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Abstract: A variety of hollow microneedle (HMN) designs has emerged for minimally invasive
therapies and monitoring systems. In this study, a design change limiting the indentation depth
of the (3D) printed custom microneedle assembly (circular array of five conical frusta with and
without a stopper, aspect ratio = 1.875) fabricated using stereolithography has been experimentally
validated and modeled in silico. The micro-indentation profiles generated in confined compression
on 1 mm =+ 0.073 mm alginate films enabled the generation of a Prony series, where displacement
ranged from 100 to 250 pm. These constants were used as intrinsic properties simulating experimental
ramp/release profiles. Puncture occurred on two distinct hydrogel formulations at the design depth
of 150 pum and indentation rate of 0.1 mm/s characterized by a peak force of 3.5 N (H = 31 kPa) and
8.3 N (H = 36.5 kPa), respectively. Experimental and theoretical alignments for peak force trends were
obtained when the printing resolution was simulated. Higher puncture force and uniformity inferred
by the stopper was confirmed via microscopy and profilometry. Meanwhile, poroviscoelasticity
characterization is required to distinguish mass loss vs. redistribution post-indentation through
pycnometry. Results from this paper highlight the feasibility of insertion-depth control within the
epidermis thickness for the first time in solid HMN literature.

Keywords: hollow microneedles; 3D printing; bio-fabrication; stereolithography; indentation;
puncture force; simulation; alginate; Prony series; pycnometry

1. Introduction

Research on microneedle-based cell therapy has shown promising results for tissue
regeneration, cancer immunotherapy, skin immune monitoring, targeted cell delivery, drug
delivery, and biomarker detection [1]. Microneedle use for transdermal delivery [2-6]
involves the transport of active components (such as viable cells [7-9], insulin [10,11],
nanoparticles [12,13], and exosomes [14]) into the skin. The skin is a multilayered organ
that consists of three layers: the epidermis, dermis, and hypodermis. The epidermis is 50
to 200 um thick and includes sublayers, such as the stratum corneum (10 to 20 um) and
the viable epidermis (~150 pm) [15,16]. Microneedle patches or arrays applied to the skin
must be strong enough to pierce the stratum corneum without bending or breaking [15,16]
and have the proper length to deliver encapsulated cells into the skin. In cell therapy
applications, delivery into the viable epidermis is preferred as drug binding, metabolism
and active transport occur here [15,17]. Further, delivery to the viable epidermis avoids
contact with nerves and blood vessels in the subcutaneous tissue and decreases pain felt by
the patient [15].

Generally, microneedle types can be separated into five categories: solid, coated,
dissolving, hydrogel-forming, and hollow [18,19]. Hollow microneedles (HMNs) allow
for the administration of drugs or delivery of cells via a “poke-and-flow” mechanism
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due to their center bore and are fabricated using materials, such as metal, ceramic, glass,
silicon, and polymer [1,19]. In order to manufacture hollow microneedle (HMN) arrays, 3D
printing technology is often utilized because of its cost efficiency, high throughput, and
affinity for customization [19,20]. Conventional 3D printing methods for HMN fabrication
include stereolithography (SLA), also known as vat photopolymerization (VPP), the Fused
Deposition Method (FDM™), Selective Laser Sintering (SLS), Continuous Liquid Interface
Production (CLIP), and Digital Light Processing (DLP) [21-25]. SLA is a 3D printing
process where a UV laser cures liquid monomer molecules in the photoresin, via free
radical polymerization, into a cross-linked polymer. SLA has an ink-dependent resolution,
making it possible to create complex designs on the micron scale and emerging as a
prominent CAD-CAM bio-fabrication method. Specifically, inverted SLA is used because
of its ability to produce high-quality designs while having a smaller footprint and lower
cost [26,27]. The flexibility of adding new design features printed using recently formulated
biocompatible and sterilizable photoresins has increased the biomedical applications of this
biofabrication method. Stereolithography is considered an ideal technology for microfluidic
device fabrication because of its high printing resolution and flexible design, enabling
accelerated process development [27]. Additionally, stereolithography may be used to
facilitate the development of personalized drug delivery systems as an alternative to
address and treat infectious disease [20], emphasizing the relevance and benefit of 3D
printing in biomedical research.

Cell therapy facilitated by microneedle technology is a growing field, with Table 1
summarizing the recent directions [28,29]. Many applications utilize porous or dissolving
microneedles for cell therapy, with the full length of the needle being inserted into the
tissue to facilitate the delivery of cells. For example, Chang et al. utilized cryogenic
microneedles (cryoMNs) in order to deliver ovalbumin-pulsed dendritic cells at a depth
of 20 pm to 200 um to slow melanoma tumor growth [9]. Similarly, Chen et al. describes
a maximum penetration depth of 500 um using their HMN array, leading to potential
cell therapy applications to treat vitiligo and alopecia, which requires the delivery of
melanocytes into the epidermis at a depth of 200 um and dermal papilla cells at a depth
of 500 pm, respectively [30]. Tang et al. studied the use of cell-microneedle patches for
heart regeneration after myocardial infarction, finding that controlling the penetration
depth to 500 um is essential to avoid tissue damage [31]. Zheng et al. describe the use of
cryomicroneedles (cryoMNs) for cell delivery, indicating the successful delivery of cells
into an agarose gel at a depth ranging from 50 pm to 200 pm using a microneedle structure
with an initial height of 700 pm [32]. Ye et al. studied the use of microneedles to regulate
insulin secretion from exogenous pancreatic 3-cells, indicating that microneedles with a
height of 800 um penetrated approximately 200 um to the epidermis [33].

Table 1. Applications of microneedle technology to cell therapy.

Disease/ . Material/ . s
Application Cell Type Microneedle Type Fabrication Penetration Depth Citation
. e Cryogenic medium (PBS
Melanoma tumors Ovalbumin-pulsed dendritic CryoMN supplemented with 2.5% DMSO ~20 pm to 200 pm [9]
cells -
and 100 mM sucrose), molding
Human epidermal melanocytes,
. follicle dermal papilla cells, Poly(methyl methacrylate)
Cell transplantation corneal keratocytes, corneal HMN (PMMA), molding 300 pm to 500 pm [30]
epithelial cells
Heart regeneration after .
acute myocardial Cardiac stromal cells (CSCs) Porous MN Poly(vmyl alcoh(?l) (PVA), 400 pum to 500 pm [31]
. : micromolding
infarction (MI)
Loading and intradermal Mesenchymal stem cells Methacrylated hyaluronic acid
(MSCs), melanoctyes, Porous MN b Yy ~50 um to 200 um [32]

delivery

antigen-pulsed dendritic cells

(MeHA), molding

Insulin delivery (diabetes
mellitus)

Alginate-encapsulated

Hyaluronic acid (HA) matrix
Hydrogel MN containing glucose-signal ~200 pm [33]

pancreatic 3-cells amplifiers (GSAs), micromolding




Appl. Mech. 2024, 5

235

Skin phantoms are important tools to assess microneedle integrity and successful
puncture, with tensile testing, compression, and indentation used to evaluate the mechan-
ical properties of skin under both static and dynamic conditions to create practical skin
phantoms [34]. Materials used to create skin phantoms include polyvinyl alcohol, polyvinyl
chloride, gelatin, silicone, agarose, and alginate gels [34]. Alginate remains one of the origi-
nal biomaterials still used for cell microencapsulation [35-37]. It can be crosslinked using a
variety of chemical and physical methods, in addition to being integrated in multinetwork
hydrogel systems with excellent biocompatibility, specifically the ease of sterilization and
mixing [38]. Gradient hydrogels are more complex than homogeneous gels [39], with
changing mechanical properties, such as the molecular weight, Young’s Modulus, and
degradation rate in stiffness-tunable hydrogels, for example [40—-42]. Gradient hydrogels
can serve as skin phantoms because of their capability to capture the complexities of skin,
as the skin is an anisotropic and viscoelastic material with mechanical properties varying
depending on the skin thickness, age, anatomical site, etc. [15,16]. While phantoms can
be good alternatives for animal and human testing, as they are lower cost and easier to
store [34], they must properly mimic the biomechanical properties of human skin to val-
idate microneedle models. When utilizing hydrogels as skin phantoms, factors, such as
crosslinking density, rehydration, and creating double networks, improve the mechanical
strength and toughness of the hydrogel [43-46] and thus phantom performance.

In terms of puncture, 6 N is the average force value for human skin puncture [47],
meaning a successful skin phantom should withstand this force value in order to model
puncture. Other recent studies have quantified puncture force at a lower value [25,48];
however, these studies involve much larger displacements with the goal of delivering drugs
beyond the epidermis. Force data collected during puncture are a summation of stiffness,
friction, and cutting forces, with the stiffness force producing elastic deformation in the
skin surface, cutting force relating to tissue cutting resistance produced when the tip of the
needle pierces the skin, and friction force relating to dynamic friction caused by needle
movement [47,49]. Puncture force data are quantified via needle insertion tests [25,39,48,50],
as well as computation. Traczynski et al. performed needle insertion tests, varying the
needle size, insertion speed, and insertion angle to understand the effect of these variables
on insertion force, as well as the consistency of force [48]. Then, five low computational cost
models were used to model insertion force, finding that a nonlinear regression model [51]
best fits the experimental data and allows for an estimation of needle insertion parameters
in real time.

Finite element analysis (FEA) software, has been used to simulate and evaluate many
applications and characteristics of HMNs, such as drug delivery and diffusion into the
skin [52], UV light propagation for sensing and theranostics [53], mechanical and stress
analysis [24,54-56], insertion [54,55], and failure [24,54,57]. Henriquez et al. performed
indentation simulations to find a critical application load to avoid a structural failure during
microneedle insertion into human skin for stainless steel and PLGA HMNs [54], with Faraji
Rad et al. using simulation to investigate the deflection of HMNs and stress distribution
under a lateral bending force [24]. Tamez-Tamez et al. describe the use of simplified versions
of microneedles (solid) and skin tissue to simulate insertion, perform stationary and linear
buckling analyses, and study the impact of the tip truncation length on puncture [55].
Anbazhagan et al. performed mechanical and stress analysis, with simulation performed by
applying axial and bending loading on both conical and pyramidal HMNs [56]. A previous
project [57] utilized simulation to investigate the clogged nozzle, deformed nozzle, and
suction failure associated with the HMN design and its impact on microencapsulated cell
delivery. Overall, the use of simulation is beneficial to understanding the conditions and
forces involved in successful microneedle puncture and subsequent drug or cell delivery,
with Table 2 summarizing HMN material and dimensions, substrates used for puncture,
and the index of biomechanics.
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Table 2. Hollow microneedle characteristics and use in simulations.

Material Dimensions Substrate . Index Of. Citation
Biomechanics
H =700 um Bending force, dynamic
Tip length = 150 um Rabbit loading tests and yield
Thermoplastic Tip taper angle = 63.4° Skin strength, axial compression [24]
Reservoir depth = 180 pm testing of ~10 N for
Open channel = 30 pm * displacement of ~400 pm
Buckling analysis for
Stainless steel and H =600 um asymmetric hollow
poly(lactic-co-glycolic) Dpase = 300 pm N/A** structures, failure of stainless [54]
acid (PLGA) Dpore = 90 pm steel HMN at 0.16 N and
PLGA HMN at 0.19 N
H =600 pm Axial and bending loading,
Polyvinyl Dpase = 200 pm N/A force, and stress analysis, [56]
alcohol Dyjp =30 pm with bending force of
Dpore = 25 pm 0.1788 N at the tip of HMN
Clear resin V4 (acrylate DbI;Ise_fggopgim N/A * Defective .a.nd clogged [57]
based) orifices
Dyip =400 pm

* Open side microfluidic channel embedded in solid microneedle design. ** N/A: Simulation in the absence
of substrate.

At the intersection of HMN bio-fabrication, puncture force/simulation test method
development based on custom-designed skin phantoms lies for this proposed biomechan-
ical pre-clinical study. Based on the literature review, there is a need to actively control
penetration depth in the epidermis for the painless and precise delivery of cells, which is not
currently documented in terms of an existing design feature for microneedles. Currently,
the insertion depth is controlled based on the porosity and dissolution rate of microneedle
patches [9,30-33]. Adding a geometric feature, such as a stopper above the microneedle tip
at a target distance, prevents the insertion of the HMN beyond the therapeutic region of
interest. Furthermore, the height of this feature can be varied accordingly and expand the
application of this design control to deeper layers of skin or tissue. Stereolithography is
the preferred bio-fabrication method for accommodating this flexible design functionality.
Figure 1 is the evolution of the design efforts leading to the unmet need of controlling the
insertion depth for cell therapy to the thickness of the epidermis by adding a stopper to
the original HMN design. In parallel, puncture feasibility has been improved step-wise by
modulating the aspect ratio (AR). Thus, the specific aim of this study is to design a novel
HMN to limit the puncture depth to 150 um, to be validated on a biocompatible alginate
phantom formulated to withstand a force of 6 N.
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Figure 1. Timeline of design changes for the custom HMN for microencapsulated cell delivery.
(al1,a2) Original low aspect ratio (AR = 0.6) for HMN device design and gel phantom formulation
(a3) and simulation (a4) [21]; (b1,b2) HMN device modified for shear modeling [58] and (b3) sim-
ulation [57]; (c) introduction of stopper with a low-aspect-ratio design; (d) proposed HMN design
with sharper needles (AR = 1.875) and stopper; (e) translational outlook for delivery using design in
(d) equivalent to a 21 G hypodermic needle [59].

2. Materials and Methods
2.1. Materials

All the reagents required for hydrogel-based fabrication, including medium-viscosity
alginate (Sigma A2033 (u > 2000 cP, Mv = 900-1000 kDa, M/G ratio 1.6)), and reagent
grade salts and solvents were purchased from Sigma Aldrich (St-Louis, MO, USA). The
proprietary 3D printing photoresin (RS-F2-GPCL-04, Formlabs Clear Resin Cartridge v4)
was procured from Formlabs (Summerville, MA, USA).

2.2. Methods
2.2.1. Device Design Printing and Assembly

Multiple screening runs were conducted prior to the determination of the nominal
MN dimensions, co-optimized in terms of the wall thickness, nozzle sharpness, and shrink-
age. These runs were conducted to eliminate susceptibility to fracture upon indentation
in the hydrogel. Fracture, in turn, can be classified as a slanted tip due to chipping
caused by under-curing, as shown in Figure 2, or bending due to an inadequate wall
thickness. Buckling has never been observed for neither the HMN nor the HMNS due to
uniform mass distribution/symmetry along the z-axis. The choice of the HMN material
selection was dictated in turn by the highest theoretical resolution range of 25-50 um,
achievable using a single photoresin formulation. Hence, prototype replication, penetra-
tion depth characterization, pycnometry, and simulation will be discussed for the optimal
bio-fabrication conditions, summarized in Table 3, applicable to the HMNs without and
with the stopper (HMN/HMNS).
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Figure 2. Broken HMN due to incomplete curing. (a) Side view; (b) top view. Dashed white lines
indicate chipped nozzles.

Table 3. Variable settings for the multi-step HMN bio-fabrication.

Variable Setting
d * (um) 800
H * (mm) 3
Print Angle (°) 0
Cleaning time (min) 20
Curing time (min) 10
h3* (um) 150
AR* 1.875

* Pre-shrinkage.

1. Design

The design of the MN device structure comprised two main parts: one containing
the array of HMNSs, and the other consisting of a fluid chamber (reservoir), as described
previously [21], created in SolidWorks 2023 software (Dassault Systémes, SolidWorks
Corporation, Waltham, MA, USA). Two design changes were introduced to the HMN array,
one being a reduction of the number of nozzles from 13 to 5 and the other the introduction
of a stopper. While the former was introduced to enhance the resolution of characterization
by eliminating the overcrowding per surface area, the purpose of the former is to control the
prospective insertion depth in the skin phantom based on the nominal epidermis thickness
of 150 um.

The bottom layer (Figure 3a,b) included a 28.5 mm diameter (d2) flat disc of a height
of 4.73 mm (h2) with a circular array of 5 microneedles. The dimensions of the cones are
as follows: R, the base radius (D = 2R = 1600 pm); 1, the tip radius (d = 2r = 800 pm),
H the height (H = 3000 um). The thickness of the stopper (d5 = 300 um) is given by the
difference in the outer diameter (d3) and inner diameter (d4) of the stopper (Figure 3c).
The distance between the stopper and the tip of the microneedle (h3) is 150 um with a
needle/stopper fusion length (FL) of 77 um; as such, the stopper contains two distinction
sections, one where the stopper is fused with the microneedle and the other where the
stopper is exposed (OL) (Figure 3d). A detailed drawing of the fluid chamber has been
previously published [21].



Appl. Mech. 2024, 5

239

h3 =150 um i \

d5 =300 pm

OL =223 um

Figure 3. SolidWorks drawings of the printed device with corresponding dimensioning. (a) Circular
array of five hollow microneedles; (b) bottom layer of device; (c) stopper dimensions; (d) side view of
bottom layer illustrating stopper-microneedle junction.

2. 3D Printing

3D printing was executed using a Formlabs Form 2 printer (Formlabs Inc.,
Sommerville, MA, USA, 2018), operating upon the principle of SLA, with a maximum
resolution of 25 pm. To set the orientation of the device and to generate supports, the pre-
processing software PreForm (Formlabs Inc., rev.2.16.0) was used. This software confirmed
the scale of the part, the orientation, the placement of the build tray, and the resolution
for the photoresin to be used. PreForm enabled the mobility of supports, once generated,
to ensure that they were not placed at critical feature points of the device. Once these
parameters were verified, the device was sent to the printer. Specifically, parts were placed
in isopropyl alcohol (IPA, 70% v/v)), bathed for 20 min, and then placed in a HOEFER
Scientific Model 1100 UV cross-linking unit, with a pre-set energy function of 120,000
1 /cm? for 10 min. The total processing time for 3D printing and washing the parts took
over 5 h, with the ability to print three assemblies per batch.

The specific multivariate combination of CAD, 3D printing, and post-processing are
summarized in the Table 3.

2.2.2. Inspection of 3D-Printed Parts

A total of 3 devices with and without the stopper design were inspected prior to
assembly using transmission microscopy.

Quantitative inspection for the shrinkage at the tip radius (r) was conducted using an
Olympus CKX53 transmission microscope/camera (Olympus XM10, Olympus, Waltham,
MA, USA) equipped with CellSens Standard imagingsoftware version 1.12. In addition,
the open/close state of the nozzles was recorded.

Qualitative inspection of the parts post-indentation tests at the nozzle tip for structural
integrity and hydrogel deposition was conducted at a magnification of using a USB Digital
Microscope with 300 x magnification and a 5 M pixel image sensor (Mustech Electronics,
Shenzhen, China).
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2.2.3. Skin Phantom Fabrication

Alginate slabs (3% w/v), made from steam-sterilized polymer, were cross-linked with
calcium chloride (CaCl,) fabricated via the polyelectrolyte complexation of alginate after
incubation in 1.5% (w/v) divalent salts for 20 min followed by saline washes using a
previously established method [60]. Hydrogel films were punched for various tests using
an adjustable plastic puncher to a final circular slab with a diameter = 12 mm.

2.2.4. Phantom Dimensional Verification

The average film thickness was measured using a caliper (Mitutoyo model #500-196-30,
Kawasaki, Japan) to ensure a minimum thickness of 1 mm. The slabs were left in buffer
until testing to avoid shrinkage. Approximately 60 s before testing, hydrogel films were
taken out of the aqueous medium prior to mechanical characterization.

2.2.5. Profilometry

Profilometry was used to evaluate the hydrogel phantom flatness prior to and post-
indentation. As during the tests the indentations were irreversible, they will be referred to
as the puncture. Specifically, the Zeta-20 Optical Profilometer (KLA, Milpitas, CA, USA)
was utilized for precise measurements of the puncture depth with and without the stopper
design at an uncontrolled indentation rate. The light intensity was calibrated to 27%,
and focus control was attained by adjusting the upper and lower limits for scanning by
adjusting 200 number of steps. To analyze the punctured alginate slabs, a Gaussian filter
with a 16.5 pm low pass and 1317.1 um high pass was applied. Puncture thickness was
then measured using the leveling function. For the unpunctured alginate slabs, no filtering
was applied to preserve the surface profile information. For all images, the field of view
was held constant at 1679 um x 1317 um.

2.2.6. Mechanical Testing

A two-fold mechanical characterization was carried on the hydrogel slabs subjected to
microneedle penetration using the MACH-1 mechanical testing systems (Biomomentum
Inc., Montreal, QC, Canada) calibrated by provided 10 kg and 25 kg load cells. A custom
3D-printed ring (0.d = 17.mm, i.d. = 15.4 mm, height = 18 mm) was used to confine the
punched circular slab. All specimens were deposited ona 1 x 3 mm glass substrate. As the
thickness of the slabs is 1 mm, strain and displacement have been used interchangeably in
the figures.

1. Base Substrate Characterization

According to Hooke’s law (Equation (1)), stress (0) and strain are proportional (¢) to
each where E is Young’s modulus in the elastic region.

c=E )

Compression testing was conducted using a stainless steel (SS) flat indenter with a
diameter of 12.5 mm on crosslinked alginate slabs. The experimentally determined two-
dimensional Poisson’s ratio of v (Equation (2)) was also calculated using the flat indenter,
where g, and g, are strains in the parallel and normal directions to the applied compression.
Using Equations (1) and (2), the shear modulus G was calculated using Equation (3).

U:—g ()
E
¢=32a+v) ®)

Compression testing was also conducted using a spherical (SS) indenter (R; = 3.75 mm)
used also for hysteresis measurements. The Oliver Pharr method [61,62] was used to
measure the hardness of the base layer based on the stiffness and indentation depth. Contact
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stiffness (S) is defined as the slope of the tangent line to the unloading hysteresis curve at the
maximum indentation depth (h,,), extended to the strain axis to obtain the corresponding
tangent depth (/144,). The contact depth of the spherical indenter (), the contact area (A.),
and the resulting hardness can be calculated using the following Equations (4)—(7):

dF
- ()
dh max
he = hyy — 0.75L ”;”" 5)
A = (ZRihC — hCZ) T (6)
o Fmax

Dynamic mechanical analysis was conducted in axial (compression) mode at a fre-
quency (w) of 0.05 Hz and displacement of 0.1 mm. The phase (J), again given by
Equations (8) and (9), is a measure of the cross-linking state of the hydrogel slab where E”
and E’ are the storage and loss moduli of the material, respectively. Lower phase angles
resulting from a closer superimpostion of the elastic force and viscous strain curves are
indicative of a higher degree of cross-linking and viscoelastic solid like behavior. This angle
was calculated over multiple cycles and the result was generated by the software.

o(t) = op sin(wt + 6) (8)

E’
S=tan'( = 9
(%) ©)

2. Viscoelasticity Characterization

Using a 3M™ (6969-2X60, adhesion strength to steel 34 in-1b), the HMN and HMNS
configurations were sealed to the flat indenter. Subsequently, stress relaxation experiments
were carried out at various amplitudes and compression rates outlined in Table 4 on all films
at a constant relaxation rate of 0.01 gf/min. The ratio of the equilibrium force measured at
the end of the relaxation period based on the peak force (Feo /Fmax) was plotted to normalize
the data. As the experiments were carried out at a constant strain, the magnitude of the
ratio was used to classify the relaxation as Maxwell type or Kelvin—Voigt. A ratio of 0.4
was used as the threshold for classification. Only the stress relaxation profiles classified
as the Maxwell type were modeled by the Prony series given by Equation (10), where the
relaxation modulus E(t) (in N/m?) is the sum of E«, which is the relaxation modulus at
equilibrium and the individual moduli (E;) per branch characterized by the respective
relaxation constant (t;) [63-65].

N
E(t) =Ew + )_Eje @ (10)
i=1
Table 4. Layout of experiments.
Runs Amp (mm) Rate (mm/s) Delay (s)

A 0.10 0.05 1.0

B 0.15 0.10 1.5

C 0.20 0.20 2.0

D 0.25 0.50 2.5

The curve-fitting app in MATLAB was used to fit the force profile to the Prony series.
The projected areas calculated at the maximum indentation depth corresponding to F.y



Appl. Mech. 2024, 5

242

were used to adjust the units to those of stress. Similarly, in order to generate the hysteresis
curves, the ramp release function was used using the combinations outlined in Table 4.

3. Indentation Parameters

In order to characterize the penetration depth performance and the impact of the
stopper, a screening design was used. The metric under observation was the maximum
peak force (Fpx). The variables were the insertion depth (Amp), in mm), penetration rate
(Rate, in mm/s), and time delay between the forward and reverse portions of the hysteresis
loops (Delay, in s). The sequences in Runs A-D were programmed into the biomechanical
analyzer and will be referred to as ramp-release experiments. Films named with capital
roman letters will be addressed with and without a suffix “S” depending on whether they
were subjected to examination via the HMN or HMNS, respectively.

2.2.7. Pycnometry

Density tests for each hydrogel were performed with the Anton-Paar Ultrapyc 5000
(Graz, Austria) in monolith mode where gas is introduced into the sample chamber and
then expanded into a second empty chamber with a known volume. The pressure observed
after filling the sample cell and the pressure discharged into the expansion chamber are
measured, and the volume is calculated using Boyle’s law. Density is calculated by di-
viding the weight of the sample by the volume. Since the volume of pores is known, the
measurement device calculates bulk density. Before measurement, the gels were punched
into circles with a radius of 15.6 mm, weighted using a VWR scale model #VWR-224AC
(VWR, Radnor, PA, USA) with a resolution 0.1 mg, and then loaded into the calibrated
Anton Paar meso sample cell, characterized by a volume of 1.8 cm? for testing. The py-
cnometer used nitrogen (N3) gas with a target pressure of 10.00 psi and temperature of
20.00 °C, run under the equilibrium mode. The instrument has a lower limit of detection of
0.1 mg/ cm?, and the standard deviation reported for the measurements is a result of three
consecutive cycles performed on the same film. The resulting density values were used to
confirm the hypothesis of puncture for a subset of films subjected to the conditions of run
B, using the following sequence: the baseline densities of each non-punctured hydrogel
were determined, puncture testing on each hydrogel was conducted, and the densities of
the punctured hydrogels were measured. Residual moisture was removed from the slabs
prior to analysis. The hydrogel films were stored in buffer between post-punctures prior to
pycnometry analysis.

2.2.8. Simulation

COMSOL (v 6.1) (COMSOL, Stockholm, Sweden) was used to create a time-dependent
study of the indentation of a single HMN/HMNS using the Linear Structural Mechanics
Module in contact mode. The fundamental equation used was the mechanical energy
equation in tensor form (Equations (11) and (12)), where F is the deformation tensor, S is
the second Piola Kirchhoff stress, F; is the deformation force/volume, Vu is the velocity
field, and I is the identity matrix [66]. The geometry option was the 2D-asymmetric where
the displacement u in cylindrical coordinates is translated in two-dimensional cartesian
coordinates, illustrated by Equation (13).

32u T
F=I+Vu (12)
u(R,®,2) — (u, 0,w)" (13)

The two-dimensional-mesh-generation system was used to solve the partial differen-
tial equation to be expanded to the 3D visualization of von mises stresses. Compatibility
between the initial and boundary conditions of the displacement was established by mul-
tiplying the specified prescribed displacement and a piecewise function emulating the
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behavior of the mechanical analyzer according to the specifications in Table 4. Responses are
compared in terms of the maximum force (Fy.x) sensed at the tip of the HMN or HMNS by
the biomechanical analyzer and simulated peak force using the boundary probe functional-
ity in the software. As recommended by the COMSOL guidelines for contact modeling, the
puncture edge of the needle was replaced with a rounded boundary [67]. The fillet radius
of 1 x 1073 um was chosen across the HMN and HMNS at the location of the boundary
probe. At values higher than 1 x 1073 um convergence, the system of equations became
ill-conditioned. The shape of the stress relaxation plot as the software output converted to
force relaxation by dividing the von mises stresses by the maximum projected surface was
used as a basis of the comparison between the in silico and empirical findings. At last, the
3D representation of force distribution was consulted to compliment interpretations.

The mechanical properties of cured acrylate have a wide range depending on the
formulation [68-71]. The cured microneedle was modeled as a linear elastic material with
bulk properties obtained from the literature E = 3.8 GPa, v = 0.35, p = 1190 kg/m?; the latter
intrinsic property was taken from the built-in materials library. The linear viscoelasticity of
the hydrogels was modeled using the experimental stress relaxation data, as well as the
bulk properties (E, v, G).

2.2.9. Statistical Analysis

Statistical analysis was conducted using MATLAB version R2021a (MathWorks, Natick,
MA, USA). One-sided paired sample t-tests for comparing the bulk densities before and
after puncture were conducted at a significance level («) of 0.05. In addition, two sample
t-tests were conducted to compare phantom equivalency priori to puncture for the above-
stated density measurements.

3. Results
3.1. Dimensional Inspection of 3D-Printed Parts

Shown in Figure 4 are top views of magnified nozzles with a target CAD diameter
of 640 um (2r). The diameters post-cure are 400 £ 37 um (N = 15, HMN nozzles) and
480 £ 53 um (N = 15, HMNS nozzles)) based on the inspection of three parts for each
microneedle design. Based on the measurements, the shrinkage at the indentation sites is
37.5% and 25% in the absence and presence of the stopper, respectively.

Figure 4. Top view of nozzles for HMN (top row (a,b)) and HMNS (bottom row (c,d)) device
configurations post-cure, illustrating differential shrinkage rates for the HMN (37.5%) and the HMNS
(25%), respectively. The dashed circles represent 3D-printing debris/fibers.
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In addition, all nozzles were open; however, the cleaning time needs to be increased to
remove the cured fiber-like artefacts of resin on the nozzle, as demonstrated in Figure 4a—c.

3.2. Skin Phantom Fabrication and Dimensional Verifcation

Shown in Figure 5 are the mold-casted slabs characterized by thickness (th) measured
using a caliper. Thicker films were fabricated by using 5 mL (th = 2 mm =+ 0.28 mm) of
alginate instead of 3 mL (th = 1 mm =+ 0.073 mm) yielding the thinner slabs. Only the
thinner slabs were used for the quantitative characterization of puncture and viscoelasticity.

g

(

Figure 5. Alginate film preparation. (a) Mold-casting on 10 mm x 30 mm microscope slides;
(b) cross-linked thin calcium alginate gels; (c) punched specimen for analysis obtained from thin
slabs; (d) (top) thicker 2 mm =+ 0.28 mm slabs, and (bottom) thin 1 mm = 0.073 mm slab used for
quantitative characterization.

3.3. Profilometry

Shown in Figure 6 are profilometry measurements. For these measurements, the
average roughness of the control film is 16.2 um across (Figure 6a). The puncture depth
(dp) for the metallic commercial 0.75 mm blunt-ended syringe is 73.8 um (~0.74 mm) with
a partial but smooth imprint across the perimeter. The purpose of this step was to ensure
the proper focus conditions with a relative error of 1.3% for estimating the depth.

Shown in Figure 6c—f is the comparison between the HMN and HMNS for the center
and right-hand side nozzle. This comparison is essential as the center nozzle is not in contact
with the stopper in either of the designs. For both device configurations, the resultant
depth denoted by bidirectional red arrows is 50% to 70% less for the center (Figure 6¢,e)
than the side needles denoted by blue arrows (Figure 6d,f). In fact, the puncture depth of
17 pm for the center nozzle for the HMNS design (Figure 6e) is close to the variation in the
film flatness, averaging 16.2 pm. This suggests nozzle-to-nozzle differences in puncture
performance and the need for additional post-processing steps, such as surface finish
post-cure or a redesign of the center nozzle to be more robust to the curing process. The
presence of the stopper in the HMNS design renders the puncture more pronounced and
uniform (Figure 6e,f).

Comparing the standard metallic needle imprint (Figure 6b) to the microneedle de-
signs, no concentricity of imprint is observed in the case of the cured parts. There is a
threefold explanation behind this discrepancy. The first one is inherent to the slanted de-
sign of the microneedle tip. Surface roughness along the imprint contours, highlighted by
dashed orange lines in Figure 6, accounts for the second source of imprint non-uniformity.
The presence of the stopper is a tertiary contributor to the tip surface roughness, for the
nozzle on the edge, resulting in additional peaks and valleys reflected in the profilometer
scan (Figure 6f).



Appl. Mech. 2024, 5

245

Figure 6. Profilometry measurements on alginate films using uncontrolled displacement rates.
(a) Baseline film characterization pre-puncture with an average flatness of 16.2 um; (b) partial smooth
indentation with a standard 0.75 mm blunt-ended needle averaging 73.8 um in imprint thickness;
HMN puncture partial imprint for the middle nozzle (c) and side nozzle (d) averaging 27 pm and
53 pm in thickness, respectively; HMNS, more uniform puncture imprint for middle nozzle (e) and
side nozzle (f), averaging 17 pm and 59 pum, respectively. Light orange lines indicate the rough
puncture contour characterized by peaks and valleys. The bold orange line and corresponding arrows
in the scan illustrate the contribution of the stopper ring in the HMNS. The red scale bar in all images
represents the same length of 149 um.

3.4. Mechanical Testing
1.  Substrate Characterization

The range of the properties has been modulated based film drying times of 12 h and
18 h prior to cross-linking. Two batches per drying period have been characterized. The
reported averages are translated into ranges and summarized in Table 5.

Table 5. Mechanical properties of the base substrate.

Film S (N/mm) H (N/mm?) 5 (°) E (Pa) v
1 900 31 11 41,000 0.39
2 1225 36.5 5 46,500 0.39

A subset of hydrogel mechanical characterization was conducted using the spherical
indenter (Figure 7a). The shape of the force displacement curve in Figure 7b is indicative of
a non-hookean hyperelastic behavior. Based on this hysteresis curve and Equations (3)-(6),
the ranges of contact stiffness (S) and hardness (H) were calculated to be 900-1225 N/mm
and 31-36.5 (N/mm?) for the phantoms. For these films, the phase angle (J) ranged between
5 and 11°, determined by the software. A sample dynamic mechanical analysis curve is
presented in Figure 7c. There is a negligible lag between the cyclical force and strain curves,
indicative of a fully cross-linked alginate film. Initial strain softening can be observed
before stabilization at cycle 3. Compression using the spherical indenter did not result in
any film puncture.
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Figure 7. Mechanical characterization of cross-linked alginate films using the MACH-1biomechanical
analyzer. (a) Setup for confined compression enabled by a 3D-printed ring using a metallic spherical
indenter; (b) hardness and contact stiffness calculations based on the hysteresis loop using the setup
in (a) with the analyzer program to indent 0.15 mm at a rate of 0.1 mm/s with a delay of 1 s prior
to unloading (run B); h;; and gy, are the maximum and tangent indentation depths, respectively;
(c) dynamic mechanical analysis programmed for five cycles using the setup in (a) for a frequency of
0.05 Hz and displacement of 0.1 mm scaled to illustrate the negligible lag between the cyclical force
and strain curves and initial degree of strain softening as the peak forces decrease before stabilization;
(d) nominal stress/strain curve for the determination of Young’s modulus using the flat indenter and
the linear portion of the curve.

The shape of the stress—strain is curve was dependent on the projected surface area of
the indenter. Specifically for a flat indenter, based on the hookean behavior of the films,
the modulus ranged from 41 kPa to 46.5 kPa (Figure 7d). This linear trend differs from the
curved loading phase observed in Figure 7a. This discrepancy may be due to the variation
in film thickness (1 mm =+ 0.073 mm) resulting in uneven contact for the flat indenter.

The batches for which the results were obtained are summarized in Table 5. Film 1
was used for runs in Table 4. Film 2 was used for the confirmation runs.

2. Viscoelastic Characterization Using Microneedles

Shown in Figure 8a are representative ramp release profiles for the alginate films
subjected to indentation experiments comprised of loading, stress relaxation, and unloading
cycles programmed to the layout in Table 4. The corresponding experimental set-up is
illustrated in Figure 8b. For all runs, the peak force (Fyx) is higher in the presence of the
stopper, as reflected in Figure 8c. The maximum difference of 2.31 N is observed for run
B for an insertion depth (Amp) of 150 pm, penetration rate (Rate) of 0.1 mm/s,anda15s
time delay (Delay) between the forward and reverse portions of the hysteresis loops.

The experimental matrix in Table 4 was duplicated based on the phantoms to focus
on the stress relaxation portion of the indentation cycles. The normalized stress relaxation
trends subjected to HMN and HMNS are presented in Figure 9a. Based on the criteria of
the threshold ratio of 0.4 for the equilibrium force measured at the end of the relaxation
period by the peak force (Fe /Fmax), the viscoelastic behavior of the films can be classified as
Maxwell behavior. Subsequently, these stress relaxation data were modeled using Equation
(10) to find the best fit for the Prony series constants. The constants (E;), as well as the
respective coefficients of determination, R?, are presented in Tables 6 and 7.
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Figure 8. Ramp release experiments with the microneedles at varying indentation depths, rates, and
time delays between the forward and reverse portions of the hysteresis loops denoted as runs A-D
defined in Table 4. (a) Sample stress relaxation profiles for the HMNS; (b) HMN sealed to the analyzer
for a viscoelastic characterization connected to the analyzer and inset; (b1) HMNS configuration
approaching the confined surface for indentation; (c) peak force difference (AFmax) for runs A-D
between the HMNS and HMN configurations.
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Figure 9. Stress relaxation experiments with the microneedles at varying indentation depths and
rates for viscoelastic behavior classification denoted as runs A-D. The suffix “S” indicates the HMNS
configuration. (a) Normalized stress relaxation profiles for the HMN (left) and HMNS (right)
configurations displaying biphasic Maxwell behavior. (b) Comparative norms of the biphasic stress

relaxation constants (71, T;) modulated based on process parameters.
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Table 6. Summary of stress relaxation results and the goodness of fit for the Prony series.

Run Foo (N) Finax (N) R? Run Foo (N) Finax (N) R?
A 0.0734 0.4851 0.9973 AS 0.2239 1.23 0.9967
B 0.1233 1.2691 0.9934 BS 0.5514 3.648 0.9922
C 0.1771 1.6807 0.9902 CS 0.461 3.1164 0.9962
D 0.9256 2.8028 0.9832 DS 0.5627 4.4492 0.998

Table 7. Prony series constants as a function of differential insertion depth and strain rates.

Run E (Pa) E,;0x (Pa) Eq (Pa) E;, (Pa) T1 (s) Ty (s)
A 4.04 x 10* 2.67 x 10° 1.23 x 10° 7.87 x 104 1.9 25.6
B 6.23 x 10% 6.41 x 10° 252 x 10° 227 x 10° 1.2 22.1
C 8.24 x 10* 7.82 x 105 3.70 x 10° 2.07 x 10° 0.6 15.3
D 3.68 x 10° 1.12 x 100 1.64 x 10° 3.26 x 104 0.3 12.2
AS 1.23 x 10° 6.78 x 10° 294 x 10° 249 x 10° 2.1 26.7
BS 2.65 x 10° 1.75 x 100 4.49 x 10° 6.74 x 10° 1.2 22.1
Cs 1.97 x 10° 1.33 x 10° 5.10 x 10° 3.95 x 10° 12 16.8
DS 2.03 x 10° 1.61 x 10° 7.30 x 10° 3.82 x 10° 0.5 13.4

Shown in Figure 9b is two-fold evidence of phantom uniformity, as the response to
stress relaxation plotted in terms of the empirical relaxation constants (11, Tp) varies with
the indentation rates and parameters, as designed, and the magnitudes of the constants
are comparable between microneedle types. In essence, phantom fabrication will not be a
noise factor in assessing puncture.

3. Microneedle Inspection Post-Indentation

Shown in Figure 10 is the comparative examination of HMN and HMNS signature
indentation for Run B. This run was chosen as a maximum indentation force difference
was registered between the microneedle configurations as previously demonstrated in
Figure 8c. Hydrogel and dried saline residues that accumulated as a result of indentation
are presented in Figure 10. Hydrogel accumulation is observed mainly on the needles in the
absence of the stopper (Figure 10b,c). For the HMNS (Figure 10e,f), the bulk of the hydrogel
is distributed between the ring and the nozzles suggesting different indentation/puncture
mechanisms in the presence and absence of the stopper. In addition, there was no evidence
of fracture or micro needle-bending.

Figure 10. Microscopic examination of microneedles post-indentation for Run B, Film 1:
HMN:s (top row), HMNS (bottom row) before (a,d) and after puncture (b,c,ef). (a,d) Before in-
dentation (control), top view (a), isometric view (d); (b,c) hydrogel residues outlined by red dashed
circles present on HMN nozZzles; (e,f) hydrogel residues outlined by red dashed circles distributed on
the stopper ring and HMNS nozzles. A black dashed circle represents saline residue.
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3.5. Pycnometry

In order to distinguish mass re-distribution in soft matter from mass-loss
post-indentation, the bulk density was measured for the runs with an indentation depth
of 0.15 mm. Results of a paired t-test presented in Table 8 indicate a significant decrease
in density pre- (baseline) and post-indentation for both runs examined. At a significance
level of & = 0.05, p values of 9.60 x 107> and 6.08 x 10~° were calculated for the HMNS
and HMN, respectively, with corresponding recorded mass losses of 28.2 mg and 29.6 mg.

Table 8. Comparative bulk density measurements between HMN and HMNS.

Run HMNS Baseline HMNS Post p-Value HMN Baseline HMN Post p-Value
p (g/cm3) (x = 0.05) p (g/em3) p (g/cm3) (a« = 0.05)
BS/B 1.4120 + 0.0261 0.1691 £ 0.0010 9.69 x 107° 1.4092 + 0.0085 0.1500 + 0.0017 6.08 x 107°

The effect of phantom-to-phantom variation for baseline calculations may be excluded
as there is no significant difference between the bulk densities prior to puncture (p = 0.93).

3.6. Validation of Puncture

The properties of the single alginate hydrogel network were tuned to decrease the
phase angle determined based on DMA from 11° (Film 1) to 5° (Film 2) resulting a higher
cross-linked phantom.

Using freshly printed HMNS and film-drying conditions extended from 12 h to 18 h
prior to crosslinking, the indentation runs A-D were conducted according to the scheme in
Table 4 for ramp release experiments. The suffix “52” associated with these experimental
conditions refers to the usage of Film 2 as the phantom. The performance of a 21 G
hypodermic stainless steel syringe with a slanted tip (i.d. 0.514 mm, o0.d 0.819 mm) subjected
to the indentation profile of Run B was also examined. This needle was chosen as the inner
diameter is closest to the post-shrinkage average value measurements associated with the
HMNS (d = 480 £ 53 pum).

Mechanical analysis of the puncture are represented in Figure 11a,b, as well as compli-
mentary programmed displacement plots (Figure 11c). The large magnitude of the peak
force for Run C (33 N) is attributed to the needle touching the surface of the glass substrate
on which the hydrogel film is resting (verified visually, not shown). The indentation rate
of run D may have been too fast for denting the substrate, as almost no reaction force
is detected, as displayed by the flatness of the hysteresis curve (Figure 11b). Puncture
occurs for Run B at a peak force of 8.3 N (Figure 11a) for this stiffer substrate (Film 2), as
compared to a puncture force of 3.7 N for Film 1 (Figure 8a). Visual proof of puncture
for both hydrogel films, for an insertion depth (Amp) of 150 um, penetration rate (Rate) of
0.1 mm/s, and a 1.5 s time delay (Delay) between the forward and reverse portions of the
hysteresis loops, is presented in Figure 12.

The standard 21 G needle puncture was characterized by a peak force of 13.7 N.
Visual inspection confirmed that the metallic needle did not touch the glass substrate
but punctured the hydrogel. Comparing the hysteresis profiles in Figure 11b, there is a
distinct difference between the recovery for the HMNS runs AS2-DS2 and the 21 G needle.
For the HMNS, complete viscoelastic recovery was enabled by the mechanical analyzer
post-stress relaxation. For the metal, the extent of stress relaxation is minimal and during
the unloading period, plastic strain is observed followed by return to the programmed
original position. For the same displacement profiles denoted as BS2 and 21 G in Figure 11b,
indentation has resulted in irreversible deformation for the SS needle as compared to a
plausible local mass redistribution in the presence (Runs BS2 and CS2) and absence of
puncture Runs AS2 and DS2).



Appl. Mech. 2024, 5

250

35 T . v 35 - v
AS2 ——As2
852 BS2
30 | cs2|q sor @ csz2|]
Ds2 Ds2
216 L 216 |4
2 ] 25
20
220 z
8 | 815
215 v | s /
— | 10F
10 i \ yrdl
i \ -7 4
5 — | =
/ 8\
[ A /H\ <« >
0 s n L L s s ;
0 1 2 3 4 5 6 7 0 0.05 0.1 0.15 02 0.25 03
time (s) 03 Displacement (mm)
AS2
. 852
025 & cs2| ]
DS2
=3
T 02 1
E
€
E 0.5 SEme
g /
3 /
8 o /
/
/
0.05 / \
/ \
R/ AN
0 1 2 3 4 5 6 7

time(s)

Figure 11. Mechanical analysis of puncture using a freshly printed HMNS for indentation according
to process conditions for runs A-D with the suffix “S2” referring to Film 2, a higher cross-linked
phantom. The 21 G needle was indented under the protocol of Run B. Puncture was confirmed for Run
B (BS2). (a) Comparative ramp release profiles with dashed arrows comparing the negligible stress
relaxation component of the metallic needle to the HMNS relaxation. (b) Comparative hysteresis
plots highlighting the plastic strain signature of the 21 G needle denoted by the reversible purple
arrow in contrast to viscoelastic recoveries. (c) Programmed displacement profiles corresponding to

the ramp release profiles.

650 um

Figure 12. Multi-scale proof of puncture using HMNS on alginate skin phantom. (a,b) Punctured
slabs captured with (b) and without (a) a 3D printed compression confinement ring for confirmation

of run BS2 on Film 2; (c¢) puncture imprint for run BS conducted on Film 1; (d) microscopic image

obtained from resultant puncture for run BS conducted on Film 1.
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3.7. Simulation

In the absence of additional metrology and surface finish post-curing, combining the
ramp release profiles summarized in Table 4, the bulk and measured viscoelastic phantom
properties as inputs, puncture simulations were initiated. Mass loss was not taken into
account, as the effect of a single nozzle has been simulated; thus, the density used in the
simulation corresponds to the baseline one measured in Run B (o = 1.412 g/cm?). The suffix
“S” for runs A-D indicates the presence of the stopper.

This simulation process is demonstrated for Run A (Figure 13) for which the model
was validated. The reasoning behind this choice is that the indentation depth for this run
is 0.1 mm and the HMNS stopper ring theoretically does not touch the surface. Thus,
the response for both designs should be very close in terms of the peak force. Validation
using identical viscoelastic properties for the films was carried out, with the assumption
being that the biphasic relaxation time constants (71, 77) outlined in Table 7 ([T1pvn = 1.9 s,
ToHMNS = 25.6 5] vs. [TiaMNs = 2.1 s, TopmNs = 26.7 s]) are very close, and the ratio of
(Feo /Fmax) levels is at approximately 20% (Figure 9A). The resultant simulated peak forces
were 0.7 N and 0.95 N for the HMN and HMNS, with a common shape of the hysteresis
loop, as presented in Figure 13b,c. The reason for the discrepancy between the simulated
peak forces is that the software takes into account the reactive forces as a result of insertion
for the needle/stopper interface, absent in the case of the HMN needle. As the peak force
difference is 0.15 N, the model was considered to be validated.
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Figure 13. Model validation using Run A. (a) Generated displacement profile emulating the biome-
chanical analyzer generated using the COMSOL interface (left); (b) hysteresis plot with inset displace-
ment (top left) measured using the boundary probe (bottom right) for the HMN; (c) hysteresis plot
with inset displacement (top left) measured using the boundary probe (bottom right) for the HMNS.

Two sets of CAD dimensions were used for the HMNS. The first set (Original Configu-
ration) includes the dimensions as seen in the SolidWorks file, displayed as Figure 2a—d.
The second set includes taking the printing resolution of 25-50 pum into account, combining
it with the experimental biomechanical analyzer data, and hypothesizing a likelihood
estimate of the geometry (Proposed Configuration).

There is no evidence of nozzle impingement based on the visual inspections shown in
Figure 10, and there is evidence of puncture and solid imprint of the stopper on the hydrogel
(Figure 12) at the programmed indentation depth of 0.15 mm (Run B). By shortening the
fusion length (FL) from 77 um to 42 um and reducing the stopper height (h3) from 150 um
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to 100 um, the puncture forces are in the same order of magnitude as the experimental
measurements. These modifications are within the printing accuracy range of the V4 Clear
resin and reflected in the comparative results presented in Figures 14 and 15.

Figure 14. Simulated indentation for Run B with the displacement profile (left column), stress
profile (middle column), and 3D solid view of the puncture at maximum force (right column).
(top row) HMN; (middle row) HMNS Original Configuration; (bottom row) HMNS Proposed Configu-
ration, (inset) alignment of the experimental data ramp release profile (red curve) with simulation
(blue curve); the white arrow indicates the reaction force at the microneedle fusion interface.

Figure 15. Simulated indentation for Run C with the displacement profile (left column), stress
profile (middle column) and 3D solid view of the puncture at maximum force (right column).
(top row) HMN; (middle row) HMNS Original Configuration; (bottom row) HMNS Proposed Configu-
ration, (inset) alignment of the experimental data ramp release profile (green curve) with simulation
(blue curve).
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The simulated Proposed Configuration confirms the experimental trend and differs from
the experimental results by a factor of approximately 2. The shape of simulated force vs.
time curves also matches the experimental observations produced by the biomechanical
analyzer (Figures 14 and 15, bottom row, inset ramp release profiles). Both the displacement
profiles and 3D extrusions highlight the imprint of the stopper on the gel, absent in the
Original Configuration.

The comparative experimental and simulation results have been summarized in
Table 9. The model is not a good predictor of the HMN performance as the indentation
rate and depth increase synergistically (Runs A and C) even after creating a fillet at the
nozzle tip to solve the convergence issues. This may be an artefact of not including mass
loss in the model. The model also does not converge for runs D and DS (high amplitude,
high strain rate), as these rates were experimentally proven to be too fast for effective
indentation/puncture in the case of HMNS (Figure 11b, run DS2).

Table 9. Comparison between measurements and simulation in terms of peak force.

Actual Simulat.ed Simulat?d
Run Force (N) Original Configuration Proposed Configuration

(N) (N)

0.485 0.7* N/A**

B 1.27 5.5 N/A**

C 1.68 2700 N/A**
AS 1.23 0.95*% 1.52
BS 3.65 0.28 1.75
Cs 3.12 0.6 1.85

* Validation using identical viscoelastic properties for the films. ** Proposed Configuration is not applicable to the
HMN design without the stopper.

Similarly, without taking into account the hypothesized printing resolution errors and
shrinkage in the Original Configuration, the predicted force decreases instead of increasing
for runs AS-CS. The convergence of the experimental results for runs BS and CS lends
credence to the adoption of the Proposed Configuration.

4. Discussion
4.1. Dimensional Inspection of 3D-Printed Parts

Based on the measurements of the shrinkage at the indentation sites, the presence of
the stopper prevents shrinkage by 12.5%. As there is no evidence of nozzle impingement or
blockage, future replication and additional metrology measurements should be conducted
to validate the trends with the current aspect ratio.

In relation to the collective-material-shrinkage effects (on the h3 deviation from design),
the effects of the slant posts are deemed secondary (causing a symmetrical tensile load on
the stopper-ring’s peripheral surface), whereas the effects of the stopper-thickness diameter
and the nozzle height hold more primary positions, as reflected in the simulation results of
the Proposed Configuration.

4.2. Profilometry

Results support the role of the stopper introduction, as the puncture is more uni-
form for the HMNS. As such, it can be hypothesized that the role of the stopper can be
extended to structural support of the peripheral nozzles, as was the case in the shrinkage.
Additional surface modifications post-curing, such as surface finish followed by metrol-
ogy, is recommended to level out the part so that the efficacy of the central needle in the
puncture is enhanced.
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4.3. Mechanical Testing

The mechanical behavior of alginate is dictated by the shape of the indenter. In
case of flat and spherical indenters, hyperelastic and hookean profiles are observed. For
spherical indentation, the hardness values for single-network alginate films of 31 kPa and
36.5 kPa enable the classification of the films according to the Density Type durometer
scale as extra-soft to soft, with an extrapolated Shore D hardness of 0 [72,73]. According
to the literature, cured acrylate-based, from which the microneedles under examination
are made, can be classified under Shore D hardness ranging from 47 to 57, classified
as hard [69,74]. Young’s modulus of alginate depends on the ratio of the glucuronic to
mannuronic constituent acids, morphology of the cross-linked structure (film vs. sphere),
cross-linker type and presence of a plasticizer, slab drying method prior to cross-linking,
swelling ratio, strain rate, and sterilization scheme [21,46,75-81]. For calcium alginate, this
wide range is 25 kPa-50 MPa. For the films in this study the range is 41 kPa—46,500 kPa,
within the same order of magnitude of the hardness range of 31 kPa-36.5 kPa. For Film 1,
with a phase angle of 11° determined via DMA, Maxwell relaxation was observed. For Film
2, with a phase angle of 5°, the scope of the modeling will be extended to Voigt relaxation.

Qualitative inspection post-indentation should be extended to quantitative imaging
where a reversible imprint should be distinguished from irreversible mass redistribution or
mass loss. This in turn will result in a stronger correlation of puncture characterized by
mass loss at a given indentation depth. Screening experiments have identified fluorescent
microscopy or alternative imaging modalities [59,82] as suitable methods.

4.4. Pycnometry

There is a significant difference in bulk density pre- and post-puncture for the ex-
amined films for both the HMNS and HMN designs. This change in density (Ap) may
be attributed to two sources. The first contributor is water loss during indentation from
the porous slabs. As the films were allowed to rehydrate post-indentation in buffer for
at least for 5 min prior to analysis via pycnometry, it could be assumed that there are
other contributors to density variation for the puncture. The proposed imaging modali-
ties post-indentation will lend credence to this hypothesis. Furthermore, stress relaxation
models have been confined to viscoelasticity. Given the porous nature of the hydrogel,
poroviscoelasticity modeling will enable the quantification of solvent diffusion times under
stress, and a longer time period than 5 min may be necessary for solvent diffusion into the
punctured slab to measure the adequate bulk density [83-85].

4.5. Simulation

It is hypothesized that the projected deviation (from design) of the differential height of
the nozzle-tip from the stopper (h3) is predominantly governed by the equipment-specified
printed-material resolution of 25-50 um. This is in contrast to other potential contributors
to the height differential deviation from design, such as the collective-material shrinkage,
including the nozzle, the stopper ring, and the four supporting slant posts connecting the
stopper ring to the platform of the printed structure. Although shrinkage was measured, it
was assumed that each part shrunk evenly. Additionally, metrology will enable verification
of the above assumptions and adequately consider the shrinkage effects.

Using the HMNS design, simulation enabled the illustration of printing resolution
limitations using custom viscoelastic properties. At a simulated insertion depth of 0.15 mm
(puncture) and 0.2 mm (post-puncture), the simulated peak forces using the proposed
configuration are approximately half the empirical values (Table 9). The discrepancy of
the peak force magnitudes may be justified as the biomechanical characterization was
limited to viscoelasticity and neither poroviscoelasticity nor hyperelasticity were chosen.
Another reason for the discrepancy could be the fact that a single needle was modeled
instead of the assembly of frusta. Variations were seen in nozzle-to-nozzle performance
in the profilometry results, and if the indentation stresses are not normally distributed,
the average does not reflect individual deformation. Related to the latter, the Prony series
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constants were also used as intrinsic properties scaled to the maximum projected area of an
ideal CAD dimensioned nozzle.

3D visualization illustrates forces that the biomechanical analyzer does not pick up,
namely reaction forces resulting from puncture. From the microneedle perspective, an
example of such force could be the microneedle/stopper interface reaction force illustrated
in Figure 14 (bottom row, right column) or the hydrogel viscoelastic memory.

4.6. Implications of the Research

In this study, SLA was used for the reproducible feature incorporation of a stopper
into solid hollow microneedles in order to actively and precisely control the puncture depth
within the alginate skin phantoms. Currently, the epidermis-targeted delivery of cells
in peer-reviewed literature is restricted to dissolvable cryoMNs [9] or transport through
porous and dissolvable patches [32,33], which are not suitable for microencapsulated cell
delivery. The HMNS withstood the mechanical impact of the indentation/puncture, with
reproducible puncture observed at the target design height of 150 pm based on two sets
of steam-sterilizable alginate slabs with modulated stiffnesses to withstand a range of
puncture forces.

Key findings enabling the observations above based on extensive experimentation/simulation
and recommendations are summarized below in Table 10.

Table 10. Key findings and recommendations.

Area Key Findings Recommendations
. Stopper incorporation at a target height of 150 um
above the needle tip with 3D printing and curing,
and resulting in an assembly that is robust to
biomechanical indentation/puncture testing. ) ) )
e  Measurement of nozzle diameter shrinkage is less ~ ® Ir}corpqratlon Qf shrinkage into target
SLA prominent in HMNS. dimensions Solidworks and iterative
and e  Profilometry indicates surface roughness on metrology measurements

Dimensional Verification

. Additional surface finish step post-cure
to assess the effect of surface roughness
on puncture.

nozzles and suggests a different mechanism action
for center and side nozzles.

. Profilometry indicates surface roughness on
nozzles and suggests a different mechanism action
for center and side nozzles in the presence and
absence of a stopper.

e  Modulation of stiffness and hardness using
fabrication conditions for sterilized alginate slabs

Sl;;%i}g:ggim measuring 1 mm +/— 0.073 mm in thickness ] ) )
and enabled via biomechanical characterization. ° quellng of .stlffer alginate substrates
. . e  Viscoelastic modeling resulted in Prony series using the Voigt model.
Biomechanical . : .
characterized by a biphasic Maxwell stress
Tests . .
relaxation regime for the softer phantom.
. Identification of reproducible puncture conditions
at an indentation depth of 150 um, by running a . Need for quantitative puncture depth
programmed experimental matrix to modulate the imaging to distinguish mass loss from
penetration depth, rate, and viscoelastic relaxation volume redistribution.
Puncture time. L Poroviscoelastic characterization to
Characterization Multi-scale proof of puncture using light estimate solvent expulsion and
microscopy based on two phantom formulations. rehydration times to refine the
Mass loss and bulk density changes cannot be pycnometry protocol.
directly correlated to puncture.
Printing parts with various fusion
Peak force results compatible with experimental &b
R lengths (FLs) between the stopper and
findings at a puncture depth of 150-200 um for the : . . .
e L S ) side needle to compliment simulation
Simulation HMNS if printing resolution is taken into account

and assuming the even shrinkage of parts.

results.
Coupling results to iterative metrology
measurements.

5. Conclusions

The dual objectives of this research study, which were to design a novel HMN feature
to limit the puncture depth to 150 um, using a biocompatible phantom formulated to with-
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stand a force of 6 N, have been met. Visual proof of puncture for a programmed insertion
depth (Amp) of 150 um, penetration rate (Rate) of 0.1 mm/s, and a 1.5 s time delay (Delay)
between the forward and reverse portions of the hysteresis loops have been recorded for the
HMNS. Puncture was observed for the HMNS and a 21 G SS slanted-tip SS needle under
the process conditions stated above at peak forces of 8.3 N and 13.7 N, respectively, by using
a 1 mm steam-sterilized alginate cross-linked substrate (S = 1225 N/m, H = 36.5 N/mm?).
The alginate layer’s tunable properties may accommodate the injection of extruded mam-
malian cells into the phantom and will offer a microenvironment to monitor the fate of
the cell line. This advantage, in turn, will widen the scope of the pre-clinical study to
microencapsulated cell delivery, previously limited by the lack of active control of the
HMNS penetration depth. In the absence of costly detailed metrology, simulation using the
measured viscoelastic properties of the phantoms in conjunction with the programmed dis-
placement of the mechanical analyzer used as inputs highlighted the possibility of printing
resolution errors. With these assumptions, the predicted peak force values were half the
empirical ones for the HMNS at depths of 0.15 mm (puncture) and 0.2 mm (post-puncture).
Additional metrology is required to decouple shrinkage from the printing resolution, result-
ing in a more accurate overall process-tolerance estimation for SLA bio-fabrication. Surface
finish post-curing may be coupled to metrology to elucidate the effect of surface roughness
on the uniformity of the puncture in the presence and absence of the stopper. In parallel,
quantitative microscopic test methods and poroviscoelastic modeling need to be explored
to improve pycnometry testing protocols in support of the creation of a classification system
to distinguish a reversible imprint from irreversible mass redistribution or mass loss as
a result of the puncture. At last, there are currently no biomechanical cues indicative of
having surpassed the epidermis thickness other than the stopper height, which itself is
subject to printing tolerances and unmeasured shrinkage. Future efforts will include the
use of biocompatible composite films [39-42] with a density gradient to be used as soft
sensors to compliment the active control feature of the stopper. Based on the successful
incorporation of the stopper into the solid microneedles, the insertion height of this feature
may be modulated to reach precisely deeper targeted locations in the skin or tissue.
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