and not covering the spaces between the microneedles.  

 

              

     Figure 9 – Non-covered transmission from tip to base                     Figure 10 – Covered transmission from tip to base 

 

 

Figure 11 and Table 2 show the results of the transmission measurements from the base of the 

microneedles. Transmission from the base to the tip of the microneedles give a reduction of 14 % 

caused by the substrate with the microneedles. When the microneedles are punctured in blue 

colored gelatin, peaks in the blue spectrum can be observed. This results in a reduction in 

transmission of 24 %. Covering the spaces between the microneedles gives a reduction in 

transmission of 70 %. Covering the spaces between the microneedles results in a clear difference. 

The microneedles alone therefore have a transmission of 30 % from the base. 

 

 

Figure 11 – Transmission from the base in blue gelatin 
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 Wavelength (nm) Transmission (%) 

Substrate with needles - 86 

Substrate with needles and blue gelatin 476 - 495 76 

Substrate with needles and blue covered gelatin 476 - 495 30 

Table 2 – Results of transmission measurements from the base 

 

The same measurements are performed from the tip of the microneedles. Figure 12 and Table 3 show 

the results. Transmission measurements from the tip to the base of the microneedles give a reduction 

of 14 % caused by the substrate and the microneedles, same as with transmission from the base. 

When the microneedles are punctured in blue colored gelatin, peaks in the blue spectrum can be 

observed. This results in a reduction in transmission of 39 %. Covering the spaces between the 

microneedles gives a reduction in transmission of 75 %. Thus, the transmission from the tip to the 

base is lower compared to the transmission from the base to the tip. This is because the tip of the 

microneedles has a smaller diameter compared to its base. 

 

 

Figure 12 – Transmission from the tip in blue gelatin 

 

 Wavelength (nm) Transmission (%) 

Substrate with needles - 86 

Substrate with needles and blue gelatin 476 - 495 61 

Substrate with needles and blue covered gelatin 476 - 495 25 

Table 3 – Results of transmission measurements from the tip 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

There is a lot of light loss through the microneedles; 70 % with the transmission from the base and 

75 % with the transmission from the tip. The transmission reduction by the microneedles where the 

spaces between the microneedles are covered is comparable for measurements from the base (61 %) 

and the tip (59 %). The maximum amount of light that can pass through the tip of the microneedles 

to the sensor is 25 %. However, because the light is already reduced by 70 % if it propagates from 

the base to the tip, the maximum amount of light that can propagate back from the tip to the base is 

7.5 %. This amount can therefore be used for reflection measurements. 
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6-4 Reflection 

The amount of bilirubin can be measured by taking reflection measurements. Therefore, it has been 

tested if the microneedles are functioning for reflection measurements. Real skin contains scattering 

and absorbent particles. For this reason, a skin simulation was made from water (15 g), gelatin (5 g) 

and semi-skimmed milk (10 g) with yellow, blue, green and red dye (Figure 13). Semi-skimmed milk 

contains approximately 35 % casein micelles, an animal protein, with a diameter ranging between 

50 and 250 nm [50]. Different dye concentrations have been used to simulate differences in bilirubin 

concentrations. 

 

 

Figure 13 – Skin simulation (blue) for reflection measurements 

 

The measurement setup of the reflection measurements is comparable to the measurement setup 

of the transmission measurements (Figure 6). However, the DH-2000 UV-VIS-NIR (Ocean Optics) is 

used as light source, and instead of the SPLIT400-UV-VIS fiber, the FCR-7UV200 fiber (Ocean Optics) 

is used, because no meaningful results could be obtained with the SPLIT400-UV-VIS. The FCR-7UV200 

fiber consists of seven fibers, one central fiber to bring in light with six surrounding fibers to capture 

reflected light (Figure 7B). The core diameter of each fiber is 200 μm, and the wavelength range is 

200 − 800 nm.  

 

The reflection is measured from the base, as it would be with a measurement in the clinical setting. 

First, the system is calibrated to a reflection of 0 %. Then, the reflection was measured with only the 

substrate with the microneedles. This has resulted in 10 % of reflection, slightly lower than with the 

transmission measurements. The microneedles were also used in these measurements without 

covering and covering the spaces in between.  

 

Yellow gelatin is interesting to simulate reflection measurements with bilirubin, because bilirubin is 

yellow, and therefore absorbs in the blue spectrum (peak of bilirubin is 460 nm). This is because the 

color that is absorbed by a pigment is the complementary color (green line) of that pigment, and blue 

is the complementary color of yellow. The reflection measurements in yellow gelatin show the 

expected spectrum (Figure 14). There is a dip in the curves for the wavelengths of blue, in other 

words, there is absorption in the blue spectrum. In addition, a difference in the height of the curve 

can be seen between light and dark yellow. The results with the microneedles where the spaces are 

covered are the most representative. With these measurements, dark yellow shows less reflection at 

460 nm, this is due to more absorption due to the presence of more yellow pigments in dark yellow. 

The reflection in light yellow and in dark yellow at 460 nm is 32 and 14 % respectively. Logically, 
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differences in reflections can also be seen in the yellow spectrum; dark yellow shows less reflection 

compared to light yellow, because there is more absorption by dark yellow. 

 

 

Figure 14 – Reflection in yellow gelatin 

 

To show that the microneedles also show the expected results for other colors, the measurements 

were also carried out in blue (Figure 15) and red gelatin (Figure 16).  

 

 

Figure 15 – Reflection in blue gelatin 



Microneedles for Optical Spectroscopy: To measure across the skin barrier 

32 

 

 

 

Figure 16 – Reflection in red gelatin 

 

Figure 15 shows, as expected, a peak in the blue spectrum. In Figure 16 this applies to the red 

spectrum. Both figures also show that a dark variant of the gelatin shows less reflection, because 

more absorption occurs due to more pigment use. The complementary colors (green lines) of blue 

and red are yellow (± 575 nm) and cyan (± 505 nm) respectively. The results of the measurements 

with covered gelatin are summarized in Table 4. 

 

 Wavelength peak (nm) Reflection (%) Difference (%) 

Light yellow 575 50  

Dark yellow 575 35 -15 

Light blue 470 48  

Dark blue 470 24 -24 

Light red 680 32  

Dark red 680 17 -15 

Table 4 – Results of reflection measurements with covered gelatin 

 

 

 

  

Conclusion 

The measurements with the microneedles where the spaces are covered results in all measurements 

in lower reflection values compared to the microneedles where these spaces are not covered. The 

differences in color concentrations also result in differences in reflection values. The dark variants of 

the colors show less reflection in all measurements. This is caused by a higher absorption. Also, as 

expected, the measurements in simulated bilirubin (yellow gelatin) show a dip in the blue spectrum, 

e.g. at 460 nm, the absorption peak of bilirubin. Thus, measuring reflection using microneedles as a 

'tunnel' seems possible.  
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7 Conclusion and future work 
 

The aim of this project was to develop microneedles for optical spectroscopy, and to test them in 

simulated skin to determine the usability for reflection measurements. 

 

The microneedles for this purpose had to meet several conditions. The microneedles had to be 

biocompatible, able to puncture the skin, enough mechanical strength for insertion into the skin, 

minimally invasive, and optically transparent for the wavelengths of bilirubin. Therefore, the polymer 

SU-8 has been chosen, because this material is biocompatible and optically transparent for the 

desired wavelengths. Furthermore, based on literature research it was determined that the length of 

the microneedle should be a maximum of 480 µm to keep it minimally invasive and the tip diameter 

should be around 40 µm to allow enough light to pass through, but also to be sharp enough to 

puncture the skin easily. The microneedles have been developed by using microfabrication 

techniques with a focus on backside exposure. Multiple prototypes have been developed and 

evaluated based on dimensional properties. The prototype closest to the requirements was chosen 

to take measurements. These were the microneedles with an average length of 410 μm, an average 

base diameter of 106 μm and an average tip diameter of 43 μm. These microneedles were developed 

with a film thickness of 400 μm, a mask with circles of 50 μm and a proximity of 130 μm during 

exposure with an exposure energy of 1750 mJ/cm2. Although this method has resulted in the desired 

microneedles, it is recommended to investigate other, perhaps easier, methodologies, for example, 

micromoulding or 3D-printing, in which, for example, uniformity of the microneedles can be 

optimized. Furthermore, research must be conducted into optimization in the manufacturing process 

to cover the spaces between the microneedles. 

 

The mechanical properties of the skin play a role in puncturing the skin. When puncturing the skin, 

the needle will experience resistive forces exerted by the skin. In order to puncture the skin, the 

ultimate stress of the skin must be overcome by pushing perpendicular to the skin with the needle to 

bend and stretch the skin. Therefore, the mechanical failure point of the microneedles was 

investigated with an indentation test on the tip of an individual microneedle. The tests showed that 

the average fracture point of one microneedle is at a force of 72.5 mN and an average displacement 

of 63 µm. The average fracture point per area microneedle is 16.5 N/mm2. According to the 

literature, the theoretical force required to puncture the skin is 3.2 N/mm2. The average fracture 

point per area microneedle is higher compared to the skin, so with an insertion force between 3.2 

and 16.5 N/mm2, it is possible to puncture the skin with one microneedle. An application device to 

push the microneedles into the skin can be used to limit the mechanical failure of the microneedles, 

In this way, the microneedle does not have to be manually pushed into the skin and variations in 

insertion angle, and therefore the unwanted forces on the microneedles (i.e. shear stress), are 

minimized. In addition, the required number of microneedles for bilirubin measurements still needs 

to be investigated. The use of more microneedles will influence the fracture force. It is further 

recommended to use a different method for investigating the mechanical properties of the 

microneedles, since the method used in this project was limited to nanosized objects.  

 



Microneedles for Optical Spectroscopy: To measure across the skin barrier 

34 

 

To determine if the microneedles can be used for reflection measurements, transmission and 

reflection measurements were performed on simulated skin made from gelatin. The transmission 

measurements have shown that the maximum amount of light that can pass through the tip of the 

microneedles to the sensor is 25 %. However, because the light is already reduced by 70 % if it 

propagates from the base to the tip, the maximum amount of light that can propagate back from the 

tip to the base is 7.5 %. This amount can therefore be used for reflection measurements. The 

reflection measurements have shown that measuring reflection using microneedles as a 'tunnel' 

seems possible. The differences in color concentrations in the simulated skin results in differences in 

reflection values. The dark variants show less reflection in all measurements. This is caused by a 

higher absorption due to the higher amount of pigment use. Also, as expected, the measurements in 

simulated bilirubin (skin simulation with yellow colorant) show a dip in the blue spectrum, e.g. at 460 

nm, the absorption peak of bilirubin. However, despite the good initial results of these 

measurements, perhaps more signal is needed to accurately measure significant concentration 

differences. In the measurements of this project, an attenuator is used that is set randomly. In the 

ideal situation, the signal should be as large as possible as long as it is safe for use in the skin. In 

addition, research can be done into other designs of the microneedles, in which possibly more 

efficient use can be made of light. A possible design that can be investigated is the use of a 'mirror' 

in the tip of the microneedles. 

 

In addition to the requirements that have been met in this project, there are more requirements that 

the entire device must meet. Firstly, the microneedles must be easy to integrate with the 

spectrometer. The spectrometer will be reconnected to the (disposable) microneedles for each 

patient, so the alignment between these components must be reliable. In future research, the 

optimal alignment between the microneedles and the optical spectrometer must be investigated. In 

addition, research must be done in how the microneedles can be used as disposable microneedles. 

Besides that, the device must also be operable by people without qualifications, since there is little 

to no qualified staff in remote African areas. Therefore, research into the easiest possible operation 

of the system must be done. Furthermore, the use of the device must be accurate and reliable in 

clinical application. First, research can be done with real bilirubin. If the measurements are accurate 

and the entire system is complete, research can be done on living test subjects with different skin 

colors, possibly also in remote African areas. Moreover, the device must be cheap to produce, since 

it is for remote African areas, so research needs to be done into mass production opportunities and 

costs. Lastly, this project was focused on the detection of bilirubin in blood using a minimally invasive 

system, although there may be many more applications for the fabricated microneedles. For 

example, in future research it could be investigated whether this device can be applied to glucose 

measurements in diabetic patients.  

 

In short, in this project microneedles have been developed that are minimally invasive, 

biocompatible, optically transparent, and easy-to-process. The first measurements have shown that 

it seems possible to use the microneedles in combination with optical spectroscopy to detect 

differences in “bilirubin” concentrations. Moreover, the microneedles can be used to puncture the 

skin without fracturing. In this project the focus was on concretizing a possible solution. Therefore, 

there is still plenty of future research to do to optimize and ultimately implement this device. 
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Appendix 
 

A1. Flowchart for ‘microneedle’ 

(grey = glass, blue = SU-8, red = mask) 

 
1. Preparing 

1. Pour ± 30 ml SU-8 2075 from original bottle in a cup  

2. Store cup on cleanroom temperature at least 2 hours before use 

 

2. Spin-coating and soft-baking 

1. Spin-coating a layer of 200 µm of SU-8 2075, poured from a cup 

- Amount: ± 10 ml 

- Recipe: 

1. Spin speed: 500 rpm, acceleration: 100 rpm/second, spin time: 5 seconds 

2. Spin speed: 1300 rpm, acceleration: 300 rpm/second, spin time: 30 seconds 

2. Rest for 5 minutes 

3. Edge bead removal with a swab soaked in acetone 

4. Soft bake at 65 °C for 10 minutes and at 95 °C for 60 minutes 

5. Cool for 10 minutes at cleanroom temperature 

 

 

 

 
 

3. Repeat step 1 to create a second film layer 

 

 

 

 

 

 

4. Alignment and exposure 

1. Placing mask (mask with circles with a diameter of 50 μm) 

2. Backside exposing with a dose of 1750 mJ/cm2 with a proximity of 130 μm 
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5. Post-exposure baking and developing 

1. Post-exposure baking on hotplate at 95 °C for 20 minutes 

2. Developing by immersion in PGMEA for 100 minutes at 0 rpm and cleanroom temperature 

 

 

 

 

 

 

 

6. Cleaning 

1. Cleaning with isopropyl alcohol by spraying 

2. Blow dry with nitrogen 

 

A2. Flowchart for ‘microneedle with convex mirror’ 

Note: The following is just a concept of processing steps that can be taken to develop microneedles 

with a convex mirror (grey = glass, blue = SU-8, orange = metal layer, green = photoresist, red = mask). 

 

1. Spin-coating 

1. Spin-coating a layer of 110 µm of SU-8 2075, dispensed by a pump 

- Amount: ± 7 ml 

- Recipe: 

1. Spin speed: 500 rpm, acceleration: 100 rpm/second, spin time: 10 seconds 

2. Spin speed: 2000 rpm, acceleration: 300 rpm/second, spin time: 30 seconds 

2. Edge bead removal with a swab 

3. Soft bake at 65 °C for 5 minutes and at 95 °C for 20 minutes 

 

 

 

 

 

2. Repeat step 1 to create the second layer 

 

3. Repeat step 2 to create the third layer 

 

4. Exposure 

1. Frontside exposing with a dose of 700 mJ/cm2 

 

 

 

 

 

 

330 µm SU-8 

330 µm SU-8 
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5. Developing  

1. Post-exposure bake at 95 °C for 25 minutes 

 

 
 

 

6. Metallization 

1. Sputter coat 200 nm Al (100% Al) 

- Recipe: Temperature: 350 °C, Ar flow: 100 sccm 

2. Visual inspection: the metal layer must look shiny 

 

 

 

 

 

7. Coating with photoresist 

1. Check relative humidity (48 ± 2%) in the room before coating 

2. Use program positive resist 

- Treatment with HMDS (hexamethyldisilazane) vapor, with nitrogen as a carrier gas 

- Spin-coating of positive resist, dispensed by a pump 

- Soft bake at 95 °C for 90 seconds 

- Automatic edge bead removal with a solvent 

 

 

 

 

 

 

8. Alignment and exposure 

1. Placing mask 

2. Frontside exposing with a dose of 500 mJ/cm2 

 

 

 

 

 

 

 

 

9. Developing 

1. Use program “1-Dev – SP” 

- Post-exposure bake at 115 °C for 90 seconds 

- Developing with developing material 

- Hard bake at 100 °C for 90 seconds 

330 µm SU-8 

330 µm SU-8 

330 µm SU-8 

330 µm SU-8 
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10. Wet etching Al 

1. Etching in H3PO4 solution at 85 °C for 1 minute 

 

 

 

 

 

 

11. Plasma etching 

1. Recipe: 

- Step: bulk etch (RIE) 

- Gasses: CF4 and O2 in 1 : 20 

- RF power: 100 w 

- Etch time: 5 minutes 

- He pressure: ? 

- Chamber pressure: 20 mbar 

 

 

 

 

 

 

12. Metallization 

1. Sputter coat 200 nm Al (100% Al) 

- Recipe: Temperature: 350 °C, Ar flow: 100 sccm 

2. Visual inspection: the metal layer must look shiny 

 

 

 

 

 

 

 

13. Coating with photoresist 

1. Check relative humidity (48 ± 2%) in the room before coating 

2. Use program for negative resist 

- Treatment with HMDS (hexamethyldisilazane) vapor, with nitrogen as a carrier gas 

- Spin-coating of resist, dispensed by a pump 

330 µm SU-8 

330 µm SU-8 
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- Soft bake at 95 °C for 90 seconds 

- Automatic edge bead removal with a solvent 

 

 

 

 

 
 
 
14. Alignment and exposure 

1. Placing mask [existing mask with circles] 

2. Frontside exposing with a dose of 500 mJ/cm2 

 

 

 

 

 

 

 

 

15. Developing 

1. Use program “1-Dev – SP” 

- Post-exposure bake at 115 °C for 90 seconds 

- Developing with developing material 

- Hard bake at 100 °C for 90 seconds 

 

 

 

 

 

 

 

16. Wet etching Al 

1. Etching in H3PO4 solution at 85 °C for 1 minute 
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17. Plasma etching 

1. Recipe: 

- Step: bulk etch (RIE) 

- Gasses: CF4 and O2 in 1 : 20 

- RF power: 100 w 

- Etch time: 5 minutes 

- He pressure: ? 

- Chamber pressure: 20 mbar 

 

 

 

 

 

 

 

18. Spin-coating 

1. Treatment with HMDS (hexamethyldisilazane) vapor, with nitrogen as a carrier gas 

2. Spin-coating a layer of 60 µm of SU-8 2075, dispensed by a pump 

- Amount: ± 7 ml 

- Recipe: 

1. Spin speed: 500 rpm, acceleration: 100 rpm/second, spin time: 10 seconds 

2. Spin speed: 4000 rpm, acceleration: 300 rpm/second, spin time: 30 seconds 

3. Edge bead removal with a swab 

4. Soft bake at 65 °C for 3 minutes and at 95 °C for 9 minutes 

 

 

 

 

 

 

 

19. Exposure 

1. Frontside exposing with a dose of 1000 mJ/cm2 
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20. Developing 

1. Post-exposure bake at 95 °C for 5 minutes 

 

 

 

 

 

 

 

21. Metallization 

1. Sputter coat 200 nm Al (100% Al) 

- Recipe: Temperature: 350 °C, Ar flow: 100 sccm 

2. Visual inspection: the metal layer must look shiny 

 

 

 

 

 

 
 

22. Coating with photoresist 

1. Check relative humidity (48 ± 2%) in the room before coating 

2. Use program for positive resist 

- Treatment with HMDS (hexamethyldisilazane) vapor, with nitrogen as a carrier gas 

- Spin-coating of positive resist, dispensed by a pump 

- Soft bake at 95 °C for 90 seconds 

- Automatic edge bead removal with a solvent 

 

 

 

 

 

 

 

23. Alignment and exposure 

1. Placing mask [mask with tiny circles] 

2. Frontside exposing with a dose of 1000 mJ/cm2 
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24. Developing 

1. Use program “1-Dev – SP” 

- Post-exposure bake at 115 °C for 90 seconds 

- Developing with developing material 

- Hard bake at 100 °C for 90 seconds 

 

 

 

 

 

 

25. Wet etching Al 

1. Etching in H3PO4 solution at 85 °C for 1 

 

 

 

 

 

 

26. Plasma etching 

1. Recipe: 

- Step: bulk etch (RIE) 

- Gasses: CF4 and O2 in 1 : 20 

- RF power: 100 w 

- Etch time: 5 minutes 

- He pressure: ? 

- Chamber pressure: 20 mbar 

 

 

 

 

 

 

27. Layer stripping 

1. Strip Al layer with H3PO4 solution 

 

 

 

 

 

 

 

28. Cleaning 

1. Cleaning with isopropyl alcohol and deionized water 

2. Air dry 

 

 

 

 


