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A B S T R A C T

A comprehensive investigation into the effects of nonlinear material behaviour of polymeric (MN) and skin
on the dynamics of the MN insertion in skin was undertaken in this study using experiments and numerical
simulations. The nonlinearity of the material behaviour was incorporated by employing the Ramberg–Osgood
and neo-Hookean equations for stress–strain relationships for the MN materials and skin, respectively. For
this purpose, a characteristic type of dissolving MN array was selected. This type of MN is made by a
combination of poly(vinyl alcohol) and poly(vinyl pyrrolidone). The numerical simulations were validated
using experimental investigations where the MNs were fabricated using laser-engineered silicone micromould
templates technology. Young’s modulus, Poisson’s ratio, and compression breaking force for the MN polymers
were determined using a texture analyser. The alignment between experimental findings and simulation
data underscores the accuracy of the parameters determined through mechanical testing and mathematical
calculations for both MN materials (PVP/PVA) and skin behaviour during the MN insertion. This study has
demonstrated a strong alignment between the experimental findings and computational simulations, confirming
the accuracy of the established parameters for MNs and skin interactions for modelling MN insertion behaviour
in skin, providing a solid foundation for future research in this area.
1. Introduction

The effectiveness of microneedle (MN) systems is closely tied to
their penetration depth, a factor that previous studies have shown to
influence their ability to deliver therapeutic agents (De Martino et al.,
2022; Chang et al., 2021; Makvandi et al., 2021a). This is especially im-
portant for MNs containing their drug cargo located within the needle,
such as dissolving and coated MN arrays (Xiu et al., 2022; Larrañeta
et al., 2016; Ang et al., 2020). Despite the recognised importance of
skin penetration for drug delivery (Aldawood et al., 2021), current
MN research has primarily relied on attempts to fabricate various MN
systems and related experimental studies, often neglecting the crucial
role that mathematical modelling can play in modelling and optimising
their performances, such as the penetration depths.

Understanding the dynamics of MN penetration in the skin is essen-
tial for enhancing MN design and maximising their therapeutic impacts,
making it a critical step in developing more effective MN arrays for
the future. This is especially important considering that measuring the
MN insertion accurately requires specific techniques, such as optical
coherence tomography (Donnelly et al., 2010; Coulman et al., 2011;
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Lutton et al., 2015b), that are not widely available. The field of mathe-
matical modelling offers a promising avenue in this regard by allowing
us to apply established theories for cost-effective and time-efficient
advancements (Yadav et al., 2020; Sliwoski et al., 2013), e.g., they can
predict MN material behaviour under various conditions.

When modelling the insertion of MNs into human tissue, under-
standing how the materials respond to insertion forces is crucial. Me-
chanical modelling can play a vital role in optimising the design and
comprehending the impact of the material properties on MN perfor-
mance (Liu et al., 2023). The integration of computational analysis,
particularly through finite element analysis (FEA), enhances the safety
and efficiency of MN-based drug delivery systems. FEA allows one
to meticulously adjust the geometry, size, and material properties of
MNs, ensuring optimal penetration with minimal discomfort and a
reduced risk of breaking (Goel and Nyman, 2016; Chen et al., 2012).
This strategic use of simulations facilitates a detailed analysis of MN
interactions with skin layers, enabling precise adjustments to needle
sharpness and length to specifically target tissues or improve drug
delivery. Additionally, advanced simulation tools allow for the customi-
sation of drug release profiles and enable predictions of MN behaviour
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under various stress conditions (Salahshoori et al., 2024). These tools
are crucial for optimising insertion depths according to the needs of
different therapeutic agents. For example, it has been defined that
drugs with high water solubility can diffuse from the baseplate into
the skin through the pores created by the array after the complete
dissolution of the needle tip. On the other hand, other molecules,
such as large proteins or highly hydrophobic drug suspensions, do not
diffuse easily, and their administration is limited to the drug loaded
into the needle tip (McCrudden et al., 2014, 2018). Therefore, the
capacity to quickly and cost-effectively explore different design options
through modelling is vital for enhancing drug delivery efficiency and
ensuring patient safety, thereby, accelerating the development of new
MN therapies (Avcil and Çelik, 2021).

In mechanical design, the application of numerical methods like
FEA is vital for accurately predicting the physical attributes of the sys-
tems under various operational conditions (Jagota et al., 2013; Tanaka
et al., 2000). Understanding and modelling the nonlinear mechanical
behaviour of MNs during insertion is essential for their safe and ef-
fective use in medical applications (Wu et al., 2023b). This leads to
more precise simulations, aids in design optimisation, and enhances our
understanding of the effects of MN material properties. Incorporating
nonlinear theories into the modelling of MNs bolsters design safety,
develops precise models, and gains deeper insights into the materials’
characteristics. This comprehensive approach not only ensures the
safety and efficacy of MNs in medical applications but also supports
ongoing innovation in MN technology, demonstrating the critical role
of modelling in the evolution of medical devices (Marcé-Nogué, 2022).

Materials primarily exhibit two types of mechanical behaviour: lin-
ear and nonlinear elastic behaviours (Christian, 2017). Linear models,
suitable for modest deformations where stress and strain maintain a
proportional relationship, can be incorporated into the analysis by
fundamental principles such as Hooke’s Law, Young’s Modulus, and
Poisson’s Ratio (Marcé-Nogué, 2022; Chabanas et al., 2006). For sce-
narios involving substantial deformations, nonlinear models, including
the Power Law and Ramberg–Osgood, become crucial (Christian, 2017;
Kim, 2015; Giardina and Wei, 2020). Incorporating these nonlinear
models enhances the FEA method’s ability to represent the complex-
ities of material behaviour more accurately, particularly observed in
MN. This improvement significantly broadens the FEA’s versatility and
its alignment with real-world applications, enabling it to simulate a
broader spectrum of mechanical behaviours with higher fidelity.

Conversely, nonlinear hyperelastic models are crucial for repre-
senting the MN materials that undergo extensive deformations and
exhibit nonlinear stress–strain behaviours. Hyperelasticity offers a fun-
damental framework for describing such behaviour, especially under
finite-strain conditions. Consequently, stress–strain relationships, such
as those given by neo-Hookean, Mooney–Rivlin, Ogden, and Yeoh, are
vital for understanding pronounced material nonlinearities. They are
enhanced by including additional parameters, broadening their appli-
cations to fields such as rubber technology and biomechanics (Khaniki
et al., 2022; Trotta and Ní Annaidh, 2019; Fung, 1993; Martins et al.,
2006).

Each hyperelastic model presents specific benefits and constraints.
Therefore, the selection depends on the precision required and the
nature of the deformation. The neo-Hookean model, known for its
simplicity and stability, is optimal for isotropic materials under large
deformations (Melly et al., 2021) and is suitable for modelling rubber-
like materials within small to moderate strain ranges (González, 2016).
However, its performance may diminish under very large strains or
in complex scenarios (Kim et al., 2012). The Mooney–Rivlin model
expands on the Neo-Hookean by better handling complex behaviours
with additional parameters (Selvadurai, 2006). This paper aims to
explore and analyse the nonlinear mechanical properties of both MN
materials and skin, as well as the insertion behaviour of MNs into the
skin, employing FEA simulations to achieve these objectives, validated
2

with experimental procedures. The RO model (Gadamchetty et al., c
2016) is used to study the chosen MN materials, as discussed in the
methods and material section in detail. It is shown that the developed
FEA model is effective in understanding how stress and strain interact
in different MN materials. Additionally, the neo-Hookean model is
utilised to study the specific mechanical behaviour of skin, which has
demonstrated remarkable accuracy in describing skin’s complex and
nonlinear deformation as a soft biological tissue (Pissarenko, 2019).
This investigation aims to provide valuable insights into the mechan-
ical behaviour of materials and skin, with potential applications in
biomechanics, medical devices, and tissue engineering. In real-world
applications, an FE analyst often does not have access to the entire
stress–strain curve of a material. Additionally, conducting immediate
mechanical testing to obtain this information is not always feasible or
practical. Therefore, we may need to work with limited or incomplete
data when performing FEA. In our study, we utilised specific modelling
techniques and detailed experimental data to mitigate the effects of
limited or incomplete data. This included applying the RO and Neo-
Hookean equations to model the nonlinear behaviours of MN materials
and skin, respectively. Moreover, the transition of MN materials from
powders to films is critical, as they acquire mechanical properties post-
casting that are pivotal for effective MN function. Understanding these
properties, influenced by polymer concentration, molecular weight, and
polymer interactions within the casting gels, is essential for optimising
MN design for safety and efficacy. We supplemented our computer
simulations with measurements partly derived from experimental data
and partly from mathematical calculations, such as Young’s modulus,
Poisson’s ratio, reference stress, reference strain, and strain hardening.
The paper’s structure is carefully organised to comprehensively present
the modelling, experimental investigation, and simulation analysis of
MN interactions with skin. It is divided into several key sections,
each designed to address specific aspects of our comprehensive study:
introducing our foundational mathematical models, detailing the fab-
rication process, and providing deeper investigative insights into MNs’
interactive behaviours. This structured approach thoroughly examines
the critical elements influencing MN performance.

2. Governing equations

2.1. Ramberg–Osgood model for microneedles

The Ramberg–Osgood equation (R and Osgood, 1943; Gadamchetty
et al., 2016) provides a simplified model to describe the stress–strain
relationship for MN materials. In the case of uniaxial extension, the
stress–strain relationship is defined by the following expression:

𝜖 = 𝜎
𝐸

+ 𝜖𝑟𝑒𝑓 (
𝜎

𝜎𝑟𝑒𝑓
)𝑛 (1)

where 𝜖 is strain, 𝜎 is stress, E is Young’s modulus, and 𝜖𝑟𝑒𝑓 is the
strain at a reference stress 𝜎𝑟𝑒𝑓 . The parameter n is the stress exponent.

he parameter 𝜀ref is commonly chosen as 0.002, corresponding to the
tress at 0.2% strain (denoted as 𝜎0.2 in literature) (Özkaya et al., 2017).
his equation represents that the total strain is the sum of linear and
onlinear strains.

In this work, we apply the RO equation to depict how the MN mate-
ials undergo deformation and compression when subjected to external
orces. This aspect is crucial for MNs, as the manner in which they
eform and navigate through the dermal layers significantly influences
heir efficacy in therapeutic agent delivery. It is essential that the MNs
enetrate the epidermis effectively with minimal resistance without
nducing dermal damage. A deeper insight into these deformation
ehaviours allows for the optimisation of MNs to cater to diverse
ealthcare requirements, thereby enhancing the precision and patient
omfort of treatment modalities.
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2.1.1. Stress–strain relationship to extract the required parameters for RO
model

Studying the nonlinear behaviour of PVP (Polyvinylpyrrolidone)
and PVA (Polyvinyl Alcohol) materials used in MNs enables us to
understand their mechanical properties and deformation characteris-
tics, which are crucial for designing and applying MNs effectively.
External forces induce movement and deformation in objects, with the
latter occurring if motion is restricted. Deformation entails relative
displacement within the object (MN in this case) and, is influenced
by factors such as the magnitude and duration of the force, material
properties, and geometry. It is known that the materials can exhibit
diverse responses to different loading configurations (Özkaya et al.,
2017). Therefore, controlled experiments are conducted to ascertain
the mechanical properties of materials, e.g. the behaviour of materials
under tensile loading can be examined through a uniaxial or simple
tension test (Senthil Murugan and Jegan, 2017). Stress is the internal
resistance or force a material experience when subjected to external
forces, measured as force per unit area (𝜎). The study of these materials
is essential for predicting how MNs will perform when inserted into the
skin, including their ability to withstand the forces of insertion without
breaking and their effectiveness in delivering therapeutic agents.

𝜎 = 𝐸
𝜖

(2)

Where 𝜎 denotes stress, 𝐸 symbolises the elastic modulus (also
nown as Young’s modulus), and 𝜖 signifies strain. Stress elucidates the
orce distribution within a material and is quantified in units such as
ewtons per square metre (N∕m2) or Pascals (Pa). Conversely, strain
elineates the material’s deformation or elongation when subjected to
xternal forces, reflecting the proportional alteration in its dimensions
elative to its original state. Represented by 𝜖, strain is generally
imensionless or articulated as a percentage, calculated by the ratio
f the change in length of the test specimen to its initial length.

=
𝐿 − 𝐿0
𝐿0

(3)

𝐿 represents the current length of the material, and 𝐿0 denotes the
riginal length. This paper discusses the importance of stress and true
train in understanding material behaviour during plastic deformation,
s they consider changes in cross-sectional area and a specimen’s
ength during a tensile test. True stress is calculated by dividing the
pplied load by the specimen’s instantaneous cross-sectional area, while
rue strain is determined using the natural logarithm of the ratio of
he specimen’s instantaneous length to its original length (Faridmehr
t al., 2014; Anon., 2013). These measures provide a more accurate
epresentation of a material’s stress and strain, particularly in cases of
ignificant plastic deformation (Faridmehr et al., 2014; Anon., 2013).

𝑡𝑟𝑢𝑒 =
𝜎𝐸

1 − 𝜖𝑝
= 𝜎(1 + 𝜖) (4)

𝑡𝑟𝑢𝑒 = ln( 𝐿
𝐿0

) = 𝐼𝑛(1 + 𝜖) (5)

Where 𝜎true denotes the true stress, and 𝜖p signifies the plastic
train Gadamchetty et al. (2016). To determine the reference stress
𝜎ref), one identifies the point on the stress–strain curve where the
train equals 0.2%. The stress value corresponding to this strain level
s designated as the reference stress (Özkaya et al., 2017). Similarly, to
ompute the reference strain (𝜖ref), the point on the stress–strain curve
here the stress matches the yield stress, or 𝜎ref, is located. The strain
alue at this specific stress point is then recognised as 𝜖ref.

The strain value at this specific stress point is then recognised
s 𝜖ref. In the strain hardening exponent calculation, the logarithm
f the reference strain and the corresponding reference stress values
re utilised (Gubeljak, 2008; Total Material, 2023). This logarithmic
ransformation aids in analysing the relationship between stress and
train differently. Subsequently, the log of the actual stress is plotted
gainst the true strain for the remaining data points on a graph. Linear
3

egression techniques are then applied to determine the slope of the
esulting log–log curve, representing the strain hardening exponent,
hich measures the material’s ability to increase its resistance to
eformation as strain accumulates (Total Material, 2023).

.1.2. Neo-Hookean model for skin
As previously mentioned, the Neo-Hookean model is relatively sim-

le and appropriate for isotropic materials with finite deformations,
aking it suitable for specific soft tissues. However, more complex non-

inear behaviour may need to be captured accurately (Kim et al., 2012).
he Neo-Hookean model is implemented in the developed framework
sing the built-in material model named ‘‘Neo-Hookean’’. This model
n COMSOL is formulated as:

=
𝜇
2
(𝜆21 + 𝜆22 + 𝜆23 − 3) − 𝜇 ln(𝐽 ) + 𝜆

2
(𝐼𝑛(𝐽 ))2 (6)

where 𝑊 is the strain energy density function, 𝜇 is the shear modulus
of the material, 𝜆1, 𝜆2, and 𝜆3 are the principal stretches. The 𝐽 is the
determinant of the deformation gradient.

The two material parameters needed for the Neo-Hookean model
are the Lamé parameters, namely 𝜆 (stiffness coefficient) and 𝜇 (shear
modulus) (Vaucorbeil et al., 2020). These parameters are related to
Young’s modulus (𝐸) and Poisson’s ratio (𝜈). The subsequent equations
are utilised to compute the necessary parameters for the nonlinear
model of skin:

𝜆 = 𝐸 ⋅ 𝜈
(1 + 𝜈) ⋅ (1 − 2 ⋅ 𝜈)

(7)

𝜇 = 𝐸
2 ⋅ (1 + 𝜈)

(8)

where 𝐸 represents Young’s modulus, and 𝜈 denotes Poisson’s ratio. The
calculated parameters are instrumental in defining the Neo-Hookean
material model.

2.2. Experimental method and materials

This section presents a comprehensive overview of the experimental
methodology and MN materials employed in the fabrication of MNs and
other details utilised to analyse their insertion behaviour.

2.2.1. Microneedle manufacturing characterisation and insertion
To prepare MN arrays, a mixture of 20% w/w polyvinylpyrroli-

done (PVP) (MW 58 kDa, Ashland Kidderminster, UK) and 20% w/w
polyvinyl alcohol (PVA) (MW 10kDa, Sigma-Aldrich, Dorset, UK) in
deionised water was moulded using laser-engineered silicone micro-
mould templates, following established methods (Tekko et al., 2020;
Larrañeta et al., 2014b). In brief, the formulations were placed inside
the moulds and centrifuged at 3500 RPM for 10 min to fill the moulds.
Subsequently, samples were allowed to dry inside the moulds for at
least 28 h. After drying, the MN arrays were removed, and the sidewalls
were trimmed with scissors. The MN arrays were further dried at 37 ◦C
overnight. The moulds used for this study contained an array of 11 × 11
conical needles (Fig. 1) with a base width and interspacing of 300 μm
and a needle height of 600 μm (Fig. 2).

The MN height was measured using a Leica EZ4 D digital mi-
croscope (Leica, Wetzlar, Germany). Additionally, MN insertion was
evaluated using excised neonatal porcine skin which is considered a
good model for human skin (Meyer, 1996). Neonatal porcine skin
was excised from stillborn piglets and stored at −20 ◦C until used as
described previously (Larrañeta et al., 2014a). Subsequently, it was
defrosted before performing the experiment and carefully shaved before
performing the insertion experiments. A TA.XTPlus Texture Analyzer
(Stable Micro Systems, Surrey, UK) was used to apply a force of 32N
for 30 s at a speed of 0.5 mm/s (Lutton et al., 2015a; Peng et al., 2021;
Cárcamo-Martínez et al., 2021; Angkawinitwong et al., 2020). Subse-
quently, the inserted MN arrays were immediately examined using an
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Fig. 1. Illustration depicting MN patches with dimensions of 11 × 70 mm .

EX1301 Optical Coherence Tomography Microscope (Michelson Diag-
nostics Ltd., Kent, UK). The obtained 2D images were analysed using
ImageJ@ software (National Institutes of Health, Bethesda, USA). The
image files were scaled, with 1.0 pixel representing 4.2 μm, enabling
precise measurements of MN penetration depth and pore width. Two
different arrays were inserted, and the average insertion depth was
measured. For this purpose, at least 20 measurements were performed
across both arrays.

2.3. Simulation details

COMputational SOLutions (COMSOL) software is a powerful and
versatile platform that utilises the FE methods (COMSOL Multiphysics®
v. 6.1). Simulations were conducted using the Structural Mechanics
Module of COMSOL (Multiphysics, version 6.1) to model a patch of
8 × 8 of cone-shaped. COMSOL provides the flexibility to incorporate
the RO equation as a constitutive model to describe the nonlinear
behaviour of materials.

In order to reduce simulation times, a downscaled patch of 8 × 8 was
utilised, as opposed to the original configuration of 11 × 11 MNs. The
MNs had a height of 518 μm, and its base diameter of 300 μm, with a tip
diameter of 8 μm. The interval space (pitch) between needles is 300 μm.
The 3D geometry of the MNs was generated using a geometrical tool,
and a nonlinear elastic material model was applied to represent the
MNs. In contrast, hyperelastic material properties were used to model
the skin. The material properties were obtained from the partially cal-
culated and computed parameters in Table 1 for simulations. Young’s
modulus values were determined through tensile tests conducted in
the experimental procedure, while the remaining parameters were
calculated using our custom-developed MATLAB (MathWorks. (2019).
MATLAB, version R2019a) scripts. In the implementation of the Neo-
Hookean model, 𝜆 and 𝜇 can be articulated as functions of 𝐸 and 𝜈.
The units for 𝜆 and 𝜇 are customarily akin to those of Young’s Modulus,
expressed as force per unit area (N/m2 or Pascals, Pa), adjusted by a
dimensionless ratio.

Additionally, Fig. 3 illustrates the structural arrangement of the skin
as generated by the COMSOL simulation. Notably, the skin’s textural
roughness was introduced using the parametric surface module within
COMSOL, thus enhancing the realism of the model and its ability to
capture complex skin features. In our model, the skin is represented
by three distinct layers, each with specific biomechanical attributes,
the stratum corneum (SC), the outermost layer at 20 μm thick, has
a density of 1300 kg∕m3 and a high Young’s Modulus of 0.2E5 Pa,
4

Fig. 2. Schematic representation of MN geometry, and shape.

Table 1
Mechanical and physical properties of the PVP+PVA dissolving polymer.

Parameter Calc. Computed

Density (kg/m3) 1135 1135
Young’s Modulus (GPa) 0.77 0.77
Tensile Strength (MPa) 8.36 8.47
Strain Hardening (n) 0.32 0.33
Reference Stress (MPa) 6.9 6.8
Reference strain (%) 0.6 0.34
Stress exponent (%) 0.6 0.75

denoting its rigidity. The Epidermis follows with a thickness of 150 μm,
a slightly lower density of 1200 kg∕m3, and a Young’s Modulus of 0.1E5
Pa, reflecting a balance of protection and pliability. The dermis, the
thickest layer at 2000 μm, has the same density as the Epidermis, and
its mechanical properties are similar, enabling the skin to maintain
structural integrity and flexibility. These layered parameters are critical
for simulating realistic skin behaviour under mechanical stresses in
various biomedical scenarios.

In this section, we present the development of a multilayer model
of human skin employing the FE method, carefully designed to mirror
the complex mechanical behaviour of the skin across its various layers,
from the SC down to the dermis. A notable advancement in our model
is the incorporation of surface roughness and topology into the SC
layer. This critical feature emulates the inherent roughness observed on
the outermost layer of real human skin. While enhancing the model’s
fidelity to actual skin properties, this addition introduces new chal-
lenges in simulating MN penetration. This innovative aspect of our
model aims to provide deeper insights into the interaction between MNs
and the skin’s outermost barrier, potentially influencing the design and
optimisation of MN-based drug delivery systems.

Table 2 lists the mechanical specifications of each layer. The skin
structure comprises three primary layers: the SC, epidermis, and der-
mis. The SC, the outermost layer, acts as the skin’s protective barrier,
with a thickness of approximately 20 μm (Mohammed et al., 2012;
Czekalla et al., 2019). Beneath it lies the epidermis, a vital layer for
maintaining the skin’s integrity, which measures around 150 μm in our
simulation (Pissarenko and Meyers, 2020). Deeper still is the dermis,
a thicker layer with a thickness of 2000 μm. To reduce simulation
time, we have set the dermis thickness to 800 μm whilst preserving its
mechanical properties. All the dimensions have been derived from Wei
et al. (2017). Lamé’s first and second parameters were computed by
utilising the pertinent published data and were subsequently added to
Table 2.

By incorporating these dimensions and mechanical property values
in our simulation, we aim to gain insights into the skin’s mechan-
ical behaviour and advance our understanding of its response upon
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Fig. 3. The skin’s layered structure from top to bottom, consisting of the stratum corneum, epidermis, and dermis.
Fig. 4. Illustration of boundary load on the base of MN’s patch in COMSOL.
Table 2
Mechanical specifications of skin layers.

Parameters Skin layers

Stratum corneum Epidermis Dermis

Density (Kg/m3) 1300 1200 1200
Poisson’s ratio 0.49 0.42 0.42
Young’s Modulus Pa 0.2E5 0.1E7 0.1E9

Thickness (μm) 20 150 2000
Stiffness coefficient (𝜇) Pa 328 859 1848591.5 184859154.1
Shear modulus (𝜆) Pa 6711.4 352 112.7 35211267.7

MN insertion. A hyperelastic approach was employed to simulate the
nonlinear behaviour of skin, utilising the neo-Hookean constitutive
equation. This choice of model enabled the accurate representation of
the skin’s response under varying deformation conditions.

This mathematical modelling facilitates a comprehensive analysis of
stress distribution and penetration depth concerning MNs. This analysis
included the simulation of Von-Mises stress as well as the deformation
of both MNs and the skin, all under stationary conditions. A boundary
load was applied to the top of the MN patch, as shown in Fig. 4, while a
fixed constraint was placed on the surrounding skin. This setup allowed
the MNs to move exclusively along the axial direction, penetrating
the skin. The study covered a range of forces, progressively increasing
from 5 to 15 N. The outcomes of these simulations provided a clear
visualisation of stress distribution patterns and penetration depths, thus
offering insights into the intricate mechanical interactions between
MNs and the skin under various force magnitudes.
5

3. Results and discussion

Developing computer models to understand and predict MN perfor-
mance could accelerate the development of new MN products. Under-
standing the insertion of these devices is especially important because
the drug administration of one of the most used types of MNs, dis-
solving MN arrays, relies on the dissolution of the inserted needle tip
to release the drug cargo. Therefore, deeper insertion depths will con-
tribute to a higher amount of drug released. However, it is important to
mention that depending on the nature of the drug molecule insertion
depth is not the only key parameter controlling drug delivery. It has
been reported previously that drug loaded in non-inserted sections of
the MN array such as the baseplate can diffuse inside the skin through
the created pores after MN dissolution. This has been reported for
hydrophilic drug molecules. However, for hydrophobic drugs, drug
micro/nano suspensions, or large molecules, diffusion into the skin
through the created pores can be difficult (Donnelly et al., 2010;
Coulman et al., 2011; Lutton et al., 2015b). Therefore, understanding
insertion could inform the formulation of MN arrays to decide on
parameters such as drug loading and whether the drug should be
located primarily on the needle tips. Additionally, developing mathe-
matical models will save time and materials by reducing the number of
formulations that need to be developed and tested. It is also important
to note that evaluating MN insertion is not a simple task (Lutton et al.,
2015b). So far, the only reliable tool to evaluate MN insertion is optical
coherence tomography, which is not widely available. Thus, in silico
models to predict MN insertion are highly valuable for informing and
rationalising MN design, while reducing the number of experiments
and minimising material and drug wastage (Yadav et al., 2022). In this
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Fig. 5. Representative digital image of MN prepared in this study.
Fig. 6. Optical coherence tomography (OCT) image with graphical lines illustrating borders between MNs and stratum corneum.
work, we have focused on a dissolving MN type based on a combination
of PVP and PVA, as this particular dissolving MN formulation has
proven to be highly relevant and has been used extensively, even in
vivo animal models (Anjani et al., 2023; David et al., 2023; Anjani
et al., 2024; Wu et al., 2023a; Xiao et al., 2024; Nasiri et al., 2022b).

3.1. Experimental findings

A detailed examination of the MN patch revealed that the needles
were organised in an array of 121, configured into an 11 × 11 grid,
with each needle exhibiting a conical shape. The MN arrays, produced
using micromoulds, were examined using optical microscopy. The ob-
served needle height was found to be less than the anticipated 600 μm.
Representative images of the MN arrays manufactured in this study are
displayed in Fig. 5. The average height of the needles was recorded at
518 μm. This reduction in size, often referred to as shrinkage, is a well-
documented occurrence associated with silicone moulds (Lutton et al.,
2015a).

3.1.1. OCT images of fabricated microneedles
Subsequently, MN arrays were inserted into excised neonatal

porcine skin. Fig. 2 displays representative Optical Coherence Tomogra-
phy (OCT) images showcasing the penetration of MNs into the porcine
skin. The average depth of insertion was measured to be 283 ± 26 μm.
Considering that MN measured 518 μm in length before penetration the
insertion depth is higher than 50% of the initial needle length. These
findings are consistent with the insertion depths of MN arrays reported
in prior studies (Larrañeta et al., 2014b). This depth of penetration
6

conclusively demonstrates the MN’s full insertion beyond the SC and
into the epidermis.

3.2. Simulations

3.2.1. Penetration depth
In the investigation of MNs penetration through the skin layers,

two cross-sectional views (Figs. 7 and 8) clearly show the journey of
the MNs through the intricate layers of the skin: the SC, epidermis,
and dermis. Fig. 7 focuses on the overall penetration depth and the
interaction of MNs with the skin layers, with the skin layers being
transparent to show both initial and final positions. Fig. 8 emphasises
the cross-sectional view of a smaller part of the MN patch, showcasing
the non-uniform penetration due to skin roughness and the visibility of
MN tips in the dermis. Both figures use the same scale bar to indicate
displacement in micrometres, ensuring consistency and aiding in com-
paring the figures. The x-y-z annotation indicates spatial orientation,
with 𝑥-axis as the horizontal direction, 𝑦-axis as the vertical direction,
and 𝑧-axis as the depth.

From Fig. 9, it was observed that almost 100% of MNs successfully
penetrated to a depth of about 250 μm, reaching the outermost layer
of the skin known as the SC, and ultimately the epidermis. It appears
that more than half of these MNs successfully achieved a penetration
depth of about 380 μm into the third layer. These results were in good
agreement with the data collected from the experimental part of this
study. This observation also highlights the complex nature of the skin’s
composition and its varying responses to MNs penetration.
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Fig. 7. Visualisation of MNs penetration into skin layers: Colour bar represents penetration depth in micrometres at 32 N force at μm magnitude. The skin layers are transparent
to show both the initial position and the end position where the MNs penetrated to the dermis. The x-y-z annotation indicates spatial orientation.
Fig. 8. Cross sectional view of MNs penetrating the stratum corneum and epidermis at 32 N force at μm magnitude. This image shows a small part of the MN patch, highlighting
the non-uniform penetration due to skin roughness, where the tip of each MN is visible in the dermis. The scale bar represents displacement in micrometres. The x-y-z annotation
provides spatial orientation.
These findings are consistent with the results reported by Yan et al.
(2021) which provide a solid benchmark for our study. Specifically, the
actual penetration depths reported by Yan et al. for various composite
materials, such as CMC:PVP and CMC:PVA, show penetration depths
ranging from 262 μm to 469 μm depending on MN composition. The
MNs described in this study made mainly of PVA or PVP showed inser-
tion depths (ca. 300 μm) like the ones reported here. The consistency
between these two studies underscores the reliability of our experimen-
tal approach and supports the effectiveness of MNs in traversing the
targeted skin layers for therapeutic purposes.
7

Further supporting our results is the study conducted by Muhammad
Iqbal Nasiri et al. (2022a) which elucidates the robustness and effective
penetration capabilities of dissolving MNs. In their research, MN arrays
prepared using 40% PVA and 60% PVP demonstrated strong skin
insertion, achieving depths of approximately 400–460 μm in neonatal
porcine skin and penetrating up to 500 μm into the 4th layer of Parafilm,
which mimics human skin. These penetration depths were attained
without significant structural compromise, as evidenced by less than
a 10% reduction in MN height under a compression force of 32 N.
It is important to mention that the needles used in this study were
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Fig. 9. View of MNs penetrating the third layer (dermis) from a Z–X perspective at μm magnitude. The x-y-z annotation indicates spatial orientation.
longer than the ones modelled here. Therefore, these results suggest
that the model developed here could be used to predict successfully
MN insertion.

Fig. 7 additionally reveals uneven MN penetration through the
skin layers, with the MN patch marginally inclined to one side. This
variation might be attributed to the incorporation of skin roughness in
the simulation, leading to disparities in SC thickness across the skin’s
surface. Areas exhibiting higher roughness and a thinner SC tend to
allow for easier MN penetration, potentially resulting in uneven pene-
tration depths. These insights highlight the necessity of considering skin
heterogeneity in MN designs to ensure uniform and precise penetration
for diverse applications.

Moreover, Fig. 7 showcases substantial displacement within the
MNs, as indicated by the colour bar in the figure. MNs are depicted
in a reddish hue, denoting significant displacement, while the skin
layers show minimal displacement, represented by the blue colour at
the lower end of the colour spectrum.

In terms of MN penetration, minimising skin deformation is consid-
ered advantageous, correlating with more homogeneous needle pene-
tration (Cai et al., 2022). This advantage is largely due to the slight
resistance between the needle and human skin (Jiang et al., 2016).
When MNs cause less lateral movement of the skin, it results in more
consistent delivery and minimises the risk of unintended tissue dam-
age, promoting faster healing and recovery (Makvandi et al., 2021b).
Ultimately, reduced skin displacement enhances the overall acceptance
and safety of MN-based treatments for various applications, including
drug delivery and diagnostics.

The data obtained from experiments using OCT were corroborated
by comparison with simulations Fig. 10. These images exhibit a sig-
nificant agreement with the OCT findings, demonstrating that approx-
imately 300 μm to 380 μm of the MNs’ total length was successfully
inserted into the skin. An observation from the accompanying image is
the slight tilt of the MNs in one direction, as depicted in Fig. 6. The
dissolving MNs, composed of PVP/PVA and devoid of any payload,
achieved a depth of about 300 μm when subjected to a force of 32
N, with the SC still visible. This result conclusively confirms the MNs’
sufficient mechanical robustness to penetrate porcine skin effectively.
8

Fig. 10. Optical coherence tomography (OCT) image showing MNs penetrating the
skin compared with the image from the simulation.

3.2.2. Stress distribution
Building upon the data collected through our experimental tests and

the insights from our simulation studies, we embarked on an in-depth
investigation. The goal was to delve deeper into the complex dynamics
of stress distribution within both the MNs and the skin. In this section,
we present the data collected using the same setup as in our simulation
studies.
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Fig. 11. Cross-sectional view of MNs depicting stress distribution in skin layers and MNs at 32 N force. The scale bar represents von Mises stress in N/m2. The x-y-z annotation
indicates spatial orientation.
Fig. 11 offers a comprehensive view of the stress distribution pattern
within the three skin layers from a cross-sectional yx perspective in
the simulation environment. The areas of the skin where MNs could
successfully penetrate through the layers exhibit lower stress levels
within the SC. This is likely due to the MNs effectively overcoming the
resistance posed by the SC, encountering less stress as they penetrate
deeper into the skin. The colour map, showing cooler colours (such
as blue or green), indicates lower stress levels, suggesting that these
regions experience relatively smoother and less obstructive penetration.
Notably, some needle tips are visibly protruding from the dermis layer,
coloured red. Conversely, areas where MNs could not pass through
show higher stress levels, as indicated by warmer colours (yellow and
red) on the colour map. In these regions, the MNs are facing more
resistance and are likely unable to penetrate the skin layers effectively.
The higher stress suggests that the MNs are experiencing greater force,
which may cause potential deformation as they attempt to breach the
SC.

In recent years, FEA method has gained traction for testing and
validating the mechanical properties of polymer MNs, complementing
experimental research. Integrating these insights with the findings of
Chui-Yu Chiu et al. (2012), who found that conical MNs, especially
those with smaller base diameters (100 μm), exhibited much higher
stress than those with a larger base diameter (200 μm), emphasises
the impact of base size on mechanical resistance. Our study utilised
conical MNs with a 300 μm base diameter and identified relatively lower
stress levels across the SC, underscoring how increasing the base size
can help MNs penetrate more efficiently with reduced stress. Together,
these results reinforce the importance of shape and base diameter
in stress distribution and MN durability. In another study, Loizidou
et al. (2015) conducted an FEA study to investigate the mechanical
characteristics of sugar MNs, using buckling force and von Mises stress
as indicators of potential needle failure. Their findings revealed a strong
correlation between the material’s Young’s modulus, the critical flexion
load at which MNs fail, and the penetration depth. This underscores the
value of combining FEA with experimental studies to better predict the
mechanical behaviour of different MN materials, ultimately supporting
the development of more efficient and robust MN designs. Fig. 12
9

provides insights into the penetration dynamics and stress distribution
of MNs within the epidermal layer at 32 N force. The horizontal axis
(𝑥-axis) represents the lateral position across the MN array, while 𝑍-
axis represents the depth of penetration into the skin layers. The colour
gradient on the right side provides a scale for the stress levels, enhanc-
ing the comprehension of stress distribution patterns. The focus is on
illustrating the interaction between the MNs and the upper layers of the
skin, namely the stratum corneum and the epidermis. By focusing on a
part of the MNs, the figure provides insight into the penetration process
at a more granular level. It reveals the extent to which the MNs can
penetrate the skin’s upper layers and reach the dermis, which is crucial
for their effectiveness in delivering substances or measuring parameters
beneath the skin surface. Notably, in the second epidermal layer,
heightened stress levels are observable, represented by an increased
presence of blue and green regions on the colour map. This colour
pattern signifies more significant stress concentrations in these areas.
Within one corner, some MN tips are visible. The stress distribution
within the MN patch appears notably elevated, evident by the dark
red colour on the colour bar spectrum. The areas of dark red indicate
regions of significant stress, not only at the tips of the MNs but also
in the surrounding skin areas, highlighting the extent of mechanical
influence exerted by this force level. Such uniform and elevated stress
across the contact area suggests that the force of 32 N is more than
sufficient to ensure the MN array’s penetration. As mentioned earlier
this force was measured to be the average force applied by human
volunteers to insert MN arrays. Also, manual application by human
volunteers has demonstrated to be safe as no adverse effects or pain
was reported (Ripolin et al., 2017; Al-Kasasbeh et al., 2020).

Similar to our findings, Kong et al. (2011) developed a comprehen-
sive multilayer skin model including the SC, dermis, and hypodermis to
study the mechanical interaction during MN insertion. They employed
finite element analysis to predict the complete insertion process, fac-
toring in the mechanical properties of the skin and the MN geometry.
Their results, which align with experimental data, underline the pivotal
role of skin properties such as stiffness and failure stress in determining
the necessary insertion force. Kong et al.’s study sheds light on how
variations in MN geometry such as tip area impact the insertion force,
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Fig. 12. A cross-sectional view of MNs illustrates the stress distribution within the epidermis under a force of 32 N. Only stratum corneum and epidermis are visible in this figure.
The x-y-z annotation indicates spatial orientation.
Fig. 13. The stress distribution within the second layer (epidermis), observed from a Z–X perspective. The scale bar represents von Mises stress in N/m2.
a factor that our study aligns with in showing how force distribution
varies with different MN configurations. Drawing parallels between
these detailed analyses, our study expands on Kong et al.’s findings and
enhances our understanding of how the mechanical properties of skin
and MN design influence the efficiency of transdermal drug delivery
systems. Such comparisons are essential for optimising MN designs to
ensure minimal discomfort while providing effective penetration and
drug delivery.
10
Fig. 13 illustrates a comprehensive view of stress distribution within
the hypodermal layer from a Z–X perspective. Notably, a distinct con-
centration of stress surrounds the needle tips, visibly represented by the
intense red colour on the colour bar spectrum. Some regions exhibit
smoother surface characteristics, as indicated by shades of yellow and
blue on the colour scale, resulting in lower stress levels. This can be pri-
marily attributed to surface roughness, which significantly contributes
to variations in stress levels. Elevated stress during MN skin penetration
is undesirable as it can cause pain, tissue damage, and inconsistent drug
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delivery. Minimising stress ensures patient comfort, safety, and treat-
ment effectiveness. Our findings support the importance of considering
variations in skin properties, such as SC thickness and roughness, when
designing MNs for various applications. Optimising MN design to effec-
tively overcome resistance in non-penetrable areas while maintaining
desirable stress levels in penetrable regions is a crucial challenge for
consistent and reliable penetration (Makvandi et al., 2021b). However,
it is important to mention that the insertion forces of similar MNs in
human volunteers have not generated pain (Ripolin et al., 2017; Al-
Kasasbeh et al., 2020). Therefore we can extrapolate that the stress
values generated in this model will not result in pain/discomfort during
insertion. However, the model described here can be used to monitor
stress distribution for other geometries to minimise it. Therefore, the
model developed here provides a valuable tool to design optimum MNs
arrays and to reduce experimental iterations during MN development.

The detailed stress distribution pattern, as shown in the visual
representation in Fig. 13, allows for pinpointing specific areas where
the stress concentration significantly deviates from the surrounding
regions. The darker red zones around the needle tips suggest areas
of high mechanical interaction and potential focal points for localised
tissue disruption or discomfort. These observations imply that the me-
chanical design of the needles, along with their insertion strategy, must
be meticulously planned to distribute stress more uniformly across the
contact surface, thereby reducing peak stress zones. Such adjustments
could enhance the overall efficacy of transdermal applications by reduc-
ing the mechanical stress footprint, which is critical for both patient
comfort and therapeutic outcomes. Our results emphasise the need
for precise engineering and design considerations in the development
of MN technologies to tailor stress distributions that align with the
dermatological and therapeutic requirements.

4. Conclusions

This experimental study has provided significant insights into the
efficacy of MNs with respect to their penetration depth and inter-
action with the skin. These findings are closely aligned with data
from computational simulations performed in COMSOL, affirming the
accuracy of the mechanical testing and mathematical calculations used
for both PVP/PVA and skin. Such precision is critical as it informs fu-
ture research by elucidating the interactions between MNs and dermal
layers.

Advanced simulations have further deepened our understanding of
stress distribution within the skin and MNs during insertion. These
insights allow for the optimisation of MN designs prior to the devel-
opment of prototypes. In this way, MN performance can be predicted
prior to developing a formulation., This is critical to understand the
performance of these devices as depending on the physicochemical
nature of the drug cargo the insertion will predict the amount of drug
administered. Moreover, the information obtained by the model devel-
oped here can be used to predict MN stability during insertion. The
ability to finely adjust MN configurations based on precise simulation
data underscores the potential of computational tools in advancing
MN technology. Ultimately, the integration of experimental results and
advanced simulation provides a robust foundation for developing MN
systems that optimally balance patient comfort with therapeutic effi-
cacy. This collaborative approach promises to drive further innovations
in the field, advancing the development of MN technologies that meet
clinical needs effectively.
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