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INTRODUCTION

In medicine, microneedles, and often en-
tire microneedle systems, are a type of medical 
devices with the potential to be used for topical 
delivery of drugs. This approach has several ad-
vantages, including being less painful, minimally 
invasive, and can be self-administered by the 
patient. The dosage and rate of drug release can 
be controlled through the appropriate design of 
the microneedle and concentration of the active 
substance [12, 13]. The typical size of micronee-
dles is significantly smaller in every dimension 

compared to typical needles used for intravenous 
or subcutaneous injections. To enable the diffu-
sion of the active substance (drug) through the 
skin, the microneedle only needs to create a chan-
nel with a diameter of one hundredth of a mil-
limeter. The literature categorizes microneedles 
into several basic types based on their structure: 
solid microneedles (SMNs), hollow microneedles 
(HMNs), dissolving microneedles (DMNs), and 
coated microneedles (CMNs) [14].

The first ideas and research related to the 
use of microneedles took place in the 1950s. 
Due to technological limitations, production 
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possibilities, and limited applications, their use 
was severely restricted. It was not until the end of 
the century that microneedles became a more fre-
quent subject of research, with the aim of replac-
ing traditional injections [1]. Since the beginning 
of the second decade of the 21st century, there has 
been a significant increase in interest in the use of 
additive manufacturing methods for the produc-
tion of microneedles. Recent years have shown 
that many researchers are interested in develop-
ing methods for producing microneedle systems 
that already contain a therapeutic agent and are 
capable of releasing it at a designed rate. Such mi-
croneedle manufacturing systems could be used 
directly by doctors or pharmacists to produce 
patient-specific drug doses directly in the hospital 
or pharmacy.

Microneedle systems, as single-use tools, 
should be relatively inexpensive to enable their 
widespread use [5]. However, in the case of ad-
ditive manufacturing, there are significant differ-
ences in production costs between different manu-
facturing methods. These differences also extend 
to technical coefficients related to the strength of 
the manufactured components, process time, and 
the type of required post-processing. The most 
widely used and accessible method of additive 
manufacturing is Fused Deposition Modelling 
(FDM), developed by Stratasys company. In the 
case of machines from other manufacturers, it is 
most commonly referred to as Fused Filament 
Fabrication (FFF) or, more generally, as mate-
rial extrusion method (MEX), although with less 
precision. FDM devices can operate in office 
conditions and process thermoplastic polymers, 
with their operation requiring minimal qualifica-
tions from the operator. Products obtained using 
the FDM method have numerous applications in 
machinery construction, but can also come into 
contact with food and human skin [4], and even 
have potential uses as biocompatible implants [2] 
or customized prosthetics [3].

The potential use of the FDM method for the 
production of minitablet as a drug delivery plat-
form tailored to age, without the need for tablet 
splitting while maintaining consistent release 
profiles was examined by Yang et al. [7]. Their 
research showed that the FDM method provides 
great flexibility in drug delivery and eliminates 
many issues associated with traditional tablet pro-
duction. However, in the case of applying FDM 
to the production of microneedles, the authors 
of study [6] identified several challenges and 

limitations. Due to the relatively high process-
ing temperature (>200 °C) of the FDM method, 
(for materials that allow skin penetration and are 
suitable for microneedles), processing may result 
in crystalline drug amorphization or even degra-
dation. As a result, some active substances may 
not be present inside the native material of the 
microneedle, but only on its surface, requiring 
an additional coating operation, thus limiting the 
control over drug release rate. The research pre-
sented in study [10] indicates that the dip coating 
is the best coating method for FDM-printed mi-
croneedles. The authors of the study highlight the 
simplicity and ability to achieve uniform coating 
on printed microneedles as the major advantages 
of this method. Another issue is the insufficient 
accuracy and slow production speed of micronee-
dles using the FDM method.

The authors of the study [8] investigated the 
influence of various FDM process parameters on 
the ability to produce microneedle systems using 
polylactic acid (PLA) material. Surface finish and 
dimensional accuracy of microneedles were ad-
opted as measures of product quality. Only one 
type of needle geometry was used, consisting of 
truncated cones with a height of 4.5 mm, a base 
diameter of 1.5 mm, and a peak diameter of 0.5 
mm. In addition to changing the values of FDM 
process parameters, the distances between the 
manufactured micro-needles were also altered. It 
was demonstrated that a smaller nozzle diameter 
and larger distances between microneedles result-
ed in better surface quality of the components, but 
not their accuracy. The problematic issue was the 
disruption of material extrusion flow, which led 
to swelling and distortion of the geometry. The 
authors suggest that this phenomenon can be al-
leviated by increasing the extrusion temperature, 
reducing the width of the fill paths, and adjusting 
the extrusion speed. On the other hand, the same 
authors discovered that the increase in tempera-
ture caused a change in the molecular weight of 
the polymers, indicating thermal degradation of 
the material from which the microneedles were 
manufactured.

The limited and insufficient accuracy of 
FDM manufacturing machines hinders the direct 
creation of precise microneedle systems. If it is 
not possible to increase the precision of FDM 
manufacturing, it is possible to use additional 
technological operations in the form of chemi-
cal etching. However, according to the authors of 
[9], while it is possible to achieve a tip size of 
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microprinted needles as small as 1 μm, this sig-
nificantly increases the cost and time of manufac-
turing microneedle systems. This would be par-
ticularly troublesome if the geometry of the mi-
croneedles had to be individually tailored to the 
patient’s needs. The problems arising during the 
chemical etching of microneedle systems have 
also prompted research described in [11]. The au-
thors indicate that it is necessary to optimize the 
microneedle system and the manufacturing pro-
cess in order to reduce or prevent detachment of 
the needles and collapse of carrier surfaces during 
etching. The main reasons for the degradation of 
microneedle systems during etching are disconti-
nuities in the material structure and weak bond-
ing force between individual layers. The authors 
suggest using a higher degree of filler content and 
higher processing temperature as a method of 
improvement.

Polylactic acid is likely the most commonly 
processed material using the Fused Deposition 
Modeling (FDM) method, particularly in the area 
of hobbyist applications. PLA is also widely used 
in traditional processing of polymer materials. 
However, despite being a plant-based, biocom-
patible and biodegradable material with proper-
ties that enable relatively trouble-free processing 
using FDM, its mechanical properties do not rank 
it among the best available materials. Nonethe-
less, PLA can serve as a good foundation for other 
materials, resulting in the development of many 
composites based on PLA. In recent years, there 
has been significant interest among scientists in 
various additives for PLA, aiming to improve 
or completely alter its specific properties [15]. 
This applies to a large extent to medical applica-
tions, such as the production of composite scaf-
folds consisting of PLA and nano-hydroxyapatite  
(n-HA) [16].

Fused Deposition Modeling (FDM) processed 
materials, including PLA, exhibit significant dif-
ferences in strength parameters. This is particu-
larly evident in the orientation parameter of the 
product in the build chamber, which can pose a 
challenge when manufacturing micro-needle sys-
tems [17]. On the other hand, other studies have 
shown that the tensile strength of PLA material 
produced by FDM increases with a decrease in 
layer thickness at the same printing angles [18]. 
In the case of manufacturing micro-needles, the 
layer thickness should be as small as possible to 
best replicate the digital geometry.

As noted by the authors [19], methods based 
on light-induced polymerization can produce mi-
cro-needles with greater accuracy, making them 
more suitable for further use. On the other hand, 
they also note the problem of transitioning from 
the research phase to mass production, due to the 
limited prevalence of these methods and the tox-
icity of the materials. FDM machines are much 
more common, and with further research and the 
use of additional tools such as artificial intelli-
gence models, it will be possible to shorten the 
time for designing and producing micro-needles, 
as well as significantly reducing costs, which will 
translate into faster adaptation for medical ap-
plications [20]. Based on a literature review and 
their own scientific experience, the authors of 
this paper believe that it is reasonable to conduct 
further research on designing and manufactur-
ing micro-needles using the widely available and 
easy-to-use manufacturing method of FDM and 
PLA material.

MATERIALS AND METHODS

Research concept and plan

The aim of this study was to investigate the 
accuracy of reproducing digital geometry and the 
compressive and shear strength of incrementally 
manufactured microneedle systems made from 
PLA using the FDM method. Determining these 
assessment indicators for microneedle systems al-
lows for the preliminary verification of their suit-
ability for transdermal drug delivery procedures.

The first step in the study was to examine the 
geometries of microneedles and the parameter 
values of the FDM method that would allow for 
the production of microneedles of sufficiently 
good quality. Subsequently, the mechanical prop-
erties of the microneedle systems were investi-
gated for the best configurations. Since determin-
ing the values of several different parameters is 
necessary when designing the FDM process, it 
was decided to limit the variability to three pa-
rameters: the material’s extrusion temperature, 
the layer height, and the angle of inclination of 
the base of the micro-needle system relative to 
the working table (the orientation of the product 
in the workspace), based once again on literature 
and authors own experience.

A separate issue is the selection of the 
FDM machine for research purposes. There are 
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numerous machines available on the market for 
additive manufacturing using the FDM method. 
They differ significantly in their construction 
and the range of parameter values with which 
the manufacturing process can be initiated. This 
implies that some machines are better suited than 
others for producing products such as micronee-
dles. Based on a literature analysis and authors’ 
experience, five characteristics that an FDM ma-
chine should possess in order to be most useful 
for manufacturing micro-needle systems were 
identified.

The first characteristic is the possibility of 
producing with the thinnest possible layer thick-
ness. This depends on both the mechanical struc-
ture of the FDM machine and the ability to adjust 
this parameter in the machine’s control software. 
The thinner the layer thickness that can be used, 
the better the strength properties should be, par-
ticularly at the layer interfaces.

The second characteristic is the ability to 
use nozzles with a smaller diameter than those 
found in standard office-type FDM machines. 
The smaller the nozzle diameter, the better the 
replication of the digital geometry of the product 
should be.

The third characteristic is the machine’s di-
rect feeding of material to the extrusion nozzle 
(direct extruder). This FDM machine design al-
lows for better control of retraction, which can be 

critical when extruding individual paths with very 
small amounts of material.

The fourth characteristic is the use of deeply 
grooved wheels in the extruder for material move-
ment. The small nozzle diameter requires greater 
force for pushing the softened material, compared 
to filaments of the same diameter.

The final characteristic of the FDM machine, 
which can be very useful for producing a large 
number of microneedle systems, is the automa-
tion of the process of leveling the machine’s work 
table. In the case of repeated heating and cool-
ing of the machine, including the use of remov-
able magnetic tables, automated leveling ensures 
greater production repeatability and, consequent-
ly, consistent results.

Design of micro-needles

In the study, five types of microneedle geom-
etries were employed. The first one was a cylin-
der with a diameter of 0.5 mm, used as a reference 
simply geometry. The second type, commonly 
found in scientific literature, was a cone with a 
diameter of 0.5 mm. The third type was a cylinder 
terminated with a cone, with a cylinder diameter 
of 0.5 mm. The fourth geometry was a pyramid, 
with a square base of dimensions 0.5 mm. The 
final type of geometry was a cylinder terminated 
with a cone, where the base had a flange with a 
diameter of 0.7 mm. According to the authors, 

Fig. 1. Types of microneedle geometry: a) cylinder, b) cone, c) cylinder with a cone,  
d) pyramid, e) cylinder with a cone and a flange at the base
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the flange was intended to enhance the adhesion 
force of the microneedle to the base of the mi-
croneedle system.

Each of the geometrical types was prepared 
for four different microneedle heights: 1.0, 1.5, 
2.0, and 2.5 mm. The literature usually mentions 
microneedles no longer than 2 mm [21], however, 
the authors wanted to investigate the possibility 
of producing slightly larger micro-needles. A lon-
ger microneedle represents a larger surface area, 
which can be covered with medication, allowing 
for the application of a higher dose of the drug, in 
addition to deeper skin penetration. The visual-
ization of the microneedle geometry with maxi-
mum height is presented in Figure 1. A total of 
20 microneedles with differing digital geometries 
were prepared. All geometries were designed 
using Autodesk’s Inventor 2023 software. Each 
experimental sample (microneedle system) con-
sisted of a square base measuring 10x10x1 mm 
and a microneedle array of 5x5. Hence, each ex-
perimental sample contained 25 microneedles, all 
of the same type.

Manufacturing

The device used for the production of re-
search samples was a Prusa MK3S+ manufac-
tured by Prusa Research, operating according to 
the FDM method. The material used for produc-
ing the samples was a thermoplastic PLA fila-
ment with a nominal diameter of 1.75, in white 
color, manufactured by Spectrum Filaments. The 
choice of colored filament rather than transparent 
was motivated by the possibility of better visual 
control over the produced elements.

To prepare the control codes for the FDM 
machine, PrusaSlicer software version 2.5 
was utilized. The values of the technologi-
cal process parameters, which were altered for 
each research series, were chosen based on the 

recommendations of the machine and material 
producers, as well as authors own experience. 
The material extrusion temperatures were varied 
by five degrees Celsius, ranging from 190 to 205. 
The layer heights were set at two different values: 
0.05 and 0.1 mm. In the case of the inclination 
angle of the microneedle system base relative to 
the worktable, two values were applied: 0° (flat) 
and 45° (inclined). The exemplary visualization 
of the setup is presented in Figure 2.

In order to reduce stringing, the retraction 
length parameter was set to 1.5 mm (compared 
to the standard value of 0.8 mm). The retraction 
speed was changed from 35 mm/s to 40 mm/s. The 
path width was 0.15 mm, determined by the di-
ameter of the extruder nozzle used. The standard 
diameter of the extruder nozzle is 0.4 mm, which 
is 166% larger than the diameter used in the study.

When producing small FDM parts with low 
layer heights, it is also necessary to reduce the 
material deposition speed. In this study, the de-
fault extrusion speed was changed to 15 mm/s. 
Additionally, a z-hop of 0.15 mm was set for all 
technological processes. The technological pa-
rameters of FDM that were not mentioned above 
were set to their standard values.

In the first part of the research, which aimed 
to determine the capabilities and quality of digi-
tally reproducing geometry in the FDM process, 
batches of 3 samples were used. A total of 960 mi-
croneedle systems were produced. Subsequently, 
for the process settings and microneedle geom-
etry that provided the best shape and surface qual-
ity, production of experimental batches consisting 
of 10 samples was repeated. At this stage of the 
research, 80 microneedle systems were produced 
and subjected to further strength testing.

Samples from each batch were produced in 
a single technological process, but not layer by 
layer. Instead, the FDM device’s extrusion head 
would produce the entire sample before moving 

Fig. 2. Sample orientation relative to the FDM machine worktable: a) flat - 0°, b) inclined - 45°
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on to the next. The production of a single sample 
took approximately 20 minutes for the largest 
layer thickness and smallest geometric volume 
of microneedles, up to approximately 60 min-
utes for the smallest layer thickness and largest 
geometric volume of microneedles. To improve 
adhesion between the manufactured element and 
the FDM machine’s build plate, Dimafix adhesive 
was utilized.

Testing procedure

In the first part of the study, the quality of 
manufactured microneedles was examined us-
ing an InSize ISM-PM200SB microscope at a 
magnification of x200. If a sample exhibited vis-
ible significant signs of stringing, the geometry 
of the microneedles was not examined and the 
sample was rejected. For samples without exces-
sive stringing, height and width measurements at 
the base level were taken for five random micro-
needles. If significant differences in microneedles 
geometries were observed for a particular sample, 
it was rejected. If two samples were rejected in a 
series, the process parameters and sample geom-
etry were considered inappropriate. In the case of 
one rejected sample in a series, the entire series 
underwent the technological process again. The 
height and width measurements for the series 
were determined as the arithmetic mean of all 
measurements in the series.

In the second part of the study, the strength 
of the samples was determined using the Sun-
poc WDW-5D-HS universal strength testing ma-
chine. The test was repeated on 5 samples for 
each series. The bending test involved applying 
a load at the middle of the height of the micro-
needles and near the end of the microneedles 
(Fig. 3). At one time, the force was applied to the 
entire row of microneedles (five pieces). Each of 
the five rows could be tested consecutively. In 
order to properly secure the sample and apply 
the load force, a holder was designed and manu-
factured for the strength testing machine. The 
purpose of both of the above-mentioned strength 
tests was to simulate a situation in which the mi-
croneedle system is partially embedded in the 
epidermal layer and a patient tries to move or 
remove it, resulting in a similar tearing force 
as with a standard plaster. In such a situation, 
the detaching force is not perpendicular to the 
skin surface and induces bending load on the 
microneedles.

The compressive strength test was performed 
using standard equipment of the machine. The 
entire sample was subjected to compression, 
which means that 25 micro-needles were simul-
taneously loaded. A compressive force equal to 
50 N was adopted as the reference value. This is 
the upper range of the force value that an adult 
can exert while gripping a microneedle system of 
the size of the applied test specimen. This value 
was determined experimentally using the FB500 
dynamometer from AXIS company and a slice of 
artificial skin made of Smooth-On Ecoflex 00-30 
elastomer with a Shore 00 hardness of 30.

RESULTS AND DISCUSSION

For most samples in the first part of the study, 
the combination of the FDM process technologi-
cal parameter values and the microneedle ge-
ometry did not allow obtaining samples without 
excessive stringing or visible deformations of 
geometry visible to the naked eye. It turned out 
that no sample manufactured with a flat orienta-
tion relative to the worktable was qualified for the 
second part of the study. The best results in reduc-
ing stringing, when manufacturing samples with 
a flat orientation, were obtained using the lowest 
extrusion temperature and the highest layer thick-
ness value. On the other hand, when using the 
lowest temperatures, some microneedles broke 
when detaching the samples from the worktable. 
This occurred at the layer boundaries, indicat-
ing that the temperature of the extruded material 
was too low to ensure sufficient diffusion time of 
polymer chain between consecutive layers.

Fig. 3. Scheme of loading microneedles in a bending 
test: a) front view of the sample in the holder, b) force 
applied near the end of the microneedles, c) force applied 
halfway up the microneedles
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In general, the greatest problem during the ex-
trusion of small volumes of PLA material through 
a nozzle with a small diameter (0.15 mm) was 
stringing (Fig. 4). It should be noted that prac-
tically for each of the applied geometries, the 
stringing was greater with higher microneedles. 
The slimmer the microneedles, the smaller the 
volume of material extruded for a single layer of 
the microneedle tip. Due to excessive stringing, 
in the case of some samples, the machine operator 
would not even be able to determine the type of 
microneedle being manufactured.

The most problematic type of microneedle 
in the manufacturing process was the pyramid 
shape. Although it did not pose significantly 
greater threading problems compared to other 
types of microneedles, due to the very small di-
mensions of its geometry, the FDM machine was 
unable to reproduce the shapes of the pyramid 

cross-sections in individual layers. This means 
that for very small geometries and manufacturing 
processes used in this study, it was not possible 
to extrude paths in the form of corners. This situ-
ation occurred both in the manufacturing of flat 
samples and at a 45° angle.

Among all geometries, the microneedle sam-
ples constructed with a cylinder terminated to a 
cone with a flange at the base showed the best re-
production of shape and dimensions. The thinner 
layer thickness allowed for better shape reproduc-
tion. For many samples, there was a phenomenon of 
constriction at the base of the microneedle (Fig. 5),  
especially in the case of manufacturing flat sam-
ples. The constrictions reached a value of up to 
70% of the nominal diameter of the microneedle. 
For samples manufactured without defects, while 
using a 0.05 mm layer, the stepped effect was 
very difficult to notice with the naked eye.

Fig. 4. Cylindrical microneedles (2 mm height) with extensive stringing, flat manufacturing orientation

Fig. 5. Constriction at the base of a cylindrical microneedle (2 mm height), 
inclined manufacturing orientation - place marked with an arrow
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The production of samples at a 45° angle re-
sulted in significantly better outcomes. Not only 
was the stringing noticeably smaller or practically 
nonexistent (Fig. 6), but also the durability of the 
microneedles improved, as they did not crack when 
removed from the table, despite using the same 
manufacturing parameter values as flat samples.

From all the settings and process geometries 
investigated in the first part, the authors selected 
the top eight, which were further examined to de-
termine their strength. The results of the nomi-
nal height of the microneedles for these series 
and the FDM process settings were presented in 
Table 1. All specified series were manufactured 
at a 45° angle. Table 2 presents the results of the 

arithmetic mean of the maximum force required 
to bend the entire row of microneedles when the 
load was applied at the middle of their height.

The microneedle systems made using a cylin-
drical-shaped microneedle with a cone and flange 
demonstrated the highest durability. Due to their 
design, the same bending load was distributed 
over a larger surface area of the microneedle. Fur-
thermore, the microneedles in the form of a cone 
and those with a cone and flange cracked near the 
point of load application. On the other hand, the 
cylindrical microneedles were damaged at the con-
tact point with the base. It was not material crack-
ing, as observed in other types of microneedles, 
but rather delamination along the layer boundary 
(Fig. 7). This indicates that the additional flange 
(reinforcement) at the base is effective.

The maximum bending force of cone-shaped 
microneedles was slightly lower than that of 
cylindrical microneedles, which can also be at-
tributed to the difference in cross-sectional area. 
However, the cones exhibited the highest repeat-
ability of results, while the cylinders performed 
the worst in this regard.

Fig. 6. Examples of microneedles manufactured at an 
angle of 45°. On the left, a 2 mm high microneedle 
of the cylinder type with a cone and a flange. On the 
right, a 2.5 mm high cone-type microneedle

Table 1. Series of samples of the second part of the study, which in the studies of the first part had the smallest 
stringing and the best reproduction of the digital representation of microneedle systems

Series Type Extrusion 
temperature [°C]

Layer height 
[mm]

Nominal height of the 
microneedle [mm]

Average real height of 
the microneedle [mm]

S1 cylinder 195 0.1 2.0 1.99

S2 cylinder 200 0.05 2.0 2.01

S3 cone 195 0.1 2.0 1.93

S4 cone 195 0.05 2.5 2.42

S5 cone 200 0.05 2.0 1.90

S6 cone 200 0.05 2.5 2.38

S7 cylinder with a cone 
and a flange 195 0.05 2.5 2.43

S8 cylinder with a cone 
and a flange 190 0.05 2.0 1.97

Table 2. Bending strength test results of a row of 
microneedles, load applied at the center of the height 
of the microneedles

Series Arithmetic mean of the 
maximum bending force [N]

Standard 
deviation [N]

S1 25.05 2.92

S2 26.84 2.41

S3 23.01 1.35

S4 22.03 1.14

S5 24.3 1.28

S6 24.07 1.37

S7 37.37 1.92

S8 41.34 2.24
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The results of the strength test on the mi-
croneedles’ tip are presented in Table 3. The lon-
ger arm on which the force acted caused a signifi-
cantly lower maximum load that the microneedles 
could bear - 60% for cylindrical microneedles, 
70% for conical micro-needles, and 40% for 
cylindrical microneedles with a conical tip and 
flange. The manner in which the microneedles 
were damaged was the same as in the test with 
the load applied at the center of the microneedle. 
It can be concluded that the microneedles in the 
form of cylinders with a conical tip and flange 
are best suited for bearing the loads proposed in 
this study. The reported results relate to one row 
consisting of 5 microneedles. When simultane-
ously loading the entire microneedle system, the 
maximum force would be up to 5 times greater 
for a 5x5 arrangement. According to the authors, 
for all tested series, these are load values that are 
unlikely to be exceeded with careful use of mi-
croneedle systems.

The results obtained from the bending test 
confirm that a smaller thickness of the layer re-
sults in greater strength, especially at the layer 

boundaries. Additionally, a higher extrusion tem-
perature increases the ability of the microneedles 
to bear loads.

The last strength test involved compress-
ing the entire microneedle systems. The average 
deformation values of the microneedles are pre-
sented in Table 4. None of the microneedles, even 
the cylindrical type, suffered distortion or damage 
in a location other than the tip. The damage to 
the microneedles was minimal and practically the 
same for samples terminated with a cone (S3-S8), 
and slightly smaller for samples with cylindrical 
microneedles (S1 and S2).

Since the results are close to the sensitiv-
ity limit of the tensile strength machine, it is not 
possible to determine whether factors other than 
microneedle geometry have influenced the com-
pressive strength. However, the authors believe 
this is not particularly significant because dur-
ing the strength test, the tips of the microneedles 
come into contact with a hard surface, which 
causes their deformation (Fig. 8). In the case of 
using them on the skin, before the microneedles 
deform, the skin layer undergoes penetration. 

Table 4. Compressive strength test results of the entire 
microneedle system

Series Average deformation at a 
load of 50 N [mm]

Standard 
deviation [mm]

S1 0.062 0.0040

S2 0.064 0.0049

S3 0.086 0.0049

S4 0.078 0.0040

S5 0.080 0.0063

S6 0.082 0.0075

S7 0.090 0.0063

S8 0.096 0.0049

Fig. 7. Characteristics of failure of a microneedle in a bending test - on the left for 2 mm high cylinder-type 
microneedles, on the right for 2 mm high microneedles in the form of a cylinder with a cone and a flange

Table 3. Microneedle row bending strength test results, 
load applied at the end of the microneedles

Series Arithmetic mean of the 
maximum bending force [N]

Standard 
deviation [N]

S1 10.10 2.35

S2 10.21 2.17

S3 7.03 1.38

S4 6.92 1.69

S5 7.05 1.73

S6 6.90 1.47

S7 15.48 1.90

S8 17.51 2.21
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Furthermore, the load will be distributed over a 
much larger area of intact skin, which will deform 
on the surface of the microneedle. In the case of 
incorrect application of the microneedle system, 
such as in the area around the elbow joint, the 
micro-needles may come into contact with the 
patient’s bone, resulting in conditions similar to 
those presented in this study. It is worth noting 
that during deformation under compression, none 
of the samples fragmented, thereby reducing the 
risk that even in such an unlikely situation as per-
manent deformation of the microneedle in the hu-
man body, a part of it would remain after detach-
ment of the microneedle system, which is even 
less probable.

CONCLUSIONS

The conducted research has shown that it is 
possible to design microneedle geometry and a 
technological process in such a way that the re-
sulting product does not require complicated 
post-processing. However, manufacturing mi-
croneedle systems from PLA material using FDM 
method is not easy or even possible with every 
device available on the market. As the results in-
dicate, obtaining the correct microneedle geome-
try requires the use of the smallest possible nozzle 
diameters, which are not used in standard office 

FDM machines. It is also necessary to signifi-
cantly decrease the manufacturing speed, which 
can be even ten times slower than the maximum 
speed recommended by the device manufacturer. 
Additionally, considering that using a thinner 
layer thickness also results in better mechanical 
strength properties of microneedles, the time re-
quired to manufacture a single microneedle sys-
tem is approximately one hour. Therefore, using 
FDM machines is possible and justified in the 
case of conducting research related to transdermal 
drug delivery using microneedle systems. How-
ever, applying the same solutions in production 
conditions, e.g., directly by medical personnel in 
hospitals, would be highly problematic due to the 
low production efficiency or the need to multiply 
the machine park.

Analyzing the strength results of micronee-
dle systems, it can be concluded that production 
using the FDM method allows for the creation 
of safe-to-use microneedle systems. Particu-
larly promising is the microneedle geometry 
in the form of a cylinder with a flanged ended 
with cone. Of course, these are only preliminary 
studies of microneedles that were not coated 
with a therapeutic agent. Selected active sub-
stances that will be applied to the microneedles 
may affect their mechanical properties, which 
requires appropriate research for each material 
combination.

According to the authors, further research 
related directly to the production of microneedle 
systems should focus on mechanical changes in 
the FDM machine’s construction in order to bet-
ter adapt it to the production of this type of ge-
ometry. On one hand, the extruder itself should 
be the object of research, better adjusted for ex-
truding smaller amounts of material. It would also 
be reasonable to introduce filaments with smaller 
cross-sections. Finally, in the case of manufactur-
ing microneedle systems dedicated to a specific 
patient, with the same geometry, it would be jus-
tifiable to introduce FDM devices with multiple 
extruders into production to perform the manu-
facturing process synchronously.
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