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Investigation of the mechanical properties of solid microneedles
via finite element analysis with fabrication and
characterization of integrated arrays

SHI Jialong, ZHANG Dawei, ZHENG Lulu
(School of Optical-Electrical and Computer Engineering, University of Shanghai for Science and Technology,
Shanghai 200093, China )

Abstract: Microneedles (MNs), as a novel transdermal drug delivery system (TDDS), offer
advantages such as sustained drug delivery and minimal invasiveness, but further research is needed
in material selection and mechanical performance optimization. This study employed the finite
element method (FEM) based on ANSYS to simulate the mechanical behavior of conical, square
pyramid, and cuboid microneedles during skin insertion, comparing the performance of materials
such as silicon, stainless steel, and resin. The results showed that conical microneedles exhibited the
maximum displacement (5.550e—5 mm) and minimum internal stress (3.315 MPa). Under a 0.01 N

axial force, the conical stainless steel microneedle demonstrated strong penetration ability, with a
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maximum Von Mises stress of 42.104 MPa. A 19x19 conical microneedle array was fabricated
using light-curing 3D printing, and CMC/MAL microneedles were prepared via a sequential casting
method. Morphological characterization revealed uniform and smooth surfaces, with a puncture
force of 0.01 N/needle, meeting skin penetration requirements. This study provides theoretical and

experimental support for the design and optimization of microneedles.

Keywords: microneedles; transdermal drug delivery; finite element analysis; structural mechanics
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Tab.1 Materials and their advantages and disadvantages for different types of microneedles
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Tab.2 Materials considered in this study
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Tab.3 The mechanical properties of each skin layer
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Fig.1 The three microneedle geometries
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Tab. 4 Summary of the maximum stress and maxim-
um total deformation of each geometry under a load of
3.183 MPa applied to the PLGA microneedles
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Tab.5 Under a pressure load of 3.183 MPa, the load
factors of each material microneedle design in the first-
order buckling mode are summarized
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Tab. 6 The effect of tapered microneedles of differ-
ent materials on the skin puncture

#% KVon Mises

TR 543/ MPa TR mm BEA A
T 42.102 0.039 o
Nt 42.104 0.039 &
PLGA 41.534 0.039 2
oy 41.077 0.039 i
CMC/MAL 41.743 0.039 2

FEROCHE, MRORZGY TR Y G X TR R,
AR O L, JE SR AR B RN SRRE I
ASCGHE A FRITF BRI R, AN EHEE
T AR 2B e R B 0 1 A e K Von
Mises )i /] 42.104 MPa, [fii CMC/MAL {574
VIR fR e L BAT L oA BT IRIKE A =%
P 2 5 L T 0T 132 K 25 W IR GE R 48 A R
K 2 548 T CMC/MAL B #EJE 33 4 7E 0.01IN Ay
TR, nE 2(a) R, Gk B
(45300 7R 41.743 MPa, M3 T A Bz ik 19
W40 7, WA IMNESE R A LR, & 2
(o) L2 7 U A 2853 A B2 K 0.039 mm, 47 Bl
R AL/ IEIN:

i F SolidWorks B2 H 19x19 11 [ #E I i
EF RSB 3 TR, AR ATRRE 0.1 mm
JER DGR 3D FTEREE AR 45 o

K HTE AN Ak 2 R il %5 PDMS e, 5
5e, ¥ PDMS BiRY S5 EEFILL 10 : 1 B9 i
WIRG, oIt B A LA, kb
Ja ., BIRAWWEE TR L, #ift PDMS %4
i RO 3 S . A UL PDMS
BT EANEALLT T (P 365 nm, T 100 W),
4k 120 min, PARf{# PDMS 584328k, Ffkoe
U, /D RIE PDMS i, 315 HAT @k
LS AR, 1531 PDMS A an &l 4 fip
TN, FRECEEE, TREHESSERE, RS AT
TR

KU BeE vk fl & et . FEAE B RAs 5,
BLOAESNT, MR R SIR A 2RI S AR
LI, BRSO RIAS . o, Eaf
20% CMC F1 20% MAL % 1 : 1RSI #&
#| PDMS BEH |, B HOi e e 1A TR AR

375690
35.482 0
33.395 0
31.308 0
29.221 0
27.133 0
25.046 0
22.959 0
20.872 0
18.785 0
16.698 0
14.611 0
125230

10.436 0

8.349 1

6.262 0

4.174 8

2.087 7

0.000 515 87 /Iy

() BT LB R B R 2 A48

10.034 609 0
0.032 446 0
0.030 283 0
0.028 120 0
0.025 956 0
0.023 793 0
0.021 630 0
0.019 467 0
0.017 304 0
0.015 141 0
0.012978 0
0.010 8150
0.008 652 2
0.006 489 1
0.004 326 1
0.002 163 0
0 e/

(b) Tt FN R BR TB1 A B A4

B2 il CMC/MAL BI$EREH7E 0.01 N 89
NTHER
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Fig. 5 The morphological characteristics of conical

microneedle array

K 5(b) it i SEM MR, RO, TR
BB 1 5(e) NIRRT, FOLgRY
SIHER T AR X A

AT I AURA R . R RASE 5 BB A 0=
FRBERIDUMIERE, A RESCIBUET WA 24 HA
B REBIE . IEEE T T RINLRIERE ,
PRI RAS S Re v BT S2 9 XA, 4%
s 6 B

5

4l

3L

Force/N

S

—_
T

02 03 04 05 06 07
Displacement/mm

B 6 BI#ERBSTREIIMAIRE -k
Fig. 6 Displacement force curve of conical microneedle array
£ 0~0.62 mm YOI AZJL IR, Bl T IR AL
B rysgin, WAt S BEsahd, R KRB
0.62 pm &b, 5 JIAIA 0.01 N/A&F, Mt 14
A B R B 893, UE W 4 B fROEE AL BE
4, TR A BRI 2

0 0.1

3 B %

A EFEMSE T MNs /E K% TDDS ik
5. EEARITE, X TR .
W HETE RN ST 7 RO AR A R IR %) 3 2R
7% BRIB TR R FE 0 % (5.550e—5 mm) Fl PR 357
J1(3.315 MPa) FiRMm, HAE 0.01 N £ )
T, B AN 19 55K Von Mises [ /)
A1 42.104 MPa, ZFi% J1 . RN 25k &R
girh, ZEIEUR R MR I S S O T EAR
NS . ARSGEA T EMSLR:, XA R bR
FIA AL T B AR NS00 2 FF . ARHETRE
i — SO BB S RRERE, DA AN
N T K o SEE R A3 E G E Ak 3D FTER
il & T 19x19 BT GUEFRE S, SR T D6
il % CMC/MAL st , TES500H, 20



e 76

47 &

J129 0.01 N/gF, T 2 BRI AT K o BFFE ML
PR SR A T BRI AR S . AT
FORAR T A B A R SRR
MIRETEER, I TREERNARTT RN, Rt
S sE T BE R SR S R

EEPEE

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

LOIZIDOU E Z, WILLIAMS N A, BARROW D A, et
al. Structural characterisation and transdermal delivery
studies on sugar microneedles: experimental and finite
element modelling analyses[J]. European Journal of
Pharmaceutics and Biopharmaceutics, 2015, 89: 224 —
231.

MAKVANDI P, KIRKBY M, HUTTON A R J, et al.
Engineering microneedle patches for improved
penetration: analysis, skin models and factors affecting
needle insertion[J]. Nano-Micro Letters, 2021, 13(1):
93.

YEUNG C, CHEN S, KING B, et al. A 3D-printed
microfluidic-enabled hollow microneedle architecture
for transdermal drug delivery[J]. Biomicrofluidics,
2019, 13(6): 064125.

YE Y Q YU J C, WEN D, et al. Polymeric
microneedles for transdermal protein delivery[J].
Advanced Drug Delivery Reviews, 2018, 127: 106 —
118.

SAWON M A, SAMAD M F. Design and optimization
of a microneedle with skin insertion analysis for
transdermal drug delivery applications[J]. Journal of
Drug Delivery Science and Technology, 2021, 63:
102477.

TUCAK A, SIRBUBALO M, HINDIJA L, et al
Microneedles: characteristics, materials, production
methods and commercial development[J]. Micromach-
ines, 2020, 11(11): 961.

SHINDE N P, KUMAR Y A. Formulation and in vitro
evalaution of curcumin loaded solid lipid nanoparticles
as transdermal drug delivery[J]. Asian Journal of Pharm-
aceutical Research and Development, 2024, 12(6): 37 —
42.

YANG Q L, ZHONG W Z, XU L, et al. Recent
progress of 3D-printed microneedles for transdermal
drug delivery[J]. International Journal of Pharmaceu-
tics, 2021, 593: 120106.

HENRIQUEZ F, MORALES-FERREIRO J O,

CELENTANO D. Structural evaluation by the finite -

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

element method of hollow microneedle geometries for
drug delivery[J]. Advanced Engineering Materials,
2022, 24(10): 2200049.

CORDEIRO A S, TEKKO I A, JOMAA M H, et al.
Two-photon polymerisation 3D printing of microneedle
array templates with versatile designs: application in
the development of polymeric drug delivery systems[J].
Pharmaceutical Research, 2020, 37(9): 174.

CHEN Z P, LIN Y Y, LEE W, et al. Additive
manufacturing of honeybee-inspired microneedle for
easy skin insertion and difficult removal[J]. ACS
Applied Materials & Interfaces, 2018, 10(35): 29338 —
29346.

BAE W G, KO H, SO J Y, et al. Snake fang-inspired
stamping patch for transdermal delivery of liquid
formulations[J]. Science Translational Medicine, 2019,
11(503): eaaw3329.

SEATHL, FREH, KA. = 4 1% 3745 W 9 AN A ik
T8 R 9O MARBEIE [1]. 620, 2024, 46(2):
14-19.

RIS, AR GO B D i £ T i BT B 25 ) (Y
7% [0]. Je2FANER, 2024, 46(1): 15 - 22.

KANAKARAJ U, LHADEN T, V K R. Analysis of
structural mechanics of solid microneedle using
COMSOL software[C]//Proceedings of 2015 Interna-
tional Conference on Innovations
Embedded and Communication Systems (ICIIECS).
Coimbatore: IEEE, 2015: 1 — 5.

GENTILE P, CHIONO V, CARMAGNOLA 1, et al.
An overview of poly(lactic-co-glycolic) acid (PLGA)-

in Information,

based biomaterials for bone tissue engineering[J].
International Journal of Molecular Sciences, 2014,
15(3): 3640 — 3659.

MACHEKPOSHTI S A, SOLTANI M,
NAJAFIZADEH P, et al. Biocompatible polymer
microneedle for topical/dermal delivery of tranexamic
acid[J]. Journal of Controlled Release, 2017, 261: 87 —
92.

FARAH S, ANDERSON D G, LANGER R. Physical
and mechanical properties of PLA, and their functions
in widespread applications - a comprehensive
review[J]. Advanced Drug Delivery Reviews, 2016,
107: 367 —392.

KONG X Q, WU C W. Measurement and prediction of
insertion force for the mosquito fascicle penetrating
into human skin[J]. Journal of Bionic Engineering,
2009, 6(2): 143 — 152.

(i 5k &)


https://doi.org/10.1016/j.ejpb.2014.11.023
https://doi.org/10.1016/j.ejpb.2014.11.023
https://doi.org/10.1007/s40820-021-00611-9
https://doi.org/10.1007/s40820-021-00611-9
https://doi.org/10.1007/s40820-021-00611-9
https://doi.org/10.1063/1.5127778
https://doi.org/10.1016/j.addr.2018.01.015
https://doi.org/10.1016/j.jddst.2021.102477
https://doi.org/10.1016/j.jddst.2021.102477
https://doi.org/10.3390/mi11110961
https://doi.org/10.3390/mi11110961
https://doi.org/10.3390/mi11110961
https://doi.org/10.22270/ajprd.v12i6.1457
https://doi.org/10.22270/ajprd.v12i6.1457
https://doi.org/10.22270/ajprd.v12i6.1457
https://doi.org/10.1016/j.ijpharm.2020.120106
https://doi.org/10.1016/j.ijpharm.2020.120106
https://doi.org/10.1016/j.ijpharm.2020.120106
https://doi.org/10.1002/adem.202200049
https://doi.org/10.1007/s11095-020-02887-9
https://doi.org/10.1126/scitranslmed.aaw3329
https://doi.org/10.3390/ijms15033640
https://doi.org/10.1016/j.jconrel.2017.06.016
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/S1672-6529(08)60111-0

	1 微针建模与实验方法
	1.1 理论模型
	1.2 分析案例
	1.3 微针阵列的制备与表征

	2 结果与分析
	3 总　结
	参考文献

