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Microneedles (MNs), that is, a matrix of micro-
meter-scale needles, have diverse applications in drug delivery,
skincare therapy, and health monitoring. MNs offer a minimally
invasive alternative to hypodermic needles, characterized by rapid
and painless procedures, cost-effective fabrication methods, and
reduced tissue damage. This study explores four MN designs, cone- N
shaped, tapered cone-shaped, pyramidal with a square base, and iy
pyramidal with a triangular-shaped base, and their optimization Y T
based on predefined criteria. The workflow encompasses three )
loading conditions: compressive load during insertion, critical
buckling load, and bending loading resulting from incorrect
insertion. Geometric parameters such as base radius/width, tip
radius/width, height, and tapered angle tip influence the output criteria, namely, total deformation, critical buckling loads, factor of
safety (FOS), and bending stress. The comprehensive framework employing a design of experiment approach within the ANSYS
workbench toolbox establishes a mathematical model and a response surface fitting model. The resulting regression model,
sensitivity chart, and response curve are used to create a multiobjective optimization problem that helps achieve an optimized MN
geometrical design across the introduced four shapes, integrating machine learning (ML) techniques. This study contributes valuable
insights into a potential ML-augmented optimization framework for MNs via needle designs to stay durable for various
physiologically relevant conditions.

microneedles (MNs), machine learning (ML), optimization, design of experiment (DOE), finite element analysis (FEA)

MNs exhibits a diverse range of classification based on their
functions such as solid, hollow, dissolvable, and coated
MNs.”>*! A variety of materials have been used for fabrication
using silicon, stainless steel, polymers, and others.”***** First,
the solid MNs also known as “poke with patch” have a solid
structure without any channels or cavities inside.””'>** They
are typically designed to penetrate the outmost layer of the skin,
stratum corneum (SC),”**"** to aid the drug transport deep
into the dermis layer by creating a pathway to enhance the
absorption and delivery of substances.” Unlike traditional
needles, the solid MNs are adequate for vaccine delivery as
they maintains their effectiveness over an extended period and
trigger a stronger antibody response.””*' They are flexible in
design, are easy to fabricate, and have great mechanical
properties.”> They are used for pretreatment of the skin by
creating pores for drug delivery.”” The second class of MNss is

A micron-scale needle, also known as a microneedle (MN)," is
a minimally invasive needle used for injection,”* dermal and
transdermal delivery of drugs,s_8 biological substances,” skin
care therapy,'”"" and monitoring glucose levels'® through
extraction of a special fluid known as interstitial fluid (ISF).>"*
MNs have been a substitute of hypodermic needles due to their
rapid painless procedure,'"'*~"> affordable fabrication meth-
ods,” reduced tissue rupturing, and self-handle and compact
administration.'' Their capabilities of penetrating the skin layer
with the goal of transferring proteins,9 DNA,”'* and
vaccines”' ™' in the most efficient and minimally invasive
manner make MNs a promising technology for various medical
applications.”'®'? Moreover, researchers show that MNs can
be incorporated with diagnostic capabilities to assess diseases
based on painless experience and monitoring the health
condition by means of invasive and noninvasive methods.>**""
Other applications have been developed for cosmetic April 23, 2024 ST
implementation in hair implants and growth.'" The controlled July 24, 2024 &
usage through MNs enhances the therapeutic efficacy while July 24, 2024
minimizing potential side effects associated with traditional August 6, 2024
hypodermic needles.* Unfortunately, MNs can break during

insertion/withdrawal into/from the skin.*°
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the hollow MNs, referred to as “poke and flow”, primarily
utilized for vaccination or storing drug fluids within their empty
core,' 7" hence earning the name. They allow the passage of
various biological substances, drugs, and some cosmetic
formulations directly into the skin through its central channel.”!
Compared to solid MN, the hollow MNs can handle a
substantial quantity of fluids, giving them the ability to deliver
these substances into the dermis site.”""*® Furthermore, hollow
MNs are ideal for controlling the quantity and flow rate of these
fluids, determining when they are released over time.”?" On the
downside, they are susceptible to breakage and cracks due to
their weak mechanical strength compared to that of the solid
MN and may suffer from blockage and clogs by skin during
insertion handling.lz’22 To overcomes these barriers, the hollow
MNs are being desi;ned as a semisolid tip to endure the
insertion strength.'>”” Meanwhile, implementing a side hole at
the tip minimizes resistance to liquid flows while maximizing the
surface area exposed to the skin.'****° The coated MN contains
a desired substances coated around the solid tip, “coat and
poke”.">*! The purpose of this type is to facilitate the release of
the substances upon insertion into the skin, providing an
accurate, efficient, and rapid delivery method. These substances
include small molecules, DNA, proteins, peptides, and

15213031 The site of delivery is not only limited to
30,3234

viruses.
skin, and they can be used for delivery into the eye,
vascular tissue,>>**% and oral cavity.‘go’?ﬁ’38 However, due to the
design, less quantity of drugs can be carried.”’ The last type of
MN is the dissolving MNs, which are made from materials that
dissolve upon insertion into the skin.””' They are commonly
used for the controlled release of drugs or bioactive compounds
into the skin. They are referred to as “poke-and-release”, which
provides instant sustained delivery to the site of insertion of
macromolecules.””” They are easily administered for dru%
delivery purposes as the tip is loaded using a casting method.”"*
During the infusion of dissolvable MNs into the skin, the drug
coating is released and diffuses freely to the targeted site.
However, a drawback arises from the complete injection of the
MNss into the layer, which might pose a challenge to achieve.*’
MNs are similarly classified according to their different shape
base geometry such as triangular, circular, square, and
hexagonal.”” These can be fabricated in any type of MN
discussed earlier. Each shape and type is designed efficiently for a
specific purpose and can perform well in that specific
application.”” MNs are formulated in numerous sizes depending
on the type and material used. Lengthier and thicker needles that
can pierce deeper into the dermis layer (around 1500 ym) may
provoke pain and damage the nerves. Usually, MNs span the
range of 150—1500 ym in length,z‘19 with 250 ym width and
approximately 1—25 yum thickness at the tip,”** which can be
cylindrical, triangular, pointed, or any other polygon shape.'"**
Additionally, it has been illustrated by Nalluri et al. that for the
best cell activation, the height should not exceed 1.5 mm.>*
Some studies have indicated that the tip radius influences both
the mechanical properties and the pain induction associated
with MNs. A recorded tip radius ranging from 1 to 25 ym has
been associated with a painless insertion procedure, showing an
inverse relationship with a higher range up to 38 pm.™*
Additionally, the force needed to puncture the skin correlates
with tip sharpness, thereby influencing the perception of pain.
Some outlined the design of semisolid hollow conical MNs with
a height of 600 ym, a base diameter of 200 ym, and less than 20
um tip diameter for extraction and delivery application.'**” For
lengths above 1000 um, the MN tends to produce frictional
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resistance, providing little pain experience, but it offers enhanced
penetration during insertion compared to short MNs.'>***’

Several studies provided information about the force required
for insertion, which ranges between 30 and 70 mN depending on
different MN geometries and materials.” Another study reported
the required force to go through the SC (thickness of 20 ym) is
0.3 N using a silicon MN.>° Interestingly, Davis, Landis, Adams,
Allen, and Prausnitz’’ formulated a linear fit through
experimental measurements and theoretical modeling as a
function of the tip cross-sectional area of the needle.”'”>" The
MN was generalized for a hollow structure that has a tapered tip
radius ranging between 30 and 80 mm and a wall thickness of 5—
58 mm with a constant height of 720 mm using a metal material.
The insertion force varied between 0.08 and 3.04 N."”°" It is
worth noting that due to the structure of the MN, precautious
measurements should be ensured so as to not fracture or bend
during the insertion procedure.'’ Thus, the insertion force is a
vital parameter to ensure safety design.'’ Additionally, it is
essential for the MNs to hold down substantial insertion forces
without experiencing deformation or causing pain.'> Another
way to quantify the insertion force into the skin is to overcome
the elastic property of the skin layer.'” Typically, the SC layer
has a modulus of 3.18 MPa, which drops postpuncture to an
elasticity value in the dermis layer, reaching 1.6 MPa.”'**'™>*
This pressure puncture defines the resistance force correlated to
the projected cross-section area of the tip.'**° A dissolving MN
patch (pyramidal geometry) has been designed to have sufficient
mechanical strength to be inserted without breakage and
buckling.'"?

Numerical simulation of MNs has been widely used in the
recent years.””>*>> An earlier study investigated the simulation
of a MN array into the skin using LS-DYNA (AN SYS).* Their
simulation consisted of four types of geometry (cone, tapered-
cone, beveled-tip, and pyramidal with a square base) for varied
sizes of the model using polymer polylactic acid (PLA). The
purpose of that study was to observe the insertion force
distributed along the MN array into the skin model.* Different
loading conditions on a single MN has been observed through
finite element analysis (FEA) for conical and pyramidal
shapes.”” A compressive force is applied perpendicular to the
cross-sectional area of the tip using a fixed base. This axial force
induces buckling and deformation in the tip, with the buckling
force dependent on the ’%eometrical lengths and mechanical
properties of the material.”” Mishra et al. has used finite element
method (FEM) approximation to rigorously show that the von
Mises stress increases as an exponential function of the inner
radius of the hollow MN. It was quantified for a hollow SU-8
MN array designed using direct laser writing (DLW) that is
strong enough to withstand the human skin elasticity.”’ Critical
buckling modeled equations of simple square pyramidal and
cylindrical cone have been formulated by Smith for a fixed base
MN.*® The formulas are approximations based on the analytical
energy approach method. Simulation results for conical and
pyramidal designs for different materials have been used for
comparison by applying 10 kPa force on a single MN.>* They
concluded that the design combination along with the material
type PVA was the choice that can withstand stress and
deformation to successfully penetrate the skin. One study has
observed different material groups including metal, ceramic,
polymer, and glass, where a structural analysis through
COMSOL Multiphysics has been performed to analyze the
influence of several forces, ie., axial, buckling, and bending
forces into the skin.”” PLA and polycarbonate underwent
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Surface Response Prediction- DOE Approach

Please Specify the MN Dimensions.
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Figure 1. Flowchart illustrates the analysis and optimization process for four distinct MN designs; cone and tapered shaped and square and pyramidal
base shaped. Step 0 involved subjecting the MNs to three loading conditions: compressive load during insertion, critical buckling load, and bending
loading due to wrong insertion. Step 1 involved transferring the model into a set of input—output links such that a matrix correlation can be built,
representing the relationship of what parameters can affect these analyses. Step 2 included the sampling the design space of the data using a sampling
algorithm for the DOE. Step 3 provided a training procedure of DOE data to be fitted into the regression models. The regression model was able to
produce the response surface curve, the sensitivity chart, and the prediction models such that no further FEA runs are needed. According to the
obtained results in step 3, optimization through RSO was executed using multiobjective algorithms, step 4. The geometrical results of the optimization
were validated using the computation model of FEA, step S. Finally, a GUI was created to serve as a user-friendly mode for testing and exploring new
design patterns, step 6.

buckling and were not considered as the choice of material. ANSYS workbench, including machine learning (ML) algo-
However, silicon carbide was selected among all the 10 rithms for regression fitting. By obtaining the complete
presented materials for withstanding the loading conditions regression model that represents the coupled equation, the
specified.”” framework also provides a sensitivity chart of the inputs and a

This study explores four distinct MN designs: cone-shaped, response curve (step 3). Finally, the optimization problem is
tapered cone-shaped, and pyramidal with square and triangular preset to search using the multiobjective algorithms through the
shaped MNs, in which they will be optimized based on response surface to acquire an optimized MN geometrical
predefined criteria. Figure 1 summarizes the workflow of our design across four different shapes (step 4). Most importantly,
study. The MNs will undergo three different loading conditions: the geometrical results are validated using the corrected FEA
compressive load during insertion, critical buckling load, and computational model (step 5). As a concluding step, a graphical
bending loading resulting from incorrect insertion (step 0). user interface (GUI) is created to serve as a user-friendly module
These prerequisites are constrained according to a set of (step 6).

predefined values, and a minimax multiobjective optimization
problem is addressed to be satisfied later. In accordance with the
geometric model, input parameters consist of geometric features

such as base radius, tip radius, height, angle tip, and others. Four distinctive silicon MN designs were selected for this study.
Meanwhile, the output parameters will be determined by For demonstration purposes, the cone shape is considered in the
obtaining criteria results, including total deformation at the tip, current work. The dimensions of the designs have been
critical buckling loads, factor of safety (FOS), and bending stress restricted as shown in Table 1. One difficulty we suffered during
(step 1). Subsequently, a framework was developed using the the FEA modeling was from the singularities at the sharp tip,
design of experiment (DOE) approach, which is part of the which would create artificially infinite stress. Therefore, all of the
ANSYS workbench suite (step 2). This framework systemati- designs were modified to have a flat surface, which was expressed
cally links the inputs and outputs as a mathematical model as a parameter (tip diameter/width) later. The primary objective
through the available response surface fitting models in the in choosing these designs was to assess their fabrication,
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Table 1. Parametric Design Ranges for the MN Dimensions

parameter range
base diameter/width (um) [50, 300]
tip diameter/width (um) [10, 40]
length (ym) [200, 1000]
tapered angle (deg) [10s, 135]

performance testing, and failure analysis in relation to the
application of MNs puncturing into skin layers. Data were
collected for the insertion of a MN into the skin as a function of
the interfacial area and resulted in a line fitting as”'

E = 0.00019A; — 0.66

where F, and A; are the insertion force (N) and full cross-
sectional area of the needle (um?), respectively. Yet, this was
only valid within a certain range of interfacial area. The most
accurate way to quantify the insertion force was to consider
overcoming the elasticity layer of SC as 3.18 MPa. A set of
criteria was proposed in this study: (1) static analysis, (2)
buckling analysis, and (3) bending analysis. The MNs were
subjected to these failures, which provide us a goal to assess and
optimize these designs accordingly. A lateral deformation will be
conducted to ensure that the MN maintains its intended shape
and dimension intact, static analysis. The critical buckling load
was computed and the mode shape was observed, which
provided at what force the MN can potentially buckle through
the buckling analysis. In the case of incorrect insertion, bending
behavior of the MN was checked where the FOS and bending
stress are computed, bending analysis. The boundary conditions
(BCs) for MN insertion were replicated to closely resemble real
conditions in ANSYS Mechanical. A uniform distribution of
pressure force of 3.18 MPa is applied at the tip and a fixed
support at the base of the MN. Some of the preliminary results of
deformation, buckling, and bending analyses can be shown in
Figure 2 for length 400 um, base diameter 80 um, and tip

A: Cone -Tip diameter-3D
Total Deformation
Type: Total Deformation

C: Eigenvalue Buckling
Total Deformation
Type: Total Deformation

Unit: pm Load Multiplier (Linear): 1086.6

Time: 1 Unit: pm

. 9.88735e-4 Max 1.1165 Max
8.78876e-4 0.99244
7.69016e-4 =~ 0.86838
6.59157e-4 0.74433
5.49297e-4 0.62027

]: 4.39438e-4 L 0.49622

= 3.29578e-4 037216
2.19719e-4 0.24811

l 1.09859e-4 I 0.12405
0.00000e Min 0 Min

diameter 10 pm as a reference model. The load multiplier
represents the multiplying factor with respect to the applied load
on the MN (3.18/A;). Thus, the respected critical buckling force
for the first two modes shown are 0.27 and 0.85 N, respectively.
As mentioned earlier, the insertion force varies within the range
of few newtons. Hence, there is no discrepancy between the
literature and the current FEA done here. Additionally, the
predefined yield stress was set to 173.2 MPa for silicon, and a
FOS of 12 was measured in the reference design.

The proposed approach in this work was to predict and
optimize the MN designs based on specific defined criteria, i.e.,
minimizing deformation and bending stress and avoiding critical
buckling load through maximizing the load multipliers with a
constrained above 1.5 FOS limit. This was done through
applying the DesignXplorer toolbox in ANSYS through the
DOE approach, then predicting the nature behavior of the
nonlinear models, and finally using a custom multiobjective
optimization algorithm to propose the best design combination.

The DOE was set to generate 200 design points using the latin
hypercube sampling (LHS) technique for each MN design while
obeying the restrictions set earlier. LHS creates sampling points
that sparse the design space for exploring the behavior of the
model, where it provides a good coverage of the parameter
space, reducing the number of simulations needed to correctly
model the problem. For each input parameter, random samples
are extracted from an interval, ensuring that an instance was
picked up at least once, providing more sparse and robust
sampling, unlike Gaussian or random sampling algorithms.

To accurately represent the relationship between the input
parameters and the response variables, a predictive ML model
was constructed by using the Kriging method, a response surface
approach facilitated by the ANSYS toolbox. Kriging, also known
as Gaussian process regression (GPR), is a powerful
interpolation technique that can capture deterministic trends

B: Bending Analysis
Bending Stress

Type: Normal Stress(X Axis)
Unit: MPa

Global Coordinate Syste:
Time: 1

. 3.5788 Max
2.884

C: Eigenvalue Buckling
Total Deformation 3

Type: Total Deformation
Load Multiplier {Linear): 3449.4
Unit: pm

1.1166 Max
0.99256

0.86849 21892

074442 14944
062035 g o7

P 049628 ] 0!‘)1;);98972

I 037221 12847
024814 I 19795
0.12407 -2.6743 Min
0 Min

Figure 2. Preliminary analysis: deformation occurring during MN insertion, which shows the maximum located at the tip of the insertion. Buckling
analysis, which provided the critical buckling load and the buckling mode, provided that for a certain force, buckling can be observed in the MN. Finally,
bending analysis serving the special case of wrong insertion, causing a deflection bend at the MN body and tip, producing large bending stress.
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Figure 3. Two-dimensional fitting models trained using ML GPR for all the different MN designs. Each subplot illustrates the relationship between
specific parameters and either normal stress or load multiplier for the four MN designs. (A) Normal stress as a function of length. The model predicted
an increase in stress with the increase in the length. (B) Normal stress decreases as the base diameter/width is decreased. (C) The load multiplier
modeled increased proportionally with the increase in the base diameter/width; meanwhile, (D) the load multiplier exponentially decreased with the
length. Note that the obtained plots were plotted using semilog for the x-axis.

in the data, especially for small data sets, while also accounting
for correlations between different input combinations. It
assumes that the process is of a Gaussian random field, making
it suitable for capturing the variability in the response variables
within the design space. Moreover, the method includes reliable
estimates of the uncertainty associated with the predictions to be
made, making it an excellent choice for the models that require
optimization and sensitivity analysis. Hyperparameter tuning for
the Kriging algorithm was involved, ensuring maximum accuracy
in predicting the response variables and generalizing unseen data
points within the parameters’ space. The associated regression
model prediction and goodness of fit are provided in Figures 3
and 4, respectively. The root mean square error (RMSE) scores
for the regression model have been reported, indicating the
precision of the model’s predictions into how well the regression
model aligns with actual data. The performance shows that the
deformation and load multiplier are more closely fitted to the
observed data. On the other hand, the bending normal stress and
FOS parameters scored lower accuracy, which biased the results
in the prediction and optimization models. Yet, the bending
normal stress is in the order of expectancy of the model and does
not affect the overall of the model performance, as reported in
the Optimization Models Using Response Surface Optimization
section.

Once the model was satisfied in terms of accuracy, enough
DOE data points are set to build up the response surface plots,
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serving as visual representation for prediction and analysis,
Figure 5. The surface plots provided help to make further
predictions without the need for simulating new model designs,
ensuring that the unseen trained data fall into the surface region.
Some of the input parameters vary linearly, such as the
deformation produced with respect to the tip and length.
However, with the base, the deformation has an exponential
growth behavior, showing its important design role for MN
insertion. Additionally, spider (radar) plots were provided for
each MN design, Figure 6. The key parameter significantly
influencing the response parameters was the length. For
instance, the length exhibited a strong inverse correlation with
buckling analysis for all designs and a direct correlation with
bending analysis. The base was proceeded with considering its
importance on total deformation and the formation of stresses
on the MN, hence jeopardizing the FOS. Therefore, a safe
optimal design may be chosen considering the priority of these
two design parameters. However, the taper angle had no
dependence on the response parameters for tapered design.
Other sensitivity information can be read from the radar plots.

Unlike direct optimization that involves directly optimizing the
objective function based on given metrics iteratively, which can
be computationally expensive, response surface optimization
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Figure 4. Goodness of fit for the predictive model reported with RMSE scores. The predictive model was able to accurately capture (A) deformation
and (B) load multipliers, while (C) bending normal stress exhibited some deviation. It has been observed that the (D) FOS consistently remains above
the threshold score of 15. However, the model cannot fully predict the FOS. Thus, it was placed as an optimization constraint.

(RSO) can be used for approximating the behavior of the
objective function based on building a surrogate model, the
response surface, to guide the optimization process in an
exploration approach. Since the optimization algorithm interacts
with the response surface model rather than the actual objective
function, RSO is considered computationally more efficient to
use for a long complex model. It involves balancing between
exploring the design space to refine the surrogate model and
exploiting the current space to efficiently identify an optimal
solution efficiently. However, the accuracy of RSO is of the order
(if not more) to the surrogate model’s accuracy; hence, a more
accurate surrogate model is desired.

The RSO algorithm was set to the screening algorithm to
identify the optimal set of input parameters that would yield the
desired response variable for a MN design. As mentioned earlier,
the multiobjective function corresponds to the specific perform-
ance defined as minimizing the total deformation at the tip and
the bending stress and maximizing the critical buckling loads
while staying within the FOS limitation. The screening method
can handle a large number of input parameters, five independent
variables, by computing a subset of input parameters together
and checking if they meet the required problem formulated. We
were able to achieve top three candidate points with only the
best candidate points reported in Tables 2—5 along with the
validated FEA models in ANSYS. The algorithm iteratively ran
for 3000 evaluations based on the optimal selection parameters;
the results illustrated good consistency with the validated FEA

509

model, as discussed earlier in the goodness of fit results, which
was controlled by the accuracy of the model fit. Both the
deformation and load multiplier were scored very close to the
verified FEA model along with the normal stress. However, the
FOS has not been accurately captured since the FEA model
cannot compute a score higher than 15. Hence, the FOS was
retained as a limitation constraint and not for prediction
purposes. The indirect optimization problem via screening, as
described above, has a simulation time of less than a minute.
Unlike the direct optimization, which can take many days to find
the optimal solution. However, the initial step of generating the
DOE data points required approximately 1 to 2 days. These
simulation times reflect the computational efliciency of our
approach, balancing thorough parameter exploration with
practical time constraints. Finally, the performance of the
tapered cone design was reasonable for deformation and stress
analysis but not accurate for buckling analysis with 20% error
and, therefore, cannot be reliable in finding the correct critical

buckling load.

A GUI has been designed for this study, which served as a user-
friendly platform for predicting the common MN designs, as
shown in Figure 7. The interface allows users to input the design
parameters, length, base, tip, and taper angle, if available, and
then predicts the response parameters based on the surface
response kriging algorithm built in. The GUI clearly established
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Figure 6. Sensitivity analysis for MN designs for the regular and tapered cone and square and triangular base. The left radar plot contains the regular
and tapered cone combined, while the right radar plot contains the square and triangular pyramidal base MNs.

a link between input parameters and the expected response has been supported to explore different possible scenarios for
variables, providing users with a reliable predictive model
without the need of using FEA software, offering a low

computation cost solution. Additionally, insertion force of MN any MN designs.
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Table 2. Obtained Optimization Results Verified the Actual
FEA Model for Regular Cone Design

regular cone

parameter candidate point ~ FEA (verified)
base diameter (ym) 311.64
tip diameter (um) 10
length (um) 200
FOS 15.32 15
load multiplier 1 20.70 x 10° 21.95 X 10°
load multiplier 2 28.74 X 10° 32.12 x 10°
total deformation maximum (ym) 1.88 x 107* 2.32x 107
normal stress maximum (MPa) 1.01 1.18

Table 3. Obtained Optimization Results Verified the Actual
FEA Model for Square Base Pyramidal Design

square base pyramidal

parameter candidate point ~ FEA (verified)
base width (ym) 300
tip width (um) 10
length (um) 200
FOS 17.57 15
load multiplier 1 30.30 x 10° 31.24 X 10°
load multiplier 2 36.11 X 10° 38.71 X 10°
total deformation maximum (um) 123 x 107* 1.14 x 107*
normal stress maximum (MPa) 0.30 0.28

Table 4. Obtained Optimization Results Verified the Actual
FEA Model for Triangular Base Pyramidal Design

triangular base pyramidal

parameter candidate point ~ FEA (verified)
base width (um) 243.83
tip width (um) 10
length (um) 200
SOF 15.54 15
load multiplier 1 14.78 x 10° 14.81 x 10°
load multiplier 2 2339 x 10° 25.28 X 10°
total deformation maximum (ym) L12x107* 1.03 x 107*
normal stress maximum (MPa) 0.49 0.35

Table S. Obtained Optimization Results Verified the Actual
FEA Model for Tapered Cone Design

tapered cone

parameter candidate point ~ FEA (verified)
base diameter (yum) 131.52
tip diameter (ym) 5.97
length (um) 200
tapered angle (deg) 135
safety factor minimum 15.48 15
load multiplier 1 9.14 X 10° 11.65 X 10°
load multiplier 2 14.10 x 10° 18.57 X 10°
total deformation maximum (ym) 322x 107 3.39x 1072
normal stress maximum (MPa) 0.10 1.28

The MNs described in this work reflect the ability of a MN to
penetrate through the elasticity layers of the skin. While the
framework does not directly measure the mechanical properties
of the MNs, the FOS proposed provides an indication of their
safety during insertion. Therefore, the work primarily considers
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the force magnitude and successful skin penetration. Addition-
ally, other factors, such as the fabrication technique and
biocompatibility, play a crucial role in determining the final
shape of the MNs.

Different fabrication techniques impact the geometric
precision of the MNs. Common methods, such as lithography,
molding, and 3D printing, can be utilized. Each technique has its
own set of advantages and limitations. For instance, lithography
allows for high-precision fabrication, easy to control features
through etching, and fast speed productivity but is highly
expensive and recoluires harsh processing conditions compared to
other methods.” On the other hand, molding is more cost-
effective and suitable for mass production, yet it compromises
on precision.’’ 3D-printed MNs offer enhanced capabilities for
customization, rapid fabrication, and cost-effectiveness.”>~**
The 3D printing techniques are based on fully automated
fabrication, which solves many issues related to producing
diverse structures with topological surfaces (e.g, tip profile)
unlike the traditional lithography methods. Nevertheless, 3D
printing technologies are limited to their material availabil-
ity. 5062

Moreover, the biocompatibility of the materials used are
essential for ensuring noninflammatory or allergic response.”” In
our work, the silicon material is assumed to be a very
biocompatible and biodegradable material, which has been
verified by an earlier work.”® Moreover, silicon MNs were coated
with titanium and gold sputtering, which increases the
mechanical strength®” and provides a better thermal and
chemical stability.” The choice of material directly influences
the MNs’ ability to withstand insertion forces without breaking
and to maintain their structural integrity during and after
insertion.

The proposed designs served the general cases for skin types
and are not patient specific. Accordingly, future research can
target a specific group of patients with a new skin model and
customized MNs that serve the purpose of needle puncturing.
On the framework point of view, new ML and deep learning
(DL) algorithms can be fitted and used to find patterns and
relationships between geometric features of MNs and their
responses. Other DOE algorithms can be integrated to replace
the current algorithm, which can provide better results. Such
algorithms are not limited to a genetic algorithm combined with
simulated annealing, which is a derivative-free based optimiza-
tion method. Sparse grid and Box—Behnken design samplings
are good options to avoid update failures during sampling due to
extreme parameter values located at the corner. Specifically, the
sparse grid can refine the DOE sampling in the direction needed
to have fewer design points and can effectively handle
discontinuities. However, Box—Behnken is limited to 12 input
parameters. In other words, those algorithms can be an
alternative option for the LHS.

In this study, we present a comprehensive approach for
predicting and optimizing common MN designs based on
specific criteria, including minimizing deformation and bending
stress while avoiding critical buckling loads by maximizing
within a constraint, FOS limit. The methodology involved a
DOE approach that incorporates advanced optimization
techniques to ensure efficiency and accuracy in the design
exploration process. The employed LHS provided a sparse
distribution by generating 200 design points for each MN
design, offering a comprehensive exploration of parameter
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Figure 7. GUI that has the capability to apply the surface response prediction for different common MN designs. The user may enter different MN
dimensions based on the chosen design and specify the insertion force applied. Then, using the built-in trained model, the user can receive the feedback

on the predicted values for the response parameters.

combinations while reducing the number of simulations needed
for accurate modeling and avoiding nonlinear optimization
methods. The input parameters and the response variables were
linked using the augmented ML algorithm and the Kriging
method, which captured the complex relationship and
accounted for the correlation between different input combina-
tions. The obtained results provided a good predictive model
with low error values that gave a reliable estimate of uncertainty
associated with predictions. Finally, the results obtained from
the RSO screening method satisfied our defined set of criteria by
identifying the optimal design input parameters. The candidate
points were then validated using the FEA models, providing a
very small deviation from the actual results. Our integration of
predictive modeling to RSO presents an application and
foundation for low computational cost and complex models to
be accounted for. Additional advancements are required by
using different sampling and optimization algorithms for specific
applications.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00021.
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