
Journal of Materials Processing Tech. 325 (2024) 118268

Available online 19 December 2023
0924-0136/© 2023 Elsevier B.V. All rights reserved.

A high-precision method for manufacturing tunable solid microneedles 
using dicing saw and xenon difluoride-induced dry etching 
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A B S T R A C T   

Numerous fabrication techniques have been employed to produce solid microneedles (MNs); yet precise 
manufacturing of MNs with adjustable features (height, aspect ratio, and array number) remains the main 
limitation. Developing tunable MNs holds immense promise for personalized and efficient drug delivery systems. 
In this study, we utilized a combination of dicing saw and XeF2 isotropic dry etching processes to fabricate solid 
MNs with tunable characteristics. We herein created rectangular arrays using a dicing saw with desired geometry 
followed by dry etching to form MN arrays without further processing. Employing optimized parameters, the 
average heights of the MNs were 522 ± 15 µm, 614 ± 42 µm, and 698 ± 22 µm for initial pattern depths of 
500 µm, 600 µm, and 700 µm, respectively. Moreover, we achieved an aspect ratio as high as 3.7, a radius of 
curvature less than 10 µm, and a tip angle as low as 6.4o. The mechanical and surface properties of the MNs were 
enhanced through magnetron sputtering with titanium. An ex vivo penetration test conducted on porcine skin 
demonstrated the significant potential of these MNs for transdermal drug delivery in future investigations. 
Overall, a cost-effective production of a single solid MN patch, featuring 400 MN arrays per cm2, can be achieved 
within a remarkably short timeframe (approximately 2 h). Investigating fundamental principles, this study ad
dresses the persistent challenge in manufacturing solid MNs with adjustable features, such as height, aspect ratio, 
and array number. This presents a substantial advantage over alternative fabrication techniques.   

1. Introduction 

Microneedle (MN) technology is an innovative tool with broad ap
plications in transdermal drug delivery, an approach where drugs 
diffuse through the skin layers and join the bloodstream (Prausnitz and 
Langer, 2008). Herein, biomolecules can be easily and effectively 
administered or detected using MNs without inducing pain in the pa
tient, providing rapid healing over the skin (Yilmaz et al., 2023). MNs – 
micron-sized needles typically measuring less than 1 mm – are hence 
extensively utilized in humans, as a note to mention that their reputation 
has already surpassed far beyond human use and reached out to agri
cultural products and foods by combining with sensing systems (Cao 
et al., 2022). There are different types of MNs, including solid, dissolv
ing, and hollow versions, among which solid MN is the simplest form 
(Erdem et al., 2021). The typical usage of solid MNs involves opening 
holes on the skin surface in order to aid the absorption of drugs into the 
skin using "poke-and-patch" technique (Tariq et al., 2021). First and 

foremost, solid MNs can be used as a template to generate dissolving 
MNs (Donnelly et al., 2012). by pouring polymeric solutions over the 
template, or their surface can be coated with a polymeric material to 
form coated MNs (Jiang et al., 2007), which have potential use in 
controlled drug delivery and biosensing applications. Hence, their 
fabrication will facilitate the transformation of such MN type into either 
coated or dissolving ones. 

Geometrical aspects of MNs (i.e., height, aspect ratio, tip angle, and 
the radius of curvature) need to be carefully designed and mostly re- 
visited relying on the application that takes into account these param
eters for a more effective and precise treatment (Larraneta et al., 2016). 
For example, aspect ratio, radius of curvature, and tip angle of a MN 
determine stiffness and flexibility, therefore directly affecting the per
formance of MN-mediated drug delivery or sensing. MNs with small 
radius of curvature and tip angle will demand less force upon insertion 
into skin; however, they may be extremely prone to bending or breaking. 
On the contrary, MNs with higher radius and tip angle will need more 
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force to be applied for a successful penetration into the skin (Gill et al., 
2008). Both situations may generate discomfort and pain in the patients, 
hence their design parameters need to be defined, and accordingly, MNs 
would be fabricated (Caffarel-Salvador et al., 2021). Although 
state-of-the-art MNs have greatly boosted drug delivery or sensing effi
cacy, the paucity of cost-effective microfabrication techniques to pro
duce MNs with desired features still needs to be resolved in unravelling 
its clinical fulfilment. 

Various fabrication methods and a range of materials can be 
employed to attain the desired geometrical features of MNs (Krieger 
et al., 2019). As an example, 3D printing has frequently been utilized as 
a method for fabricating MNs (Han et al., 2020). Although 3D printing 
has advantages in MN fabrication, such as design flexibility, rapid pro
totyping, and the ability to create complex 3D structures, it faces limi
tations related to resolution constraints, material limitations for 
biocompatibility, surface roughness, and limited throughput, which 
need to be carefully considered when choosing this technology for 
specific MN applications (Ozyilmaz et al., 2021). Two-photon poly
merization is another precise method for fabricating MNs with intricate 
designs; but it has limitations in terms of slow fabrication speed, 
specialized and expensive equipment requirements, and difficulties in 
scaling up for mass production (Faraji Rad et al., 2021). Similarly, laser 
micromachining (i.e., femtosecond lasers) crafts precise MNs with cus
tomization choices in a more throughput way, yet it faces restrictions 
such as higher setup costs and challenges in scaling for large-scale 
production (Trautmann et al., 2019). On the other hand, photolithog
raphy holds a central position in MN fabrication, serving as one of its 
fundamental pillars. While this technique boasts several merits, 
including remarkable precision, scalability, and design flexibility for 
creating MNs with high-resolution features, this technology continues to 
encounter challenges concerning equipment cost, material compati
bility, complexity in creating 3D structures, and substrate limitations. 
This fabrication technique is often coupled to deep reactive ion etching 
(DRIE) or inductively coupled plasma reactive ion etching (ICP-RIE) 
systems, which are anisotropic etching processes with an etch rate much 
higher in the vertical direction than in the horizontal direction, leading 
to very high aspect ratios and smooth sidewalls (Roh et al., 2022). 
However, such equipment possesses very slow etching rate (Tanaka 
et al., 2001). It is noteworthy that SF6 possesses a high global warming 
potential, making it a potent greenhouse gas; hence its use in DRIE 
systems is subject to regulation and environmental considerations 
(Rabie and Franck, 2018). Therefore, photolithography and DRIE- or 
ICP-free techniques that are effectively replaced with MEMS fabrication 
methods are essential for a more feasible MN production. Isotropic 
etching of silicon with xenon difluoride (XeF2)—a powerful etchant, has 
been recently shown to be a cost-effective and rapid alternative to 
generate MNs with varying geometrical features (Eş et al., 2023). 
Although XeF2 etching possesses lower operation cost and less fabrica
tion steps, the produced MNs usually have low aspect ratio and height 
values when a silicon wafer is etched isotropically following photolith
ographic patterning and deposition processes (Eş et al., 2023). As an 
example, the highest height of MNs attained through this technique 
ranged from 300 to 350 µm, even when etching a silicon wafer with a 
thickness of 1000 µm. Conversely, this process can be drastically facil
itated and accelerated by crafting deep microarrays using mechanical 
tools such as dicing saw. A dicing saw uses a high-speed spindle and a 
diamond blade to cut through the wafer with high precision and mini
mal damage to the surrounding material. The dicing saw can be pro
grammed to cut the wafer into a variety of shapes and sizes. Overall, the 
combination of XeF2 dry etching and dicing saw can be an alternative to 
SF6-assisted DRIE processes, this way, eliminating the need for sophis
ticated and high-cost methods dependent on photolithography, reducing 
the overall process time and cost. 

In our work, we have presented an alternative strategy through a 
dicing saw technology to form microarrays with varying patterns and 
depths, thereby accelerating the etching process of XeF2 to generate MNs 

with a tunable aspect ratio in considerably shorter periods (≈ 2 h). With 
mutual combination of a dicing saw and XeF2 isotropic etching, we were 
able to fabricate MNs (400 MN arrays/cm2) with aspect ratio and height 
reaching up to 3.7 and ~800 µm, respectively, and this was not possible 
to achieve employing the combination of photolithography and XeF2 
isotropic etching. The surface and morphological features of the MNs 
were comprehensively analyzed using 3D laser scanning and scanning 
electron microscope. Additionally, we have assessed penetration tests on 
porcine skins as a model mimicking human skin using titanium-coated 
MNs. The changes in displacement values upon applied static force 
(between 0 and 18 N) were further explored using a dynamic mechanical 
analyzer. We utilized Si3N4 thin layer as a protective layer on silicon 
wafer during isotropic etching process. Through the substitution of 
Si3N4 coating with epoxy, followed by its curing on the silicon wafer 
using a UV light source, we have achieved a reduction in cleanroom 
requirements for the process by eliminating the reliance on PECVD tool. 
Overall, the current study presents a new technique that has several 
advantages over photolithography-based fabrication of solid MNs (Eş 
et al., 2023), as well as other techniques such as laser micromachining 
(Trautmann et al., 2019), two-photon polymerization (Faraji Rad et al., 
2021) and 3D printing (Krieger et al., 2019), making it a highly favor
able option for MN fabrication. Firstly, it boasts a significantly higher 
throughput, allowing for the processing of more MN arrays in a shorter 
time frame. Additionally, it enables to produce customizable MNs in 
terms of geometry, height, aspect ratio, and MN array number, allowing 
precise tailoring for specific applications. Another notable advantage is 
the reduced tip angle, enhancing effectiveness and minimizing 
discomfort during usage. Moreover, the technique yields MNs with 
excellent surface properties, potentially leading to improved perfor
mance and longevity. Lastly, it is a rapid process, facilitating increased 
productivity and faster delivery to end-users, promoting widespread 
implementation of this technology. 

2. Materials and methods 

2.1. Materials 

4-inch silicon wafers (prime grade with thicknesses of 500 and 
1000 µm) were purchased from Adesis (Turkey). Isopropyl alcohol with 
a minimum purity of 99.5% was acquired from Isolab Laborgeräte 
GmbH (Eschau, Germany) and used for cleaning silicon wafers. The 
sputtering target for titanium coating in the magnetron sputtering sys
tem was obtained from Kurt J. Lesker (UK). Hexamethyldisilazane 
(HMDS) was purchased from TECHNIC (Rhode Island, USA). Epoxy- 
based negative photoresist (SU-8 2000) with the optical transmission 
above 360 nm was obtained from Kayaku Advanced Materials (Massa
chusetts, USA). 

2.2. Microneedle fabrication 

To fabricate solid MNs with tunable height and aspect ratio, a silicon 
wafer with a thickness of 1000 µm was first coated with a protective thin 
layer of silicon nitride (Si3N4) or epoxy-based negative photoresist. The 
desired patterns were formed on the wafer using a dicing saw tool, 
which was then followed by isotropic dry etching with XeF2. Fig. 1 
displays the process involved in fabricating solid MNs. 

2.2.1. Silicon nitride (Si3N4) deposition via plasma enhanced chemical 
vapor deposition (PECVD) 

Initially, a 4-inch silicon wafer with the thickness of 1000 µm was 
diced into 1 cm2 squares. Later on, a thin film with exceptional selec
tivity against XeF2 gas was produced by depositing silicon nitride 
(Si3N4) onto the silicon wafer using plasma-enhanced chemical vapor 
deposition (PECVD). Si3N4 coating was conducted at 110 oC with 400 
mTorr process pressure. %2 of SiH4 in N2 gas with a total pressure of 180 
mTorr, and NH3 with a total pressure of 45 mTorr were introduced into 
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the chamber to form a Si3N4 thin film with a thickness of ~300 nm. 
Radio-frequency (RF) power was set to 100 W. After this process, the 
Si3N4-coated square pieces were removed from the reaction chamber 
and prepared for the mechanical patterning process in a dicing saw tool. 
Subsequently, the process was effectively substituted by employing 
epoxy coating. 

2.2.2. Epoxy coating 
As a separate process, silicon wafers were also coated with an epoxy 

material (as a replacement with Si3N4) to confirm whether it is effective 
in protecting MN tips during dry etching or not. Initially, the wafers 
were cleaned using an ultrasonic cleaner (Branson, Model 2510, USA), 
and the wafer was then coated with an epoxy material using a spin 
coater (WS-650MZ-23NPPB, Laurell Technologies Corp., USA). Once the 
coating process was completed, the epoxy was cured using a UV light 
source with a wavelength of 365 nm (EVG 620, EV Group, Austria) for 
30 s with a UV dose of 60 mJ cm− 2. Subsequently, the wafers underwent 
additional processing using a dicing saw for patterning. 

2.2.3. Mechanical patterning using the dicing saw process 
Si3N4-coated or epoxy-coated silicon squares were patterned using a 

dicing saw equipment (DAD3220, Disco, Japan) equipped with a high- 
speed spindle and a thin diamond blade (with thicknesses of 100 and 
200 µm). Each square was additionally attached to a double-sided tape 
to prevent random peeling off during the dicing process. The spindle 
revolution was set to 30,000 rpm. Working and tape thicknesses (dicing 
saw tape and double-sided tape together) were 1 mm and 0.1 mm 
(0.09 +0.01 mm), respectively. Blade height values were 400, 500, and 
600 µm to obtain a depth of 700, 600, and 500 µm, respectively. Y-index 
value was set to 0.5 mm, indicating the distance between the blade’s 
center, generating the patterns on the surface of the silicon. Specific 
patterns with varying depth (blade height) and width (Y-index) were 
generated over the silicon wafer to accelerate XeF2 etching efficiency. 
Each square was exposed to an infrared heat lamp (Philips) for 15 s to 
separate them from double-sided tapes easily. The defined process 
conditions were elaborated in Table 1. 

2.2.4. Isotropic dry etching process 
A XeF2 dry etching tool (SPTS Technologies, UK) was employed to 

isotropically etch the diced silicon wafers to generate solid MNs. The 

process parameters, including XeF2 chamber pressure and silicon 
exposed area, were carefully calculated to determine the number of 
cycles required to generate solid MNs with the complete formation. The 
results were verified through periodic observation using a light micro
scope. No delay was added between each cycle, and N2 pressure was set 
to zero. The equation from our prior study was employed to estimate the 
etch depth of the silicon wafer. 

2.3. Structural analysis of microneedles 

Periodic visualization of the tip formation was assessed under an 
optical microscope (Carl Zeiss, Heidelberg, Germany) equipped with 
Dino-lite digital camera. After Si3N4 thin layer or epoxy layer completely 
disappeared and once the sharp tips were formed, the dry etching pro
cess was interrupted, and the MNs were characterized. Morphological 
properties of the MNs were assessed with a field emission gun scanning 
electronic microscope (FEG-SEM) (FEI, Quanta-200, Netherlands) 
equipped with an EDAX system. The working distance and voltage were 
set to 5 mm and 5 keV, respectively. The structure of the MNs was 
explored using a 3D laser scanning microscope (VK-X100 and VHX- 
1000, Keyence, Osaka, Japan) with objective lenses of 20x and 200x. 
Similarly, the surface profile of the fabricated MNs was analyzed uti
lizing the same microscope (VK-X100). λs and λc cut-off values were 

Fig. 1. Process design for MN fabrication using a combination of a dicing saw and isotropic dry etching: (A) Dicing silicon wafer into square structures (1 cm2 each), 
(B) silicon nitride coating of diced square structures (including lateral coating), (C) patterning on diced wafers using dicing saw with varying depth and width, and 
(D) isotropic dry etching of diced silicon with XeF2. 

Table 1 
Parameters for dicing saw process in generating the intended patterns on 
the silicon wafer.  

Process parameters Defined values 

Work shape Square 
Work size 10 mm × 10 mm 
Spindle revolution (rpm) 30,000 
Work thickness (mm) 1 
Dicing saw tape thickness (mm) 0.09 
Double-sided tape thickness 0.01 
Blade height (mm) 0.4, 0.5, or 0.6 
Yindex (mm) 0.5 
Feed speed (mm/s) 1 
Blade thickness (mm) 0.2 

Work shape and work size represent wafer’s geometry and side length, 
respectively. Work thickness is total thickness of wafer, while blade height 
is the parameter defining the total depth of patterns opened on the wafer. 

I. Eş et al.                                                                                                                                                                                                                                         



Journal of Materials Processing Tech. 325 (2024) 118268

4

determined as 0.25 µm and 0.8 mm, respectively. JIS B 0601: 2001 (ISO 
4287: 1997) standard was considered for this evaluation. λs is the short- 
wavelength cut-off, indicating the upper limit for evaluating fine surface 
details, set at 0.25 µm. On the other hand, λc is the long-wavelength cut- 
off, representing the lower limit for assessing overall surface variations, 
with a value of 0.8 mm. These cut-off values establish the range within 
which surface features, such as roughness, skewness, and kurtosis of 
silicon MNs, are systematically measured and characterized, ensuring a 
standardized and consistent evaluation. 

2.4. Magnetron sputter coating of solid microneedles with titanium 

Once solid MNs were formed, they were additionally coated (~1 µm) 
with titanium (purity over 99.9%) to improve their roughness and ten
sile strength. The coating was carried out in a dual-target magnetron 
sputtering system (PVD-Handy, Vaksis, Turkey) using a titanium sput
tering target. Process pressure was set to 7.5 mTorr. Argon plasma flow 
rate was 20 sccm, and the DC power source was 100 W. 

2.5. Dynamic mechanical analyzer 

Mechanical strength assets of solid MNs, particularly stress/strain 
curves and displacement values, were assessed with a dynamic me
chanical analyzer (DMA Q800, TA Instruments, USA). Compression 
mode was selected without temperature control. The solid MNs were 
subjected to a static force ranging from 0 to 18 N, incrementing at a rate 
of 0.25 N per minute. Additionally, a preload force of 0.01 N was 
applied with a force track set at 125%. 

2.6. Ex vivo penetration test on porcine skin 

The required force to pierce the stratum corneum is impacted by the 
height and aspect ratio of the MNs. Therefore, the penetration efficiency 
of the solid MNs with varying height and aspect ratio was tested using 
porcine skin. The skin was purchased from a local butcher and was 
subjected to a rigorous sterilization process to ensure the elimination of 
any potential contaminants. The skin samples were first thoroughly 
rinsed with a sterile saline solution to remove surface debris. Subse
quently, the samples were immersed in a 70% ethanol solution for 
5 min, followed by a final rinse with sterile water to achieve complete 
sterilization. Using a scalpel, excess fats beneath the porcine skin were 
carefully removed. The porcine skin obtained from a pork belly was 
chopped into square shapes with a side length of approximately 15 mm. 
Each skin piece was then placed on the lower clamp of the mechanical 
analyzer. In the meantime, solid MN (10x10mm) was immobilized on 
the upper clamp with double-sided tape. A similar method as explained 
in the Section 2.5 (Dynamic mechanical analyzer) was employed to 
determine the penetration rate of the solid MNs. The pierced porcine 
skins were examined in further detail using a 3D laser scanning 
microscope. 

2.7. Statistical analysis 

We statistically analyzed the data using Violin-shaped Box–Whisker 
plots in Prism - GraphPad to evaluate the penetration rate of the MNs 
into porcine skin. Student’s t-test was used in Origin Pro (v.9) to confirm 
the statistical difference between each MN height. The data was pre
sented as the average of three repetitions. Comparisons with p < 0.05 
were considered significantly different. In all figures, the error bars 
represent the standard deviation values. 

3. Results and discussion 

In the present study, the combination of dicing saw and dry etching 
was employed as a photolithography-free approach to fabricate solid 
MNs with tunable features, including height, aspect ratio, and array 

number. Process conditions of a dicing saw (width, depth, and array tip 
length) and isotropic dry etching (cycle time, chamber pressure, and 
etching time) were optimized to fabricate solid MNs with a sharp tip and 
desired length. The penetration efficiency of each solid MN was evalu
ated using porcine skin. 

3.1. Dicing process for mechanical patterning of silicon wafer 

A 4-inch silicon wafer with 1000 µm thickness was diced into 1 cm2 

square patches. A thin Si3N4 layer (~300 nm) was deposited on each 
patch prior to the patterning process. Si3N4 coating, as an etch-stop 
mask, was employed, because it provided excellent chemical resis
tance and mechanical durability during etching processes, making it 
ideal for protecting the underlying material (in our case, silicon) from 
the chemical attack of XeF2 gas (Manginell et al., 1998). Additionally, 
Si3N4 was expected to provide a low-friction, non-stick surface that 
prevents unwanted adhesion of XeF2 etchant (Sun et al., 2023). Despite 
the advantages of thin layer coating over silicon wafers with Si3N4, it 
also has disadvantages, such as the requirement for specialized PECVD 
tools and a controlled cleanroom environment, which adds complexity 
and cost to the fabrication process. To address this issue, we further 
coated an epoxy layer over the silicon wafer to dice the wafers. After 
coating silicon patches with either Si3N4 or epoxy, microarrays with 
desired depth (d), width (w), and space (s) were generated using a dicing 
saw tool (Fig. 2A). After the dicing process, we observed slight differ
ences between the projected and the resultant geometrical values due to 
the variations in blade efficiency. While we projected to have 500, 600, 
and 700 µm in depth (dp), the obtained depths (da) were 489 ± 2, 589 
± 3, and 690 ± 1 µm, respectively. Differences in depth values were 
comparable to the intended values. Similarly, the width values (wa) 
were ~6% less than the ones projected. The distance between each 
microarray (sp) was obtained to be ~180 µm (%10 less than projected 
value). This value mainly depends on the thickness of the blade. In our 
process, we utilized a blade with the thickness of 200 µm. Each patch 
had approximately 400 microarrays after dicing process under the 
defined parameters. Adjusting these parameters, one can obtain MN 
arrays with desired properties and number. For instance, when we 
decreased w value from 300 to 200, the number of MN arrays per patch 
increased from 400 (20 ×20) to 625 (25 ×25). Similar results could be 
obtained by decreasing the distance (s) between each MN array. To 
manipulate s value, a blade with different thickness should be used. 
Overall, altering these parameters directly impacts the dry etching 
conditions, such as the etching time required to form MNs. Post-dicing 
results demonstrate that our system can be replaced with DRIE process 
as the tilt angle (θ) was 93o, which was close to a perfect microarray 
structure (90o). 

In terms of MN array number, the dicing saw offers a significantly 
higher throughput over other techniques including 3D printing and two- 
photon polymerization, allowing for the processing of larger quantities 
of MNs in a shorter timeframe compared to laser machining. Rapid and 
efficient production of MNs facilitates increased productivity and 
accelerated delivery to end-users, thereby promoting widespread 
implementation and accessibility of this cutting-edge technology. 
Despite these advantages, our fabrication method has potential draw
backs to consider. A potential limitation of our method is the necessity 
for optimization to attain the desired MN characteristics, as variations in 
parameters may influence the final product. Moreover, the reliance on 
mechanical tools such as the dicing saw introduces the prospect of tool 
wear, which has the potential to impact precision over time. To address 
these challenges, careful consideration and fine-tuning of parameters 
throughout the process are imperative to mitigate drawbacks and 
guarantee consistent and reliable MN production. 

The reproducibility of MNs in our method is a key focus. Once the 
dicing saw process is optimized with well-defined parameters, each 
batch of MNs shows consistent outcomes. Statistical analysis reveals no 
significant differences between batches, affirming uniformity (n = 5, 
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p > 0.05). Ongoing exploration and adjustment of these parameters are 
essential for maintaining strict control over the variables, ensuring 
dependable and reproducible MN fabrication. This continuous optimi
zation ensures that each batch of MNs adheres closely to defined spec
ifications, reinforcing the reliability of our fabrication process. 

3.2. Effect of dry etching on microneedle formation 

After forming patterns with the desired features on the silicon patch, 
silicon samples were isotropically etched using XeF2 ions. We have 
observed that the time required to form MNs with the desired features 
was closely associated with parameters used in dicing saw tool, which 
needed a different XeF2 pressure, etching time, and cycle parameter. 
When we fixed XeF2 pressure as 4 Torr and etching time as 90 s, we 
observed that cycle number was directly affected by depth, width, and 
space values as stated in Fig. 2A. In our study, we have completed 
optimization studies for array depth of 500, 600, and 700 µm, width of 
300 µm, and distance of 200 µm. The distance between each MN array 
was constant as we used a dicing saw blade with a thickness of 200 µm. 

Keeping the width value constant at 300 µm, we varied depth between 
500, 600, and 700 µm. 

The number of cycles required to form MNs with sharp tips was 85, 
95, and 125 cycles per 1 cm2 patch for the depth of 500, 600, and 
700 µm, respectively. According to the Eq. 1 (Eş et al., 2023), the cycle 
number is directly proportional to the silicon exposed area (Aexposed). 
There was a 48 mm2 difference in Aexposed between each MN patch with 
the depth of 500, 600, and 700 µm (Aexposed 700 > Aexposed 600 > Aexposed 

500). The theoretical ratio for Cycle number600
Cycle number500 and Cycle number700

Cycle number600 was 
approximately 1.2, which was in accordance with our experimental 
findings. Decreasing width of each MN array from 300 µm to 200 µm 
resulted in faster formation of MNs with sharp tips. This issue is asso
ciated with the basic mechanism of XeF2 etching. Vertical etching rate is 
usually dominant in anisotropic etching processes. However, as 
observed in our experiment, XeF2 etching rate at the MN tip is higher 
than etching rate at lower parts; hence, MNs with bigger projected width 
(for example, 300 µm) will require longer etching periods due to the 
larger silicon area available for horizontal etching. Similar to the width, 
distance between each MN array has a great impact on etching time. 

Fig. 2. (A) The parameters set to create patterns on each Si3N4-coated silicon wafer. The values shown for wafer, blade, and tape thickness as well as depth, width, 
and space values are in µm. (B-D) 3D laser scanning microscope images of the MNs with diverse structural characteristics. The characteristics of the MNs with depth 
of (B) 500 µm, (C) 600 µm, and (D) 700 µm. The distance between the tips of each MN is approximately 500 µm. Average height was calculated by measuring 6 × 6 
MN arrays (total of 36) at the center of the silicon wafer. Average height of each MN was statistically different. 
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Reducing this distance will eventually diminish the silicon exposed area, 
leading to faster formation of MNs. On top of that, the number of MN per 
patch will increase as more MN arrays can be formed. 

Etch depth (µm) = (1.7µm) × number of cycles

× (Pressure in Torr − 0.3)
/
(Si exposed area in cm2)

(1) 

Using the parameters shown in Fig. 2A, we have structurally 
analyzed the fabricated MNs after isotropic etching. 3D laser scanning 
microscopy confirmed that average MN height was very similar to the 
projected values. The average heights were 522 ± 15, 614 ± 42, and 
698 ± 22 µm for the projected values of 500, 600, and 700 µm, 
respectively (Fig. 2B-D). 

On the other hand, aspect ratio is a critical parameter in MNs as it 
affects the performance of the MNs in several ways. Aspect ratio is the 
ratio of the MN height to its width, and it enables to determine MN’s 
strength, stiffness, and flexibility (Gittard et al., 2013). Moreover, it is 
associated with pain sensation during insertion into the skin (Gill et al., 
2008). As previously demonstrated by Caffarel-Salvador et al., 2021, a 
MN with higher aspect ratio will penetrate deeper into the skin; however 
its penetration will require more force to insert, potentially increasing 
pain and discomfort for the patient (Caffarel-Salvador et al., 2021). 
Instead, a MN with lower aspect ratio will be less painful; but it may not 
penetrate the skin deep enough to reach the desired region. In this study, 
aspect ratios were found to be 3, 2.7, and 3.7 for MNs with the depth of 
500, 600, and 700 µm, respectively. Considering the fact that stratum 
corneum, epidermis, and dermis layers of the skin had an average 
thickness of 20, 100–300, and 600–3000 µm, respectively (Li et al., 
2019), the fabricated MNs had enough aspect ratio to penetrate into 
dermis layer. The aspect ratios achieved in our study were similar to 
those reported in previous studies, such as 3D printing with aspect ratios 
ranging from 3:1 to 5:1 (Krieger et al., 2019); or two-photon polymer
ization with aspect ratio as high as 5:1 (Faraji Rad et al., 2021). None
theless, our fabrication technique demonstrated a higher throughput in 
terms of MN array number than these studies with faster fabrication 
time. 

The radius of curvature and tip angle of a MN are the other vital 
parameters to be carefully optimized as they determine how sharp MN 
tips are. MNs with smaller radius and tip angle will require less force for 
skin penetration; yet, they may also be more fragile and prone to 
bending or breaking during insertion. Larger values will lead to MNs 
with blunter tip, which requires more force to penetrate. Such MNs will 
also cause discomfort and pain for the patient. Radius of curvature and 
tip angle were 10,3 µm – 9.5o for 500 µm, 7.5 µm and 10o for 600 µm, 
and 6.1 µm and 6.4o for 700 µm depth, which confirmed that our MNs 
were highly sharp. For instance, dicing saw-assisted manufacturing 
technique surpasses 3D printing in this context as it is more challenging 
to achieve such reduced tip angles with 3D printing. 

We also calculated the surface area and volume of a single MN. 
Volume and surface area of a single MN were 0.0060 µL and 0.2 mm2 for 
500 µm, 0.0067 µL and 0.3.mm2 for 600 µm, and 0.0080 µL and 0.305 
mm2 for 800 µm of depth (Fig. 2B-D). Additionally, increasing MN 
aspect ratio resulted in a more surface area per MN as expected. Each 
single MN array had between 0.006 and 0.008 µL of volume capacity. 
These parameters are able to affect the amount of drug that is delivered 
into the skin. For instance, if the volume of the MN array is too low, 
insufficient amounts of the drug may be delivered to the desired depth in 
the skin. Increasing volume capacity will allow a better control over 
drug loading and delivery. As an example, an earlier study has reported 
that MNs with 0.00012 µL/MN array were considered small, while 
0.00096–0.0032 µL/MN array and 0.00096–0.0032 µL/MN array were 
considered intermediate and large volumes, respectively (Pearson et al., 
2015). Solid MNs fabricated in this study can be categorized as “very 
large” as the smallest volume of our MNs was twice the volume of a MN 
array (0.0032 µL/MN array). Overall, our method excels in customizing 

MN arrays, enabling the fabrication of patches with hundreds of MNs. 
This distinctive capability, combined with the precise control over sur
face features, accentuates the potential for increased drug loading effi
ciency compared to alternative techniques. 

Wafer thickness is the main parameter that impacts the maximum 
MN height that can be achieved using dicing saw followed by dry 
etching. Initially, we have a silicon wafer with the thickness of 500 µm 
to dice it to form MNs. We later varied the space between each MN array 
from 100 to 200 µm while dicing a depth of 200 and 300 µm on the 
wafer. Per the SEM and 3D laser scanning microscope images, MNs with 
lower aspect ratio less than 1 were obtained (Fig. S1). The formation of 
MN tips during dry etching process was shown in Fig. S2. To obtain MNs 
with higher aspect ratio, it was required to use a silicon wafer with the 
thickness of 1000 µm (Fig. 3A-C). Variations observed in the MN tips 
illustrated in Fig. 3 result from the sequential fabrication steps involving 
dicing saw blade cutting and subsequent XeF2 dry etching. The initiation 
of tip formation occurs during this multi-step process. It is imperative to 
perform periodic examinations using a light microscope to monitor the 
evolution of tip structures, as variations may arise due to influencing 
factors like fluctuations in temperature affecting the etching rate within 
the system during sublimation process of solid XeF2 into the gas phase. 
Although there might be minor irregularities in tip diameter, their 
overall impact is not statistically significant. To address this, continuous 
monitoring of process parameters is essential to maintain consistent 
pressure and temperature conditions of the XeF2 system, thereby 
contributing to the enhancement of uniformity in MN tips. With such a 
tool, besides pyramidal structures (four-sided), solid MNs with varying 
geometries (i.e., tetrahedron as a three-sided structure) can also be 
fabricated (data not shown). However, in theory, it takes a little bit 
longer to create structures such as tetrahedron using dicing saw as the 
blade must pass over the wafer more than twice (Fig. S3). This dem
onstrates that our proposed technique has potential to flexibly create 
solid MNs not only in terms of height and aspect ratio, but also 
geometry. 

Typically, Si3N4 coating is carried out in a cleanroom using the so
phisticated process of PECVD. Nevertheless, it is possible to substitute 
Si3N4-coating with alternative materials to form a protective layer over 
silicon for XeF2 dry etching. In this manner, we coated the surface of 
silicone with epoxy and cured it using a simple UV light source. Sub
sequently, we conducted experiments on both epoxy-coated silicon and 
Si3N4-coated silicon wafers, and then compared the results. According to 
the data presented in Fig. S4, XeF2 exhibited notable selectivity against 
epoxy, and there was no significant difference observed in the final MN 
heights between Si3N4- and epoxy-coated silicon etching. 

The surface properties of a MN—particularly roughness, can signif
icantly affect its ability to penetrate the skin and deliver drugs (Zvezdin 
et al., 2020). Roughness is the presence of surface irregularities on the 
MN. In general, roughness increases the friction between the MN and the 
skin, causing resistance during the penetration. Roughness can also 
impact on the amount and rate of drug delivery (Pradeep Narayanan and 
Raghavan, 2017). For example, a surface with certain roughness level 
can potentially increase the effective surface area of a MN (Buckwalter 
et al., 1982); hence increasing the amount of drug that can be coated 
onto the MN. Higher roughness values can lead to the drug to become 
trapped in the surface of irregularities, negatively impacting on the 
amount of drug that can be delivered. Additionally, MNs with rough 
surface can increase the shear stress between the MN and skin (Ali and 
Sen, 2018), potentially leading to tissue damage. Hence, roughness can 
be controlled by altering etching conditions or post-processing tech
niques of silicon MN. The roughness mostly depends on the parameters 
used in etching process. The study conducted by Pandey and Pandey, 
2019 demonstrated that roughness values of unpolished and polished 
silicon wafer were previously measured as 0.22 µm and 0.011 µm, 
respectively (Pandey and Pandey, 2019). Although a polished silicon 
wafer was used in our study, after etching process, the polished side was 
lifted off and with further XeF2 bombardment, and accordingly, the 
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roughness was expected to increase. Herein, the roughness of MNs was 
0.53 µm at the end of dry etching process (Fig. 3D). The roughness 
caused by XeF2 molecules also depends on the temperature of the 
etching system as XeF2 is naturally in solid phase, and XeF2 molecules 
are generated upon sublimation. Variations in temperature may result in 
different molecule size, which directly influences the etching efficiency. 

The choice of protective layer material, whether PECVD Si3N4 or epoxy, 
does not significantly impact the final surface roughness of the MNs 
(Table 2). The XeF2 dry etching process, coupled with the properties of 
silicon, primarily determines the surface characteristics. As both PECVD 
Si3N4 and epoxy serve as inert protective layers during the etching 
process, we expect similar surface properties in the finished product. 
Therefore, any variations in surface characteristics between these pro
tective layer materials are anticipated to be minimal, with the over
arching influence on the final surface features attributed to the XeF2 
etching and the intrinsic nature of silicon. Another determinant influ
encing surface quality could be the additional coating of the silicon MNs 
with another material to improve the quality of the surface properties. 
Therefore, we have also coated MNs with a thin film of titanium to 
improve surface properties. Titanium-coated MNs had a roughness of 
0.44 µm (a decrease of 20%). Improvement in roughness upon titanium 
coating has been previously reported in the literature (Eş et al., 2023). 

Our proposed method, employing a dicing saw followed by isotropic 

Fig. 3. Scanning electron microscope images of the fabricated MNs with the depth of (A) 700, (B) 600, and (C) 500 µm. The arrow represents higher values in aspect 
ratio, height, and etching time. (D) Surface properties of the silicon and titanium-coated solid MNs after dry etching process using XeF2. 

Table 2 
The difference between two mask layers used in MN fabrication.  

Protective layer Si3N4 Epoxy-based negative photoresist (SU- 
8 2000) 

Coating technique PECVD Spin coating or drop casting 
Process time of 

coating 
1 h 15 min 

Required equipment PECVD, Dicing 
saw 

UV source, Dicing saw 

Surface roughness 0.53 µm 0.71 µm  
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etching, offers distinct advantages over a wide range of techniques. As 
an example, unlike photolithography, which involves complex mask 
alignment and multiple processing steps, our method facilitates the 
fabrication process, reducing both time and resource requirements. 
Compared to the previous study involving photolithography and 
isotropic etching (Eş et al., 2023), our method using the same 1000 µm 
thick silicon wafer achieved better outcomes. We achieved MNs with 
higher height values (up to 700 µm) compared to the previous study 
(~300 µm in height), enhancing their effectiveness. While maintaining 
the same number of MN arrays per patch, our process proved faster by 
eliminating complex steps like mask writing (mask design, writing, and 
developing steps) (several hours to days depending on the mask 
complexity), photoresist coating, and UV processing (roughly 3 h). This 
method not only accelerated MN production, but also reduced resource 
requirements (photoresists, mask aligner, UV aligner, yellow room, spin 
coater etc.), highlighting the efficiency of our approach. On the other 
hand, DRIE, coupled with photolithography, can yield MNs with high 
aspect ratios (up to 25) and minimal tip diameters as shown in a pre
vious study (Roh et al., 2022). The versatility of this technique allows for 
easy adjustment of the MN array number (625 MN mm− 2) by manipu
lating the mask. However, it has been reported that the DRIE process is 
notably slow (Xu et al., 2017), impacting overall fabrication speed and 
efficiency, and also, photolithography step is required prior to etching 
step. Stereolithography, as an additive technique, offers a cost-effective 
approach for producing MNs with high aspect ratios (up to 5) (Krieger 
et al., 2019). However, customization is necessary based on the resin 
material used, and printing and post-processing steps, including 
washing, curing, and polishing, are required and can be time-consuming 
(roughly 4–5 h for printing and 1–2 h for post-processing) (Ngo et al., 
2018). Despite the affordability, low-cost 3D printers typically have 
limitations in throughput, with studies commonly demonstrating MN 
patches with a low number of arrays (i.e., 5 ×5 arrays) (Wu et al., 2021). 
Two/multi-photon polymerization, as another additive approach, offers 
the advantage of producing MNs with extremely fine surfaces, small 
features, and desirable shapes (Rad et al., 2021). However, the associ
ated equipment can be costly, with prices reaching up to 1 million USD. 
Moreover, the process is highly time-consuming (sometimes over 24 h) 
and limited to specific resins, which may restrict its versatility and 
accessibility (Ligon et al., 2017). Laser processing stands out for its 
potential high throughput and ability to fabricate MNs with desired 
aspect ratios using a variety of materials such as metals, ceramics or 
plastics including acrylic or polycarbonate. However, it comes with 

challenges, such as surface property dependency on the laser beam spot 
size, making precise control of surface roughness challenging. It has 
been shown that each MN array varied in size on the same patch (Tu and 
Chung, 2016). Additionally, laser processing is recognized for its po
tential cost-effectiveness (as low as 1000 USD) and often eliminates the 
need for post-processing. However, achieving enhanced surface prop
erties often demands the use of specialized equipment such as nano
second, UV or femtosecond lasers (Trautmann et al., 2019). Yet, these 
tools are quite expensive (over 200.000 USD) and take more time for 
processing (several hours), affecting efficiency and cost-effectiveness. In 
summary, our technique, despite some drawbacks, proves to be an 
effective tool in MN fabrication, particularly in terms of high-throughput 
production. Table 3 demonstrates the comparative study between our 
study and other reported techniques on MN fabrication. 

3.3. Mechanical strength analysis 

The mechanical strength of solid MNs is a critical factor in deter
mining their effectiveness and longevity. This feature is determined by 
several factors, including their height, aspect ratio, shape, and material 
properties. Additionally, MN’s strength can be characterized by its 
bending stiffness—a measure of how much force is required to bend the 
MN tips. We have further coated silicon MNs with pure titanium to 
improve their tensile strength, hardness, as well as corrosion resistance. 
Titanium was expected to be close to 100% (wt%) in the energy 
dispersive X-ray (EDAX) analysis; however, the recipe we used for tita
nium coating resulted in ≈ 83% (wt%) coating efficiency (Fig. 4A). The 
total number of MN arrays was 400 per patch. The total force was 
distributed to 400 MN arrays to determine the static force applied over a 
single MN. Each MN was subjected to constant static force varied from 
0 to 18 N. Displacement value is the difference between the height of a 
MN array before and after compression. According to the findings ob
tained from DMA, MNs showed different bending resistance. Silicon 
MNs with the height of 500, 600, and 700 µm showed displacement 
values of approximately 40, 30, and 35 µm, respectively (Fig. 4B). The 
height of silicon MNs did not affect the displacement. On the other hand, 
titanium-coated MNs had a displacement of 30, 20, and 60 µm for the 
MNs of 500, 600, and 700 µm height. Comparing the MNs with 500 µm 
height, titanium-coated MNs were more resistant against bending while 
the titanium-coated MNs with 700 µm height exhibited less bending 
resistance (≈20 µm more displacement). Among all tested MNs, silicon 
and titanium-coated MNs with 600 µm of height demonstrated the most 

Table 3 
Comparison of our technique with the other techniques in MN fabrication efficiency.  

Fabrication Method Material Microneedle Features Advantages Drawbacks Reference 

Photolithography 
followed by isotropic 
dry etching 

Silicon Max height< 300 µm, Aspect ratio< 1, 
5 µm <Radius of curvature< 15 µm 

Precision, High aspect 
ratios 

Complex mask alignment, Multiple 
processing steps (mask writing, 
mask alignment, photoresist spin- 
coating, etc.) 

(Eş et al., 
2023) 

Photolithography 
followed by DRIE 

Silicon High aspect ratios (up to 25), High MN 
density (625 MNs mm− 2), MN 
height< 200 µm 

Versatile, adjustable MN 
array number 

Slower process, Complex 
processing steps 

(Roh et al., 
2022) 

Stereolithography Resins Aspect ratio up to 5, 20 µm <Radius of 
curvature< 40 µm, 200 µm<MN 
height< 3000 µm, Low density (25 MN 
per patch) 

Customizable, Very low 
cost 

Time-consuming post-processing, 
Requirement of customized 
material and 3D printer, Rough 
surface 

(Krieger et al., 
2019) 

Two-photon 
polymerization 

Photosensitive 
resin 

Low MN density (9 MN per patch), MN 
height up to 1000 µm, Aspect ratio< 4. 

Extremely fine surfaces, 
Very tiny features with 
high-resolution 

Costly equipment, Time- 
consuming, Limited material 
variety 

(Rad et al., 
2021) 

Laser processing PMMA 645 <MN height< 1185 µm, Aspect ratio 
< 3 

Versatile material use, 
Potential cost-effectiveness 

Surface property dependency, 
Variations in size 

(Tu and 
Chung, 2016) 

Femtosecond laser PMMA Low MN density (25 MN per patch) High precision, Fine 
details, Allowing complex 
structures 

Equipment cost, Time-consuming (Trautmann 
et al., 2019) 

Dicing saw followed by 
isotropic dry etching 

Silicon MN height up to 700 µm, Aspect ratio up 
to 4 

Streamlined process, 
Reduced time and 
resources Adjustable MN 
feature 

Optimization of dicing saw 
parameters, Possibly blade can be 
broken if used by non-experienced 
user. 

This study  
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Fig. 4. (A) EDAX data for silicon and titanium-coated MNs. (B) The change in displacement of MN tips (silicon and titanium-coated MNs) against static force up to 
18 N. (C) The SEM images of the MN tips after DMA process. The inset SEM images on the top left corner display the MN tips before the mechanical compres
sion analysis. 
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mechanical strength against the bending. This height can be a critical 
value, above which MNs become sensitive to the force due to the high 
aspect ratios. The SEM images before and after dynamic mechanical 
analyzer were shown in Fig. 4C. 

3.4. Ex vivo penetration test on porcine skin 

The penetration efficiency of silicon and titanium-coated solid MNs 
was tested ex vivo using porcine skin, which was selected due to the its 
structural and mechanical similarity with human skin (Summerfield 
et al., 2015). The insertion of solid MNs into the porcine skin was per
formed using a DMA to control the applied force. Per the findings as 
shown in Fig. 5 and Fig. S5, the penetration depth of each MN type was 
between 100 and 200 µm. For silicon MNs, the effect of MN height over 
skin penetration was not found to be statistically significant (n = 6, 
p > 0.05). Similar findings were obtained with titanium-coated MNs. 
Interestingly, titanium-coated MNs with 700 µm height could penetrate 
less than the other MNs. For all MN types, overall penetration depth was 
between 20% and 30%. This is probably attributed to the structural 
characteristics of porcine skin. Previous studies also confirmed our 
findings as they indicated a successful penetration rate between 12% 
and 50% (Jiang and Lillehoj, 2020). 

While our fabrication method presents notable advantages, concerns 
regarding potential itching or other side effects upon administration 
should be taken into consideration. To address this point, a skin-friendly 
polymer coating can be applied onto the MNs, and this coating enhances 
biocompatibility, reducing the risk of irritation and creating a smoother, 

more skin-friendly surface. Moreover, these fabricated MNs can serve as 
templates for soft lithography, enabling the production of polymeric 
MNs with enhanced skin friendliness and biocompatibility. This 
approach enhances the versatility of our method, allowing for MN de
signs that prioritize patient comfort and minimize potential adverse 
reactions. Additionally, upon administration, potential side effects of 
MNs may include redness, swelling or mild irritation (Bal et al., 2008). 
To eliminate these consequences, additional strategies beyond polymer 
coating can be implemented. Incorporating anti-inflammatory agents or 
utilizing biocompatible materials with minimal reactivity can help 
minimize adverse reactions (Lin et al., 2023). 

Furthermore, optimizing the MN design, such as reducing the needle 
length or adjusting the insertion depth, can contribute to a more 
comfortable and less irritating experience from the perspective of 
physical parameters. In expanding on the mechanical properties of the 
fabricated MNs, it is essential to explore key parameters that signifi
cantly influence their performance during skin penetration. Factors such 
as flexibility, strength, and sharpness play pivotal roles in determining 
the efficacy of MNs in successfully penetrating the skin for drug delivery. 
The flexibility of the MNs is crucial as it enables them to adapt to the 
contours of the skin, ensuring optimal contact and penetration. Simul
taneously, adequate strength is imperative to withstand the forces 
exerted during insertion without compromising structural integrity. 
Sharpness is another critical aspect, influencing the ease with which the 
MNs traverse the skin layers. A delicate balance between these me
chanical characteristics is necessary to achieve efficient skin penetra
tion, ensuring that the MNs effectively deliver drugs to the targeted 

Fig. 5. The penetration study of silicon and titanium-coated solid MNs into the porcine skin. The heat-map acquired from 3D laser scanning microscopy showing 
topographical structure of porcine skin after insertion of silicon MNs with the depth of (A) 400 µm, (B) 500 µm, (C) 600 µm, and titanium-coated MNs with the depth 
of (D) 400 µm, (E) 500 µm, and (F) 600 µm. (G) DMA setup showing compression of solid MNs over porcine skin. (H) The average penetration depth of each MNs into 
porcine skin. The MNs were inserted into porcine skin using dynamic mechanical analyzer with a maximum force of 18 N applied during 36 min. Asterix shows 
statistical difference between each group. 
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tissue or bloodstream. Our production method is designed to achieve a 
delicate balance in these mechanical characteristics, compensating for 
each requirement and ensuring efficient skin penetration, ultimately 
facilitating effective drug delivery to the targeted tissue or bloodstream. 
Rigorous testing and comprehensive pre-clinical studies are also crucial 
to ensure the safety and efficacy of MN-based drug delivery systems, 
allowing for refinement of design and materials to minimize any po
tential side effects. 

Typically, solid MNs are employed as molds in the production of 
polymeric MNs, aiding in drug delivery by creating micro-channels in 
the skin. However, the inert properties of silicon MNs might potentially 
hinder direct drug loading onto their tips, and this can be a major hurdle 
of solid MNs in general. Overcoming the challenges of drug loading onto 
silicon MNs is crucial for optimizing their drug delivery capabilities. 
Despite this limitation, these silicon MNs offer adaptability. They can 
undergo surface modifications or coatings, expanding their functionality 
beyond drug delivery alone. Through surface chemistry or coatings, 
integrating smart materials onto the tips of solid MN would be an 
alternative strategy to employ these MNs in drug delivery systems while 
applying an external stimulus (e.g., changing temperature or pH) to 
release the drug (Zaid Alkilani et al., 2015). In addition to drug delivery, 
solid MNs can find some applications as promising biosensing tools since 
they can be customized for diverse applications in this field (Keirouz 
et al., 2023). Leveraging tunable surface properties, silicon MNs hold 
potential in biosensing beyond their conventional roles in drug delivery 
(Windmiller et al., 2011). Simultaneously, exploring their multifunc
tional aspects in biosensing applications represents an exciting direction 
for advancing their utility in biomedical technology. 

4. Conclusion 

MNs have recently garnered immense impact on health science and 
medical applications due to their potential that offers a painless and 
minimally invasive solution for drug delivery or sensing applications 
(Erdem et al., 2021). Our study presents a new method, combining the 
dicing saw and isotropic dry etching processes in order to manufacture 
solid MNs with adjustable arrangements (height and aspect ratio). With 
the defined parameters, we were able to achieve MNs with aspect ratio 
as high as 3.7, and a radius of curvature and tip angle of 10 µm and 6.4o, 
respectively. Ex vivo penetration tests on porcine skin demonstrated the 
MNs would hold great promise for transdermal drug delivery or bio
sensing in future studies. 

MN fabrication methods have been extensively explored to manu
facture MNs with different materials and geometrical features. For 
instance, photolithography is a part of these processes and demands the 
use of equipment such as mask writer and mask aligner, chemicals 
including photoresist and organic solvents (e.g., acetone and isopropyl 
alcohol), as well as chrome masks for patterning process. Compared to 
our previous work involving photolithography fabrication of solid MNs, 
the current study stands out as an advantageous technique in terms of 
several factors. For example, the total number of MN array produced on 
a patch with an area of 1 cm2 increased from 200 to 400 MNs/cm2. We 
could easily tune the MN array number by simply using a blade with a 
different thickness. In terms of cycle time, we had a decrease from 100 
cycles with 120 s etching time to ≈ 80 cycles with 90 s etching time (1 h 
less etching), indicating that less XeF2 gas was used to produce a single 
MN patch. Additionally, the maximum MN height achieved in the cur
rent study was ≈ 2.2 times higher (from ≈320 to ≈700 µm). Moreover, 
by coating the surface of silicon wafer with epoxy instead of Si3N4, we 
discarded the dependence on PECVD tool, which also requires clean
room facility. Overall, we could fabricate 400 MN arrays using only 
1 cm2 of silicon wafer (≈ $0.5–0.75/cm2) and 0.5–1 mg of XeF2 material 
(2.5 cents per cm2 as the price of XeF2 is $25.00/gr). 

With the technology exhibited in this work, (i) we minimize the need 
for photolithography and (ii) enable to minimize the workload in a 
cleanroom facility for fabricating solid MNs with adjustable geometry in 

(iii) rapid (2 h) and (iv) cost-effective manners. The MN manufacturing 
technique in this study demonstrates (v) high reliability and reproduc
ibility. This consistency was statistically validated with a sample size of 
5 (n = 5), showing a p-value greater than 0.05 (p > 0.05), affirming the 
technique’s robustness and ability to consistently yield comparable re
sults (same MN height, aspect ratio, roughness, etc.). To take such a 
production method to the larger scale, a 11.8-inch silicon wafer 
(300 mm) can be mechanically patterned using a dicing saw in a single 
run and the wafers can be further etched in a larger scale XeF2 etcher. 
Moreover, the cost can be further reduced as the dicing saw can process 
cheaper materials. (vi) This way, ≈ 688 MN patches (each having an 
area of 1 cm2 and 400 MN array/patch) can be fabricated in a single 
batch. Our MN fabrication method not only outperforms techniques like 
photolithography, 3D printing, laser machining (including CO2, UV, and 
nano/femtosecond lasers), and two-photon polymerization in terms of 
several aspects, but also provides a more versatile and rapid solution for 
precise transdermal drug delivery or biosensing applications. In our 
study, we utilized a silicon wafer in conjunction with a dicing saw for the 
MN fabrication. It is noteworthy that dicing saw tools are versatile and 
can process a variety of materials, offering adaptability through the use 
of different-sized and shaped dicing saw blades, resulting in the for
mation of MNs without further processing with dry etching. This 
versatility widens the scope of potential applications beyond silicon, 
demonstrating the flexibility of our method in accommodating diverse 
materials and geometries for MN production. We anticipate that these 
advantages contribute to the uniqueness and significance of our work, 
making it a valuable addition to the field of MN technology. 
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