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ABSTRACT

Microneedles offer a minimally invasive alternative to hypodermic needles for drug delivery and point-of-care diagnostics.

Previous studies on microneedle insertion force often used human skin with constant mechanical properties. However, this study,
for the first time, investigates the combined effect of human age (29-68 years) and other variables such as insertion velocity (3
and 4.5 m/s), material (poly(glycolic acid) (PGA), Vectra MT-1300, and Zeonor 1060R) and geometry (cone-shaped and tapered
cone-shaped) on insertion force using finite element analysis (FEA). The results show that insertion force increases significantly

with age due to higher stratum corneum (SC) stiffness and failure criteria. For example, for a PGA cone-shaped microneedle at
4.5 m/s, the insertion force is 111.56%, 64.09%, 36.46%, and 10.52% higher for individuals aged 68, 53, 41, and 33 years, respectively,
compared to 29 years. Microneedle material also significantly affects insertion force, with stiffer materials requiring less force to

penetrate the SC. Cone-shaped microneedles exhibit lower insertion forces than tapered cone-shaped designs due to their smaller

tip angle. Increasing insertion velocity substantially reduces the insertion force, with higher velocity having a more evident effect

than changes in microneedle geometry. Finally, stress distribution within the microneedle and skin deformation are evaluated.

1 | Introduction

Different methods, such as oral, parenteral, inhalation, and
transdermal routes, have been used to deliver medications into
the human body for medical purposes. The oral route is the
most convenient option for patients; however, in addition to poor
absorption, prolonged use of medications may have unwanted
side effects on body organs such as the liver, kidneys, and
gastrointestinal tract [1]. Typical injection methods like conven-
tional hypodermic needles present quick and direct drug delivery;
however, it is often linked to needle anxiety, invasiveness, and

complications with venous access, such as fragile veins and
difficulty in locating veins, which can hinder patient compliance,
especially in vulnerable populations like infants and the elderly
[2]. In addition to the required administration by trained per-
sonnel, hypodermic needles for vaccine delivery penetrate the
muscle, where the immune response is weaker than in the skin
[3, 4].

Transdermal drug delivery (TDD) systems, which allow for drug
administration through the skin layers, are among the most
effective and less invasive alternatives to traditional methods.
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Compared to other techniques, TDD offers a more controlled
and sustained release of medication, minimizing the discom-
fort and risks associated with more invasive procedures [5, 6].
Microneedles, as a less invasive TDD system, provide a promising
alternative that can enhance patient compliance and safety
by reducing the pain and anxiety commonly associated with
hypodermic needles. Drug delivery using microneedles is an
innovative method that was initially introduced in 1976 [7]. These
micron-sized needles pierce the skin’s outermost layer, the SC, to
form micro-channels to deliver drugs or vaccines into the epider-
mis or upper dermis with minimal invasiveness [8]. Microneedles
present a versatile alternative to traditional hypodermic needles
for a range of applications, including drug delivery, vaccinations,
cosmetic procedures, and diagnostic testing [9, 10]. They provide
benefits such as sustained drug release, reduced logistical costs,
user-friendliness, easy disposal, and the potential to administer
vaccines in remote areas [11].

Microneedles can be fabricated in various array configurations,
shapes, and sizes, utilizing different materials and fabrication
methods. In addition to the basic shapes of microneedles, such
as pyramids, cylinders, and cones, various complex geometries,
like tapered cones, bevelled tips, and octagonal cones, have been
studied [12, 13]. Microneedles are generally 150-1500 um in length,
50-250 um in base width, and have a tip diameter ranging from
1-25 um [8]. The aspect ratio of a microneedle is defined as the
height to the base width or diameter, usually ranging from 2-
10 for skin insertion [14]. Dimensional features like height, tip
radius and angle, needle spacing, and the number of needles
in an array are crucial for determining the mechanical strength
and insertion efficiency of microneedles [15]. Microneedle tips
are also made in various shapes, including cylindrical, triangular,
pointed, pentagonal, and octagonal [16]. Reducing the tip radius
of microneedles enhances insertion efficiency and lowers the
force required to penetrate the SC [17]. Microneedles are classified
into solid, hollow, coated, dissolving, and hydrogel-forming (HF)
types, each tailored for specific medical applications.

Microneedles have been manufactured from silicon, metal,
ceramic, non-degradable polymers, carbohydrates, and
biodegradable polymers [18]. Even though silicon was the
initial material used for microneedle fabrication, the fabrication
cost is still high. Other challenges facing silicon microneedles are
non-degradability, brittle nature, and the complicated multi-step
manufacturing process involved in production [19, 20]. Metals
provide several advantages, including outstanding mechanical
properties, affordability, and biocompatibility. However, they
are classified as non-degradable materials [21]. Ceramics exhibit
high mechanical strength but are brittle under tensile loads [22].

Inrecent years, polymeric microneedles have been widely utilized
to address challenges associated with manufacturing micronee-
dles using other materials [23]. Polymeric materials are preferable
due to their low cost, adequate mechanical strength, possible
biocompatibility and biodegradability, and high chemical sta-
bility [21]. Biocompatible polymers are more affordable than
other materials due to simpler fabrication processes and short
processing cycles, which could help address microneedle scale-
up production [24]. Moreover, polymeric materials can be used
to manufacture almost all types of microneedles [25]. The non-
toxicity of some biodegradable polymers allows various medical

solutions to be administered into the body using polymeric
microneedles [26]. While polymers are less strong than metals,
silicon, and ceramics, polymeric microneedles can still achieve
sufficient mechanical properties for skin penetration by optimiz-
ing insertion factors such as insertion velocity and geometrical
characteristics of microneedles like tip radius [27-30]. Various
techniques have been employed to fabricate polymeric micronee-
dles, including microinjection molding [31], hot embossing [32],
casting [33], 3D printing [34], fused deposition modeling (FDM)
[35], two-photon polymerization (TPP) [36], drawing lithography
[37], and laser micromachining [38].

Human skin protects internal organs from biological, physical,
and chemical harm. It behaves as an environmental regulator
and serves as a medium for sensing stimuli, such as thermal and
mechanical signals, through its receptors [39]. For effective TDD,
microneedles must penetrate the SC, the skin’s most compact
layer in dry conditions [40, 41]. The SC, with an average thickness
0f 10-40 pm, is composed of elongated dead corneocytes enclosed
by a lipid-rich matrix [42, 43]. To ensure the effective and
safe insertion of microneedles into human skin, it is crucial to
consider the mechanics of the skin and the microneedle, and the
factors that affect penetration processes. The natural elasticity
of the skin, along with the mechanical complexity of its layers,
including the SC, viable epidermis, dermis, and hypodermis,
influences the efficiency of microneedle insertion [44, 45]. During
microneedle insertion, unforeseen excessive axial or lateral forces
caused by the topology of the skin can lead to microneedle failure
or breaking [46]. The mechanical properties of the SC make it the
primary outer barrier against penetration of microneedles into
the skin [47]. The dermis, typically 2-4 mm thick, lies beneath
the dermo-epidermal junction and consists primarily of proteins,
such as collagen and elastin, embedded in a mucopolysaccharide
gel matrix. Collagen fibers provide the skin’s tensile strength,
while elastin enables the skin’s elastic response to external forces
[46]. The hypodermis, the deepest layer of the skin, functions as
a heat insulator, provides mechanical support, and serves as a
shock-absorbing cushion for underlying tissues [39].

Insufficient microneedle penetration through the SC results in
low insertion efficiency, subsequently reducing the effectiveness
of drug delivery or the extraction of interstitial fluid (ISF) for diag-
nostic purposes [48]. Penetration efficiency can also be affected by
parameters like insertion velocity, shape, array density, material,
medical application, and the size of the microneedles [49]. Opti-
mizing geometrical and insertion parameters to reduce insertion
force enhances the safety margin (SM), which is the ratio of
microneedle failure force to microneedle penetration force [44,
50]. For instance, increasing microneedle spacing, decreasing tip
area, and optimizing microneedle width and tip angle influence
the insertion force [51]. Furthermore, applying vibration and
increasing penetration speed using an applicator have been
demonstrated to reduce the insertion force and improve penetra-
tion efficiency [50-53]. In addition to improving SM, reducing the
penetration force will lead to a less invasive insertion [54].

FEA can effectively simulate microneedle insertion into human
skin, offering a valuable alternative to complex experimen-
tal studies, often restricted by strict ethical regulations and
experiment complexity. FEA models can calculate microneedle
penetration efficiency and evaluate design modifications. Various
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FEA studies have been conducted to investigate the factors influ-
encing the penetration force of microneedles into multilayered
human skin [55-58]. For example, Liu et al. [59] developed FEA
to simulate the penetration of a cone-shaped microneedle into
the skin, considering variables such as insertion velocity, tip
area, tip angle, needle spacing, and skin thickness. Their results
indicate that in order to reduce the insertion force effectively,
the insertion velocity should be greater than 0.7 mm/s, the tip
diameter should be less than 10 um, and the needle spacing
should exceed 200 um. Wang et al. [60] demonstrated in their
FEA study that microneedle spacing has a significant impact
on insertion force. The findings indicated that increasing the
spacing between microneedles results in a gradual reduction
in penetration force; however, this effect becomes negligible
beyond a spacing of 500 um. The study identified 600 um as
the optimal spacing for microneedle arrays. Another FEA study
by Zhang et al. [61] showed that the optimal spacing of hollow
microneedle arrays depends on the microneedle material. Shu
et al. [62] developed FEA models to study the insertion of solid
stainless steel microneedles with a tip radius of 18 ym into
hyperelastic, pre-stressed multilayered human skin. To account
for the influence of neighboring microneedles on the overall
response, they modeled the conical microneedles in an array.
The findings indicated that increasing the skin’s pre-tension
from 0 to 10% strain resulted in a 13% reduction in penetration
force. In another study, Ebrahiminejad et al. [51] conducted
FEA to examine the insertion of a dissolving microneedle made
from poly(vinyl alcohol) (PVA) and poly(vinylpyrrolidone) (PVP)
polymeric materials into a multilayered hyperelastic skin model,
considering skin stretch and microvibration effects. The FEA
results showed a 32.31% decrease in insertion force at 10% strain
and a 2.1% reduction at 150 Hz vibration. Kong et al. [63]
conducted FEA by inserting a solid microneedle into multilayered
human skin. The results indicated that the key factors influencing
the insertion process include stiffness, failure stress, thickness
of the SC, needle tip area, and wall angle. In contrast, other
factors, such as the thicknesses of the dermis and hypodermis
layers, had minimal impact. It was also observed that the force
required to fracture microneedles increased with greater wall
thickness, larger wall angle, and potentially a larger tip radius;
the results were consistent with the FEA performed by Davis
et al. [64]. Additionally, there is a linear relationship between
the insertion force and the interfacial area of the microneedle
tip [64]. Xenikakis et al. [65] developed an axisymmetric FEA
model to study skin deformation, failure, and the insertion force
involved in inserting a 3D-printed solid microneedle with a tip
radius of 50 um into human skin. The FEA results showed that the
insertion force required to puncture the skin surface was 0.0308
N, equivalent to 1.1 N for 36 microneedles in an array.

In recent years, FEA has also been applied to assess the mechan-
ical properties of polymeric microneedles, providing additional
support to experimental results. The failure of microneedles poses
risks, as residuals left in the body can lead to infection and further
complications. To address these issues, improving the mechanical
strength of microneedles through geometrical optimization and
using biocompatible polymers with higher mechanical properties
can increase safety. Takehara et al. [66] conducted an elastoplastic
analysis using FEA on polymeric microneedles with high aspect
ratios to determine optimal geometries that prevent elastoplastic
deformation based on the mechanical properties of the poly-

mers. The study concluded that FEA provides essential design
principles for microneedle geometries and creates guidelines for
developing polymer microneedles and overcoming their mechan-
ical weaknesses. Loizidou et al. [15] used FEA to evaluate the
effects of different base shapes, such as triangular, square, and
hexagonal, on the structural properties and skin penetration of
microneedles. The findings showed a linear relationship between
mechanical strength and the number of vertices in the polygonal
base. The results indicate that microneedles can withstand higher
compressive forces as the number of vertices increases. For
example, hexagonal-based microneedles are less prone to fracture
than those with a triangular base. Radhika and Gnanavel [67]
performed FEA to evaluate the performance of polycarbonate
(PC) and polyurethane (PU) tapered solid microneedles, each
with a tip diameter of 60 pm, when inserted into human skin
tissue. The study found that PC microneedles could endure the
applied force of 40 N and avoid failure during insertion. Loizidou
et al. [68] conducted experimental and FEA to examine the
mechanical properties of sugar microneedles and assess how
the sugar composition influences the ability of cone-shaped
dissolving microneedles with a tip diameter of 10 um to penetrate
the skin and deliver drugs. The FEA results identified buckling
as the primary cause of microneedle failure and demonstrated a
correlation between Young’s modulus of the sugar components,
the predicted critical buckling load of the microneedles, and the
depth of skin penetration. In another study, Kanakaraj et al.
[69] simulated the penetration of a single microneedle with a
tip diameter of 10 pym into human skin, considering various
polymeric and non-polymeric materials for solid microneedles
such as PC, polylactic acid (PLA), maltose, silicon, titanium,
and silicon carbide. The analysis focused on factors influencing
microneedle strength, such as buckling and bending forces.
The results showed that silicon carbide outperformed the other
materials. In contrast, PLA and PC were prone to buckling,
making them less suitable among the materials tested.

Figure 1 comprehensively illustrates the parameters that influ-
ence the insertion force of microneedles into human skin, as
reported in the literature. These factors include microneedles’
features, such as mechanical properties and geometry, insertion
procedures like velocity, and the properties of the skin itself.
The mechanics of microneedle insertion and insertion force
into human skin are crucial factors for the safe application
of microneedles [70] but have received limited attention. Strict
ethical regulations surrounding human testing make it difficult
to experimentally study microneedle penetration in human skin
across various age groups and skin models. This difficulty
is compounded when other factors, such as insertion speed,
microneedle material, and geometry, are modified. FEA offers an
alternative, allowing predictions of microneedle insertion perfor-
mance and enabling quick comparisons of design modifications,
thereby reducing the reliance on expensive and time-consuming
experiments when testing microneedles under various conditions
[71].

Most prior studies have used a single model of human skin
with constant mechanical properties and thicknesses for FEA.
In these studies, the FEA of microneedle insertion into human
skin was conducted without considering the variation of skin
properties across different ages; therefore, a single skin property
was applied to all cases [51, 56, 57, 59, 62, 65, 67, 73]. However,
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Effects of Microneedle's Material and Geometry and Penetration Velocity on Insertion Force
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FIGURE 1 | A schematic representation of parameters affecting the insertion force of microneedles into human skin, as discussed

in [44, 52, 64, 70, 72].

as the mechanical properties and thicknesses of the SC vary with
age [74, 75], it is essential to examine microneedle insertion forces
across different ages. Molak et al. [76] investigated the impact of
human age on the mechanical properties of skin, showing that the
highest Young’s modulus values were observed in older donors.
In a pilot study on the SC of Japanese women, Hara et al. [77]
demonstrated that Young’s modulus of the SC increased with age.
In another age-related study, Biniek et al. [74] used micro-tension
tests to demonstrate that the stiffness and fracture stress of the SC
increase significantly with age.

For the first time, this study performs an age-dependent FEA
to evaluate the force required for a microneedle to penetrate
human skin, considering the various mechanical properties and
thicknesses of the SC across different age groups. This topic
has not been investigated in previous research but provides
valuable information for customizing microneedle designs to
suit the unique skin characteristics of patients at different ages
[78]. Additionally, other variables, including insertion veloc-
ity and microneedle’s material and geometry, were modified
to simultaneously assess their impact on the insertion force
across different age groups. This study exclusively examines
two different microneedle geometries: (i) cone-shaped and (ii)
tapered cone-shaped. For more precise data, a specific gender
and body site was selected to minimize variation between spec-
imens, allowing a more accurate comparison of results across

various human age groups. Moreover, according to the literature,
most microneedle insertion studies were quasi-static, employing
implicit models. In contrast, the current study employs explicit
models, which are more suitable for short-duration events.
The output of this comparative study will identify the trends
and enable customizing microneedle designs per human age

group.

2 | Materials and Methods

2.1 | Finite Element Models and Geometric
Design of Microneedles

The FEA investigates the impacts of human age, the micronee-
dle’s material and geometry, and insertion velocity on the force
required for a single microneedle to penetrate the SC of human
skin. A series of geometric models were designed using ANSYS
DesignModeler (2023 R1, ANSYS, Canonsburg, Pennsylvania,
USA). The models included multilayered human skin with
age-dependent SC thickness and a solid microneedle in two
geometries: (i) cone-shaped and (ii) tapered cone-shaped. The
microneedles featured a circular base diameter of 250 um, a
height of 1000 um, a tip diameter of 3 um, and an aspect ratio of
4:1. The tip angles of the cone-shaped and tapered cone-shaped
microneedles are 7.04° and 26.29°, respectively.
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FIGURE 2 | (a)Dimensionsand boundary conditions of the 2D axisymmetric model of the cone-shaped microneedle and multilayered human skin,

(b) 3D model generated by revolving the 2D profiles of the cone-shaped microneedle and human skin around the axis of symmetry, (c) dimensions and
boundary conditions of the 2D axisymmetric model of the tapered cone-shaped microneedle and multilayered human skin, (d) 3D model generated by
revolving the 2D profiles of the tapered cone-shaped microneedle and human skin around the axis of symmetry.

FEA was conducted on a series of 2D axisymmetric models
using the Explicit Dynamic module of ANSYS (2023 R1, ANSYS,
Canonsburg, Pennsylvania, USA) to examine the insertion forces
of solid microneedles with two distinct shapes (cone-shaped and
tapered cone-shaped) into the SC of human skin. The study
considered various ages (29, 33, 41, 53, and 68 years) and two
impact velocities (3 and 4.5 m/s). The impact velocities were
selected based on previous experimental studies involving the
insertion of microneedles into porcine skin using custom-made
applicators [51, 53, 73, 79]. The materials used for the micronee-
dlesinclude PGA, Vectra MT-1300, and Zeonor 1060R. Since there
was no significant difference in insertion force between the 2D

axisymmetric and 3D models when considering isotropic material
properties for the skin layers, the 2D axisymmetric models were
used for all simulations to substantially reduce computational
time while ensuring solution accuracy (Figure S1 and Table S1).
The geometrical features and boundary conditions of the 2D
axisymmetric models used in the FEA for the cone-shaped and
tapered cone-shaped microneedles and the multilayered human
skin are shown in Figure 2a,c, respectively. Furthermore, the
3D models were created by revolving the 2D surfaces of the
cone-shaped and tapered cone-shaped microneedles and human
skin around the axis of symmetry, as presented in Figure 2b,d,
respectively.
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TABLE 1 | Properties of microneedle materials used in ANSYS explicit dynamics.

Materials of Density Young’s modulus Poisson Ultimate stress

microneedle (kg/m?) (MPa) ratio (MPa) Refs.
Zeonor 1060R 1010 2100 0.49 53 [73, 80]
Vectra MT-1300 1400 7800 0.35 148 [81]
PGA 1530 9900 0.3 890 [82, 83]

TABLE 2 | Mechanical properties and thicknesses of SC across different human ages (abdominal samples from females at 7% relative humidity and

22°C).[51, 63, 74, 75]

Human age Thickness (mean + Young’s modulus Poisson Density Failure stress
(years old) SD) (um) (MPa) ratio (kg/m?3) (MPa)

29 1425 +1.72 224.69 0.49 1300 20-44

33 1510 £ 1.58 245.68

41 14.29 + 1.47 287.66

53 14.00 £1.90 350.63

68 14.16 +1.69 429.35

The skin layers were composed of linear quadrilateral mesh
elements, and specific bias types were applied to the edges of
the layers to decrease the elements’ size near the microneedle-
skin interfaces, ensuring solution accuracy. A friction coefficient
of 0.42 was used for the contact surfaces [62]. The contact
formulation was defined using the penalty method. Furthermore,
the microneedle tip surface was assigned as the contact surface,
and the skin layers were considered the target surface. During
insertion, the microneedle became surrounded by the skin layers.
The erosion algorithm was implemented to facilitate the piercing
of microneedles into the skin by eliminating mesh elements that
reached their failure criteria while preserving their inertia effects.
Additionally, fixed supports were applied to the lowest horizontal
edge of the hypodermis and the farthest vertical edge of the entire
skin model from the insertion point.

2.2 | Material Properties of Microneedles and
Human Skin

Three biocompatible thermoplastic polymers, Zeonor 1060R,
Vectra MT-1300, and poly(glycolic acid) (PGA), were used for
microneedles. Table 1 presents the material properties used in the
FEA study. These polymers were thermoplastic and selected as
they are suitable for the mass production of microneedles using
cost-effective techniques such as the microinjectionmolding
technique [38].

The study assesses the insertion force required to pierce the skin.
As the outermost and stiffest layer, the SC functions as a shield,
protecting the underlying layers of the epidermis and presenting
the main challenge for microneedle penetration. SC was part of
the epidermis; since the other layers of the epidermis are signif-
icantly softer than the SC, and their exclusion had a negligible
impact on the overall FEA results, only the thickness and stiffness
of the SC were considered for modeling the epidermis [51, 57, 62,

63, 73]. Accordingly, the human skin model generated for FEA
comprises three layers: the SC, the dermis, and the hypodermis.

The stiffness of the human SC was affected by age, along
with other factors such as gender, body site, skin orientation,
relative humidity, ethnicity, and temperature, all of which play
a role in influencing the SC’s mechanical behavior [44, 74]. In
terms of gender, male skin generally exhibits greater hydration,
transepidermal water loss, pigmentation, and thickness than
female skin, resulting in differences in skin mechanics between
genders [84]. These findings were supported by mechanical tests
conducted by Serrat et al. [85] on the dorsal skin of male and
female mice. In all cases, male skin demonstrated a higher elastic
modulus and fracture toughness than female skin. Additionally,
skin elastic recovery was significantly influenced by ageing, with
the mechanical properties of male and female skin changing
differently throughout life [86].

Regarding the anatomical site, Diridollou et al. [87] demonstrated
that the skin on the forehead was thicker and had a higher
Young’s modulus than the forearm. These variations may be
attributed to differences in the SC, epidermis, and dermis struc-
ture. Moreover, the forehead was more frequently exposed to
sunlight than the ventral forearm, which may also contribute to
the observed differences.

In this study, abdominal SC samples were selected from females
aged 29, 33, 41, 53, and 68 at 7% relative humidity and 22°C
to minimize variations between specimens under controlled
conditions [74]. The selection of a specific gender and anatomical
site aimed to ensure consistency and reduce the influence of
biological variability. The dermis was modeled as a hyperelastic
skin layer, using first-order Ogden material properties based on
uniaxial test data [73, 88]. In contrast, the SC and hypodermis
were assumed to exhibit linear elastic behavior. The FEA employs
isotropic material models for each skin layer, which are either
elastic or hyperelastic. Nevertheless, the whole skin is non-
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TABLE 3 | Material properties and thicknesses of human skin’s dermis and hypodermis.[62, 73]
Skin Material Elasticity Poisson Hyperelastic Incompressibility Density Failure stress Thickness
layer model (MPa) ratio coefficients factor (MPa™!) (kg/m3) (MPa) (mm)
Dermis Ogden first order - 0.49 MUI: 0.0568 0.0745 1200 7 2
(Hyperelastic) MPa,
Al:13.3
Hypodermis  Linear elastic 0.1 0.48 - - 971 - 11

uniform due to its multilayered composition. Table 2 summarizes
the material properties and thicknesses of SC across different
human ages, and Table 3 summarizes the material properties
and thicknesses of the human skin dermis and hypodermis
considered in the study. The thickness of the SC was considered
to vary with age, while the dermis and hypodermis were assigned
constant thicknesses of 2 and 1.1 mm, respectively, due to their
lower impact on FEA results [51]. In this study, the insertion
force was defined as the force required to puncture the skin’s
primary barrier, the SC, which was stiffer than the dermis and
hypodermis [57, 77]. Kong et al. [63] concluded that the thick-
nesses of the dermis and hypodermis had a negligible effect on
microneedle insertion force. The results showed that increasing
the thickness of the dermis and hypodermis leads to only a
minimal change in the insertion force. Hara et al. [77] found
no significant correlation between dermal Young’s modulus and
age. However, Alexander and Cook [89] reported that collagen in
the dermis becomes stiffer with increasing age. Generally, it was
well established that ageing leads to increased disorganization
of collagen fibers and overall dermal degradation. This indicates
that while age-related changes may have minimal impact on the
elastic deformation of the dermis, they could substantially affect
other mechanical characteristics, such as viscosity and elastic
recovery [90, 91].

2.3 | Fundamental Theory of Insertion Force

The total insertion force of a single microneedle to pierce the
skin’s SC includes friction force, stiffness force, and cutting force,
as described in Equation (1) [92].

Finscrtion = Fstiffncss + Ffriction + Fcutting (1)

When the microneedle tip contacts the skin surface, it compresses
the SC. The force applied by the microneedle tip deforms the
skin, eventually causing it to pierce. This displacement occurs
before the bonds between the skin fibers break, allowing the
microneedle to penetrate the skin [52]. The stiffness force arises
before the SC is punctured and is determined by the skin’s
resistance to deformation due to its stiffness. This resistance
causes the force to increase as the microneedle advances toward
the skin. The friction force arises from the interaction between
the contact surfaces of the microneedle and the skin during
insertion. As the pre-rupture indentation force was applied to the
skin, additional force was needed to cut through the skin, which
depends on the microneedle’s sharpness and the mechanical
properties of the SC [62, 93]. The cutting force can be defined
as the bond energy that holds the SC structure together. To

penetrate the SC, this energy must be overcome [52]. As shown
in Equation (2), the total insertion force can be calculated using
the work-energy principle, which states that the work done by the
microneedle equals its change in kinetic energy from the initial
impact velocity to the point of SC rupture.

X2
w=/ Fdx=FAx=AK =K, - K, )
X

1

where F is the insertion force required for the microneedle to
rupture the SC, Ax is the displacement of the microneedle until
the SC is ruptured, and K; and K, represent the microneedle’s
initial kinetic energy and the kinetic energy at the point of SC
rupture, respectively. In this study, the initial kinetic energy
corresponds to two distinct impact velocities of 3 and 4.5 m/s.
As the microneedle interacts with the SC, its velocity and
kinetic energy decrease due to resistance from skin stiffness,
friction, and cutting forces until the microneedle punctures the
SC.

3 | Results and Discussion

The primary objective of this age-dependent FEA investigation
is to evaluate the combined effects of human age, micronee-
dle’s material and geometry, and insertion speed on the force
required to penetrate the SC for microneedle insertion, specif-
ically focusing on human age. As the SC layer of skin serves
as the primary barrier to microneedle penetration, the explicit
dynamic simulation of microneedle insertion into human skin is
focused on piercing the SC. FEA models evaluated the insertion
forces required for penetrating a solid microneedle with two
various geometries (cone-shaped and tapered cone-shaped) at
five different ages (29, 33, 41, 53, and 68 years old) and two distinct
impact velocities (3 and 4.5 m/s). The microneedles’ materials are
three thermoplastic polymers: PGA, Vectra MT-1300, and Zeonor
1060R.

Furthermore, the equivalent Von-Mises stress on the sin-
gle microneedle during the penetration process and skin
deformation are analyzed, considering all variables, including
human age, insertion velocity, and the microneedle’s geometry
and material. Evaluating equivalent Von-Mises stress enables
assessing the stress distribution in microneedles with varying
geometries and materials during insertion across five different
ages.
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FIGURE 3 | Comparison of insertion forces for a single microneedle made from PGA, Vectra, and Zeonor materials into the SC of human skin

across various ages (29, 33, 41, 53, and 68 years old), considering different microneedle geometries and insertion velocities, (a) cone-shaped microneedle
with an insertion velocity of 3 m/s, (b) cone-shaped microneedle with an insertion velocity of 4.5 m/s, (c) tapered cone-shaped microneedle with an
insertion velocity of 3 m/s, (d) tapered cone-shaped microneedle with an insertion velocity of 4.5 m/s.

3.1 | Insertion Force
3.1.1 | Combined Effects of Human Age and
Microneedle Material on Insertion Force

The effects of human age and microneedle material on the
insertion force required for a single microneedle penetrating
the SC of different-aged human skins, considering various
microneedle geometries and insertion velocities, are studied.
The data presented in Figure 3 shows four bar charts, each
representing a specific combination of microneedle geometry and
insertion velocity. These include: (a) cone-shaped microneedle
with an insertion velocity of 3 m/s, (b) cone-shaped microneedle
with an insertion velocity of 4.5 m/s, (c) tapered cone-shaped
microneedle with an insertion velocity of 3 m/s, and (d) tapered
cone-shaped microneedle with an insertion velocity of 4.5 m/s.
Each chart details the penetration force for three thermoplastic
polymers, including PGA, Vectra MT-1300, and Zeonor

1060R, across five different human ages (29, 33, 41, 53, and 68
years).

The findings of this study demonstrate that for a tip radius of
1.5 pm, the insertion force ranges from 1.064 to 2.619 mN under
all conditions. The results also show that the force of insertion
to pierce the SC of human skin varies significantly with age.
In all cases, the insertion force increased as the skin deformed,
reaching a peak when the SC was pierced at the insertion point.
After the puncture, the insertion force decreased (Figure S2). The
mechanical properties of skin, particularly the SC, vary based on
factors such as human age, hydration levels, body location, and
individual differences. For instance, the failure stress of the SC
tends to increase with age and decrease in relative humidity [63].
In this work, SC samples were obtained from the abdomens of
females, and the data were collected under consistent conditions
of 7% relative humidity and 22°C temperature to minimize
variations between specimens. As shown in Figure 3, in all cases,
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the insertion force increases with human age, which is attributed
to the greater stiffness and higher failure criteria of the SC in
older individuals. The findings align well with the previously
reported study by Kong et al. [63], which used a series of 2D
axisymmetric models of microneedle insertion into human skin
with varying failure stresses. The study showed that increasing
the failure criteria of SC leads to a higher insertion force.

It is concluded that the impact of SC thickness across different
human ages is negligible, as their mean values are very similar
and range from 14 to 15.10 pm. This finding aligns with a study by
Kong et al. [63], which concluded that increasing the SC thickness
from 10 to 30 pm results in only a 9.2% increase in microneedle
insertion force. Under all conditions with similar microneedle
geometries and insertion velocities, the maximum insertion force
corresponds to the age group of 68 years. The other age groups,
including 53, 41, 33, and 29, are placed in the next positions.
The results emphasize the importance of considering age-related
variations in skin properties when designing microneedles for
specific applications. For instance, a cone-shaped microneedle
made of PGA with an impact velocity of 4.5 m/s requires insertion
forces that are 111.56%, 64.09%, 36.46%, and 10.52% higher to
penetrate the SC of individuals aged 68, 53, 41, and 33 years,
respectively, compared to a 29-year-old’s SC. For a tapered cone-
shaped microneedle made of Zeonor 1060R at an impact velocity
of 3 m/s, the insertion forces needed to penetrate the SC of
individuals aged 68, 53, 41, and 33 years are 93.71%, 58.5%, 36.02%,
and 12.2% higher, respectively, than that required for a 29 years
old SC.

For each specific microneedle geometry and insertion speed, the
insertion forces varied significantly among the three polymers,
highlighting the influence of microneedle material. Among the
materials studied, PGA demonstrated the lowest penetration
forces, while Zeonor 1060R consistently required the highest.
This trend exhibits the impact of material stiffness on the
microneedle’s interaction with the SC. The greater the stiffness
of the microneedle material, the lower the force required to
puncture the SC. Stiffer microneedles undergo less deformation
during insertion. This phenomenon allows for a more direct and
efficient transfer of the insertion force to the skin, minimizing
energy losses. Stiffer microneedle materials are more effective
at localizing and directing stress at the microneedle’s tip during
insertion. The focused stress generates a high force concentration
at the point of contact with the SC, which is critical for efficiently
penetrating the skin surface.

In contrast, softer materials are more prone to deformation or
slight blunting under insertion forces, reducing the tip’s effec-
tiveness. This increases contact resistance and requires greater
force to pierce the SC successfully. For instance, using PGA as the
microneedle material, the insertion forces are reduced by up to
13.06% for a cone-shaped microneedle at an insertion velocity of
3 m/s, 15.13% for a cone-shaped microneedle at 4.5 m/s, 19.85%
for a tapered cone-shaped microneedle at 3 m/s, and 14.14% for
a tapered cone-shaped microneedle at 4.5 m/s, compared to the
softer Zeonor 1060R material across all individual human ages.

Considering the effects of human age and the microneedle’s mate-
rial for each specific microneedle geometry and insertion speed,
the results indicate that the minimum insertion force occurs with

a microneedle made of PGA material when penetrating the SC of
a 29-year-old human. In contrast, the maximum insertion force
is observed with a microneedle made of Zeonor 1060R material
when penetrating the SC of a 68-year-old human subject.

3.1.2 | Combined Effects of Human Age, Insertion
Velocity, and Microneedle Geometry on Insertion Force

The combined effects of insertion velocity and microneedle
geometry on the insertion force required to penetrate the SC
are investigated across all studied human ages and microneedle
materials. Figure 4a-c illustrates the insertion forces required
for a solid microneedle to puncture the SC of human skin
across ages ranging from 29 to 68. The data include two cone-
shaped and tapered cone-shaped microneedle geometries and
two penetration velocities of 3 and 4.5 m/s for PGA, Vectra
MT-1300, and Zeonor 1060R microneedles.

The results show the dependencies of insertion force on all fac-
tors, including human age, microneedle geometry, and insertion
velocity. As previously discussed, the findings demonstrate a
consistent increase in insertion force with advancing human age,
regardless of the penetration velocity and microneedle’s material
or geometry. This trend is attributed to the stiffening of the SC
with age, which raises its resistance to penetration.

This study compares two microneedle geometries with a similar
tip diameter of 3 um: (i) a cone-shaped geometry and (ii) a
tapered cone-shaped geometry, having tip angles of 7.04° and
26.29°, respectively. The results indicate that the cone-shaped
microneedle consistently requires lower insertion forces across
all conditions. The cone-shaped microneedle concentrates stress
more effectively at the point of contact, facilitating easier inser-
tion due to its smaller tip angle and sharper point. However,
the tapered cone-shaped microneedle, with its larger tip angle,
distributes force over a broader area, resulting in a higher
required insertion force to penetrate the SC. These findings align
with Ahn’s [72] experimental results and demonstrate that the
tip angle strongly influences the insertion force, highlighting
the advantage of sharp-tip geometries in minimizing the force
required for skin penetration. Furthermore, according to the
experimental study by Jiang et al. [94] on the needle-tissue
interaction forces, it was concluded that increasing the tip angle
increases needle puncture force.

The insertion velocity plays a critical role in reducing the inser-
tion force. Across all human ages and microneedle geometries, an
impact velocity of 4.5 m/s results in lower insertion forces than 3
m/s. As defined in Equation (3), the force required to penetrate
the SC of the skin surface shows a negative correlation with
the microneedle’s impact velocity. Higher velocity insertion of
microneedles results in reduced insertion force, which aligns with
the findings of Mahvash and Dupont’s needle insertion model
[95].

Vi(Va=> F(Vy) F(V) 3
Additionally, the results align with previously reported experi-

mental findings using auxiliary insertion setups, such as applica-
tors, by Ebrahiminejad and Faraji Rad [73], Ranamukhaarachchi
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FIGURE 4 | Insertion forces for (a) PGA microneedle, (b) Vectra MT-1300 microneedle, and (c) Zoenor 1060R microneedle, into the SC of humans
aged 29, 33, 41, 53, and 68 years, considering cone-shaped and tapered cone-shaped microneedle geometry and insertion velocities of 3 and 4.5 m/s.

and Stoeber [50], and Olatunji et al. [52], which demonstrated
that increasing the impact velocity of microneedles reduces the
insertion force and improves the SM ratio. A possible reason for
the decrease in insertion force with increasing impact velocity is
the earlier development of localized stress concentrations in the
SC of the skin model around the microneedle tip. This localized
stress weakens the resistance of the SC, facilitating rupture and
making the dynamic insertion process easier [50].

Figure 4a-c shows that the lowest insertion force corresponds
to the cone-shaped microneedle at an insertion velocity of 4.5
m/s. Following this, the tapered cone-shaped microneedle at 4.5
m/s, the cone-shaped microneedle at 3 m/s, and the tapered cone-
shaped microneedle at 3 m/s are placed in the following positions.
These findings indicate that increasing the impact velocity from 3
to 4.5m/s has a more pronounced effect on reducing the insertion
force than altering the microneedle geometry from a tapered
cone-shaped to a cone-shaped, which aims to decrease the tip
angle. For example, for a 53-year-old individual using a Vectra
microneedle, the SC rupture force for a cone-shaped microneedle

is 3.4% lower than that of a tapered cone-shaped microneedle
at the same insertion velocity of 3 m/s. However, increasing the
insertion velocity from 3 to 4.5 m/s for the tapered cone-shaped
microneedle results in a 6.01% reduction in insertion force.
‘When both the microneedle geometry is changed to cone-shaped
and the insertion velocity is increased to 4.5 m/s, the insertion
force decreases by 8.51% compared to the tapered cone-shaped
microneedle at an impact velocity of 3 m/s.

3.1.3 | Combined Effects of Human Age, Microneedle
Geometry, and Material on Insertion Force

This section demonstrates the combined effects of human age,
microneedle geometry, and material on the insertion force
required to penetrate the SC. The study assesses how variations
in all conditions, including human ages (29, 33, 41, 53, and
68 years), microneedle geometry including cone-shaped (C)
and tapered cone-shaped (T), and microneedle material (PGA,
Vectra MT-1300, and Zeonor 1060R), collectively influence the
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a) Insertion Velocity: 3 m/s

b) Insertion Velocity: 4.5 m/s

FIGURE 5 | Combined effects of human age (29, 33,41, 53, and 68 years), microneedle geometry including cone-shaped (C) and tapered cone-shaped
(T), and microneedle material (PGA, Vectra MT-1300, and Zeonor 1060R) on SC insertion force, with (a) insertion velocity of 3 m/s, and (b) insertion

velocity of 4.5 m/s.

insertion force, independent of insertion velocity. The analysis
provides a broader understanding of the interactive impact of
all parameters on microneedle penetration into the SC. Figure 5
illustrates the insertion forces for microneedle penetration across
various human age groups, combined with different microneedle
materials and geometries, at two distinct insertion speeds: 3 and
4.5 m/s. The results indicate that the highest insertion force
is associated with the Zeonor microneedle, which features a
tapered cone-shaped geometry. Other microneedle structures,
in descending order of insertion force, include Zeonor with a
cone-shaped, Vectra with a tapered cone-shaped, PGA with a
tapered cone-shaped, Vectra with a cone-shaped, and PGA with a
cone-shaped. This trend remains consistent across all human age
groups.

It is concluded that tapered cone-shaped microneedles require
higher insertion forces than cone-shaped geometries, regardless
of the material of the microneedle. However, in the case of Zeonor
microneedles, their cone-shaped geometry still requires higher
insertion forces than those of tapered cone-shaped microneedles
made of PGA and Vectra. This irregularity can be attributed to the
relatively low Young’s modulus of Zeonor 1060R (2100 MPa) com-
pared to Vectra MT-1300 (7800 MPa) and PGA (9900 MPa), which
have values closer to each other. The lower stiffness of the Zeonor
microneedle limits its ability to reduce insertion forces, even with
a cone-shaped geometry. These findings underscore the critical
influence of material properties and geometry of a microneedle
on insertion force requirements, providing valuable insights for
optimizing microneedle designs for various applications.

Apart from the general increase in insertion force with advancing
age, the PGA microneedle with a cone-shaped geometry consis-
tently exhibits the lowest insertion force across all age groups at

an impact velocity of 4.5 m/s. This is attributed to the combination
of the highest stiffness of the PGA material, the smaller tip
angle of the cone-shaped geometry, and the increased insertion
velocity. Additionally, among the studied age groups, the lowest
penetration force is observed in the SC of the youngest individual,
aged 29 years.

3.1.4 | Reliability of Results Compared to Existing
Experimental and FEA Data

Conducting experimental penetration tests of microneedles on
human skin across various age groups and skin models is
extremely challenging due to strict ethical regulations. The com-
plexity increases further when considering additional variables
such as insertion velocity, microneedle material, and geometry.
While direct experimental validation of the microneedle insertion
forces into human skin was not performed in this study, the
results show similarities with previously reported values in
the literature. Ling et al. [96] experimentally investigated the
insertion force of an ultra-sharp worker honeybee stinger, used
as a biomimetic microneedle, with a tip radius ranging from 1 to
1.5 um, into artificial human skin. The study concluded that the
penetration force ranged from 0.34 to 4.02 mN, with an average
value of 1.34 mN. In this study, for a tip radius of 1.5 um, the
insertion force varies from 1.064 to 2.619 mN, which correlates
well with the findings of Ling et al. [96].

Additionally, to verify the insertion force values obtained from
this FEA study, the ratio of insertion force to microneedle tip
area/radius is compared with previously reported numerical and
experimental data. Generally, the force required for insertion is
proportional to the tip area and, accordingly, to the tip radius of
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FIGURE 6 | The maximum equivalent Von-Mises stress applied to a cone-shaped microneedle during insertion into the SC of human skin is shown

considering the skin deformation at different ages (29, 33, 41, 53, and 68 years) and insertion velocities of 3 and 4.5 m/s for (a) PGA microneedle, (b)

Vectra MT-1300 microneedle, and (c) Zeonor 1060R microneedle.

the microneedle, which is consistent with a balance between the
energy applied to the skin and the energy needed to create a tear
inside the skin [97]. A linear relationship between the insertion
force (F) of a microneedle and the tip area (4,;,) is expressed in
Equation (4), where m is the ratio of microneedle insertion force
to tip surface area [98].

F=mxA;, 4)

The constant m depends on various factors, including the mate-
rial properties of the microneedle, the mechanical properties
of the skin, the tip angle, the insertion velocity, and other
needle-skin interaction variables. Park et al. [98] experimentally
measured the insertion force of microneedles fabricated of poly-L-
lactic acid (L-PLA) into human skin. The best-fit linear regression
of the results showed that the constant m in the study was 0.00012
N/um?. Furthermore, experimental measurements and theoreti-
cal modeling of the insertion of metal hollow microneedles into
human subjects demonstrated that across a range of microneedle
geometries, the insertion force into human skin depends strongly
and linearly on the cross-sectional area of the needle tip [64]. The
investigation showed that the constant m was 0.00019 N/pm?. In
this study, the constant m, is defined as the ratio of insertion force
to tip surface area, ranging from 0.00015 to 0.00037 N/um?, which
matches the values obtained in previous studies [64, 98].

The results also show a strong correlation with previous exper-
imental and numerical studies in terms of the ratio of insertion
force to tip radius. For example, Ling et al. [99] reported an

average penetration force of 5.75 mN for inserting a honeybee
stinger as a biomimetic microneedle with a tip radius of 1.5 um
at an insertion velocity of 0.05 mm/s into rabbit skin. Similarly,
Shu et al. [62] presented FEA results indicating a penetration
force of 30.5 mN for a solid stainless steel microneedle with a tip
radius of 18 um at an insertion velocity of 0.3 mm/s. Olatunji et
al. [52] experimentally demonstrated that the insertion force of a
single microneedle made of poly(methyl vinyl ether and maleic
anhydride) (PMVE-MA), with a tip radius of 30 pm, ranges from
28 to 30 mN when inserted into human skin at a velocity of 0.5
mm/s. Another study [64] showed that the insertion force of a
stainless steel microneedle with a 30 pm tip radius into human
skin was 80 mN at an insertion velocity of 1.1 mm/s. Additionally,
a study conducted by Zhang et al. [57] demonstrated that the
insertion force of a PLA microneedle with a tip radius of 10 pm
into multilayered human skin at a constant insertion velocity of
1 mm/s was 5.9 mN. Xenikakis et al. [65] reported inserting a
solid polymer-based microneedle with a tip radius of 50 um into
human skin at a constant velocity of 0.5 mm/s; a penetration
force of 30.8 mN was required. In the abovementioned studies,
the microneedle insertion force to tip radius ratios were 3.83 [99],
1.7 [62], = 1 [52], 2.67 [64], 0.59 [57], and 0.616 [65] mN/um. The
ratio of insertion force to microneedle tip radius in this study, for
a microneedle with a tip radius of 1.5 um, ranges from 0.71 to 1.746
mN/um under all conditions, which aligns with reported data in
the literature.

Overall, despite differences in microneedle materials, geome-
tries, insertion speeds, and test subjects between this study and
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FIGURE 7 | The maximum equivalent Von-Mises stress applied to a tapered cone-shaped microneedle during insertion into the SC of human skin
is shown considering the skin deformation at different ages (29, 33, 41, 53, and 68 years) and insertion velocities of 3 and 4.5 m/s for (a) PGA microneedle,

(b) Vectra MT-1300 microneedle, and (c) Zeonor 1060R microneedle.

previous works [52, 57, 62, 64, 65, 98, 99], the results, when
expressed as the ratio of insertion force to either microneedle
tip area or tip radius, strongly correlate with previously reported
models and experimental findings, reinforcing the reliability of
data presented. Since no direct experimental validation based
on human age is available for this study, an experimental
setup for inserting polymeric microneedles into human skin of
different ages is proposed for future considerations (Supporting
Information, Section S3).

3.2 | Stress Distribution Within Microneedle and
Skin Deformation During Insertion

The equivalent Von-Mises stress provides a scalar measure of
the combined stress distribution within the microneedle during
insertion into the SC of human skin (Videos S1 and S2). In this
study, FEA is conducted using the Explicit Dynamic module
of ANSYS (2023 R1, ANSYS, Canonsburg, Pennsylvania, USA)
on 2D axisymmetric models to determine the equivalent Von-
Mises stress in a solid microneedle. This allows for a comparison
of the effects of parameters such as human age, microneedle
geometry, microneedle material, and insertion velocity on the
stress distribution in the microneedle during penetration into
human skin.

Figures 6 and 7 illustrate the maximum equivalent Von-Mises
stress of a single microneedle during insertion into the SC of

human skin, highlighting the deformation of the skin. Figure 6
represents cone-shaped microneedles, while Figure 7 shows
tapered cone-shaped microneedles. Three different microneedle
materials were evaluated for each geometry, including PGA,
Vectra MT-1300, and Zeonor 1060R. The Figures for each material
include data corresponding to different human ages (29, 33, 41, 53,
and 68 years) and two penetration velocities of 3 and 4.5 m/s. In
all cases, the equivalent Von-Mises stress increased as the skin
deformed, reaching a peak when the SC pierced at the insertion
point. After penetration, the stress decreased due to the resistance
relief at the insertion site. The results show notable differences in
equivalent Von-Mises stress and skin deformation patterns based
on human age, microneedle material and geometry, and insertion
velocity.

For both geometries and all materials, the skin deformation at
the penetration point increased with human age. This trend is
attributed to the increased stiffness and higher resistance of the
SC in older individuals, which prolongs the deformation phase
before insertion and requires greater deformation before failure.
Increasing the insertion velocity from 3 to 4.5 m/s reduced skin
deformation at the point of penetration. The higher velocity
allowed the microneedle to rapidly overcome the SC’s resistance,
reducing the extent of skin deformation required for penetration.

The maximum equivalent Von-Mises stress increases with human
age as the SC of older skin is stiffer, requiring higher forces to pen-
etrate. This relationship highlights the need to tailor microneedle
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FIGURE 8 | A cross-sectional view of maximum equivalent Von-Mises stress on a cone-shaped and a tapered cone-shaped microneedle made of

PGA material before penetration of the SC of 41-year-old human skin at insertion velocities of 3 and 4.5 m/s.

designs based on human age to prevent excessive stress on the
microneedle, which might lead to needle failure during pene-
tration. Cone-shaped microneedles consistently exhibited higher
peak stresses compared to tapered cone-shaped designs. This is
attributed to the lower tip angle and higher sharpness of the cone-
shaped geometry, which leads to greater stress concentration
at the microneedle’s tip. A sharper tip on microneedles allows
for easier skin penetration with minimal force. However, the
increased sharpness also makes the microneedles more prone
to excessive stress. This difference highlights the influence of
geometry on stress distribution during microneedle insertion,
demonstrating that tapered designs achieve a more favorable
stress profile.

Among the three materials, PGA microneedles, with the highest
Young’s modulus, exhibited the highest maximum equivalent
Von-Mises stress. Vectra MT-1300 and Zeonor 1060R materials
are placed in the following positions. The FEA shows that a
material like PGA, which has a higher Young’s modulus, can
experience higher stress than materials with lower stiffness such
as Zeonor. According to Hooke’s law, materials with higher
stiffness resist deformation under applied loads and transmit
forces more directly to the microneedle’s tip, which serves as
the contact point with the skin [55, 100]. Consequently, stiffer
materials deform less and do not distribute stress as effectively
as softer materials, leading to higher localized stresses in critical
areas of the microneedle, such as the tip. As previously dis-
cussed, microneedles made from materials with higher Young’s

modulus are more effective at localizing and directing stress
to the microneedle’s tip during insertion, resulting in a lower
required insertion force. In contrast, softer materials can absorb
and dissipate more energy through elastic deformation. Stiffer
materials lack this energy absorption capacity, causing more
stress to accumulate within the microneedle structure. Addi-
tionally, a stiffer microneedle imposes higher stress on the skin,
further increasing the reaction stress applied to the microneedle.
While higher insertion velocity slightly increases the maximum
equivalent Von-Mises stress due to inertial effects, the impact
is negligible compared to the influence of the microneedle’s
material properties and geometry.

Figure 8 presents the cross-sectional view of the FEA results from
2D axisymmetric models for equivalent Von-Mises stress on a
cone-shaped and a tapered cone-shaped microneedle made of
PGA prior to penetrating the SC of a 41-year-old human skin at
insertion velocities of 3 and 4.5 m/s. The results enable a compar-
ison of the effects of microneedle geometry and insertion velocity
on the equivalent Von-Mises stress applied to the microneedles.
Regions highlighted in red indicate the areas of highest stress,
consistently observed at the microneedle tip across all cases. Atan
insertion velocity of 3 m/s, the maximum equivalent Von-Mises
stress at the cone-shaped microneedle tip is 164.06 MPa, which
decreases to 83.523 MPa for the tapered cone-shaped microneedle
at the same velocity. This reduction demonstrates that increas-
ing the tip angle lowers stress levels, thereby decreasing the
likelihood of tip breakage. Although higher insertion velocities
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FIGURE 9 | Guidance for microneedle design based on age-related variations in skin properties, focusing on elderly individuals.

result in a slight increase in the maximum equivalent Von-Mises
stress, their effect is minimal compared to the more substantial
influence of microneedle geometry. However, increasing the
insertion velocity reduces skin deformation before puncturing the
human skin.

These findings emphasize the importance of optimizing
microneedle design and material selection to ensure mechanical
reliability across diverse application scenarios. The tapered
cone-shaped design consistently exhibits lower Von-Mises stress
than the cone-shaped design, making it a more robust and
reliable choice for all tested conditions. Furthermore, materials
with higher elasticities provide a greater safety margin and
reduce the risk of failure, even in challenging scenarios involving
older skin. In contrast, cone-shaped microneedles made of less
elastic materials are more prone to high-stress concentrations,
particularly for older patients.

4 | Conclusions and Future Perspectives

This study uses explicit dynamic FEA to present the first
comprehensive analysis of the force required for micronee-

dles to penetrate the SC of human skin across different ages.
By evaluating the combined effects of microneedle material,
geometry, and insertion velocity, different scenarios are deter-
mined to guide the development of age-specific microneedle
designs.

The study used multilayered human skin models derived from
abdominal SC samples of females aged 29, 33, 41, 53, and 68
years, incorporating two insertion velocities (3 and 4.5 m/s)
and three thermoplastic microneedle materials (PGA, Vectra
MT-1300, and Zeonor 1060R) and two microneedle geometries
(cone-shaped and tapered cone-shaped). The results indicated
that the insertion force increased with age, with the highest
force required for 68-year-old skin due to increased SC stiffness,
followed by 53, 41, 33, and 29 years. PGA consistently required
the lowest insertion force among materials due to its superior
stiffness, while Zeonor 1060R needed the highest. The Young’s
modulus of the microneedle material proved to be a key factor
in minimizing insertion force. Geometry also played a crucial
role: cone-shaped microneedles required lower forces due to their
sharper tips but were more prone to stress-induced breakage than
tapered cone-shaped designs. Increasing insertion velocity from
3 to 4.5 m/s significantly reduced insertion forces, with a greater
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impact than changes in geometry. The outcomes emphasize that
increasing the velocity from 3 to 4.5 m/s has a more significant
effect on reducing insertion force than modifying the geometry
from a tapered cone-shaped to a cone-shaped. The optimal
configuration across all age groups was a PGA microneedle with
a cone-shaped geometry and an insertion velocity of 4.5 m/s,
offering the lowest insertion forces. The reason is the combined
impacts of the PGA material’s high stiffness, the smaller tip angle
of the cone-shaped geometry, and the higher insertion velocity.
Conversely, with a tapered cone-shaped geometry, the Zeonor
microneedle, at 3 m/s, was associated with the highest insertion
force.

Cone-shaped microneedles exhibited significantly higher peak
stresses than tapered cone-shaped designs, as their sharper tips
lead to greater stress concentration, which increases the likeli-
hood of tip breakage. While higher insertion velocities slightly
raised stress levels, they significantly reduced pre-puncture skin
deformation. The sharp tip of cone-shaped microneedles facili-
tates easier skin puncture with minimal required force. However,
more sharpness also increase stress concentration at the tip,
making microneedles more vulnerable to breakage and raising
the risk of failure. Tapered cone-shaped microneedles demon-
strated a more favorable stress distribution and consistently lower
stress values, ensuring better performance across all studied
conditions. Materials with higher stiffness, such as PGA, enhance
safety margins, reducing the risk of failure, particularly for older
skin.

In summary, this study highlights the critical importance of
personalizing microneedle design, considering age-related varia-
tions in the SC of human skin. By evaluating the microneedle’s
material, geometry, and insertion velocity, this research offers
valuable guidance for designing microneedles tailored to different
age groups, particularly in applications such as transdermal drug
delivery and vaccination. As insertion force increases with age
due to higher SC stiffness, optimizing microneedle performance
becomes critical to ensure reliable penetration and minimize
patient discomfort. For elderly patients, selecting materials with
higher stiffness, such as PGA, is essential to reduce insertion force
and prevent microneedle structural failure. Additionally, using
microneedles with lower tip angles, such as the cone-shaped
design, and at higher insertion velocities (e.g., 4.5 m/s) can further
enhance performance by reducing the required force, leading to
a more efficient and less invasive insertion process. However,
lower tip angles may also increase the risk of microneedle
breakage, particularly in elderly patients, due to higher stress
concentrations at the tip. Figure 9 illustrates how microneedle
design is guided by age-related variations in human skin, with
a specific focus on elderly patients, based on the findings of this
study.
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