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Abstract
The hand function of patients who suffer from trigger ﬁnger can be impaired by the use of traditional
splints. There is also a risk of systemic side effects with oral non-steroidal anti-inﬂammatory drugs
(NSAIDs) used for pain relief. Microneedle-assisted transdermal drug delivery offers an attractive
alternative for local delivery of NSAIDs. However, traditional microneedle arrays fabricated on ﬂat
surfaces are unable to deliver drugs effectively across the undulating skin surface of affected ﬁnger(s).
In this study, using 3D printing, a dual-function microneedle array has been fabricated on
personalized curved surfaces (microneedle splint) for drug delivery and splinting of the affected ﬁnger.
The novel microneedle splint was assessed for its physical characteristics and the microneedles were
shown to withstand up to twice the average thumb force without fracturing. An average skin
penetration efﬁciency of 64% on dermatomed human cadaver skin was achieved and the ﬁnal
microneedle splint showed biocompatibility with human dermal cell lines. A signiﬁcantly higher
amount of diclofenac permeated through the skin by 0.5 h with the use of the microneedle splint as
compared to intact skin. The fabricated microneedle splint can thus be a potential new approach to
treat trigger ﬁnger via personalized splinting without affecting normal hand function.

1. Introduction
Trigger ﬁnger is an inﬂammation of the ﬁnger joint
which affects about 2% of the general population
globally [1–3]. It is more common among women,
especially in the ﬁfth and sixth decades of life [4]. The
mechanism of injury is postulated to be due to a
disparity in the size of the ﬂexor tendons and the
enclosing sheath in the surrounding retinacular A1
pulley system which overlies the most commonly
affected metacarpophalangeal (MCP) joint. The rest of
the ﬁnger joints could also be affected [5–7]. This
disparity in size could be due to ﬁbrocartilaginous
metaplasia of the ﬂexor tendons as a result of repeated
ﬂexion and extension of the ﬁnger [6, 8–10]. The
tendons become caught when they glide through the
sheath [5, 11], resulting in locking of the affected
ﬁnger(s) during ﬂexion which requires painful manipulation into extension [12]. Some of the risk factors for
trigger ﬁnger include repetitive ﬁnger movements,
diseases such as diabetes and rheumatoid arthritis and
local trauma [13]. The use of modern mobile devices,
© 2017 IOP Publishing Ltd

involving repetitive ﬁnger motion, has increased
dramatically in recently years, with up to 97 per 100
people globally having a mobile cell phone subscription [14]. As such, the incidence of trigger ﬁnger may
possibly increase in the near future.
The ﬁrst-line therapy for primary trigger ﬁnger is
oral non-steroidal anti-inﬂammatory drugs (NSAIDs)
for pain relief [5, 13] and ﬁnger splinting for immobilization of the affected joint(s) [15–17]. The suggested
duration of splinting is 3–6 weeks [15]. The traditional
method of splinting involves taping a tongue blade
over the affected ﬁnger and palm to hold the MCP
joint of the affected ﬁnger at 10° to 15° of ﬂexion with
respect to the proximal interphalangeal (PIP) and distal interphalangeal (DIP) joints [18, 19].
However, the current ﬁrst-line clinical therapy is
plagued by the following challenges. Firstly, splinting
requires a tongue blade to be taped onto the whole
hand, which renders the hand functionally impaired
for at least 3 weeks. Secondly, oral NSAIDs have
a risk of systemic side effects that include drug
interactions with anticoagulants, antiplatelets [20, 21],
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Figure 1. Schematic representation of a MN array on a ﬂat surfaces and a MN array on a personalized contoured surface. SKIN (1)
represents a MN array on a ﬂat surface inserted on an undulating, uneven skin surface. SKIN (2) represents a MN array on a
personalized curved surface, achieving complete insertion into the undulating human skin.

antihypertensives [22, 23], antidepressants [24–28],
methotrexate [29] and others. Consumption of
NSAIDs also increases the risk of cardiovascular, cerebrovascular [26, 30–33] and gastrointestinal adverse
events, [34] and may precipitate renal [35–37] and
hepatotoxicity [38–42]. Hence, the current treatment
approach can potentially lower the quality of life of the
patient.
Microneedle (MN)-assisted transdermal drug
delivery offers an attractive alternative for NSAIDs to
be delivered locally into the capillaries surrounding
the affected joint(s), without signiﬁcant systemic side
effects [43, 44]. However, the surface of a ﬁnger is
undulating and unique due to inter-individual differences in the structure of the ﬁnger joints, skin elasticity
and the amount of hair on the skin. As such, Traditional MN arrays, which are fabricated on ﬂat surfaces,
are often not completely inserted and large amounts of
loaded materials are not delivered [45]. Furthermore,
traditional ﬂat MN arrays are subjected to the ‘bed of
nails’ effect where the force on each MN is equally distributed across the array. This results in the inability of
all MNs to overcome the elasticity of the epidermis
and puncture the skin. This can lead to suboptimal
dosing and a huge wastage of drug incorporated into
the MN array. One way to resolve this issue is to fabricate MN arrays that contour fully to human skin. This
allows all the MNs to be inserted completely into the
skin, as illustrated in ﬁgure 1. Current MN fabrication
techniques adapted from the microelectronics industry [46] include a series of photolithography, thin-ﬁlm
deposition or dry and wet etching techniques [47], and
are unable to effectively fabricate MN arrays on curved
surfaces.
Several groups have attempted to fabricate MN
arrays on a ﬂat surface and superimpose them onto
ﬂexible patches [48–50] that curl around the skin upon
application. However, the administration of these
ﬂexible patches is likely to be dependent on user
expertise to ensure proper use. The ﬂexibility of the
patch may also be insufﬁcient to account for minor
indentations or variations of the skin. Finally, these
fabrication techniques lack the ability to change design
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quickly and often involve multiple steps such as a
tedious preparation of a master template followed by
micro-molding.
Unlike traditional subtractive or formative manufacturing, additive manufacturing (AM) technology
enables the construction of a sturdy physical model
[51] of any geometrical complexity up to the micron
scale, layer by layer until it is completely fabricated
[52]. Furthermore, using computer-aided design
(CAD) software for an AM technology such as threedimensional printing (3DP), a personalized splint with
a unique curved surface that contours the patient’s ﬁnger can be designed. As such, 3DP could potentially
fabricate MN arrays on the curved surface of a personalized splint as well as fabricate the splint itself in a
single process.
In this study, we developed a MN array on personalized curved surfaces, or a MN splint via 3DP, that
acts as a splint to immobilize the affected trigger ﬁnger
and delivers NSAIDs through MN-assisted transdermal drug delivery [53, 54] for pain relief.

2. Materials and methods
2.1. Materials
Trypan blue, diclofenac sodium and phosphate-buffered saline (PBS) powder were purchased from
Sigma-Aldrich (St Louis, MO, USA). PrestoBlue® was
obtained from Invitrogen (Carlsbad, CA, USA). Culture media consisted of Dulbecco’s Modiﬁed Eagle
Medium (DMEM) (Invitrogen) supplemented with
10% of fetal bovine serum (FBS) (Invitrogen) and 1%
of 10 000 U ml–1 penicillin and 10 mg ml−1 streptomycin (PS) (PAN-Biotech GmbH, Germany). 3DMCastable resin was purchased from Kudo3D Inc.
(Pleasanton, CA, USA). 10% neutral buffered formalin
was purchased from Leica Biosystems Nussloch
GmbH (Germany). All other reagents were of analytical grade.
2.2. Design of the MN splint
A human hand CAD model was obtained from an
online source to simulate that of an actual patient. The
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CAD software used for the entirety of this study was
AutoCAD© 2016 (Autodesk® Inc., San Rafael, CA,
USA). A splint model was designed to ﬁt snugly to the
ﬁnger, based on the contours and dimensions of the
hand model, via AutoCAD© 2016. Subsequently,
arrays of MNs were created on the splint’s inner
contoured surface. The MNs were designed to have
300 μm base diameter and a 1800 μm center-to-center
spacing [55]. The MN height was set at 900 μm to
achieve penetration through the skin on the palm [56].
Two rings were attached to the splint to allow the user
to wear the splint instead of needing to tape the splint
to the ﬁnger.
2.3. Fabrication of the MN splint
A commercial Digital Light Processing or DLP 3D
printer (Titan1, Kudo3D Inc.) equipped with a Viewsonic® DLP projector was utilized for printing the MN
splint. The individual images used for fabrication were
processed by Creation Workshop Envision Labs (St
Mankato, MN, USA) into 50 μm layers, exported and
opened as a zip ﬁle in Titan1’s control software. The
printer XY resolution was set as 50 μm. Two MN
splints were printed at the same time to reduce the
total operation time. A proprietary resin, 3DMCastable, was used for the fabrication. Light spectra of
the DLP projector used was measured using an optics
spectrometer (USB4000-XR1, Ocean Optics Inc.,
FL, USA).
2.4. Post-fabrication treatment
The printed MN splint was peeled off slowly from the
build platform and subjected to a series of rinsing.
Firstly, the printed splint was soaked in an organic
solvent (isopropyl alcohol), with a change of fresh
solvent every 15 min until there was no coloration to
the solvent. Excess solvent was rinsed off with tap
water and left to dry. Subsequently, the fabricated MN
splint was exposed to UV–vis light at 400 nm under a
post-curing LED lamp to cure any remaining uncured
resin for a total of 2 h. The MN splint was then soaked
in PBS for 24 h, with a change in PBS after 12 h, and
ﬁnally soaked in 70% v/v ethanol for 24 h, with a
change in ethanol after 12 h. The MN splint was left to
dry before use.
2.5. Test of fracture force
MNs experience both axial and shear fracture forces
[57]. Therefore, the MN arrays were subjected to
compression forces in all three directions in the X-, Yand Z-axes before the percentage breakage of MNs can
be concluded. The MNs at the top, center and bottom
of a MN splint (see ﬁgure 4(D)) were ﬁrst observed,
demarcated and photographed using a Nikon SMZ25
stereomicroscope (Nikon, Japan) and the measurement tools of Nikon imaging software (NIS-Element
Analysis D 4.20.00) to obtain ‘before’ images. Subsequently, a Algol JSV H1000 digital force gauge (Algol
3

Instrument Co. Ltd., Taiwan) was used to compress
the MN splint against a printed ﬁnger model, made of
acrylonitrile butadiene styrene (ABS), for 30 s at a
thumb force of ∼20 N [58] in the Z-axis as designated
in ﬁgure 4(Eiii). MNs at the same locations were
photographed using the same stereomicroscope to
obtain ‘after’ images. The ‘before’ and ‘after’ images of
the MNs were compared for visual inspection of any
fracture. The percentage of intact MNs after compression was then determined. The test was conducted in
triplicate. Subsequently, the whole experiment was
repeated at compression forces of 30 N and 40 N. After
completing the test of fracture force for the Z-axis, the
entire experiment was repeated for both the X(ﬁgure 4(Ei)) and Y-axes (ﬁgure 4(Eii)).
2.6. Skin preparation
Human dermatomed skin was obtained from Science
Care (Arizona, USA). The skin tissues were excised
from the thighs of a Caucasian female donor aged 92.
Visual inspection was performed prior to the experiment to ensure there was no breakage in the skin tissue
and its skin barrier function.
2.7. Skin and MN penetration
A polydimethylsiloxane (PDMS) replica of the ﬁnger
model was previously prepared to mimic full-thickness skin. Brieﬂy, a mixture of silicone elastomer base
and silicone elastomer curing agent at a weight ratio of
9:1 was poured into a 3D-printed reverse mold of the
ﬁnger model. The mixture was degassed before being
heat cured at 70 °C for 2 h. Dermatomed human
cadaver skin was placed over the PDMS ﬁnger
substrate and a MN splint was placed onto the skin to
complete the setup. The setup was then taped with
Leukoplast®. Subsequently, the MN splint was compressed onto the skin using a thumb with slow
rotational motion for 3 min across the MN splint to
achieve penetration of the MNs.
2.8. Skin penetration efﬁciency test
The percentage of successful MN penetration was
determined by a trypan blue staining method. After
application of the MN splint, the skin was ﬂooded with
trypan blue solution for 10 min. The skin was later
cleansed with distilled water, followed by 70% v/v
ethanol. The stained human cadaver skin was photographed using a Nikon SMZ25 stereomicroscope and
the penetration efﬁciency was analyzed.
2.9. Histological examination
The MN-treated skin samples were ﬁxed with 10%
neutral buffered formalin for 48 h and subsequently
transferred to 15% sucrose solution 24 h before
sectioning. Immediately before sectioning, the skin
samples were frozen in the embedding matrix with
liquid nitrogen and separately cross-sectioned using
the cryostat (CM3050 S, Leica, Germany) to obtain
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cross-sections of 10 μm. The cross-sections were
stained as per standard protocols of hematoxylin and
eosin (H&E) staining. The obtained stained samples
were imaged and analyzed using the Nikon SMZ25
stereomicroscope.
2.10. In vitro biocompatibility of DLP-printed parts
The test for biocompatibility was designed based on
EN ISO 10993-12:2012 guidelines. Three 1 cm3 cubes
were previously printed and subjected to the postfabrication treatment. A total of 6 ml of PBS was
subsequently used to soak the cubes for 24 h to extract
any substances which may leak from the printed parts.
Human dermal ﬁbroblast (HDF) and human adult
low calcium high temperature (HaCaT) cells were
used to assess the toxicity of the polymer used in 3D
printing. Cells were grown in DMEM supplemented
by 10% FBS and 1% penicillin–streptomycin solution.
Ten thousand cells were plated into 96-well microtiter
plates in 200 μl of culture medium. After 24 h of incubation at 37 °C and 5% CO2, all culture medium was
removed and replaced with 180 μl of fresh culture
medium and 20 μl of extract for each well. The negative control consisted of wells containing 180 μl of
fresh culture medium and 20 μl of sterile PBS. The
plates were incubated at 37 °C and 5% CO2 for 24 h
and 72 h.
At the respective time points, 22 μl of PrestoBlue®
cell viability reagent was pipetted into each of the
wells. The 96-well plate was then incubated for 30 min
under the same incubation conditions stated above.
Finally, the absorbance of the wells was analyzed with
an absorbance plate reader (SpectraMax® 190, Sunnyvale, CA, USA) at a wavelength of 570 nm with a reference wavelength of 600 nm. This utilizes the reducing
power of metabolically active cells to reduce resazurin
to resorﬁn, with wavelengths of maximum absorbance
of 600 nm and 570 nm, respectively. A higher absorbance readout of 570 nm over 600 nm indicates the
presence of viable cells. The 570 nm absorbance readings will be subtracted from the 600 nm readings for
all treated wells to obtain the normalized absorbance.
The normalized background absorbance of resorﬁn was determined from the blanks and subtracted
from the normalized absorbance of the experimental
and standard reference wells to obtain the corrected
absorbance. Subsequently, the corrected absorbance
of the experimental wells was expressed as a percentage of that of the control to determine the relative cell
viability.
2.11. In vitro skin permeation of diclofenac gel using
‘poke and patch’
Vertical Franz diffusion cells with an effective exposed
area of 1 cm2 were used. Skin samples pre-treated with
the MN splint were mounted onto Franz diffusion
cells with the epidermis facing up. Intact skin was used
as a control. The donor cell contained about 2 g of
4

commercially available diclofenac diethylamine
1.16% gel (Voren®, YSP Industries, Selangor, Malaysia) while the receptor cell contained 4.8 ml of 1× PBS.
The cells were placed inside a hot air chamber with the
temperature controlled at 32 °C. Magnetic stirrers in
the receptor cells stirred at a speed of 180 rpm. The
receptor solution was subjected to HPLC measurement of diclofenac diethylamine permeated through
the skin at time points of 0.5, 1.5, 3, 6, 9.75, 21
and 24 h.
2.12. Drug analysis
The amount of diclofenac diethylamine permeated
was determined by using Hitachi L2000 LaChrome
Elite HPLC system with an Agilent Eclipse XDB C18
column (4.6 mm×150 mm×5 μm, 80 Å). The
mobile phase consisted of mobile phase A (10 mM
potassium dihydrogen phosphate, adjusted to pH 6.3)
and mobile phase B (100% acetonitrile) with an
isocratic elution program with ratios of solvents A:B of
60:40. The ﬂow rate was set at 1 ml min−1. The
injection volume was 20 μl for each sampling and
ultraviolet detection was performed at a wavelength of
282 nm. A calibration curve was constructed using the
respective standard solutions from 60 ppb to
250 ppm.
2.13. Data analysis
All results were collated, analyzed and presented as
mean±standard deviation. All statistical analysis was
performed by descriptive statistics or independent
sample t-tests using IBM SPSS Statistics 21.0 (IBM,
New York, USA). A probability value of p<0.05 was
considered statistically signiﬁcant. All graphical outputs were analyzed and produced by OriginPro 2015
(Northhampton, MA, USA).

3. Results
3.1. Design and fabrication of the personalized dualfunction MN splint
Design of the personalized dual-function MN splint
was achieved using CAD software (details are given in
section 2). Brieﬂy, a CAD hand model to simulate the
clinical patient was superimposed onto a pre-designed
splint (ﬁgure 2(Ai)). The overlapping region was
virtually subtracted to produce a personalized contoured surface on the inner surface of the splint
(ﬁgure 2(Aii)). MNs were implanted onto the personalized contoured surface (ﬁgure 2(Aiii)) and the connecting rings were sliced open to allow easier wearing
by the patient. The base of splint was also trimmed to
reduce unnecessary weight (ﬁgure 2(Aiv)). The completed CAD model was then digitally sliced into layers
of thickness 50 μm and sent for printing. Fabrication
of the MN splint was achieved via a Digital Light
Processing 3D printer (DLP) with a proprietary resin
(ﬁgure 2(B)). Brieﬂy, light rays ranging from 400 nm
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Figure 2. Design and fabrication process of the personalized microneedle (MN) splint. (A) The various design steps. (Ai) 3D model of a
human adult hand superimposed with a typical splint. (Aii) 3D model of a MN splint with an internal surface that is fully contoured to
the human hand. (Aiii) Virtual grafting of MNs onto the personalized contoured surface of the MN splint. (Aiv) 3D model of a ﬁnal
MN splint, ready for fabrication. (B) 3D printing of the MN splint using stereolithography, enhanced with digital light processing
technology to turn liquid resin into a solid MN splint. Careful selection of resin is done to ensure biocompatibility of the printed MN
splint to human skin. (Ci) Schematic diagram to illustrate photopolymerization of the resin from liquid into a solid of the desired
pattern. (Cii) Light spectrum of the DLP projector light source.

to 700 nm (ﬁgure 2(Cii)) from the DLP projector were
projected in a 2D image according to the design.
Photopolymerization occured in which monomers
undergo free radical polymerization to form a mesh
network joining them together, transforming from
liquid to solid state in the desired pattern as per the
sliced images (ﬁgure 2(Ci)). This process was repeated
as soon as the build platform returned to its previous
height and continues until the entire model was
built. Once completed, a series of post-processing
treatments are done to remove any residual resin.
Details of the post-processing treatment are given in
section 2.
3.2. Fabricated MN splint
The basic printing parameters of Titan1 were optimized to enable the printing of two splints in 1 h
45 min. Analysis of the fabricated MN splint showed
that there were 238 MNs fabricated, as designed. The
3D-printed MN splint had a measured length of 7 cm
(ﬁgures 3(A), (B)) and a width of 2 cm (ﬁgure 3(C)).
The resulting MNs have a base diameter of ∼600 μm,
5

tip diameter of ∼50 μm and height of ∼800 μm
(ﬁgure 3(F)). The center-to-center spacing was
∼1800 μm (ﬁgure 3(E)). When ﬁtted onto the index
ﬁnger of the 3D-printed hand model, the rings
provided grip and prevented slipping of the MN splint.
The inner surface of the MN splint was fully contoured
to the curvature of the ﬁnger as designed. The end ring
gaps allowed the MN splint to be ﬁtted onto the index
ﬁnger without the need to slide the ﬁnger across the
MNs (ﬁgure 3(D)).
3.3. Fracture force test
At various locations on the splint (top, center and
bottom) 87–99% of MNs remained intact after
different forces of compression were applied at the
three main axes, X, Y and Z (ﬁgure 4). Consistently, the
highest number of MNs which remained intact after
compression at all forces, for all three directions, were
located at the center of the MN splint. There was no
signiﬁcant difference between the percentage of MNs
which remained intact after the compression forces at
each of the three different directions. This could be
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Figure 3. Images of the microneedle (MN) splint. (A) Top view of the MN splint (scale bar=2 cm). (B) Side view of the MN splint
(scale bar=2 cm). (C) Top view of the arrays of MNs 3D-printed on the inner surface of the MN splint (scale bar=1 cm). (D) Side
view of the MN splint ﬁtted onto the hand model (scale bar=1 cm). (E) SEM image of MNs on a personalized contoured surface of
the MN splint (F) A single MN on personalized contoured surface.

due to the increase in shear resistance of MNs
attributed to their geometry with a ∼1.3 aspect ratio of
height to base diameter [59]. Results of the fracture
force test indicated that MNs fabricated via this 3DP
method would not fracture under the typical thumb
force, which was the amount of force subsequently
used to effect penetration through the skin.
3.4. Skin penetration efﬁciency
Figure 5 illustrates the successful penetration of MNs
through human cadaver skin along different sections
of the MN splint (top, center and bottom). Micropores created in the cadaver skin were stained with
trypan blue (ﬁgures 5(B)–(D)), a dye speciﬁc to the
sites of perforation of the stratum corneum. The
number of stained holes was counted and an average
skin penetration rate of 63.7% (±30.5%) was
achieved, out of three replicates. Histological sections
with H&E staining are shown in ﬁgures 5(E)–(F),
6

speciﬁcally with the MN-punctured pores highlighted
in red. Within the punctured pores, a breakage in the
continuous stratum corneum and viable epidermal
layer was observed which indicated successful penetration of the MNs through the outermost layer of the
skin. Figure 5(A) and the highlighted box of ﬁgure 5(E)
illustrate the microscope image and histological
sections of an intact skin, respectively.
3.5. In vitro drug release of a NSAID using ‘poke and
patch’
Enhanced delivery of diclofenac diethylamine, using a
commercial topical 1.16% gel, was observed after pretreatment of the skin sample with the fabricated MN
splint (ﬁgure 6), compared with intact skin. This
enhancement was greater at the initial stage of drug
release. At 0.5 h, a signiﬁcantly higher amount of
cumulative diclofenac diethylamine in the receptor
solution (p-value=0.03) was observed for the MN
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Figure 4. Mechanical strength testing for the microneedle (MN) splint. (A)–(C) Bar graphs for percentage of MNs which remained
intact after different compression forces (20, 30 and 40 N) were applied from three different directions (X-, Y- and Z-axes),
respectively. (D) Schematic showing the different regions of the MN splint (top, center and bottom) with respect to the three different
directions (X-, Y- and Z-axes). (E) The MN testing setup using an automated force gauge, with the splint placed on a ﬁnger model
3D-printed using acrylonitrile butadiene styrene. (Ei) Fracture test from the X-axis; (Eii) fracture test from the Y-axis; (Eiii) fracture
test from the Z-axis. In general, the MNs have good mechanical strength and over 90% of the MNs remained intact at twice the average
thumb force of 40 N.

splint arm (∼1.2 μg cm−2) compared with the intact
skin arm (∼0.03 μg cm−2). At 1.5 h, a signiﬁcantly
higher amount of cumulative diclofenac diethylamine
in the receptor solution (p-value<0.01) was observed
for the MN splint arm (∼4.0 μg cm−2) compared with
the intact skin arm (∼0.9 μg cm−2). This difference
was approximately ﬁve times greater than the amount
7

of diclofenac diethylamine that permeated through
the intact skin arm. For the rest of the duration of the
experiment, a consistently higher amount of cumulative diclofenac diethylamine in the receptor solution
was observed for the MN splint arm compared with
the intact skin arm; however, this difference was not
statistically signiﬁcant.
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Figure 5. Microscope images of human cadaver skin used for the skin penetration efﬁciency test. (A) Skin sample before microneedle
(MN) splint treatment (scale bar=100 μm). (B) Skin sample after MN splint (top) treatment, with trypan blue staining (scale
bar=5 mm). (C) Skin sample after MN splint (center) treatment, with trypan blue staining (scale bar=5 mm). (D) Skin sample
after MN splint (bottom) treatment, with trypan blue staining (scale bar=5 mm). (E) Histology image of H&E stained skin sample
(with two MN-created pores in a row, circled in red) (scale bar=500 μm) and a zoomed in image of intact skin (scale bar=50 μm).
(F) Histology image of H&E stained skin sample (scale bar=50 μm).

3.6. Biocompatibility test
PrestoBlue® reagent, a resazurin-based solution, was
used as an indicator of cell viability to compare the
relative cell viability of dermal cell lines treated with
extracts of the MN splint and those without, up to an
incubation period of 72 h.
A relative cell viability of more than 100%
(ﬁgure 7) was observed for both HDF and HaCaT keratinocytes up to 72 h of incubation with the extracts of
the MN splint, as compared with those without. This
indicated that the printed MN splint, subjected to
post-fabrication treatment, was non-cytotoxic to the
human dermal cells and was biocompatible.

4. Discussion
The novelty in our research lies in our group being the
ﬁrst to fabricate MNs directly onto curved surfaces
rather than simple ﬂat surfaces. Several groups have
8

acknowledged that human skin is undulating and a
simple ﬂat planar MN array can possibly lead to
problems such as incomplete insertion of MNs or
suboptimal dosing when used on human skin [45]. In
addition, this is the ﬁrst time that the fabrication of
MNs has been personalized to a speciﬁc patient (or, in
this case, a speciﬁc model). This method can be used
simultaneously with medical imaging techniques to
fabricate a patient-speciﬁc MN array for both comfort
and efﬁcacy. Through the use of CAD software,
patient-speciﬁc surfaces were created by subtracting
the patient model from a pre-designed block, instead
of using pre-determined sizes (e.g. small, medium or
large) to ﬁt different patients. This approach, while not
uncommon in architecture, is relatively new in the
ﬁeld of medicine and paves the path for personalized
medicine. Finally, unlike the fabrication of MNs on a
ﬂat surface using a 3D printer, as performed by Lu et al
[60], fabrication of MNs on curved surfaces is faced
with challenges such as overhanging MNs or MNs that
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Figure 6. Cumulative release curve of diclofenac diethylamine across the skin for 24 h. Red box: zoomed in view of the cumulative
release curve over the ﬁrst 3 h. *Signiﬁcant difference of p<0.05. **Signiﬁcant difference of p<0.01.

bend out of plane. In our current research, we have
demonstrated the use of a relatively inexpensive
Digital Light Processing 3D printer to fabricate MNs
not just on ﬂat simple surfaces but also on curved
surfaces, overcoming the challenges mentioned above.
In this study, a dual-function MN splint was fabricated. MNs were fabricated on a personalized contoured surface that fully adhered to the affected ﬁnger
instead of on a ﬂat planar surface. Other than immobilizing the affected ﬁnger, MNs fabricated on the splint
were also demonstrated to have sufﬁcient mechanical
strength to prevent fracturing within the skin layers
upon insertion of the MNs (up to twice an average
thumb force) and achieved a skin penetration efﬁciency of 64%. When used together with a commercial
topical gel, the MN splint demonstrated an enhanced
delivery of diclofenac, up to ﬁve times the amount permeated through the skin by 1.5 h compared with
intact skin alone. The 3D-printed MN splint demonstrated non-cytotoxicity to human dermal cell lines
after a series of post-fabrication treatments.
It has been reported that a response to treatment
for pain was detected in more than half of patients
within 1 h of application of a commercial topical
diclofenac diethylamine 1.16% gel [61]. Therefore, the
amount of diclofenac permeated into the skin in 1 h
from the commercial topical gel was considered as an
approximate to the therapeutic level of diclofenac
(estimated to be about 0.5 μg cm−2). A similar method
for determining the therapeutic level has been used by
Zhang et al [62] in the case of lidocaine. The in vitro
skin permeation test demonstrated that the MN splint
pre-treatment group achieved a level of 1.2 μg cm−2
at 30 min (ﬁgure 6). Based on simple linear
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extrapolation, the therapeutic level of 0.5 μg cm−2
could be achieved at approximately 12 min for the MN
splint pre-treatment group. This is evidence of the fast
onset of therapeutic pain relief with the use of a MN
splint together with a commercial topical diclofenac gel.
A skin penetration efﬁciency of 64% was achieved
using the fabricated MN splint on dermatomed
human cadaver skin. This appeared to be less than the
average skin penetration efﬁciencies of >90% in other
MN arrays [45] and therefore did not ﬁt the hypothesis
of having improved, if not complete, skin penetration
for MNs fabricated on a personalized curved surface.
However, this could have been due to the unknown
thickness of the skin samples that were used in the
assessment. During the design phase of the MN splint,
the inner surface of the splint was designed to fully
contour to the hand model. However, for the skin
penetration study, an additional human skin sample
was placed over the hand model. The unknown thickness of this skin has disrupted the contouring of the
MN splint onto the hand model. In the actual application of an MN splint in clinical patients, a full scan of
the affected hand together with the thickness of the
skin will be done to create the basic CAD model. The
subsequent full contouring of the MN splint onto the
affected ﬁnger can then be fabricated. Furthermore,
the high skin penetration efﬁciencies of other MN
arrays were achieved with hairless pig cadaver skin.
Human cadaver skin, which is generally more resistant
to penetration by MNs, was shown to only achieved
around 70% skin penetration [63].
In terms of safety, biocompatibility results demonstrated that the MN splint was safe for use after a series
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Figure 7. Relative cell viability of HaCaT keratinocytes and HDF cells as a percentage of their controls after 24 h and 72 h of incubation
with Titan1 STL-printed polymer extract. Values are shown as means±standard deviation. Both cell lines at 24 h and 72 h showed a
relative cell viability of more than 100%.

of post-fabrication treatments. Of the MNs that broke
during mechanical strength testing, only the very tip of
the needles was broken. The broken tip stayed on top
of the needle instead of being displaced from the needle. Therefore, it is hypothesized that should the needles break after insertion, most, if not all, of the broken
tips will stick with the needles and be removed when
the MN splint is removed from the ﬁnger. In the rare
event that the broken tip stays in the skin, the nontoxicity of the MNs, as demonstrated by the biocompatibility data, will allow the tip to stay in the skin
without causing irritation. The skin will expel the
small broken tip over time. Furthermore, the MN
splint has good mechanical strength, as demonstrated
in ﬁgure 4, and the ∼1.3 aspect ratio of MN height to
base diameter could have contributed to its high
mechanical strength [59], resulting in a lower risk of
breakage of MNs in the skin.
The MNs were designed to have a 300 μm base
diameter, 1800 μm center-to-center spacing and a
height of 900 μm to achieve penetration through the
skin on the palm. However, the ﬁnal dimensions of the
MNs, as illustrated in ﬁgure 3, were a tip diameter of
∼50 μm, base diameter of ∼600 μm, a height of
∼800 μm and a center-to-center spacing of 1800 μm.
The most obvious difference in the dimensions was
that of the base diameter. This larger than designed
diameter was probably due to an increase in exposure
time of the resin in order to fabricate a layer that was
strong enough to resist any breakage when the build
platform was lifted from the resin container. This
increase in exposure time may have caused a bigger
10

area to be polymerized as the generated free radicals
spread apart. The 3D printer used was a bottom-up
DLP printer. This meant that the closer the layer was
to the build platform, the greater the vacuum force
experienced by the layer during separation of the build
platform from the resin container. Since the base of
MNs was nearer to the build platform during fabrication, an increase in exposure time of the resin to
increase the strength of the printing layer was required
to prevent the printing layer from breaking during
separation of the build platform and the resin container. We acknowledge this to be a limitation of the
current 3D printer used.
As the ﬁnal printed MNs uniformly and repeatedly
had a base diameter of ∼600 μm, it was therefore possible to fabricate a MN with smaller base diameter if
necessary by using a design with smaller base diameter.
However, this adjustment was not made as the resultant MN geometry had an aspect ratio of approximately 1.3 (height to base diameter) and could be
critical in providing resistance to shear fracture. There
were also minimal dimensional changes to the MNs
after the cleaning processes. Since the MN dimensions
after post-fabrication treatment were uniform
throughout the MN splint, the resulting MN splint
was used for subsequent testing.
Liquid-based 3DP techniques such as DLP have
been used increasingly in tissue engineering [64, 65]
and other medical applications [66]. In terms of drug
delivery, other than tablets for oral administration of
drugs, MNs have also been fabricated previously by
Lu et al [60] using similar technology with poly
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(propylene) fumarate. However, their attempt was for
MNs on ﬂat planar surface. From our study, DLP was
demonstrated to be a suitable technique for the fabrication of the MNs on personalized contoured surfaces,
due to its high precision and ﬁne resolution up to
micron size. Software such as Materialise Mimics® can
convert magnetic resonance imaging or computed
tomography scans of clinical patients into working
CAD models for the development of personalized
medical devices. Together with the recent development of increasingly high-resolution 3D printers with
greater speed and better precision, yet lower cost [67],
it is likely that the fabrication of MNs on personalized
contoured surfaces will increase for the treatment of
clinical conditions in the next few years.
Our pioneering study in this ﬁeld has culminated
in a novel treatment approach for trigger ﬁnger that
could potentially eliminate the need for patients to
consume oral NSAIDs and endure traditional splinting. As this approach allows for localized delivery of
drug [44], physicians could attempt to initiate NSAID
therapy on patients with contraindications to systemic
NSAIDs instead of having to use second-line corticosteroid injections. The MN splint only needs to be patched once a day and due to its safety proﬁle, it could be
self-administrated by patients. This could improve the
compliance of patients with therapy. When a patient is
diagnosed with trigger ﬁnger his or her hand model
would be obtained with a 3D scanner. Next, individualized MN splints would be fabricated based on the
patient’s hand model and packaged into blister packs.
Using a novel ‘poke and patch’ approach, the affected
ﬁnger would ﬁrst be ‘patched’ with a NSAID liquid
formulation and a MN splint would be applied on the
ﬁnger to perforate the stratum corneum, or ‘poked’,
for transdermal delivery of the NSAID. Sufﬁcient
splints would be supplied to last the patient for at least
3 weeks with a daily change of the MN splint. Additional splints could be purchased as an over-the-counter (OTC) supply from the pharmacy that supplied the
original quantity of splints.
Furthermore, the current MN splint has no drug
embedded within it and could therefore be more
quickly approved by the regulatory authorities for commercialization (compared with new drugs) which will
improve the current clinical practice and beneﬁt
patients. The same method of fabrication has the potential to embed drugs into a MN splint for sustained and
controlled release of drugs either via surface coating of
MNs or by the addition of drug into the pre-polymerized resin before the MN splint is fabricated.
Other than the treatment of trigger ﬁnger, the fabrication of MNs on personalized contoured surfaces
could be a platform technology for the treatment of
other diseases that occur on or near the skin surface
and are centered on a particular body part. The most
prominent examples include rheumatoid/osteoarthritis or gout that occur in the joints. Other examples include alopecia or facial wrinkles, occurring on
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the scalp and face, respectively. 3DP fabricated
MNs on personalized contoured surfaces could also
provide opportunities for development of wearable
bio-sensing devices. Wearable technologies such as
watches could potentially incorporate hollow MN on
the personalized contoured surfaces for bio-sensing
(i.e. minimally invasive detection of electrolytes or
other biomarkers in the body).

5. Conclusion
We have developed a personalized, dual-function MN
splint via 3DP that can act as a splint to immobilize the
affected trigger ﬁnger and deliver NSAIDs through
MN-assisted transdermal drug delivery. In the future,
diclofenac could be delivered through MN-assisted
transdermal route using a novel ‘poke and patch’
approach to treat patients with trigger ﬁnger. This study
may potentially revolutionize the treatment by making
individualized splints with the capability to deliver drugs
to treat trigger ﬁnger and other related health issues.
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