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Abstract
The purpose of this work is to demonstrate the fabrication process for cleanroom-free solid
metal microneedles and perform quantification of insertion profiles. Metal microneedles were
created using a modified wirebonding process and inserted into porcine tissue to determine
design efficacy. Microneedle arrays were analyzed through optical imaging and scanning
electron microscopy. Insertion forces were measured using combined uniaxial load cell and
resistance measurement data. Microneedle arrays were successfully inserted into porcine tissue
with high repeatability and reliability. These arrays demonstrate lower or equivalent insertion
forces (less than 3 N) to other forms of microneedles in the literature without the need for
complex cleanroom fabrication processes. The microneedle fabrication method presented here
rapidly produces mass manufacturable, high-quality microneedle arrays with minimal insertion
forces, able to reliably penetrate tissue samples. The manufacturing method presented here
achieved array densities as high as 3200 needles cm−2. These microneedle arrays demonstrate
simple fabrication of a reliable, high-density, pain-free drug delivery system, with potential
applications in biosensing and electric field modulated drug delivery.

Supplementary material for this article is available online
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(Some figures may appear in color only in the online journal)

1. Introduction

Nearly 16 billion hypodermic injections are administered
worldwide annually [1]. Needles are one of the most
ubiquitous medical tools, yet approximately one in ten Amer-
icans suffer from needle-phobia and will actively avoid or
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refuse medical care in order to prevent the pain and discomfort
associated with hypodermic injections [2]. Medical care
avoidance causes significant long-term health complications
and increases burden on already overloaded healthcare sys-
tems. Microneedles are sub-millimeter structures capable of
delivering drugs and interacting with sub-dermal tissues with
minimal pain or discomfort [3, 4]. Due to the lack of dir-
ect interaction with nervous tissues, there is significantly
reduced pain during injection, however there is still experi-
enced patient pain and discomfort due to the localized pressure
required to insert microneedle arrays. This experienced pain
can be directly correlated to the peak forces occurring during
microneedle insertion [5]. In order to optimize microneedle
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arrays for pain free drug delivery, insertion forces must be
minimized while maintaining a mechanically robust needle
to penetrate the outer layers of the skin without fracture or
bending.

1.1. Microneedles for transdermal drug delivery

Skin is the body’s first line of defense for all organic dangers,
serving as an anti-bacterial, high impedance, ultraviolet pro-
tective, and temperature resistant barrier to our immune sys-
tems. Most of this protection comes from the outer layer of
the skin, called the stratum corneum (SC), which is a densely
packed layer of corneocytes and connective tissue approxim-
ately 20 mm thick, with some variation depending on location
[6, 7]. In order to transdermally deliver pharmaceuticals or
interact with cardiac or bioelectric systems the SC must be
pierced, as it will block all compounds less than 500 Da [8].
In order to deliver drugs, microneedles pierce the SC but are
smaller in height than 1 mm, in order to avoid damage or inter-
action with nervous tissues in the lower dermis, which are typ-
ically 1.5 mm in depth. Microneedles are also gaining popular-
ity as an interfacing method for biosensors [9, 10]. There are
three distinct forms of microneedles, solid, hollow, and dis-
solvable, each with strengths and weaknesses.

Hollow microneedles are miniaturized hypodermic needles
with a hollow central channel for fluid delivery or extraction.
While an incredibly effective form of microneedle [11], fab-
rication is typically highly complex [12, 13], and due the scale
of features, are prone to fracture, insertion failure, and channel
clogging. Dissolvable microneedles are made of a bioresorb-
able material with suspended pharmaceutical compounds. As
the microneedles are inserted, they degrade and deliver highly
targeted therapy. These dissolvable needles do not have issues
with channel clogging and are generally less prone to fracture
or mechanical failure. In addition, if fractured needle tips or
detritus is left behind in the body, it will be resorbed rather than
potentially causing granulomas or other lasting tissue injury
[14]. Themajor fallback of dissolvable needles is that they face
similar microfabrication challenges and typically the materi-
als used do not have mechanical properties suited to effective
tissue insertion [15].

Solid microneedles are an adaptable form of microneedle
that can be fabricated relatively easily compared to hollow
and dissolvable needles [16]. These needles can either be
used as skin pre-treatment to increase or allow uptake of top-
ical compounds, or can be coated similarly to dissolvable
needles, but with better overall mechanical properties [3].
Solid microneedles can generally be built with sharper tips
(smaller tip radius), smaller dimensions (length, diameter),
and improved mechanical parameters, but broadly suffer from
limited drug delivery capabilities. Even with the advantages
above, most solid microneedles still require cleanroom fabric-
ation facilities. There has been limited work in the develop-
ment of cleanroom-free microneedle arrays, but they do not
reach the same low insertion forces or reliability of cleanroom
fabricated arrays, and require either time-intensive or chemical
heavy fabrication processes [17, 18].

Metal microneedles or otherwise conductive microneedles,
are also being investigated for their applications in dir-
ect biosensing, whether bioelectric [19–21] or biochemical
[10, 22]. Presently microneedles made for these purposes
are either large form factor, resulting in high tissue damage
and insertion forces, or require complex coating processes
after production. Here we present a novel method of solid
metal microneedle fabrication that is high-speed, reliable, and
cleanroom-free using biocompatible materials suited to drug
delivery and integrated biosensing.

2. Methods

2.1. Fabrication

Microneedle fabrication was performed using automated
(F&S Bondtec, 56XXi) or semi-automated (TPT HB16) wire-
bonders adjusting a previously reported process by our group
[23]. A ball bonding process has been adjusted, as seen in
figure 1, to extrude a specific length of wire without caus-
ing undue stress at the initial ball bond. Figure 1 shows indi-
vidual stills of the production process, and an animation of
the process is available in the supplementary materials. When
performing the second bond, the applied force and ultrasonic
power have been increased, while the overall bond time has
been decreased, leading to an unsuccessful bond that causes
a weak point in the wire. When the bond head is retrac-
ted, the wire snaps at the weak point, leaving a chisel-tip
shaped needle standing straight up. A close-up view of this
tip shape can be seen in figure 2. This beveled tip shape
is similar to existing hypodermic needle tip geometries, and
reduces overall insertion trauma and required insertion forces.
Figure 2(b) shows that the fabrication process, relying on the
natural ductility of gold, produces an extremely sharp cutting
surface.

Using the automated equipment, this process is fully con-
trollable and adjustable. The bond head can be retracted dir-
ectly above the first bond, leaving a wire that stands directly
vertical. Using the semi-automated bonder, the bond head
retracts above the second bond, leaving the microneedles at
a significant angle (30◦ from vertical). This means that in
figure 1(b), the bond head would retract straight up instead
of returning above the original bond. In this case the bond
head is manually lowered and the individual needles are
pushed into an upright position. The impacts of the limita-
tions of the semi-automated wirebonder can be seen in the
slight bends of the wire in figure 2(a), showing irregularit-
ies in the fabrication process. While these bends can be quite
severe, the surface of the skin is incredibly non-uniform and a
perfect axial load cannot be expected, so the varying angles
of the tips may not be problematic during insertion. Addi-
tionally, there are grid non-uniformities due to manual place-
ment of the needles using an optical guide. Needle densit-
ies and heights are calculated using a calibrated microscope.
The semi-automated equipment used here is capable of produ-
cing microneedles at a rate of approximately 1 needle 45 s−1,
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Figure 1. Images detailing the microneedle fabrication process.
(a) Bond head approaches substrates with microneedles already
previously fabricated. (b) Ball bond is created and wire is extruded.
(c) Wire is impinged against substrate to weaken at a set point.
(d) Bond head is returned above the original ball bond and is
retracted with wire clamped to break the wire at set point.

while the fully automated equipment is capable of up to
1 needle s−1.

Microneedle arrays were fabricated on two forms of
substrate. Printed circuit board (PCB) substrates produced
using electroless nickel electroless palladium immersion gold
(ENEPIG) acquired from PCBWay were used as bulk surface
substrates. Thicknesses of these ENEPIG boards were 200 µin
nickel, 2 µin palladium, and 2 µin gold (specifications for this
are provided by the manufacturer within the bounds of IPC-
4556). ENEPIG is a preferred bonding target for gold ball
bonding [24], and is already a industry standard commercial
level production process. Further, glass substrates with indi-
vidually addressable electrodes were created using standard
photolithographic techniques, with a 300 nm titanium layer
and 700 nm gold layer. An example of this substrate can be
seen in figure 3. While this photolithography is a cleanroom
process, this was used a proof of principle. PCBmanufacturing
can accomplish cleanroom-free substrates with individually
addressable bonding pads. Bonding pads for the microneedles
were circles 100 mm in diameter with a pitch of 300 mm.

These microneedle arrays are capable of production on any
substrate suitable for wirebonding. ENEPIG is used here due
to its high reliability in the wirebonding process [24]. Fur-
ther testing will explore production changes and challenges
on cheaper substrates including electroplated polymers, elec-
troless nickel immersion gold (ENIG) PCBs, and alternative
substrates such as FlexPCBs. Furthermore, wire material is not
limited to gold. There are several wirebonding suitable materi-
als such as copper, aluminum, and platinum, some with lower
costs. However gold is used due to its biocompatibility and,
in this case, availability on wirebonding systems. The small

Figure 2. SEM images of fabricated microneedles. Top:
high-density microneedle array with ∼3100 needles cm−2. Scale
bar is 300 µm. Bottom: direct view of ‘chisel-tip’ of microneedles.
Needle deflection angle can be seen in the background. Scale bar is
20 µm.

Figure 3. Representative array showing individually addressable
electrodes with microneedles fabricated using a fully automatic
wirebonder. Electrodes shown here are fabricated on a glass
substrate.

amount of gold wire used (25 µm diameter wire, approxim-
ately 30–80 mm per array, depending on density and height),
means that this is a very cost effective fabrication strategy. We
estimate the average cost per array to be $0.50 USD in gold
wire, and this cost will decrease with larger scale production.
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2.2. Tissue insertion

In order to assess efficacy of microneedles, insertion force
was measured using abdominal porcine skin samples acquired
from the University of Calgary Faculty of Veterinary Medi-
cine. Tissue samples were stored in a −4 ◦C freezer until
required. The freeze-thaw process is known to change mech-
anical properties of tissue, however previous work has shown
that pre-freezing and thawing of porcine skin can cause stiff-
ening of the SC leading to a more similar mechanical model to
human tissue, compared to fresh porcine tissue, and a super-
ior model compared to frozen human tissue [25]. Furthermore,
frozen porcine skin is much easier to acquire and handle. Tis-
sue is allowed to rest at room temperature for 2 h prior to sec-
tioning, at which point they are kept in an incubation chamber
at 37 ◦C and high humidity to maintain approximate in vivo
conditions prior to insertion testing. Force data collection was
completed using a uniaxial loadmachine (Tinius OlsenH1KT)
set to perform compression as seen in figure 4. A multimeter
(Agilent 34461A)was connected to a computer usingKeysight
BenchVue software to collect resistance data during insertion.
Most microneedle studies utilize similar methods for acquir-
ing force data, however there are no standards for tissue con-
ditions and insertion procedures, so there will be significant
variation between studies depending onwhether polymer films
[26], porcine skin [13], human cadaver skin [27, 28], or mouse
models [29] are used. This makes direct comparisons between
studies difficult, however there is relative similarity between
expected forces and all these works show similar insertion
profiles.

In these tests, the porcine tissue is let to rest, without being
fixed, on the base metal plate. The purpose of this is to allow
for flexibility and natural movement of the tissue under com-
pression conditions, such as those experienced during hypo-
dermic injections. Fixating the tissue or otherwise placing the
surface of the skin in tension would impact the overall inser-
tion force due to the changes in tissue mechanics. Changes in
insertion forces depending on fixationmethod are not explored
in this work.

Insertion of the needles is performed at a rate of 50 µm s−1

to a maximum force of 30 N to ensure that all relevant data is
captured. During the insertion of needles, the skin will become
pretensioned due to impingement of the needle tip on the flex-
ible surface, until the tip is able to break through the SC and
penetrate further into the dermis. Due to this, a character-
istic curve can be identified during needle insertion as seen in
figure 5(a), where the distinct drop in experienced forces rep-
resent the peak insertion force required to penetrate the skin.
As can be seen in figure 5(b), microneedle arrays can make
identification of this insertion force difficult, due to overall
lower insertion forces and irregularities in the skin. The sur-
face of skin is relatively non-uniform so various needles, par-
ticularly with differences in height, will be impacting the skin
at different times, which can obscure the force curve we are
looking for due to overlapping insertion forces. As has been
shown previously, the SC has significantly higher impedance
than the dermis, and as such resistance can bemeasured during

Figure 4. Image showing experimental configuration. Porcine skin
is placed on top of a copper plate in a petri dish connected to the
ground electrode. The microneedle arrays are connected to the top
of the load cell using double-sided tape. Arrays are masked off such
that only the microneedles are conductive using Kapton tape, which
also secures the connection point (gold-coated polyimide sheet) for
the signal line.

insertion to highlight the exact moment that the microneedles
pierce through the SC [30, 31]. The exact resistance is depend-
ent on interfacial surface area and metal conductivity, but with
these microneedles we observed resistances approximately
1–50 MΩ prior to penetration and 40–200 kΩ after
insertion.

3. Results

To assess the insertion forces, the collected resistance data
and force data were synchronized. As the force acquisition
and resistance systems are not linked together, this process
was performed manually. The initial decrease in resistance,
shown in figure 5(b), as compression occurs is taken as time
zero. Due to the manual alignment of data, there are poten-
tial small discrepancies in outcome data. This has a relat-
ively small impact on the estimated insertion forces due to
the low speed of the compression, but does likely increase
the margins of error. Future analyses will sync these sys-
tems to increase overall accuracy. With force data overlaid,
the moment of needle insertion can be quantified by selecting
a ‘threshold resistance’ at which we are confident the needles
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Figure 5. Images of collected force and resistance data highlighting the mechanical differences observed when using different insertion
methods. (a) Insertion profile of a 23G needle into porcine skin. Peak insertion force is observed at the point before a dip in force, at 3.28 N.
The travel distance (not shown) of 4.971 mm is indicative of how much the tissue compresses prior applied forces overcoming the required
insertion force. (b) Insertion force profile of a microneedle array. There is no visible insertion force peak at the moment of skin penetration
determined by resistance analysis. Here the force at insertion is highlighted by the red star.

have passed through the SC. Figure 6 shows the difference in
force and resistance curves on a successful microneedle array
insertion and a failed insertion. In this case, the threshold res-
istance was selected as 750 kΩ, as this was identified as a
midpoint between known conductivity without SC and tissue
compression with SC barrier. As can be seen in figures 6(a)
and (c), the force curves are nearly indistinct and without
resistance data, insertion force would be nearly impossible
to quantify. Table 1 shows the insertion forces and array
density for each array tested. As can be seen in figure 6(d),
most needles remain standing after insertion, while some do
buckle, likely due to variation in the surface skin causing non-
uniform forces applied. Insertion tests performed using single
microneedles and small arrays (3× 3) did not result in a signi-
ficant impedance drop. This implies that in tests where imped-
ance drops were significant, a large number of microneedles
were inserted. Shearing of needles did not occur during inser-
tion, as the bond strength is higher than the lateral or pulling
force applied by the tissues. Currently, insertion reliability
can only be performed by manual inspection post-insertion
using optical microscopy, however future efforts will invest-
igate the use of optical tissue clearing or the use of polymeric
skin models [32] to further identify insertion success rates and
reliability.

Insertion forces were measured at 1.48 ± 0.77 N for PCB
substrate arrays (excluding outlier P1 as indicated in table 1),
and 2.91 ± 0.9 N for glass substrate arrays. The two forms
of substrate do not significantly vary within the collected
data (p = 0.443). Overall insertion forces for all substrates
is 2.05 ± 1.08 N. These insertion forces are for large arrays,
and are comparable in magnitude to prior studies of individual
microneedles or small arrays [27, 33], and significantly lower
than other bulk arrays [26]. As mentioned in section 3, direct
comparisons are difficult; however, the low forces experienced
by these arrays are promising for the overall efficacy of this
form of microneedle.

Initial trials with needles at a height of 415 µm failed due
to mechanical instability. Shortening these needles to 305 µm,
as used in this work, resulted in a significant increase in array
stability and insertion reliability. All microneedles used in the
biological tests described here were 305 µm in length and
fabricated using the same production parameters. However
mechanical details between the two processes are described
and there is some variability in the production process. The
needles of 415 µm length had a standard deviation of 16.1 µm,
while the needles of length 305 µm had a standard deviation of
15.2µm.The standard deviation inmicroneedle heights is con-
sistent across different height fabrication settings. The angle
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Figure 6. Images of collected force and resistance data for two separate array insertions. (a) Insertion profiles for a microneedle array with
approximately 3200 needles cm−2. Resistance drop indicative of tissue penetration occurs well beyond potential buckling forces for
needles. (b) Post-insertion optical imaging of microneedle array used in (a). Note that all needles are buckled. (c) Insertion profiles for a
microneedle array with approximately 1730 needles cm−2. Resistance drop happens at expected force and compression distance.
(d) Post-insertion optical imaging of microneedle array used in (c). Note that needles are still upright after insertion (tip of needle outside of
substrate focus plane), indicating that buckling did not occur.

of the microneedles was assessed by taking the angle between
the substrate and a line going from the center of the ball bond
through the tip of the needle. The longer needles (415 µm) had
an angle of 85.4◦ ± 4.1◦, while the shorter needles (305 µm)
had an angle of 88.1◦ ± 6.1◦. These tests were not significantly
different (p = 0.16), and the angle in the system may change
with height, but it is not significantly distinct from inherent
variance in the production process.

One major insertion failure occurred, as seen in figure 6(b),
in which all needles buckled under insertion loads. The array
which failed had an estimated density of 3100 needles cm−2,
which was the highest achievable density using the semi-
automated bonder. This may have caused bulk failure due to
the reported ‘bed of nails’ effect, by which high density arrays
will experience overall higher loads and suffer from reduced
insertion depths [34]. These microneedle arrays are expected
to be single use, however several arrays were inserted mul-
tiple times until failure. While several arrays failed on second
insertion, three arrays were able to be inserted at least twice,
with one array being able to be inserted three times before
failing. This demonstrates that these arrays have relatively

Table 1. Array density and estimated insertion force.

Array Estimated insertion force (N) Density (needles cm−2)

P1a 5.8892 1889
P2 1.2351 855
P3 0.55646 1666
P4 1.8868 844
P5 0.98773 1729
P6 1.244 2272
P7 2.9653 2196
G1 3.12 1111
G2 3.4178 1111
G3 3.7131 1111
G4 1.3981 1111
a P1 was performed at a higher insertion speed than all other arrays which
made identifying the exact insertion moment more difficult. This data point
is included as a potential outlier.
‘P’ prefix indicates a PCB substrate, ‘G’ prefix indicates a glass substrate.

strong mechanical properties and insertion reliability, which
will only be increased with further process optimization and
development.
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4. Discussion

There is significant need and desire for pain free drug deliv-
ery alternatives, and microneedles are a promising candidate.
Here we have presented a method of producing high density
microneedle arrays, customizable in height and layout depend-
ing on target application and patient. Using a modified wire-
bonding process we have created microneedle arrays with sig-
nificantly lower insertion forces compared to literature, that
are robust enough to be inserted into tissue without risk of frac-
ture or buckling. These gold microneedles have been shown
to be implementable as bulk arrays for applications in drug
delivery or can be manufactured as individually electrically
addressable needles with applications in biosensing. While
the relationship between microneedle height and density on
drug delivery is complex and reliant on needle geometry, and
delivery mechanics, previous work has shown that densities
in the range of several 1000 needles per square centimeter
are capable of regularly and reliably delivering drug dosages
[35]. With varying density and height there are tradeoffs
between delivery dosage and experienced pain and tissue
damage [5, 36]. The interactions between this microneedle
design and optimal density and surface area are something that
must be further investigated. At enhanced production rates of
1 needle s−1, this method can create high density arrays at a
relatively high speed in a low complexity environment, cap-
able of larger scale automation.

With no statistical difference between substrate compos-
ition, these microneedle arrays can be fabricated on a wide
variety of platforms designed for different purposes, includ-
ing solid state in vitro systems, through to semi-flexible or
flexible substrates for potential applications in wearables or
biosensing. While not fully characterized in this work, the
height of these needles is adjustable by varying the loop para-
meters used in the wirebonding process. As indicated, the
longer needles fabricated for this work were mostly unsuc-
cessful during testing, likely due to the higher susceptibility
to buckling. Further testing is required to determine optimal
length for maximal tissue penetration and minimized mechan-
ical instability. Customizable array shape and localized array
connectivity also allows for investigations into targeted ion-
tophoretic or electroosmotic applications for enhanced drug
delivery.

Future work will explore the pharmacokinetics of com-
pound delivery and various delivery methods, as well as exact
mechanical optimization of height, thicknesses, and density.
This work demonstrates a novel cleanroom-free, low cost,
reliable and mass manufacturable microneedle production
method which can significantly impact microneedle research
and eventually aid in the elimination of needle pain and
needlephobia.
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