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Abstract

Microneedles are important injecting devices for the delivery of pharmaceutical drugs in precise amounts at spe-
cific locations. To optimize the design of microneedles, a thorough understanding of the needle skin interaction
has to be obtained. We present methods to characterize the mechanical interaction between microneedles and a
double-layer skin simulant. The methods are applied to silicon microneedles designed (fabricated in-house) and
to commercially available hypodermic needles (as a reference). The skin simulant consists of an agarose gel and a
layer of commercially available needle-testing foil to mimic the dermis and the stratum corneum, respectively. A
systematic analysis of the behaviour of a silicon microneedle inside the skin simulant is presented and compared
with that of current hypodermic needles. The microneedle geometry is related to the force curves measured, with
the help of (environmental) scanning electron and confocal microscope images that visualize the microscale phys-
ical phenomena that occur inside the skin simulant. We measure a 12% and 14% increase in insertion force when
increasing the insertion speed from 100 to 500 µms−1 for hypodermic needles and microneedles, respectively. The
characterization methods are shown to be complementary to in vivo experiments and enable advanced imaging
techniques and can significantly help the design of microneedles.

Keywords: microneedles, insertion force, skin simulant, hypodermic needle, vaccination, confocal microscopy,
force curves, characterization method

1. Introduction

Microneedles are becoming increasingly important in the delivery of drugs since their introduction in the early
1990s (Campbell, 1991). Microneedles offer two distinct advantages over conventional hypodermic needles. First,
microneedles are less invasive when used for the injection of drugs or removal of bodily fluids, leading to reduced
patient trauma (Doraiswamy, 2010). The limited length of the microneedle is known to significantly reduce pain
(Gill, 2008). Second, microneedles enable accurate site-specific drug-delivery, e.g., for injection of drugs into the
eyes (Jiang, 2007).

Microneedles are developed for a variety of drug-delivery applications (Donnelly, 2010; Park, 2005; Stoeber,
2005). These can be divided into two categories: hollow and solid microneedles. Hollow microneedles feature
microchannels through which drugs are delivered (Roxhed, 2007; Zhang, 2009a). The drug injection can be
initiated by means of a syringe (Wang, 2006). Alternatively a (implantable) system containing a reservoir and a
(manual) pump (Hilt, 2005) can be used. The delivery mechanism is generally based on forced convection.

Solid microneedles are micro-structured projections that either serve to increase skin permeability by the formation

51



www.ccsenet.org/mer Mechanical Engineering Research Vol. 3, No. 2; 2013

of conduits in the stratum corneum (Henry, 1998; McAllister, 2003) or to directly inject drugs by coating the
projection prior to insertion (Gill, 2007). The tip is inserted into the skin to provide intra-dermal delivery of active
agents, which otherwise would not cross the stratum corneum. The delivery mechanism is based on diffusion. The
drug molecules attached get released within the epidermis, where they can readily reach their site of action. An
alternative method exists in which the drug is encapsulated in a biodegradable polymer. The polymer encapsulating
the drug is inserted into the skin, and, depending on the polymer dissolving time, the drug is released (Park, 2006;
Lee, 2008).

To increase the diffusion and convection rates for both hollow and solid microneedles, the needles can be manu-
factured in arrays (Gill, 2007). Arrays combined with transdermal patches dramatically increase the types of drugs
that can be delivered using patches (McAllister, 2003). An array of 400 microneedles was demonstrated to pierce
human skin while delivering drug molecules (Hilt, 2005). Arrays are also used for the removal of fluid from the
body for diagnostics, such as blood glucose measurements (Wang, 2005).

The microneedle designs include conical and beveled tips, and have, in the case of hollow microneedles, an opening
at the top, side or a mix of top and side opening (Roxhed, 2007).

Microneedles have been fabricated out of a variety of materials, such as metal, silicon, silicon dioxide, poly-
mers, and glass (McAllister, 2003; Kim, 2006e). Silicon is an excellent material for needle fabrication, because
it is strong, wear resistant, and not susceptible to fatigue. Micromachining the needles using cleanroom mass-
fabrication techniques enables more accurate control over the needle dimensions than conventional types of ma-
chining, such as grinding and laser cutting do (Gill, 2007).

Despite the potential that microneedles hold, detailed experimental studies of the microneedle’s interaction with
skin tissue are scarce. In particular, the forces required to insert microneedles into the skin have to be quantified
and related to the microneedle design. Understanding the origin of insertion forces helps optimize microneedle
design. A high insertion force can lead to breaking of individual needles, limiting the number of microneedles in an
array (Davis, 2004). Also, the insertion force directly relates to pain during the insertion process (Egekvist, 1999).
A measurement of the insertion force versus the displacement provides valuable information about the mechanical
behaviour of a needle.

In this paper, we introduce methods to characterize the interaction between microneedles and soft tissue. Using
these methods we perform a careful and systematic experimental analysis of the needle-tissue interaction force
curve. Next, we relate the force characteristics to observations from several imaging techniques, such as environ-
mental SEM and confocal microscopy. The experimental studies are performed with different needle designs and
under different insertion conditions, demonstrating the versatility of the approach. All experiments are performed
on a double-layer skin simulant that consists of an agarose gel and a polyurethane foil. The gel and foil act as
dermis and stratum corneum, respectively. The use of a skin simulant holds several advantages. The repeatability
of experiments is improved because of the high degree of control in skin-simulant preparation. The experiments
can be conducted in a controlled manner and are more readily observable by microscopy than in vivo experiments.
Furthermore, skin simulants offer a significant cost advantage over experiments on live humans or on prepared skin
samples from either human or animal cadavers.

In this study, we have used solid silicon microneedles and commercially available hypodermic needles (the lat-
ter as a reference). From here on the term microneedle refers to a solid silicon microneedle unless specifically
mentioned otherwise. First, various concentrations of agarose gels (1%-4%) are tested to match the properties of
the dermis. Second, insertion force experiments are performed with both hypodermic needles and microneedles
into the agarose gel, and third, into the double-layer skin simulant consisting of a polyurethane foil on 3% agarose
gel. We identify the different phases of the insertion force curve that that stem from the specific needle shape
and geometry, present a range of images of the needles interacting with the soft-tissue simulants, and finally draw
conclusions.

2. Experimental Details

2.1 Microneedle Fabrication

The silicon microneedle design used in this study is shown in Figure 1(a). The microneedle is etched out of
a silicon ⟨110⟩ wafer in such a way that the z-direction (see Figure 1(b) for the definition of the z-direction) is
oriented parallel to the wafer surface (in-plane fabrication). Given this orientation, the microneedle length can be
freely chosen. Lengths of upto 10 mm have been fabricated and successfully tested.
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The microneedle is fabricated using wet anistropic etching on either side of the wafer. First, on both the front
and the back side of the wafer, a hard etch mask is created by photolithography. While the top side is being
anisotropically etched, the bottom side of the wafer is passivated. After the first etching step (through the wafer),
the exposed ⟨111⟩ planes are passivated to keep them from etching any further. Next, the bottom side of the wafer
is anistropically etched, after removing the passivation layer on that side by plasma reactive ion etching. After
these etching steps, the masking layers are removed, the microneedles are released from the wafer and assembled
in standard needle hubs (see the right inset in Figure ).

In Figure 1(b) a schematic drawing of the needle is shown. The dimensions in Figure 1(b) are the mean values
of optical microscopy measurements of seven needles (relative standard deviation below 1%). The bevel plane,
which is marked by the points Z0, Z1, Z2 and Z3, is a slow-etching ⟨111⟩ crystal plane. The sides of the shaft are
two ⟨111⟩ planes and two ⟨110⟩ planes. The cross section of the shaft has a rectangular shape with a dimension
of approximately 300 µm × 400 µm. For comparison, a photograph and a SEM image of a hypodermic needle
are shown in Figures 1(c) and 1(d), respectively. The hypodermic needle is a 30G needle, type BD Microlance 3
(Becton, Dickinson and Company, Franklin Lakes, USA) with a length of 13 mm and a diameter of 0.3 mm. The
tip of the needle is marked by Z′0, the transition from the upper to the lower bevel plane by Z′1, and the transition of
the lower bevel plane to the shaft Z′2.

(a) (b) (c) (d)

Figure 1. (a) Microscope image of the microneedle. The corners of the bevel plane are marked Z0 (tip), Z1, Z2 and
Z3. (b) Microneedle geometry with dimensions in micrometers. The sides of the bevel plane are marked A, B, C

and D. (c) Microscope image of a 30G hypodermic needle. (d) SEM image of the tip of a 30G needle with
dimensions in micrometers

2.2 Needle-Insertion Setup

Figure 2 shows the setup used in this study. In this setup, the needle position does not change to facilitate imaging
with a confocal microscope. The experiment is performed by translating the skin simulant towards the needle
while recording the force in the z-direction with the force sensor at the base of the needle. The force sensor is a
six-axis Nano17 force-torque sensor (ATI Industrial Automation, Apex, USA) with a force and torque resolution
of 3.1 mN and 15.6 mN mm, respectively. To increase the resolution, each data point is an average of 4000 force
readings. Unless stated otherwise, each insertion experiment is repeated three times with three different needles
adding upto a total of nine experiments per data point. We translated the skin simulant in y-direction in between
each insertion experiment to obtain a new insertion site. In all experiments reported we show the absolute force in
z-direction. The forces in the x- and y-directions and the torques are minimized by careful alignment of the skin
simulant with respect to the needle. Note that the insertion depths used in the experiments are larger than in many
microneedle applications (e.g., vaccination). A large insertion depth was used for the sake of completeness of the
study.
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Figure 2. Photograph of the insertion force–displacement measurement setup. The important parts are marked: 1)
the linear actuator, 2) carriage for holding samples, 3) EC-motor driving the linear actuator, 4) force sensor, 5)
adjustable stage to alter the position of the needle in the x-direction, 6) braces to hold sample in place, 7) linear

guide to prevent bending and motion of the carriage in x-direction, 8) needle, and 9) sample. The left inset shows
a 30G needle inside the 3% agarose gel. The right inset shows drawing of the assembly of the microneedle in a

standard needle hub

2.3 Microscopy

We used of two kinds of microscopic imaging modalities. The first is a confocal microscope, a Laser Scanning
Microscope LSM 510 (Carl-Zeiss, Sliedrecht, the Netherlands). The imaging plane is yz; needle insertion is along
the z-axis. The needle insertion was visualized with differential interference contrast (DIC) and epifluorescence
using a 488-nm argon laser and a low-pass filter with cut-off at 505 nm.

The second microscope is a Scanning Electron Microscope Quanta 450 (FEI Company, Eindhoven, the Nether-
lands). This SEM has an environmental option (E-SEM) that allows wet and/or contaminated samples to be imaged.
In this mode, a water vapor is led into the chamber at a pressure of around 1000 Pa. We used this mode to image
the wet agarose gel.

2.4 Agarose Preparation

We prepared agarose gel, which can be fine-tuned to resemble part of the stress–strain relation of skin by varying
the agarose concentration. Agarose powder (Sigma Aldrich, Zwijndrecht, Netherlands) was dissolved in 10× tris
acetate EDTA (TAE) buffer. The mixture was heated until the agarose powder was completely dissolved. We added
100 µ l of 1 mM sodium fluorescein solution to 100 ml of the mixture for epifluorescent imaging. After cooling the
mixture under running tap water, it was poured into a mould and left at room temperature for 10 min for the gel to
solidify. After solidification, the gel is ready for use. The left inset of Figure 2 shows the 3% (mass) agarose gel
prepared. In the case of the double-layer system, the polyurethane foil was placed on the mould prior to pouring the
gel. The polyurethane foil is a needle-testing foil called Dekatest (Melab, Leonberg, Germany) and has a thickness
of 80 µm.

2.5 Agarose Characterization

To choose the right agarose concentration to model the human skin, the stress–strain relation was determined from
a compression test using a rheometer (Physica MCR501, Anton Paar, Ashland, USA). A circularly shaped sample
of the agarose gel, with a diameter of 25 mm and a thickness of 6 mm was prepared. We extracted the Young’s
modulus from the linear part of the stress–strain curve. See the inset of Figure 3 for an example of a stress–strain
curve obtained on 3% agarose gel.

3. Results and Discussion

Two different skin simulants have been tested, namely, plain agarose gel and, polyurethane foil supported by 3%
agarose gel.
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3.1 Single-Layer System-Agarose Gel
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Figure 3. Agarose gel characterization using 30G needles. Young’s modulus is plotted versus the insertion force
at 3 mm needle displacement for different agarose concentrations. The data points represent the mean value of the

experiment repeated nine times, with the error bars being standard deviation. The dashed line indicates the
Young’s modulus values of skin of the forearm. The inset shows an example of a stress-strain curve measured on

the 3% agarose gel

(e)

(f) (g)

Figure 4. (a) Environmental SEM images of microneedle insertion holes in agarose gel at identical scale and
orientation. The images shown are top view of the gel with the insertion direction into the page. The distance

under each image corresponds to the displacement of the needle into the agarose gel. The white arrow indicates a
mode-I crack (opening). (b) A 3D confocal microscopy image of the agarose gel surrounding the microneedle.

The stack contains 20 images and is 120 µm high. The black arrow indicates a mode-II crack (rupture). The
dotted line indicates the contour of the needle. (c) A schematic representation of the microneedle defining sides

A, B and C
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The Young’s moduli of four samples of agarose gel with concentrations of 1%, 2%, 3% and 4% (mass) have been
measured using the rheometer. Also, needle insertion experiments have been performed on each sample using the
30G needle. In Figure 3, the insertion force at 3-mm needle displacement is plotted versus Young’s modulus for
the various agarose concentrations. The insertion speed was set to 250 µm s−1. We selected the 3% agarose gel
because its Young’s modulus (114 kPa) is similar to that of the human forearm (129 kPa) (Diridollou, 2000).
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Figure 5. Insertion-force curves of a microneedle (circles, upper curve) and a 30G needle (squares, lower curve)
into 3% agarose gel. Both force curves are monotonically increasing, showing that only agarose gel is not

sufficient to mimic skin

To study the three-dimensional (3D) insertion process into the gel, we performed two sets of experiments. In the
first set, we obtained data from the plane of insertion (xy), and in the second set we obtained out-of-plane data (yz).
In the first set of experiments, a microneedle was inserted into the gel to three fixed displacements, namely, 500 µm,
1000 µm and 4 mm. After insertion and retraction, all with the same needle, the insertion holes are imaged using
the E-SEM. Figure 1(e) shows the results. Note that the letters in the image indicate the orientation of the needle
during the insertion, see Figure 1(g) for nomenclature. The needle pushes the gel to the upper right corner in the
insertion holes owing to the angle of the bevel plane. The figure shows that with increasing displacement the gel
is pushed further away. For the 4000 µm displacement, the occurrence of a mode-I crack (opening) is indicated by
white arrows (Misra, 2010).

In the second set of experiments, the needle was inserted into the gel and remained inside the gel until a 3D image
had been made using confocal microscopy. Figure 1(f) shows such a 3D image of a microneedle inside the agarose
gel. The microneedle has been made transparent to visualize the cracks in the gel. The black arrow indicates a
mode-II crack (rupture). The letter B indicates the needle orientation.

Figure 5 shows typical force curves of a microneedle and a 30G needle being inserted into 3% agarose gel. The
curves do not exhibit distinct peaks; the force increases monotonically. These curves illustrate that gel only is not
sufficient to mimic skin, because previously reported insertion force curves of hypodermic needles into human skin
show a distinct maximum in the force when the needle penetrates the tougher, outer skin layers (Shergold, 2005).
Therefore, we added a layer of polyurethane foil to mimic the toughness of the skin better.

3.2 Double-Layer System-Agarose Gel with Polyurethane Foil

We performed insertion-force experiments on the double-layer skin simulant consisting of 3% agarose gel and a
layer of 80-µm-thick polyurethane foil on top of the gel. The results for the microneedle and the 30G needle are
plotted in Figures 6 and 7, respectively. The speeds are 50 µm s−1, 100 µm s−1, 250 µm s−1 and 500 µm s−1 for the
microneedles and 100 µm s−1, 250 µm s−1, and 500 µm s−1 for the 30G needles.
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Figure 6. Insertion force–displacement curves of microneedles in 3% agarose gel with polyurethane foil at
different speeds. Each curve represents a typical single experiment at one particular speed; the data points are the

mean values of the F1, F2 and F3 peaks for nine insertion curves including error bars showing the standard
deviations. The different speeds are 50 µm s−1 (blue), 100 µm s−1 (green), 250 µm s−1 (red) and 500 µm s−1

(brown). The inset shows the same curves for the full displacement used during the experiments
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Figure 7. Insertion force–displacement curves of 30G needles in 3% agarose gel with polyurethane foil at
different speeds. Each curve represents a typical single experiment at one particular speed; the data point marked
G1 is the mean value of the peak for nine insertion curves including error bars showing the standard deviations.

The different speeds are 100 µm s−1, 250 µm s−1 and 500 µm s−1
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Figure 8. Comparison of the height of the force peaks for the 30G needles (squares) and microneedles (circles) at
various insertion speeds. The error bars show standard deviation. Data reorganized from Figures 6 and 7

The plots show one typical insertion force curve out of a total of nine curves. In all force curves of the microneedles
three maxima (force peaks) are identified and termed F1, F2 and F3 peak. The peaks are indicated in the graphs.
There is a gradual increase of the insertion forces with increasing speed. The trend is visualized in figure by
plotting the height of the force peaks during insertion for both microneedles and 30G needles at the various speeds.
F1, F2 and F3 increase with increasing speed. The increase of the F3 peak is higher than the increase of the F1
peak. At higher speeds the skin simulant has less time to recover from the elastic deformation, which could lead
to this additional increase in the peak force. The microneedles have a higher maximum force, on average 1.5
times that of the 30G needles. The cross-sectional area of the microneedles is 1.7 times that of the 30G needle.
Also, the forces at larger displacement values (> 2 mm) are substantially higher for the microneedles than for
the 30G needles. We attribute this difference to a coating that reduces friction on the 30G needles, whereas the
microneedles are not coated. The difference in the shape of the shaft, i.e., circular or rectangular, can also lead to
different insertion forces at larger insertion depth, because of the potential lower friction for rounded shafts. The
overall trend with increasing speed is that a higher force is needed to insert the needles. For the range of speeds
that we used, this relation is in agreement with (Okamura, 2004).

All 30G-needle insertion-force curves feature a distinct peak, and the points marked by G1 in Figure 7 represent
the mean value of the peak force. The general trend of the curves is in agreement with previous reports (Mayer,
2009; Shergold, 2005), showing that the skin simulant behaves as expected. When the maximum force is reached
at G1, an opening is created, propagating a crack into the tissue (Mahvash, 2010). At approximately 2 mm needle
displacement, the full length of the bevel (approximately 1.5 mm long) penetrated the back side of the foil. The
force curve flattens out, and is then governed by the force needed to propagate the needle into the gel and to
overcome friction forces.

3.3 Double-Layer System-Insertion-Force Analysis

The low values for the standard deviation in Figures 6 and 7 indicate that the results are consistent and that the
insertion force can be used for systematic analysis of a series of experiments that relate the geometry of the
microneedle to the force curves. Before every insertion experiment, the needle was translated until it was in
contact with the foil. From this point, the needle was displaced by a fixed amount into the double-layer skin
simulant. Next, the needle was retracted. The series was continued by increasing the displacement in steps of
200 µm. The experiments were performed for both the microneedle and the 30G needle. The two force curves
with the largest insertion depth are shown in figures and , the other force curves are not shown. At these insertion
depths, all characteristic peaks appeared in the force curve. Both series were obtained with the same needle and
skin simulant to maintain consistency. The insertion speed is 100 µms−1.

After the insertion experiments, the foil was carefully removed from the agarose gel and placed in the SEM. Then
every insertion hole was imaged from the front and back side of the foil, see Figures 10 and 12. The front side of
the foil is defined as the side where the needles first enter the foil.

Analysis of the SEM images allows us to identify the different phases of insertion of the needles into the skin
simulant. The phases are indicated in figures and and the gray circles on the x-axis correspond to the displacements
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of all experiments.

In the case of the microneedle, starting from zero displacement, the needle initially deforms the foil. We note
that both elastic and plastic deformation occured, as shown by the SEM image at 400 µm and as observed visually
during the experiment. The SEM image taken at 400 µm of the back side of the foil reveals that the needle
tip has already punctured the foil. This means that the F1 peak is not caused by the tip (Z0) piercing the foil.
Moreover, there are no traces of foil piercing by the tip in the force curve. The F1 peak is reached at about 500 µm
displacement. The SEM image of the front side of the foil at 600 µm insertion shows that the horizontal cut is
complete. Even though the needle is inserted further in subsequent experiments, the width of the cut does not
increase further.

Figure 9. Force–displacement curve of a microneedle-insertion experiment. The force characteristics are indicated
in the graph. The encircled inset shows that an additional small peak appears if a blunt needle tip is used. The
gray circles on the x-axis indicate the amount of displacement of the other insertion experiments in the series

Figure 10. Series of SEM images of insertion holes created by a microneedle in polyurethane foil at identical
scale. The top row shows the front side of the foil with the viewing direction equal to the surface normal. The

bottom row shows the back side of the foil under an oblique view of 20◦ with respect to the surface normal. The
distances under each pair of images correspond to the displacement of the needle into the skin simulant. A mode-I

crack (opening) is indicated by a white arrow
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Figure 11. Force–displacement curve of a 30G needle-insertion experiment. The force characteristics are
indicated in the graph. The inset shows a SEM image of tip of the 30G needle. The gray circles on the x-axis

indicate the amount of displacement of the other insertion experiments in the series

Figure 12. Series of SEM images of insertion holes created by a 30G needle in polyurethane foil at identical
scale. The top row shows the front side of the foil. The bottom row shows the back side of the foil. All viewing

directions are equal to the surface normal. The distances under each pair of images correspond to the
displacement of the needle into the skin simulant. A mode-I crack (opening) is indicated by a white arrow

From this observation we conclude that the F1 peak is caused by the completion of the horizontal cut, created by
side A of the needle (Z0 - Z1, refer to the inset in Figure 9). The decrease in the insertion force curve is caused by
a mode-I crack (opening) inside the foil, which, in turn, is triggered by the increase of strain when corner Z1 of the
needle is inserted into the foil. Note that the openings (cracks) at the corners are visible in a number of the SEM
images, on both the front and back side of the foil.

An additional experiment using a blunt needle (tip diameter of approximately 15 µm) supports this conclusion. In
figure , an inset shows the corresponding portion of the force curve around the F1 peak. Before the F1 peak there
is an F0 peak visible, which indicates that the blunt needle tip (Z0) punctures the foil. These data show that a blunt
needle can be distinguished from a sharp needle.

After the opening of the foil caused by side A of the needle, the force increases again while the needle cuts with
side B (Z0 - Z2). Also, the skin simulant is elastically deformed by the increase in force. Around 1000 µm needle
displacement, the F2 peak appears, corresponding to the complete insertion of side B. Again, a rupturing of the
foil takes place, best visible in the SEM images of the back side of the foil at 1200, 1400 and 1600 µm (upper right
corners).
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Remarkably, the cutting phases have stopped at this point. The rest of the needle is inserted by dilatation of the
insertion hole. The free-hanging part of the foil is pushed into the gel, evidenced by a scratch mark on the front
side of the foil caused by corner Z3. The mark runs from the upper right corner towards the center of the SEM
image and is indicated by a white circle in the 1600-µm-image (Figure 10). The F3 peak is the maximum force
needed to dilate the insertion hole.

The 30G needle shows two peaks in the force curve, termed G0 peak and G1 peak, see figure . The G0 peak is
reached at approximately 550 µm displacement. This displacement is approximated by the 600 µm SEM images
(in Figure 12). The SEM image of the front side of the foil shows that the maximum width of the cut is reached.
The G1 peak is reached at approximately 950 µm displacement. In the SEM images of the back side of the foil,
it can be seen that at 1000 µm displacement the width of the cut is maximum. Also, a mode-I crack (opening) is
visible at both sides of the cut, indicated by a white arrow in Figure 12. From these observations, we conclude that
the large drop in force is caused by an opening of the foil. We hypothesize that the G1 peak occurs when point Z′1
of the needle (the transition point between the two different bevel angles of the 30G needle) pierces the foil.

When comparing the insertion holes made by the microneedle in Figure 10 and those made by the 30G needle in
Figure 12 it is noticed that the 30G needle only makes one horizontal cut, and the microneedle makes two cuts
before the remainder of the needle is inserted by dilation and additional crack formation. The insertion holes of
the 30G close up after removal of the needle, whereas the insertion holes of the microneedle leave a part of the foil
partially hanging free. The cutting of the microneedle exhibits well-defined lines, indicating that the sides of the
microneedle are sharper than the sides of the 30G needle. Also, the force peaks (F1 through F3) in the insertion
curve of the microneedle can be directly related to the sharp and well-defined corners (Z1 through Z3), whereas the
30G needle geometry is rounded and has a more gradual change in shape when inserting from tip to shaft.

This analysis clearly illustrates that characterization methods in combination with a skin simulant allow a detailed
study of the insertion holes and that the force curve can be related to the geometry of the microneedle. Also, Figures
10 and 12 show that the results are consistent within each series owing to the repeatability of the experiment. This
repeatability makes reliable characterization of (micro)needles possible, e.g., a blunt tip will be recognized in the
force curve.

4. Conclusions

Methods to characterize the interaction between microneedles and soft tissue have been introduced. A skin simu-
lant consisting of 3% agarose gel and a polyurethane foil has been used to perform a detailed study of the insertion
characteristics of microneedles and hypodermic needles. Insertion-force recordings have been combined with
imaging techniques, such as confocal microscopy with epifluorescence and electron microscopy, to study the in-
teraction of needles with the skin simulant. The images allow the interpretation of the insertion-force curves and
make it possible to relate the curve to the needle geometry. The characterization methods demonstrated in combi-
nation with the skin simulant allow the characterization of microneedles and enable comparisons with other needle
designs, such as the hypodermic 30G needle also used in this study. Mode-I (opening) and mode-II (rupture) cracks
can be identified in the images of the gel and foil using the microscopy techniques mentioned. The force peaks in
the insertion curves can be related to specific features of the needle geometry. In the case of the microneedle three
peaks have been distinguished in the force curve that directly relate to three sharp corners of the microneedle.

The maximum insertion force of the microneedles increases with insertion speed, to a limited extent of 14% in a
speed range of 50–500 µms−1. For the 30G needles, a 12% increase in maximum insertion force is measured in a
speed range of 100–500 µms−1. This study will help optimize microneedle design and developing microneedle–
tissue interaction models.
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