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ABSTRACT:  Microneedles are a type of micron-sized needles that have been considered in recent 
years in various fields including drug release and rejuvenation. Simulation of penetration process of 
the microneedle into the skin is useful for examining the strength of the microneedle and its effect on 
the skin during penetration. In this study, penetration of the microneedles into the skin was simulated 
using finite element method. The skin is assumed to be in two layers and the Ogden model is applied to 
each of them. The path of microneedle penetration into the skin is predicted by cohesive elements.  The 
results show that at a constant velocity of 0.36 mm/s in order for penetrating the epidermis only 0.5 s 
and penetrating the dermis only 2.5 s is needed.  By decreasing the tip diameter of the microneedle, the 
reaction force applied to the microneedle decreased while the maximum stress in the skin also increased. 
As a result, it is recommended to use a conical model to design the microneedle. When the microneedle 
speed increases, the reaction force on the microneedle increases exponentially but these changes are 
more noticeable at high speeds. This simulation can be useful for medical biopsy sampling, drug release 
systems as well as stress assessment in rejuvenation.
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1- INTRODUCTION
Microneedle is a micron-sized needle that typically has a 

height of 10–2000 μm and a radius of 10–100 μm and can 
penetrate directly into the skin through the epidermal layer 
[1]. Morphologically, microneedles are divided into four 
types: solid microneedle, coated microneedle, dissolvable 
microneedle and hollow microneedle[1, 2]. In recent years, 
microneedles have often been used to provide pharmaceuticals, 
genes, proteins, RNA, vaccines and diagnostics, and have 
provided remarkable therapeutic effects [3]. In recent years, 
drug delivery systems have been rapidly evolving and after 
oral and intramuscular injection, microneedles has been used 
as the third most used functional drug delivery system [4, 5]. 
In addition, not only can the microneedles delivery system 
increases drug delivery efficiency, but it is also safe and secure 
and correspondingly improves patient satisfaction [6, 1]. When 
microneedles enter the skin, they have effects such as pain 
and inflammation. In this regard, although microneedles have 
been made in various dimensions and geometries, research to 
optimize the geometry to reduce pain and inflammation is still 
ongoing [7] .Due to the high cost of fabricating microneedles, 
computer simulation of microneedle penetration in the skin 
can be useful for examining the microneedle’s strength and 
also for its effect on the skin during penetration. Eriketi et al. 
investigated the penetration depth parameters and buckling 

strength by the simulation of three geometries including 
trilateral, quadrilateral and pentagon. The results showed 
that microneedle with quadrilateral cross section has the 
optimum state between two parameters of buckling resistance 
and penetration depth [4, 8]. Kong et al. investigated the effect 
of microneedle on the skin and selected the Neo-Hookean 
model for the skin. In their simulation, the effects of thickness, 
stiffness and different skin layers were evaluated [9, 10]. Chen 
et al. developed a nonlinear hyperelastic model for the skin 
by simultaneously examining the laboratory sample and 
simulation [11]. It should be noted that during the penetration 
of the microneedle, the skin is ruptured, so one of the biggest 
problems of the simulation of skin penetration is the analysis 
of skin failure model. There have been several models for 
skin failure so far. One of these models is the element death 
model[9, 12]. In this method the element is deactivated when 
the von Mises stress of the elements reaches the failure stress, 
but this model is more suitable for machining simulations 
such as drilling [13]. This model also requires programming 
in subroutine. The ductile material fracture model has also 
been selected by Maliga et al. [14, 15] to investigate the 
skin fracture. However, this model does not appear to be 
appropriate due to different behaviors of the skin and ductile 
materials. Another model used in this area is the Cohesive 
model. This is an energy-based approach that predicts the 
path of failure. Many studies have demonstrated the use of this 
model to investigate the needle penetration in soft tissues [15, 
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16]. In this method, the contact between the needle and the 
soft tissue is evaluated without the need for elemental death 
and all the forces required can also be calculated [17]. But 
in these models, only the penetration of the needle into the 
simulated gel is investigated and the effect of the micro-sized 
needle and its geometry on the skin have not been examined. 
In this study, the penetration of microneedle in the skin was 
simulated using the Ogden model for  human skin and the 
Cohesive failure model. The reaction force applied to the 
microneedle, the depth of penetration, and the stress applied 
to the skin layers during penetration were investigated, and 
in order for optimizing them, important parameters during 
penetration such as velocity, the time of penetration and the 
radius of microneedle’s tip were investigated.

2- MATERIALS AND METHODS
2-1- Finite element model for microneedle penetrating in the 
skin

In this study, a dynamic simulation was accomplished in 
Abacus 6.14 software with explicit solver. The skin has been 
considered as a cylinder with a diameter of 600 μm and a 
height of 800 μm (Fig. 1) with two layers of epidermis and 
dermis [3]. To reduce the computation and the cost, only half 
of it is considered and the symmetry condition is defined. 
Different models such as Neo-Hookean [10] and Ogden [15, 
17] have been used to analyze the skin behavior. According to 

laboratory data, Ogden is a better model for assessing the skin 
behavior [18]. The Ogden equation for hyperelastic materials, 
which is based on the density of strain energy, is expressed as 
Equation 1 [19]:
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Where , a and m are the constants of the material and λ is 
the principal stress. The parameters of the Ogden model in 
Abaqus software for two layers of forearm skin are collected in 
Table 1. The microneedle is considered as a Conical cylinder 
with a tip radius of 20 μm and a bottom radius of 100 μm 
and a height of 600 μm. Microneedle mass is considered to 
be 1 mg. Contact (surface to surface) was defined between 
the microneedle surface, the skin and the cohesive surface. 
Microneedle has a velocity along the skin’s height. The 
distal and the side surfaces of the skin are fixed and have no 
displacements. The cohesive region is defined as a cylinder 
with a diameter of 50 μm and a depth of 800 μm in the skin.

2-2- Cohesive method for material failure
For three-dimensional failure simulation, the sum of 

cohesive plane responses including Mode 1, Mode 2, and 
Mode 3 is specified. Equation 2 expresses the relationship 
between these three modes by assuming isotropic shear [20].

 

Figure 1. Dimensions of the microneedle, the skin and the cohesive model. 

  

Fig. 1. Dimensions of the microneedle, the skin and the cohesive model.

 
D µ α Parameter 
0 4.0991 2.9814 Epiderm 
0 0.0226 3.2876 Dermis 

Table 1. Parameters required for the Ogden model in the human skin [19].
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Where G1, G2 and G3 are equivalent to the fracture 
toughness. According to the assumption of shear isotropy, G2 
= G3. And the value η =1 is set. In each mode, the traction-
separation response evaluation is used to determine whether 
the element is failure or damaged. This relationship is 
expressed by the critical traction parameter, Tc, the initial and 
final separation length, δmax and δ0, and the initial stiffness, K, 
and the rate of strain energy released GC (Fig. 2). The values of 
cohesive parameters for the soft tissue are given in Table (2).

For the skin, an 8-sided structured mesh is considered. 
The mesh becomes smaller near the cohesive zone, and as 
it moves away from the area, the size of the mesh becomes 
larger. This type of mesh in Abacus is C3D8R and the number 
of meshes is 110,420. For the cohesive region, the sweep mesh 
is selected from the cohesive family, which is COH3D8 in 
Abacus software. For the microneedle, the type of triangle 
that is R3D3 in Abacus software is finally selected and the 
number of elements is 26728 (Fig. 3).

2-3- Velocity
According to past laboratory studies[8], microneedle 

penetrates the skin, making microneedle a rigid body and 
penetrating the skin at a constant speed perpendicular to 
the skin. In this simulation, a constant velocity of 0.36 mm 
/s was applied to the microneedle penetrating the skin (Fig. 
4). However, the initial speed is set to zero, and after 0.1 s it 
reaches a speed of 0.36 mm/s.

 Microneedles enter the skin for various applications and 
each of these applications need to penetrate a particular depth 
of the skin. Therefore, it is necessary to determine the depth 
of penetration with regard to the application of microneedles. 
For this purpose, a constant velocity of 0.36 mm/s3 has first 
been assumed and the applied time has been changed (Fig. 5). 
If solely the penetration into the epidermis layer is needed, 
the time should be about 0.5 s and if the penetration to the 
bottom of dermis is required, it should be about 2.5 s. Changes 
in the depth of penetration with respect to the velocity change 
is plotted in Fig. 6. If only the penetration of the epidermis 
layer is necessary, a velocity of about 0.2 mm/s is required in 
2.5 s.

To investigate the effect of the microneedle speed on the 
reaction force applied to the microneedle, a range of 0.01 to 1 
mm/s has been considered. For a better comparison for each 
of these speeds, a specific simulation time is considered (Table 
4). This is while the results are checked at 3 seconds after the 

 

Figure 2. Traction-separation Diagram [18]. 

  
)3K(N/mm 𝜹𝜹𝟎𝟎(𝒎𝒎𝒎𝒎) 𝜹𝜹𝒎𝒎𝒎𝒎𝒎𝒎(𝒎𝒎𝒎𝒎) (MPa)cT )2(J/mcG  

2.9 0.102 0.091 0.7333 37.405 Mode1 

0.29 0.153 0.137 0.440 33.664 Mode 2 and 3 

Fig. 2. Traction-separation Diagram [18].

Table 2. Cohesive specifications for the soft tissue [18].

 

Figure 3. Mesh of the model in FE. 

  

Fig. 3. Mesh of the model in FE.
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Figure 4. Changes in the applied speed of the microneedle. 
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Figure 5. Investigation of penetration depth at different times in the simulation. 
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Figure 6. Investigation of microneedle penetration depth with velocity change. 
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Fig. 4. Changes in the applied speed of the microneedle.

Fig. 5. Investigation of penetration depth at different times in the simulation.

Fig. 6. Investigation of microneedle penetration depth with velocity change.

 
1 0.36 0.25 0.016 0.09 0.04 0.01 Velocity(mm/s) 

2 3 4 5 6 10 40 Time (s) 

Table 3. Specifications of speed and time applied to microneedles.

Maximum force reaction (N) S max in the skin (MPa) Rend(m) R tip(m) 

0.06 75 100 5 
0.27 74 100 10 

1.22 73.3 100 20 

1.77 73.3 100 22 

Table 4. Calculation of the maximum stress applied to the skin and the reaction force applied to the microneedle by changing the tip 
radius.
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start of the movement And the previous time is related to the 
whole process of starting the movement of the microneedle in 
the skin until it leaves. 

3- RESULTS AND DISCUSSION
3-1- Evaluation of the stress applied to the skin

To investigate the results of the simulation, initially von 
Mises stress applied to the skin at different times from 0 
to 2.5 s was examined (Fig.7). The stresses increases as the 
microneedle enters the cohesive region. This cohesive zone 
then breaks down and the microneedle gets in contact with 
other layers of the epidermis. After this step, because the end 
of the microneedle is wider than its beginning, the stress still 
increases (up to 2 s) and approximately reaches 60 MPa. After 
this step, the microneedle enters the dermis layer which has 
a much lower Young’s modulus than the epidermal layer. 
Therefore, the stress in this layer is much less than in the 
epidermis. If the microneedle’s strength during the penetration 
is desired, only the epidermis layer can be considered. Due 
to the fact that the surface of the microneedle is smooth 
and without bulbs, the distribution of stress in the skin is 
somewhat homogeneous. Some of the tension created in the 
skin is due to the penetration of the tip of the microneedle 
into the skin, while another amount of stress is related to the 
compressive stress that the end of the microneedle exerts on 
the skin. Stress from the tip of the needle causes the skin to 
rupture and may have mechanobiological effects on the skin’s 

microstructure, including the stimulation of skin collagens. 
But the stress that the tip of the tiny needle puts on the skin 
can damage and destroy the skin tissue. The results of the 
analysis of this section can be useful in evaluating the effect 
of microneedles on skin rejuvenation and the range of stress 
required for skin cell growth. Stress in the range of 1 to 10 
MPa increases the entry of proteins from the blood vessels 
into the skin tissue. Given that the stress applied in this study 
was in the range of 0 to 30 MPa, it can be expected that these 
microneedles have good performance in this field [21].

3-2- Investigation of microneedle dimensions
The microneedle is designed to be cylindrical with 

different dimensions at its tip and its end which have a certain 
angle. In this section, the radius of the end of the microneedle 
is set to 100 μm and the radius of the tip of the microneedle 
is variable (Table 5). By varying the radius of the tip of the 
microneedle from 5 mm to 22 mm ,the reaction force and the 
maximum stress applied to the skin are calculated, which is 
in agreement with the results of the Kong’s study (A linear 
relationship between surface area and reaction force increase) 
[10](Fig. 8). It has been observed that as the radius of the 
tip of the microneedle increases, the reaction force applied 
to the microneedle increases. Another point to note is that 
by decreasing the radius of the tip of the microneedle, the 
reaction force that is applied to the microneedle increases 
(Fig. 9). Analysis of von Mises stress in the skin shows that as 

 

Figure 7. Stress applied to the skin during the penetration of microneedle. 

  

Fig. 7. Stress applied to the skin during the penetration of microneedle.
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the tip radius increases, the maximum stress decreases (Fig. 
10). However, this reduction in stress is not significant, as 
only 0.013 MPa has been added to the maximum stress by 
doubling the radius of the needle tip. However, the maximum 
force applied to the microneedle is about 4.5 times. The point 
to be made is that by reducing the radius of the microneedle 

 

Figure 8. Diagram of the reaction force applied to the microneedle during penetration at different tip radius of the microneedle. 
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Figure 9. Maximum reaction force on the microneedle in terms of the needle radius 
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Fig. 9. Maximum reaction force on the microneedle in terms of the needle radius.

Fig. 8. Diagram of the reaction force applied to the microneedle during penetration at different tip radius of the microneedle.

tip from 20 µm to 5 µm, the maximum force applied to the 
microneedle is reduced by about 30 times, and when the radius 
of the microneedle tip is 5 µm, the reaction force is reduced to 
60 mN. This is important for two reasons: first, because of the 
reaction force applied to the microneedle, which, according 
to Newton’s third law, the same amount of force is applied to 

 

 

Figure 10. Maximum stress created on the skin by changing the fine radius of the microneedle . 
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Fig. 10. Maximum stress created on the skin by changing the fine radius of the microneedle.
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the skin, and second, because of the force that may cause the 
microneedle to failure. As a result, it is recommended to use 
a conical model to design the microneedle. It should be noted 
that these changes in geometry also affect the strength of the 
microneedle and when the radius decreases, its strength also 
decreases. As a result, it should be noted that the microneedle 
strength is not less than the critical value. Also, the limit of 
fabrication methods must be considered.

3-3- Investigating the effect of the microneedle speed 
In this section, the effect of microneedle speed on 

the process of penetration into the skin is investigated.   
According to the proposed cohesive model, the path of skin 
failure is predicted. Therefore, only the changes in magnitude 
of velocity have been investigated, and the change in the 
direction of the microneedle has not been examined, because 
in this case the general model changes. The results show 
that when the microneedle’s speed increases, the reaction 

force applied to the skin increases, so that when the speed 
reaches 1mm/s, the maximum reaction force applied to the 
microneedle reaches about 7 N (Fig. 11). At higher speeds, 
an oscillating state is seen in the amount of reaction force. 
At low speeds in the initial displacements, a small reaction 
force is applied to the microneedle, and then the force slowly 
increases (Fig. 12). Therefore, it should be noted that in the 
model presented in this study, the microneedle’s speed also 
affects the penetration force.

4- CONCLUSION
Microneedles are nowadays used in drug release, biopsy, 

and skin rejuvenation systems. Computer simulations can be 
used to reduce the cost of laboratory tests on microneedles 
and their harmful effects on the skin. In this study, two 
layers were considered for the skin and, the Ogden model 
was used to express the behavior of each layer. The path of 
failure during the microneedle’s penetration was determined 
by the cohesive elements. The results of this simulation show 

 
 

Figure 11. Changes in the reaction force applied to the microneedle by changing the speed (high speeds). 
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Figure 12. Changes in the reaction force applied to the microneedle by changing the speed (low speeds). 

 

0

5

10

15

20

25

30

35

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

re
ac

tio
n 

fo
rc

e(
N

)

penetration depth(mm)

0.16mm/s

0.09mm/s

0.04mm/s

0.01mm/s

Fig. 11. Changes in the reaction force applied to the microneedle by changing the speed (high speeds).

Fig. 12. Changes in the reaction force applied to the microneedle by changing the speed (low speeds).



Y. Amiri and B. Vahidi, AUT J. Model. Simul., 53(1) (2020) 13-22, DOI: 10.22060/miscj.2021.18471.5215

20

that for the penetration into the epidermis layer, only 0.5 s 
of movement at 0.36 mm/s speed is required. Moreover, to 
penetrate the dermal layer, this time should be increased to 2.5 
s. As the microneedle’s tip radius increases, the reaction force 
applied to the microneedle decreases but the stress on the skin 
decreases. By reducing the radius of the microneedle’s tip to 
5 µm, the reaction force applied to the microneedle decreases 
to 60 mN during penetration. Increasing the speed of the 
microneedle increases the reaction force on the microneedle 
exponentially. The results of this simulation can be effective 
for accurate drug release in the skin as well as stresses applied 
to the skin. Due to the wide range of geometries used for 
microneedles, only circular cross-section geometry was used 
in the present study without adding grooves and barbs to 
the surface, which could be considered in future researches. 
In this study, microneedle was considered a rigid body and 
the stress applied to it was not investigated to determine its 
fracture strength.
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