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Optimal Microneedle Design for Drug Delivery Based on Insertion Force
Experiments with Variable Geometry
Bummo Ahn ■

Abstract: Microneedles, which prick micro holes in the stratum corneum (SC), are promising minimally invasive
drug delivery devices alternating pills, conventional needles, or transdermal patches. However, the microneedle
fabrication based on the optimal design has been studied rarely. In this paper, the forces required to insert mi-
croneedles into a skin model were measured over the various geometries in order to optimize the microneedle
design. To measure the insertion force, the microneedles were fabricated with inclined UV lithography and hot
embossing processes. The insertion force was measured with a custom-made dynamic displacement device which
can measure and record the force of mN range loads. The insertion force is strongly related with tip angle and
radius of tip’s curvature. The insertion forces increase with increasing width of shaft, but the relation is very week
and the radius of fillet in the experimental range has no influence on the insertion force. This result can be used as
an optimal design guide on the geometries of microneedle.
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1. INTRODUCTION

The delivery of drugs into the human body orally is
problematic mainly due to the degradation of drugs in
the gastrointestinal tract and their elimination through the
liver. Further, the delivery of drugs using conventional hy-
podermic needles is painful for patients and is not appro-
priate for long term, continuous deliveries [1–3]. An al-
ternative delivery technique employs a transdermal patch.
However, transdermal delivery is severely limited by the
inability of a large majority of drugs to enter the body
through the skin at therapeutic rates because the skin’s
outer layer (the stratum corneum) is approximately 10-20
µm thick and is composed of keratinized dead cells and
scales [4].

The skin permeability is increased enormously if the
stratum corneum layer is disrupted. To disrupt the layer,
a number of different approaches have been studied; they
range from chemical/lipid enhancers [5,6] to electric fields
employing iontophoresis and electroporation [7,8] to pres-
sure waves generated by ultrasound or photoacoustic ef-
fects [9, 10]. These enhancement methods have made
only a limited impact on medical practices to date because
chemical methods can affect the skin and the drug, and
physical methods require complex systems. Micronee-
dles, which are effective in forming micro perforations
in the stratum corneum, do not cause chemical effects on

the skin or the drug and do not require an energy source
or other complex systems [11–14]. Therefore, they are
promising minimally invasive drug delivery devices alter-
nating pills, conventional needles, or transdermal patches.

The microneedles are classified to solid or hollow
ones. Although hollow microneedles can be applied to
active drug deliveries or blood extractions, it is diffi-
cult to mass-produce them with biocompatible materials
[15–17]. While solid microneedles can be only applied
to passive drug deliveries, the solid microneedles have
been recently made of cheap and biocompatible polymers
[18–27]. Therefore, solid microneedles hold priority to
hollow ones for reasonable passive drug delivery systems.

To apply for clinical application, the research on the op-
timal geometry design based on the insertion force and
fracture force is very important. However, the mechanics
of microneedle insertion force has been investigated by
several groups [28–32]. Davis et al. performed insertion
experiments using metal hollow microneedles whose full
cross-sectional area, tip radius and wall thickness were in-
appropriate for drug delivery [28]. Zahn et al. were used
the poly-silicone hollow microneedles and measured the
fracture force against the applied side forces [29]. Stu-
par et al. measured the insertion forces of silicone hol-
low microneedles against a 400 µm thick gelatin mem-
brane [30]. They suggests the insertion force as 0.45 N
on 4.5 mm length and 200 µm width. Chandrasekaran et
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al. used the metal hollow microneedles [31]. They per-
formed the insertion experiments and measured the inser-
tion force on the skin-like polymer (PS-4B, M-line Acces-
sories Inc.). They suggested the insertion force as 80-90
mN on the microneedle (tip angle and thickness are 30◦

and 10 µm). Park et al. measured the fracture forces
against normal forces and side forces [32]. They show
the shorter length and bigger diameter microneedles have
bigger fracture force.

In this paper, experiments of polymer microneedle in-
sertion into human skin model (injection trainer and high-
density polyethylene film) are performed in order to op-
timize the microneedle geometries. The microneedles for
the experiments are fabricated with inclined UV lithog-
raphy and hot embossing processes. Furthermore, I de-
signed and fabricated microneedles having different size
of the front tip angle, the radius of tip’s curvature, the
width of shaft, and the radius of fillet. The insertion forces
are measured with a custom-made dynamic displacement
device which can measure and record the force of mN
range loads.

2. MATERIALS AND METHODS

2.1. Microneedle fabrication processes and geometry
Fig. 1 illustrates the fabrication process of in-plane mi-

croneedles using SU-8 in inclined UV lithography and
nickel-electroforming. First, a 150-nm-thick chromium
(Cr) layer is deposited onto a Pyrex glass wafer (Corning).
After the Cr layer is patterned to define the microneedle’s
shape, an SU-8 structure is formed on the Cr-patterned
glass wafer by inclined UV lithography [19,33–35]. After
a titanium (Ti) layer is deposited as a seedlayer for electro-
plating, a Ni layer is formed on the entire upper surface of
the wafer by electroplating. Then the Ni layer is stripped
from the wafer. To obtain the final in-plane microneedles,
the Ni sheet is polished to the desired thickness of the mi-
croneedles.

The fabrication process of polymer out-of-plane mi-
croneedles is shown in Fig. 2. First the in-plane micronee-
dles are converted to an out-of-plane microneedle array
using rectangular spacers which not only create spaces
between the neighboring in-plane microneedles but also
maintain these in-plane microneedles are tightly fixed to
each other with screws. A negative mold is fabricated
by replicating the out-of-plane microneedle array with
polydimethylsiloxane (PDMS). Finally, out-of-plane mi-
croneedle sheets of biocompatible polymer are fabricated
by using the negative mold in a hot embossing machine
using polycarbonate (PC). The mold and PC grains are
loaded the hot embossing machine, heated for 8 min at
240◦C, pressed for 2 min with a load of 10 kg/cm2. They
are then unloaded from the machine in order to cool the
mold and the polymer rapidly and pressed with a 5-kg
metal block to prevent deformation. After the stack is

(a) (b)

Fig. 1. Process for fabricating in-plane microneedles: (a)
schematic view of single row microneedle ar-
ray, (b) fabrication process along the cross-section
along line A-B shown in (a).

(a)

(b)

(c)

Fig. 2. Steps to fabricate polymer out-of-plane micronee-
dles: (a) master mold for a punched on substrated
solid microneedle sheet, (b) negative PDMS mold,
(c) polymer microneedles.
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(a) (b)

(c) (d)

Fig. 3. Images of the PC out-of-plane microneedle: (a)
photograph, (b) SEM image of array (isometric
view), (c) Front view, (d) perspective view.

cooled for 5 min at room temperature, the PC microneedle
sheet is demolded and the excess PC that has overflowed
is cut off.

Fig. 3 shows the images of the PC out-of-plane mi-
croneedle; (a) shows the microneedle array sheet and
(b)-(d) show the SEM images of the microneedles. The
heights of the microneedles range from 0.8 mm to 1.5
mm. The w is the width and t is the thickness, respec-
tively. The α is the front angle and side angle is the β . The
fabricated in-plane microneedles have a sharp tip and are
long; thus a low insertion force is required and sufficient
penetration depth is achieved. The needle density can be
increased by converting the in-plane microneedles to an
out-of-plane microneedle array; this results in sufficient
drug delivery rates. The microneedle sheet fabricated by
the process is mass-producible and biocompatible. In ad-
dition, it has three-dimensional sharp tips, dense needle
density and sufficient shaft length. Thus, the punched-on-
substrate solid microneedle sheet which will be fabricated
by modifying the process will be mass-producible and bio-
compatible and have three-dimensional sharp tips, dense
needle density and sufficient shaft length, so the micronee-
dle sheet will be cheap and safe and have a low insertion
force, a sufficient delivery rate and a sufficient penetration
depth.

The microneedles were prepared in order to perform the
experiments on the microneedle insertion force [10]. The
standard microneedle geometries are followed; the height
(H) is 790±20 µm, the thickness (T) is 160±5 µm, the
side tip angle (β ) is 40 degree, the α is 60 degree, the

Table 1. Geometry information of the microneedle.

Dimensions
(units)

Standard
geometry

Variable geometry

H (µm) 790 ± 20
W (µm) 220 110, 160, 220, 280, 330
T (µm) 160 ± 5
R (µm) 350 75, 150, 350, 450, 550
r (µm) 35 10, 15, 35, 70, 110
α (◦) 60 40, 60, 70, 130
β (◦) 40

r is 35 µm, the W is 220 µm, and the R is 350 µm. The
variable microneedle geometries are as followed; the front
tip angles (α) of 40, 60, 70, 130, and 180 degrees, the
radius of tip’s curvature (r) of 10, 15, 35, 70, and 110 µm,
the width of shaft (W) of 110, 160, 220, 280, and 330 µm,
and the radius of fillet (R) at base of 75, 150, 350, 450,
and 550 µm. Table 1 shows the geometry information of
the fabricated microneedles.

2.2. Experimental setup and procedure
To study the insertion force of microneedles, I built an

experimental setup composed of a dynamic displacement
device, a control board and a PC [36, 37]. The displace-
ment device is consists of a motor (Maxon Precision mo-
tors, Fall River, USA), a force transducer (Senstech co.,
LTD. Korea), and a probe attached a microneedle. It can
apply dynamic displacement of the microneedle, which at-
taches the probe to the tissue model as shown in Fig. 4.
The resolution of the force sensor is 0.7 mN and its mea-
surement range is from 0 mN to 9.8 kN. The maximum
errors of the probe’s positions compared to input values
are less than 5 µm by calibrating the dynamic motion of
the DC motor. The probe’s displacement range is up to
41.5 mm, and the maximum speed is 8 mm/s. The device
can induce unit step, sine, rectangular and saw tooth wave
inputs of about 10 µm - 41.5 mm displacements.

To validate the biocompatibility of our microneedle, it
is desirable that the experiments were carried out using
the human skin. However, there are several limitations
for the experiments on human skin. First, it is possible
to infect the human subject through the microneedle that
is contaminated by the virus and other materials. Second,
it is difficult to measure the precise insertion forces from
the human subject even if there is a tiny movement of the
subject it can make a serious error of results. Finally, it
is hard to perform the experiments repetitively. There-
fore, I choose a human skin phantom that consisted of a
30 mm-thick high-density polyethylene film as the stra-
tum corneum and an injection trainer (Limbs & Things,
Ltd. UK) as the epidermis and dermis.

Microneedle insertion experiments were performed on
the human skin model. The microneedle is attached to
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(a)

(b)

Fig. 4. (a) Experimental setup for measuring microneedle
insertion force during insertion against human skin
phantom (Injection Trainer + polyethylene film),
(b) probe attached microneedle for microneedle in-
sertion experiments.

the probe that is connected to the force sensor as shown
in Fig. 4(b). The experimental procedures are as follow.
First, the probe was moved close to the surface of the tis-
sue model and the microneedle tip was contacted to the
surface through the reaction force profile change. Sec-
ond, the insertion profile of sawtooth waves (amplitude:
1 mm, velocity: 100 µm/sec) was applied to the model
and the insertion force was measured by the force sensor.
Third, the data of the insertion force and displacement
were acquired with the data acquisition board (D-space)
and stored in the PC. Finally, the experimental sites of hu-
man skin model were changed after puncturing by the mi-
croneedle.

3. RESULTS

The reaction force profiles of the experiments were
measured using the experimental setup. The reaction force
of the injection trainer alone is shown in Fig. 5(a). The re-
action force obtained from the human skin model was in-
creased along with the range of the needle insertion. When
the needle penetrated the polyethylene film, the force was
dropped suddenly and increased again (Fig. 5(b)). The in-

(a)

(b)

Fig. 5. Reaction force profiles of a microneedle for pene-
trating the human skin model: (a) Injection trainer
alone and (b) Plastic film on injection trainer.

sertion force of the microneedle is the point just before
sudden drop of the reaction force that can be used to com-
pare the insertion forces obtained by the other micronee-
dles with different geometries. The measured profile is
similar to that of reaction force during microneedle in-
sertion into the stratum corneum of a human subject in
the previous experiment [11]. Therefore, the used human
skin model is appropriate to measure the similar insertion
forces of the human skin.

Fig. 6 shows the insertion forces as functions of
microneedle’s geometries. The insertion forces increase
strongly with increasing tip angle up to 130 degree and
decrease slightly at 180 degree at which the tip acts as the
edge of a knife. Large radius of tip’s curvature induces
large insertion force, but if the radius is smaller than 35
µm, the effect is not dominant. The insertion forces in-
crease with increasing width of shaft. The radius of fillet
in the experimental range has no influence on the insertion
force.
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(a)

(b)

(c)

(d)

Fig. 6. Insertion forces as functions of microneedle’s ge-
ometries.

4. DISCUSSION AND CONCLUSION

Microneedles, which are effective to form micro perfo-
rations in the stratum corneum (the outer skin layer), are
one of the promising minimally invasive drug delivery de-
vices alternating pills, conventional needles, or transder-
mal patches. However, microneedles are not commercial-
ized by this time because of weak needle structure, low
mass-productivity or bio-incompatibility. To overcome
the limitations of the previous microneedles, I fabricated
microneedles using novel fabrication process that consists
of inclined UV lithography and polymer molding process.
The biocompatible polymer with a hot embossing process
can be used to fabricate the microneedle. In addition, I
fabricated microneedles with the various front tip angles,
radius of tip’s curvature, width of shaft, and radius of fillet.
The single row microneedles are fabricated with a sharp
tip for low insertion forces and are made long to ensure
sufficient penetration depth. The single row micronee-
dles are converted into an out-of-plane type multi row mi-
croneedle array to increase the needle density. The nega-
tive mold is fabricated for mass- production using a poly-
mer molding technique. The final out-of-plane micronee-
dle sheets are produced using polycarbonate for biocom-
patibility by employing the hot embossing process.

To design the optimal geometries of the microneedles, I
studied the insertion forces of the microneedles with vari-
able geometry. Therefore, the force required to insert the
microneedles into a skin model, Injection Trainer coved
with a thin plastic film, was measured.

The reaction force profile piercing the skin model
through the fabricated microneedle is similar to that pierc-
ing the living skin. Over the range of microneedle ge-
ometries investigated, insertion forces obtained from the
experiments ranged from about 100 to 200 mN. The inser-
tion forces are strongly related with tip angle and radius of
tip’s curvature. In addition, the width of shaft is slightly
affected to the insertion forces and has a linear relationship
with the insertion force. Therefore, these results can be
used to decide the optimal microneedle geometry in order
to puncture the human outer skin layer (stratum corneum)
without any fracture of microneedle.
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