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Abstract – The microneedle is used to deliver
the drug inside the skin structure. During the
insertion procedure, the microneedle travel up
to the dermis layer through the stratum
corneum and epidermis layer. The
microneedle have a tendency to critically
buckle when the applied load achieves the
maximum buckling load. To avoid structural
failure of the microneedle, the critical load is
identified and safely applied. In this paper,
the critical buckling load is identified using
the linear and non-linear buckling analysis.
The critical load using linear buckling analysis
is found to be 263.7µN. The non-linear or post
-buckling analysis is performed for the load of
263.7µN and the critical load is found to be
149µN. Thus for silicon microneedle, the
critical load is identified as 149µN. Henceforth
for silicon microneedle, the applied load
should always be smaller than the critical
buckling load for safe insertion.
Keywords – Buckling analysis; microneedle;
silicon; critical buckling load; finite element
analysis; drug delivery.

INTRODUCTION
Microneedles play a vital role in delivering
drugs into the human skin in an efficient way
[1]. During the insertion process, the
microneedle typically fails due to the bending
and buckling effect [2] [3]. Among the
buckling failure is considered as the foremost
mode of failure of microneedle [4] [5]. The
buckling analysis is proficient for finding the
critical load experienced by the microneedle
during the insertion process. Any load applied
beyond the critical load will make the
microneedle structurally fail. This infers that
the load applied on the microneedle should not
exceed the critical buckling load [6]. The
buckling analysis is done using two approaches
like linear and non-linear methods. Both
methods help to determine the critical buckling
load. Hence the load applied on the
microneedle should always be lesser than the

critical load calculated. This process of
application will result in a safe insertion
without structural failure.

A. Material selection
Microneedles are fabricated using various
methods to attain different shapes, sizes, and
material materials [7]. The occurrence of
buckling on microneedles depends on the
material and geometrical shape [8]. The
shapes of the microneedle includes cylindrical,
cone, pyramid, candle-like, tapered, bullet-
shaped, spike and lancet [9], [10], [11], [12],
[13], [14], [15], [16] . The appropriate
selection of microneedle size and shape
depends on the purpose of drug delivery into
the human skin thereby resulting in a painless
insertion [17]. The geometry with an aspect
ratio of 12:1 length-diameter can result in a
safe insertion without buckling [18]. In this
paper, the conical shape is selected for
analysis. The microneedle is modeled
consisting of its height of 900µm, base
diameter 600µm, and tip diameter as 60µm
[19]. Microneedle is fabricated using various
materials like silicon, glass, metal, composite,
and polymer materials [20]. Each material has
its advantage comparatively the conventional
silicon material is easy to fabricate [21]. The
silicon materials hold virtuous for
micromachining and Micro electro-mechanical
system (MEMS) application [22]. The only
disadvantage of silicon material is it can easily
break due to its brittle nature. This can be
improved by applying load within the critical
buckling limit. The young’s modulus and
ultimate strength of silicon microneedle is
110Gpa and 7000MPa [23].

B. Theoretical study
The critical buckling load for the polycarbonate
microneedle is found to be 0.6N [6]. The
buckling load measured on titanium
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microneedle ranged from 0.5 to 1.2N [24]. The
critical load is calculated by solving the
following bending equation [25] as shown in
equation (1). The parameters E, I(z), and M(z)
represents the value of young’s modulus of the
material, the moment of inertia about the
centroid, and bending moment distribution.

(1)

Thereby solving the above bending equation,
the critical buckling load for the hollow cone is
given [26] as in equation (2). The parameters
Pcr, L, d0, di, and α represents critical buckling
load, structural height, inner diameter, outer
diameter, and tapering angle.

(2)
C. Linear Buckling analysis
The linear buckling analysis is performed using
the linear perturbation method using ABAQUS
6.14 software. The microneedle model is
meshed using the C3D10 mesh element [27]. A
unit load (1N) is applied on the top of the
microneedle and the base is arrested. The
mode shapes generated during the analysis is
shown in Fig. 1, a) signifies the first mode
shape experienced on the application of the
load with eigenvalue 141.17, b) signifies the
mode shape 2 with eigenvalue 143.81, c)
signifies the mode shape 3 with eigenvalue
263.70, d) signifies the mode shape 4 with
eigenvalue 267.77 and, e) signifies the final
mode shape 5 with eigenvalue -271.17.
Evaluating the different mode shapes, the
microneedle buckled critically at mode shape 3
with eigenvalue 263.70. The eigenvalue of
263.70 is considered as the critical load
applied on the microneedle. This infers the
load applied on the microneedle should not
exceed the buckling load of 263.70µN. The
outcomes obtained during the linear buckling
analysis of silicon microneedle are generated
and represented in Table1. The eigenvalue,
reaction force, displacement, and
displacement rotation for the corresponding
mode shape is listed.

TABLE I

(LINEAR BUCKLING ANALYSIS)

Mode
No

Eigen
value

Reactio
n force,
N

Displacem
ent mm

Displaceme
nt rotation,
rad

0 0 0 0 0

1 141.17
179.21
4 1 1.634

2 143.81
147.34
6 1 1.636

3 263.7 96.298 1.182 263.7

4 267.77
499.23
8 1 1.316

5 271.17
466.71
8 1.013 0.002

D. Non-Linear buckling analysis
The post buckling analysis or non-linear
buckling analysis is done using a static riks
algorithm. The non-linear buckling analysis is
done taking 263.7µN as input load or applied
load. The boundary condition and constraints
for the linear analysis are kept the same. The
load proportionality factor (LPF) graph
generated for silicon microneedle during the
non-linear buckling analysis is shown in Fig. 2.
The LPF steadily increases till it reaches the
value of 0.4573 which refers to 45.73% of the
applied load. From 45.73% of applied load, the
structure experiences the buckling load. Once
it reaches the value of 0.5646 i.e. 56.46% of
applied load, the structure critically buckles
leading to structural damage. The point where
the structure experiences critical buckling
behavior is considered as critical load. The
critical buckling load, Pcr is calculated by
means of the formulation as,
The Critical buckling load, Pcr = Load
proportionality factor x Functional or Applied
load.
Pcr = 0.5646*264
Pcr = 149µN
Critical buckling load, Pcr =149µN.

The critical load obtained on silicon
microneedle is observed as 149µN. Thus, for
the non-linear buckling analysis, the critical
load is identified as 149µN.

(a) (b)
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(c) (d)

(e)
Fig. 1 Linear buckling analysis of silicon microneedle with

different mode shapes.

Fig. 2 The load proportionality graph exerted for silicon
microneedle

CONCLUSION
The process of buckling analysis is to identify
the critical buckling load acting on the
microneedle during the insertion process. The
silicon conical-shaped microneedle is selected
for performing the analysis. The buckling
analysis is executed in two ways consisting of
linear and non-linear or post-buckling method.
The critical buckling load during the linear and
non-linear approach is found to be 263.7µN
and 149µN. This infers that the microneedle
critically buckles and fails if the applied load is
beyond the 149µN. thereby applying loads

within the critical limit will prevent the
microneedle from failure and thus result in a
safe insertion. This process holds good for
calculating the insertion force of the
microneedle.

NOMENCLATURE
C3D1010-node quadratic tetrahedron element
di inner diameter
d0 outer diameter
E young’s modulus of the material
I(z) moment of inertia about the centroid
L structural height
LPF load proportionality factor
M(z) bending moment distribution
Pcr Critical buckling load
µN micro newton
α tapering angle
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