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Abstract 

This paper reports on a new lithographic process for fabricating arrays of tall, high aspect ratio (defined 
as height/wall thickness), hollow, polymer microneedles on a platform. The microneedles feature a high 
sharpness (down to 3 µm tip radius) and aspect ratio (>65) which is a factor 2 and 4 better than the state 
of the art, respectively. The maximum achievable needle shaft length is over 1 mm. The improved 
performance was obtained by using an anisotropically patterned silicon substrate covered with an 
antireflective layer as mold for the needle tip and an optimized SU-8 lithographic process.  Furthermore, 
a platform containing liquid feedthroughs holding an arbitrary number of needles out of plane can be 
manufactured with only one additional process step. 
The high aspect ratio microneedles undergo failure at the critical load of around 230 mN in case of 1 mm 
long hollow needles with triangular cross-section and a base of 175 µm. Penetration into human skin is 
demonstrated as well. 
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1. INTRODUCTION 

The use of microneedles for transdermal injection of vaccines or protein drug is an active research topic 
as it would entail several advantages over classical injections: microneedle based systems can be 
painless [1] and  suitable for self-administration, adding user comfort and avoiding the need to rely on 
frequent care of a medical professional. Compared to other competing technologies such as 
iontophoresis and skin patches they have the advantage and suitability for high molecular weight 
substances. With respect to electrophoreses and cavitational ultrasound that do allow for high 
molecular weights, they promise a simpler and more cost efficient delivery mechanism [2][3].  
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In order to enable delivery of ample volumes despite the small diameters required for painlessness, 
several authors have focused on microneedle arrays and on fabrication technology for such arrays. 
Many works rely on the use of silicon or metal as basic material [3][4][5]. More recently authors have 
published on the fabrication and use of all-polymer microneedle arrays, offering better perspectives on 
mass fabrication at low cost and allowing the use of a large variety of polymers, including dissolving 
drug-loaded polymers [6]. Often, the fabrication protocol presented is based on molding [6][7][8][9]. 

Though being a well proven technology, the fact the mold needs to be removed reduces the attainable 
aspect ratio (height/wall thickness) of the needles. For the fabrication of arrays of slender, hollow 
microneedles of a platform, which was the purpose of the work presented in this paper, molding cannot 
attain satisfactory results. 

On the other hand, lithography (UV induced selective cross linking) based processes face often 
difficulties in controlling the shaping of the out-of-plane dimension, especially when it comes to the 
fabrication of  slanted sidewalls which is required for sharpening needles in an array. Several recent 
works actually combine molding and lithography in order to achieve better sharpness and aspect ratio 
[10] [11]. 

What we present in this paper is a significantly improved process based on a combination of molding 
and UV lithography yielding hollow needles with record aspect ratio and sharpness that are monolithic 
with a platform, and feature a maximum needle length of over one millimeter while at the same time 
being suitable for mass fabrication. 

As the process relies on UV lithography to achieve high aspect ratio structures, it does require the 
needles to be out of a photocrosslinkable material. SU-8 was selected because of its ability to be UV 
patterened to very high aspect ratios, its good mechanical properties [12] and its reported 
biocompatibility in cell assays (see section 5).  

 

2. DESIGN 

We are looking at several applications for these needles which each  have an optimal penetration depth. 
For example, injection of antigens into the epidermis of the skin requires a typical penetration depth of 
500 micrometers, depending on the location on the body.  The required needle length further depends 
on the packaging selected for the needles, and of the viscoelastic properties of the skin they are applied 
to. A relatively long needle can be necessary if for the former reasons the needles do  not penetrate the 
skin over their entire length. 
A length of 1 mm was taken here as a demonstrator for the capabilities of the process, as this is the 
maximum length that will be  necessary for any of the applications envisaged. 

The needles are designed to buckle (not break) at at least 2 times the expected maximum required 
insertion force for needles having a tip diameter 15 µm or less.  Assuming a linear dependence with tip 
area and insertion forces as discussed in [13], the insertion force for a single 15 µm diameter tip would 
be 22 mN. 



A  first-order design is based on Euler’s formula for buckling: 

𝐹𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 =
𝜋2𝐸𝐼
4𝐿2

 

With E the Young’s modulus for SU-8, 2 GPa [14], L the length of the needle and I the area moment of 
inertia of the needle’s cross section. 
 

For needles having an isosceles triangle cross section (figure 1)  with a basis b1 and b2 , and height h1 and 
h2 of the inner and outer boundary of cross section  respectively [15]: 

𝐼 =
b2h23

48
−

b1h13

48
 

For b1=h1=100 µm and b2=h2=175 µm this amounts to a buckling force of 86 mN. 

 

Figure 1: A 3-D representation of the envisaged platform with monolithically integrated  hollow 
microneedes with triangular cross-section. 

 

Similarly, for a hollow cylindrical needle having a length of 1 mm, a sidewall thickness of 15 µm and an 
inner radius of 50 µm, a buckling force thus is 45 mN can be calculated. The dimensions above were 
used to design the masks required for the experiments, containing needles of round and triangular cross 
section. 

 

3. FABRICATION 

2.1 BASIC PROCESS 

The fabrication process evolved from a process for the fabrication of mm-long unsharpened hollow 
cylinders on a silicon substrate that was already described in earlier work [16].  



 

Figure 2: basic process for forming high aspect ratio cylinders 

In this process (figure 2), a coating procedure based on the reflow of pre-dried SU-8 epoxy monomer 
chips was adopted, as the targeted layer thickness is too large to allow multiple spin coating steps or 
casting followed by a baking step to create a relatively constant solvent concentration throughout the 
layer [17].  SU-8 2050 is subjected to a pre-exposure bake at 95oC for 12 hours on a aluminum carrier 
after which it is broken down with a scraper into dry chips An appropriate quantity of these chips are 
then put on the silicon wafer the needles will be formed on, and heated in a vacuum oven for reflow 
into an even layer. Thus, in a single reflow step a SU-8 layer   with an even solvent concentration 
throughout its thickness is created. The SU-8 layer thickness can be over one mm. 
A second deviation from the standard SU-8 process is the use of 400 nm UV light with shorter, i.e. better 
absorbing, wavelengths filtered out, in order to create an even level of exposure  throughout the 
thickness of the layer, up to several mm [18]. Aspect ratios of over 100 were achieved. 

 

 

 

2.2  IMPROVED PROCESS 

The above-mentioned basic process yields needles with two major disadvantages: the fabricated 
needles rest on their silicon substrate which does not contain feedthroughs, and they are not sharp. 
Therefore, the basic process was adapted in two aspects in order to create sharp needle tips and to 
allow the fabrication of SU-8 platforms that contain feedthroughs and hold an arbitrary number of 
needles. The latter has the additional advantage that the silicon substrate is not lost in the fabrication 
process and can be used for many subsequent fabrication runs. 

 



 
 
Figure. 3. Principle behind sharpening the microneedle tips by a molding step. Anisotropic etching of  a 

<100> Si wafer with KOH causes grooves to be formed along the {111} planes. 
 

 

In order to sharpen the tips, a switch was made from a flat (100) silicon substrate to one with 
anisotropically etched pyramid-shaped pits. These were etched in 30 wt% KOH at 60 °C using 1 μm of 
thermal oxide as protective layer. By aligning the mask during the lithographic step that defines the 
needle shafts such that the needle is formed on the sidewalls of the pits, needles beveled at an angle of 
54.74 degrees are formed (figure 3). This introduces the problem of unwanted reflections at the slanted 
surface which was observed to compromise the sharpness of the needle tips and clog hollow needles. 

 To remedy this, a chromium black antireflective layer is deposited on the anisotropically etched 
substrate before the SU-8 layer is applied. Chromium black has a reflectance of less than 5% in the UV 
region of the spectrum. It is deposited by an electrodeposition process [19] on a 1 micrometer thick 
sputtered copper seed layer with a 50 nm titanium adhesion layer beneath. 

 

                     

 

 

       
 

 
 



 

Figure 4: schematic summary of improved process for the fabrication of microneedles on a platform. (a) 
KOH etched substrate with pyramidal pits (b-c): Chromium black deposition on Ti+Cu seed layer (d) SU-8 
deposition by reflow process of dried chips (e-f): First UV exposure defining the needle shafts (g-h): 
Second UV exposure and baking step forming platforms with feedthroughs (i): Developing and releasing 
the structures. 
After the substrate has been prepared with the antireflective layer an SU-8 layer up to 1 mm thick is 
deposited and a first lithographic step is done, creating the needle shafts. Both these steps are identical 
to the respective steps in the basic process.  

In a subsequent step, platforms with feedthroughs are created by a shallow exposure through a second 
mask. Only the upper parts of the SU-8 layer are crosslinked thanks to the use of faster absorbing i-line 
(365 nm) UV light and a relatively low exposure dose. An i-line dose of  210 mJ/cm2 yields a platform 
thickness of 200 μm when combined with the post exposure bake process used here. 

After the exposure step, a post exposure bake step is done: the wafer is heated up to 80 °C in 20 
minutes, held at than temperature for 40 minutes and ramped down to room temperature over 4 hours  
[20]. The structures are then developed in PGMEA for three hours. It is of note that after developing is 
complete, the microneedle platforms can be picked up from the substrate with simple tweezers. No 
dissolution of a sacrificial layer is needed, and hence the antireflective layer covered substrate can be 
used for a new fabrication run without any further preparation. 

The improved process is summarized in figure 4.  
 



 
Figure 5: SEM picture of 1000 um tall SU-8 microneedles on a 200 µm thick platform, taken under an 

angle of 30 degrees. 

 
Figure 6: detail of triangular needle tip. Sidewall thickness is 15 µm, tip radius 3 µm. 

4. RESULTS 

The process was used to fabricate 1 mm tall, hollow needles with triangular (figure 6)  and round cross 
sections. Measured tip radii ranged from 3 (figure 6) to 6 µm. A sidewall thickness of 15 µm was 
measured, translating to an aspect ratio of over 65. Measurements were done by scanning electron 
microscopy. 



An experiment was set up to measure the force that can be applied to the needle array without 
breaking.  A fabricated platform containing 45 hollow triangular needles of the dimensions described 
above was mounted in a DTS( Dauskardt Technical Services) delaminator setup which was used to drive 
a plunger against the needles at a speed of 0.5 µm/sec, and measure the reaction force. The system, 
depicted schematically in figure 7, has a step resolution of 20 nm and a maximum load of 180 N.   

 

Figure 7: schematic of failure force measuring setup. 

 

 

Figure 8: measured load-displacement curve of an array or 45 hollow microneedles of triangular cross 
section and 1 mm length. The maximum force measured was 10.35 N. 

The resulting load-displacement graph is shown in figure 8. It can be seen that the measured force drops 
substantially after a maximum of 10.35 N is reached, indicating breaking of needles. This amounts to a 



maximum force of 230 mN per needle, which is a factor 10 higher than the estimated insertion force in 
the design section. 

 

Figure 9: insertion test of needle array on human volunteer. It was shown that the needle can penetrate 
the index finger painlessly, leaving small marks behind. 

 



Finally, it was conclusively demonstrated that the needle platform was applicable for skin penetration by 
a short experiment on a volunteer. The volunteer pushed his index finger on a 5x5 microneedle platform 
with the triangular needles resting on a flat surface. On figure 9, it is clearly shown that the needles 
penetrated the skin, coming along with the finger as it was pulled away from the surface. The volunteer 
did not report pain. 

 

5. DISCUSSION 

Polymer microneedle fabrication technology is an active research topic, and several competing 
fabrication technologies have already been presented in literature. Micro injection molding [7] has the 
advantage that a large range of thermoplastic polymers can be employed as material. A disadvantage is 
the more limited aspect ratio compared to our lithographic technology, as a very high aspect ratio mold 
would hamper removal of the workpiece  from the mold. For example, in  [7], the aspect ratio is more 
than 3 times lower and the tip radius is about 15 µm. Wafer-based ‘batch type’ molding processes such 
as [8] have the same disadvantage. 

In terms of cost, both our lithographic process and micro injection molding rely on one piece of heavy 
equipment (contact aligner vs. microinjection molding tool) of similar cost. The throughput of the 
injection molding process is expected to be faster than the 40 minutes of machine time the lithographic 
process uses now. However, the latter can still be improved by increasing the exposure power and 
alignment automation. Furthermore, the lithographic process has a high potential for parallelization by 
switching to large wafer sizes. For example, a single 200 mm wafer can hold over 3000 microneedle 
platforms, each 10 mm2  in diameter. 

Several techniques employing SU-8 to fabricate needle arrays have also been presented. Wang [11] uses 
double exposure to create a platform as well, in combination with a PDMS mold defining the entire 
needle shaft, which also limits the attainable aspect ratio. The transparency of the PDMS allows to work 
without antireflective layer. Aspect Ratios of 16 and tip diameters of 15 µm were achieved here. 

Luttge [10] uses a silicon mold combined with more complicated three-layer process to create SU-8 
needles on a platform, but does not use an antireflective layer. Aspect ratios are limited to around 5. 
Neither [10] or[11] use 400 nm light in order to create a more even exposure throughout the SU-8 layer 
and allow higher aspect ratios. Also the triangular cross-sectional shape of the microneedles used here 
has not been reported earlier. 

A final point addressed is the biocompatibility of the material. Several studies [21][22] have shown 
implantable MEMS devices fabricated out of SU-8 to be biocompatible. We did not perform a 
biocompatibility study for the specific fabrication process as described here yet. However, as only the 
standard SU-8 processing chemicals were used we do not expect problems in transcutaneous 
application of the devices presented. Nevertheless, elaborate biocompatibility testing should still be 
performed before the needles can be used in practice.  



All together, the merit of the process described in this work is the excellent sharpness and aspect ratios 
it achieves, respectively 2 and 4 times better than the current state of the art. This is mainly due to the 
400 nm light exposure combined with the use of a silicon mold that defines the needle tip (and the 
needle tip alone), with antireflective layer and an optimized SU-8 deposition process. The process is 
elegant and suitable for upscaling to production quantities. 

 

6. CONCLUSION 

We have described an improved process for the fabrication of sharp, hollow, high aspect ratio 
microneedles out of SU-8 photodefinable epoxy on a platform. A tip radius of 3 micrometer could be 
achieved on 1 mm tall, hollow microneedles with an aspect ratio of over 65, showing the strongly 
improved sharpness and aspect ratio achievable with the process. Penetration in human skin was 
demonstrated, paving the way for further development of this microneedle technology for use in drug 
delivery applications. 
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