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Abstract: In the past two decades, MNs patches (MNs) as a promising platform have 

been extensively investigated for transdermal delivery of drug drugs, cells, and active 

substances and extraction of bio-fluids. To realize painless, efficacious and safe 

transdermal delivery, these MNs must penetrate the skin to the appropriate depth 

without breaking or bending. Therefore, effective prediction of mechanical properties 

such as skin penetration of microneedles is crucial for the material and structural 

design of MNs. In this paper, a numerical simulation of the insertion process of the 

microneedle into various types of skin modeling is reported using the finite element 

method. The effective stress failure criterion has been coupled with the element 

deletion technique to predict the complete insertion process. The numerical results 

show a good agreement with the reported experimental data for the deformation and 

failure of the skin and the insertion force.  
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1. Introduction 

Blood sampling, diagnosis and drug delivery, as components of the medical 

treatment system, have played an essential role in therapeutic practices.[1] Over the 

past hundred years, conventional steel injection needles have been widely used for 

blood sampling and transdermal delivery of drugs due to the perfect skin penetration. 

Nevertheless, the pain and invasiveness associated with penetration of needles 

through the skin are resisted.[2]  

To overcome the limitations of steel injection needles, microneedles (MNs) as a 

novel transdermal delivery technology composed of needles on the micrometer scale, 

which have been extensively studied for replacing traditional steel injection needles 

due to their painless, non-invasive, self-administered properties.[3] In the last two 

decades, MNs have been used to deliver vaccines,[4] peptides,[5] proteins,[6] small 

molecule drugs,[7] cells,[8] which exhibiting the potential alternative route for drug 

delivery. In addition, MNs can also avoid cross-infection caused by injection use, 

reducing the risk of cross-infection in medical care. With the development of MNs 

technology and microelectronic technology, MNs have also been studied for blood 

and tissue fluid (ISF) extraction and point-of-care (POC) medical tests, avoiding the 

frequent use of steel injection needles. [9-11]  

Currently, different types (solid MNs, hollow MNs, coated MNs, dissolvable 

MNs and hydrogel MNs) and structures of MNs have been designed for various 

applications.[12-13] The insertion process of MNs into tissue, however, remains a 

complex and challenging issue due to the highly non-linear and nonlinearly 
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inhomogeneous nature of the needle and tissue.[14] The interaction between the needle 

and tissue, loading conditions, and material properties will affect the insertion forces, 

stress and strain distributions, and needle deformation during the insertion process.[15] 

Therefore, the modeling and simulation of MNs insertion can provide critical insight 

into the mechanics of MNs and tissue interaction, and contribute to optimize the 

design of MNs-based devices for various medical applications.  

At present, there are different methods to predict the MNs insertion procedure 

including dye immersion staining,[16] fluorescence diffusion,[17] and embedding in 

tissue sections.[18] The dye immersion staining and fluorescence diffusion to assess 

MNs penetration could be affected by temperature of skin.[19] Furthermore, in the case 

of optimal cutting temperature compound (OCT) embedding, embedding skin samples 

is a necessary step which may cause the displacement of MNs from their original 

location, thereby compromising the accuracy of measurement.[20-21] Mathematical 

simulation of the MN systems is an area of growing research where the theories 

governing drug transport and delivery through the skin can be suitably applied for the 

development and optimisation of MN systems. In addition, an accurate finite element 

model can provide a detailed analysis of the stress micro-environment during MNs 

array insertion, which can be used to predict insertion performance and to efficiently 

compare the impact of design feature modifications.  

A variety of studies have been conducted in response to different procedures of 

MNs insertion. The shape of the MNs has a great influence on the penetration of the 

MNs. Common conical MNs have been designed and simulated by COMSOL 
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Multiphysics software, exhibiting less stress and easier insertion into the skin 

compared with pyramidal MNs.[22] In addition, a variety of novel MNs have been 

designed by CAD and analyzed by the COMSOL Multiphysics software. Flanged 

base was added to the design to the base of MNs reduce stress and fracture.[23] The 

length of MNs has a great effect on the penetration process, and excessively long 

MNs can pierce the skin, whereas too short MNs cannot resist the elasticity of skin 

and thus cannot pierce the skin.[24] Longer MNs can deliver drugs to deeper concluded 

in both simulation experiments and animal experiments.[25] However, it should be 

noted that the length of MNs should not be increased excessively, as excessively long 

MNs may lead to skin damage and pain. It has been investigated the feasibility of 

microneedles with various lengths penetrating the skin, and determined that a length 

of 550-900 μm is optimal for effective skin penetration.[26] “The nail bed effect” poses 

a challenge to MNs patch design, as it necessitates a suitable density of MNs. 

However, a recent study utilizing a 3D finite element analysis model developed with 

Abaqus software has shown that reducing the density of MNs can actually enhance 

MNs penetration depth and efficiency.[27] New MNs structures and optimized 

parameters (such as needle tip area and MNs wall thickness) have the potential to 

further reduce the force required for MNs insertion. [28-31] By exploring these design 

factors, the penetration efficiency and patient compliance of MNs can be improved. 

The interaction between MNs and skin can be comprehended by simulating the 

process of MNs insertion into the skin using COMSOL software. This simulation 

enables the optimization of MNs’ structures, thereby enhancing their skin insertion 
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performance. By evaluating the MNs insertion, potential issues such as stress 

concentration, fracture, and skin damage can be identified and mitigated, leading to 

improved safety and reliability of the MNs. In addition, MNs with superior 

mechanical strength require minimal force for successful skin penetration. The 

minimum force necessary for MNs to insert the skin under different conditions can be 

simulated by COMSOL software, providing a valuable guidance for MNs’ materials 

and structure designs. 

Here, we presented a novel finite element model for simulating conical MNs to 

insert into skin. The skin model incorporates multiple viscoelastic, anisotropic layers 

to accurately reflect skin conditions in vivo. The effects of different insertion speeds, 

needle acuity, needle tip area, needle spacing, and skin thickness on the insertion of 

MNs into the skin were simulated by finite element modeling (Figure 1). In addition, 

the effect of pre-treatment of the skin during the insertion process on MNs insertion 

has also been investigated. The numerical results show a good agreement with the 

reported experimental data for the deformation and failure of the skin and the 

insertion force, which can be suitably applied for the materials and structure 

optimisation of MN systems in the future. 
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Figure 1. Schematic representation of different factors to affect the insertion of MNs. 

2. Finite element modeling 

The finite element models were created in COMSOL Multiphysics (Comsol 

Multiphysics 6.1, America). Solid mechanics module added stainless steel was chosen 

as the material of various MNs models to ensure that the MNs had sufficient 

mechanical strength to explore the optimal conditions for insertion to the skin. The 

specific material selected is "Structural steel" with a density of 7850 kg/m3 in the 

Comsol software. In this model, MNs were designed to have 700 μm hight, 200 μm 

ground surface diameter, which could be adjusted to other sizes upon request. In 

addition, The MNs patch (5×5) model with the same backing and different spacing 

was also designed to evaluate the effect of MNs spacing on MNs insertion. 

The skin model established was a multi-layered material comprising stratum 

corneum (~ 20 μm), epidermis (~ 80 μm) and dermis (~ 1 mm) layers to simulate the 

skin as accurately as possible (Figure 2A). Stiff stratum corneum, the main obstacle to 

the insertion process, was modeled with the Neo-Hookean model. The dermis layer 

was further molded with Gasser-Ogden-Holzapfel (GOH) in the Neo-Hookean model. 

The calculation method for volumetric strain energy is Miehe. Meanwhile, the contact 
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pairs between the MNs and the skin were added, and the effect of adhesion and 

stripping was added. The friction coefficient in the model was set to be 0.42 

controlled by the penalty factor.[32] Specific parameters adopted in the model in each 

skin layer are shown in the Table 1. In addition, the 'contact' was set up at the 

interfaces between different layers to assemble cohesively to produce a integrated skin 

without the occurrence of gaps. The MNs as the source object was set to be a finer 

meshing, while the skin as the target object was set to be extremely refined to make 

both contacts instead of traversing. Among them, the shear stiffness in adhesion is 

defined using the shear normal ratio (0.17), while the cohesive force model for 

delamination is based on displacement damage. Additionally, fixed constraints are 

applied to the lower surface of the dermis to secure the entire skin, thus facilitating the 

process of insertion. The stress cloud plot of the model was used to analyze the data to 

evaluate the effects of factors such as the speed of penetration, MNs acuity, needle tip 

area, needle spacing, skin thickness, and skin tension on the MNs entry process. 

Table 1 Mechanical properties of the skin model [27,33] 

3. Results 

3.1 Skin tension 

Skin is a complex structure that varies significantly in both structure and 

mechanical properties depending on the species, the individual and the specific site. 

 Stratum corneum Epidermis Dermis 

Material Model Neo-hookean Neo-hookean Gasser-Ogden-Holzapfel  

Thickness (mm) 0.02  0.08  1 

Density (g/cm3) 1.3  1.2 1.2 

Youngs modulus 

(MPa) 
0.752 0.489 7.33 



 9 

Skin tension, which refers to how tensed the skin is when subjected to external forces, 

is an important factor affecting MNs insertion. The tension of the skin was variable at 

different locations, which is difficult to control, the same property skin was chosen to 

simulate the effect of different tension forces on the piercing process. The addition of 

a roll support to the side of the skin model in the COMSOL software has simulated 

stretched skin, which corresponds to an increase in tension, as shown in Figure 2B 

and 2C. In contrast, the skin model without setup of roll support mimics the skin in 

natural condition is shown in Figure 2B and 2D. Both of the MNs systems with roll 

supported and no roll supported groups were pierced into the skin at a velocity of 1 

mm·s-1. Utilizing the above simulation system, the effect of skin tension on MNs entry 

can be analyzed qualitatively. Here, the setting of the roller support is slightly 

different from the practical stretching of the skin. In practical applications, the skin is 

subjected to direct stretching by applying a specific force. When roller support is 

added to the skin, it does not generate any tension in the absence of MNs penetration 

force. However, the skin with roller support will generate the same tension as the skin 

to prevent skin deformation during the MNs penetration, which can still meet the 

evaluation of various stretching situations. 
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Figure 2. Schematic of the skin structure (A), insertion illustration of MNs on skin (B), insertion 

illustration of MNs and top stress distribution clouds on stretched skin (C and E) and 

non-stretched skin (D and F). Force displacement curve of roller support set at distances of 3 mm 

and 10 mm (G). 

The orthogonal and positive views of the roller supported skin piercing situation 

are shown in Video 1 and Video 2, which has the minimal deformations and tremors 

during penetration. In contrast, the skin without roll support undergoes a significant 

deformation during the stab in process according to the orthogonal and positive views 

in Video 3 and Video 4. The stretching of the skin can change the morphological and 

mechanical properties of the skin, which can enhance the penetration depth of MNs 

and improve the insertion efficiency of MNs as well. The stress distribution clouds in 

Figure 2E and 2F show that the maximum stresses skin with and without roll support 

are 2.5×104 and 4.5×104 Pa, respectively. As compared to the stress exerted on skin 

with roller support during MNs insertion, the stress without roller support is 

significantly greater. This stress difference can be attributed to the presence of uneven 

skin and higher friction without the support of a roller. In addition, the setting distance 

of the roller support has an impact on the penetration. In Figure 2G, it can be observed 
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that the force exerted on the roller support set at 10 mm is considerably higher than 

that on the roller support set at 3 mm, particularly after a displacement of 200 μm. 

This suggests a correlation between the roller support distance and the required force, 

with greater distances necessitating increased force. This phenomenon could 

potentially be attributed to the enhanced elasticity of the skin, which is a consequence 

of the increased distance. 

3.2 Velocity of insertion 

To evaluate the effect of speed on the penetration of MNs into the skin, the MNs 

model at the same depth at which different velocity (velocity = 0.1, 0.3, 0.5, 0.7, 1, 

1.3, 1.5 mm·s-1) into the skin. Figure 3A shows the definition of the boundary 

conditions for the MNs insertion. The thickness of stratum corneum and dermis are 

set at 20 and 1000 μm, respectively. And the conical MNs, with height and bottom 

diameter at 700 and 200 μm, and angle of MNs tip at 20°, are vertically penetrated 

into the skin under a constant velocity. When the velocity controlled at 0.1 mm·s-1, the 

maximum bearing force at axial direction for the MNs is ~0.147 N/needle during the 

insertion process. And increasing the velocity to ~0.3 mm·s-1 and 0.5 mm·s-1, the 

maximum bearing force for the MNs insertion can be decreased to ~ 0.120 and 0.054 

N/needle, showing a rapid decrease trend with the velocity ranging from 0.1 to 0.5 

mm·s-1. However, further increasing the velocity from ~0.5 mm·s-1 and 1.5 mm·s-1, the 

maximum bearing force decreases from ~0.054 to 0.017 N/needle, showing a 

relatively gentle decrease trend (Figure 3B). With an increase in speed from 0.1 

mm·s-1 to 1.5 mm·s-1, there is a corresponding decrease in radial force from 0.689 
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mN/needle to 0. 083 mN/needle. The trend is similar to Olatunji 's work [34], where 

they used a copolymer of methyl vinyl ether and maleic anhydride (PMVE-MA) to 

mold conical MNs. When the insertion rate increased from 0.5 mm s−1 to 1 mm s−1 

and the penetration force decreased from 0.03 N to 0.0216 N. At the same time, there 

is also a similar trend when using MNs applicators in practice, even if there are 

differences in numerical values due to different usage conditions [35-36]. Thus, the MNs 

with a lower insertion velocity is beneficially reduces the initial insertion force due to 

the elastic characteristics of the skin. Generally, MNs withstanding insertion force 

more than 0.1 N/needle can be effectively inserted into the skin. 

 

Figure 3. Definition of the boundary conditions for MNs insertion (A), and axial and radial 

insertion force of MNs into skin at different velocity (B). Definition of the boundary conditions 

for MNs insertion (C), and axial and radial insertion forces of MNs with different needle tip 

angles (D). Definition of the boundary conditions for MNs insertion (E), and axial and radial 

insertion forces of MNs with different needle tip diameters (F).  

3.3 Angle of MNs tips 

The angle of the MNs tip indicates the sharpness degree of the needle tip. Here, 

the relationship between insertion force and the angle of the needle tip are also 
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investigated. MNs models with different needle tip angles (a = 10°, 15°, 20°, 25°, 30° 

and 35°) are applied to the skin models, as shown in Figure 3C. The conical MNs, 

with height and bottom diameter at 700 and 200 μm, are vertically penetrated into the 

skin under a constant velocity at 1.0 mm·s-1. When the angle of the MNs tip at 10°, the 

axial and radial forces are 0.011 N/needle and 0.0004 N/needle. Increasing the angle 

of the MNs tip to 20°, the axial and radial forces are increased to 0.034 N/needle and 

0.001 N/needle, respectively. Further increasing the angle of the MNs tip to 35°, the 

axial and radial forces are increased to 0.065 and 0.002 N/needle. Essentially, MNs 

with lower tip angles is best configured for insertion (Figure 3D). The above 

phenomena can be explained that the larger the angle of the needle tip means the 

larger the area of the needle body and, consequently, the greater the pressure, friction, 

as well as shear forces. To reduce the MNs insertion force and improve the insertion 

efficiency, reducing the needle tip angle is an important parameter, however a smaller 

angle also means a smaller drug loading, which requires a balance. 

3.4 Diameter of MNs tips 

The effect of the needle tip on the insertion force of the MNs is investigated by 

setting different needle tip diameters (d = 1, 5, 10, 20, 30, 40 and 50 μm), as shown in 

Figure 3E. All MNs insert the skin model at a velocity of 1 mm/s with respective tip 

diameters. As expected, the insertion force will be increased with increasing the tip 

diameter of needle. The insert force is 0.025 N/needle when the diameter of the MNs 

tip at 1 μm. It will be enhanced to 0.168 N/needle with the diameter of the MNs tip at 

10 μm, about ~6.72 times higher than that of the MNs tip diameter at 1 μm. However, 
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only ~1.32 times enhancement (~0.222 N/needle) can be obtained with increasing the 

diameter of the MNs tip to 20 μm. Further increasing the diameter of the MNs tip to 

40 and 50 μm, the insert forces are 0.458 N/needle and 0.490 N/needle, respectively. 

The MNs radial force for a needle tip diameter ranging from 1 μm to 20 μm increases 

from 0.117 mN to 0.633 mN, followed by a faster increase from 0.633 mN to 3.50 

mN within the range of 20 μm to 50 μm. (Figure 3F). Thus, the higher insert force 

will be endowed with the larger needle tip diameter. The penetration force of the 

metal hollow MNs measured by Ranamukhaarachchi has the same trend, and as the 

needle tip area increases, the penetration force and energy force increase [37]. It should 

be noticed the skin tissue damage will be caused to extend the skin healing time. 

3.5 Spacing of the needles 

The spacing of MNs in an array are critical determinant of skin penetration and 

the mechanical integrity of the MNs. To evaluate the effect of spacing of MNs on 

penetration efficiency in skin, the MNs with 700 μm in height and 200 μm in bottom 

diameter with difference spacing (10, 50, 100, 200, 400, and 800 μm) are designed to 

simulate the MNs insertion at velocity of 1.0 mm·s-1, as shown in Figure 4A. 

Figure 4B shows the cloud plot of stress distribution for MNs insertion. The 

interactive stress effects of the MNs cannot be clearly distinguished in the clouds plot 

of stress distribution when MNs spacing varying from 10 to 100 μm. Upon increasing 

the spacing beyond 200 μm, the stress distribution becomes dispersed and a visible 

gap emerges, indicating a reduced stress interaction among the MNs. Figure 4D 

shows the plot relations between of penetration depth and efficiency with interval 
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spacing of MNs. When the interval spacing of MNs at 10 μm, the penetration depth 

and efficiency are 469 μm and 87.5%, respectively. And they will be enhanced to 521 

μm and 99.4% when increased interval spacing of MNs to 200 μm. However, the 

penetration depth and efficiency are almost no signature changed after further 

increasing the interval spacing of MNs. There is no significant increase in insertion 

depth when the interval spacing of MNs increased to 800 μm. To observe the stress 

distribution of different MNs spacing more clearly, Figure 4C shows the top view of 

the stress distribution cloud map of the skin model. As the spacing between MNs 

increases, the stress during the process of insert into the skin becomes more dispersed. 

These findings suggest that MNs spacing above 200 μm may be necessary to reduce 

mutual stress and enhance the performance of skin penetration.  

The similar trend also can be found between the insertion force and interval 

spacing of MNs. Figure 4E shows the displacement distribution cloud plots against 

the interval spacing of MNs. And the corresponding insertion force curves are 

dispalyed in Figure 4F. There are no significant alterations can be observed in the skin 

displacement and penetration depth when the interval spacing of MNs controlled at 10, 

50, and 100 μm. And the required penetration force is 0.49, 0.23 and 0.22 N/Needle. It 

indicated that the required stronger penetration force is need for the MNs with smaller 

interval spacing. By further increasing the interval spacing of MNs, the required 

insertion force becomes weaker, with only approximately 0.063 N/needle needed for 

insertion. However, the change in the required penetration force becomes insignificant 

when the interval spacing of MNs exceeds 200 μm. These findings are consistent with 
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the results of Olatunji’s work,[34] showing that the spacing of needle only begins to 

affect insertion force at low spacing (＜150 μm). This range of needle spacing is also 

consistent with the conclusion of Römgens’s work, proving that appropriate needle 

spacing is beneficial for drug delivery and diffusion [38]. Therefore, we believe that 

optimizing interval spacing of MNs is a crucial factor for enhancing the insertion of 

MNs patches.  

 

Figure 4. Definition of the boundary conditions for MNs insertion with different interval spacing 

(A). Cross section (B) and top view (C) of stress distribution cloud plot against interval spacing 

and penetration depth and efficiency of MNs with different spacings (D). Displacement 

distribution cloud plot against interval spacing (E) and insertion forces changes at different 

interval spacing (F). 

3.6 Thickness of the skin 

The stratum corneum, as the outermost layer of the skin surface, is also the main 

barrier to skin penetration, and the thickness of the stratum corneum is usually 
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between 10-20 μm due to effect of different locations and age. [39-40] The flow of MNs 

into each layer of the skin is shown in Figure 5. The MNs do not develop any stress 

when MNs are only contacted with the skin (Figure 5A). And the stress will be 

enhanced when the MNs are pressed on the stratum corneum, and they will be 

punctured into skin when the stress exceeds the elastic modulus of the skin (Figure 

5B), and subsequent penetration into the epidermal layer (Figure 5C). Therefore, the 

penetration force of MNs will be affected by the thickness of the stratum corneum and 

epidermis. To further investigate the efficacy of MNs insertion into different skin 

thicknesses, various parameters are modified in the stratum corneum and epidermis 

layer of the skin model. And changes in skin thickness are simulated by subjecting the 

skin model to a series of MNs penetrations, allowing for a comprehensive evaluation 

of application of MNs patches across a broad range of skin thicknesses (Figure 5D).  

 

Figure 5. MNs on the surface of skin model before insertion (A), Insertion of MNs into the 

stratum corneum (B) and epidermal layers (C). Definition of the boundary conditions with 

different thickness of stratum corneum and epidermal layers (D). Effect of stratum corneum 

thickness (E) and epidermal thickness on MNs insertion (F). 

As shown in Figure 5E, the resistance for MNs insertion will be increased with 
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increasing thickness of the stratum corneum. And the insertion force is increased by 

123.6 % from 0.014 N to 0.033 N as the thickness of stratum corneum increasing 

from 10 μm to 30 μm. In addition, the thickness of the epidermal layer has a similar 

trend of influence. The insertion force of the MNs is 35.2 mN when the thickness of 

the epidermal layer controlled at 80 μm. And the insertion force of the MNs will be 

improved to 53.1 mN when the thickness of the epidermal layer at 100 μm (Figure 

5F). 

4. Conclusion 

In conclusion, a finite element model has been developed for simulating conical 

MNs to insert into skin. The skin model incorporates multiple viscoelastic, anisotropic 

layers to accurately reflect skin conditions in vivo. In this study, the effects of of 

pre-treatment of the skin during the insertion process on MNs insertion and other 

insertion parameters including insertion speeds, needle acuity, needle tip area, needle 

spacing, and skin thickness were simulated and assessed by finite element modeling. 

The numerical results show a suitable needle insertion velocity (＞0.7 mm·s-1), needle 

tip diameter (＜10 μm), and needle spacing (＞200 μm) can effectively reduce the 

needle insertion force of MNs. To conclude, the finite element model developed can 

be used as a tool to optimize MNs construct design and predict MNs puncture 

efficacy. 
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