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Abstract— Medical needles play important roles in many di-

agnostic and therapeutic applications and the development of 

novel surgical technologies depends on obtaining a better quan-

titative description of needle-tissue interactions. To develop 

such technologies involving needles, the investigation of the nee-

dle insertion process and the related parameters are key. This 

paper provides a two-dimensional finite element model of nee-

dle insertion into the human skin, validated against available 

experimental results in the literature. The crack propagation in 

the tissue was modelled via the cohesive zone method. To this 

end, a curve-fitting approach based on the reaction force ap-

plied to the needle during the insertion was exploited to optimize 

cohesive parameters. The simulations showed that failure trac-

tion of 2 MPa, initial stiffness of 4000 MPa/mm, and separation 

length of 1.6 mm can lead to a reliable model that can reproduce 

the experimental results.  Also, the effect of needle diameter on 

the insertion force was investigated.  
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I. INTRODUCTION 

Developing new surgical technologies and improving the 

design of the medical equipment can lead to safer and more 

convenient medical procedures and can even enable expan-

sion of medical services to regions with limited access. Nee-

dles are among the most applicable clinical devices that are 

frequently used for vaccination, drug delivery, brachy-

therapy, biopsy, and different types of surgeries [1], [2]. 

Therefore, the investigation of needle-tissue interactions 

can inform the development of more efficient and controlled 

apparatus for medical procedures. 

The pain level that each patient tolerates can be moderated 

by improvements in the needle design in terms of its diameter 

and tip angle to reduce the insertion force of the needle [3], 

[4]. Additionally, the insertion force varies by the mechanical 

properties of the human skin, which depends on different pa-

rameters such as gender, age, anatomical location, and eth-

nicity [5]. 

The mechanical properties that take part in the needle-skin 

interactions are categorized into three classes of parame-

ters to develop a complete model: (1) deformation-related pa-

rameters, (2) fracture-related parameters, and (3) needle-skin 

interaction parameters. The first class depends on the stress-

strain characteristics of the skin, which is governed by the 

constitutive laws. Although elastic models have been fre-

quently used in the determination of stress-strain relation-

ships in several studies, more complicated models like visco-

elastic and hyperelastic models have shown more reliable 

results [6]. The second class includes parameters like fracture 

toughness, critical strain energy release rate, and crack tip 

opening displacement that can be used to describe the frac-

ture in the skin. Nevertheless, approaches like the Cohesive 

Zone (CZ) method may use some other equivalent parame-

ters to describe crack propagation. Finally, the third class 

contains the frictional characteristics of the skin along with 

its contact pressure-overclosure definition.  

Finite Element (FE) method has been frequently used for 

the simulation of needle insertion into biological tis-

sues. However, only very few studies could provide experi-

mentally validated FE models of needle insertion into the hu-

man skin. Kong et al. [2] simulated microneedle insertion 

into a multilayer human skin until the earliest stages of skin 

penetration and verified their results with the experimental 

results reported in [7]. Chen et al. [8] developed a FE model 

of the insertion of microneedles into the mouse skin using an 

element deletion strategy based on the ultimate strength of 

the skin. Also, Halabian et al. [1] simulated the needle-skin 

interaction to study the stress fields and the skin deformation 

before the deep penetration of the needle.  

In this study, a two-dimensional FE model was developed 

using the CZ method to simulate deep needle insertion into 

the human skin. This model was validated using the needle 

reaction force data obtained experimentally by Shergold and 

Fleck [9].  Also, the effects of cohesive parameters and nee-

dle diameter on the reaction force were studied. This study 

provides a better understanding of the mechanics of needle 

insertion into the human skin, which can culminate in the de-

sign of more advanced medical devices or the improvement 

of needle insertion control in robot-assisted surgery and vir-

tual-reality based medical training systems. 

II. METHODOLOGY 

A. Mechanics of Needle insertion 

Any cutting process is associated with a certain level of 

energy consumption. Needle insertion into the skin is a cut-

ting process in which energy consumption is composed of 
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three different mechanical phenomena: skin deformation, 

crack propagation, and needle-skin friction. Consequently, 

the external work during the insertion is equivalent to the 

combination of three components: 

 Wext = Us + UGc
+ Uf (1) 

where Wext is the total external work done by the needle, Us 

is strain energy in the skin and subcutaneous tissue due to 

deformation, UGc
 is the fracture energy owing to crack prop-

agation, and Uf is the frictional energy because of the inter-

action of the needle with the skin.  

The CZ method was implemented in the current study to 

model the damage in the human skin and simulate crack 

propagation during the needle insertion. A very thin (10 𝜇𝑚) 

cohesive layer in the skin, parallel to the direction of needle 

insertion was assumed. During the insertion, the cohesive 

layer opens, and its surfaces take apart.  

The mechanical properties of the cohesive elements are 

described by a traction-separation law (TSL), which defines 

the traction (t) between cohesive surfaces versus the separa-

tion distance (δ). In the current study, a bilinear TSL as 

shown in Figure 1 was used to define cohesive interactions. 

The traction of the cohesive surfaces increases linearly up to 

a maximum traction known as the failure traction (tc) and 

then gradually degrades to zero at which the total surface en-

ergy (the area under curve) accumulates to the fracture tough-

ness in terms of strain energy density, Gc. It is also noticeable 

that the initial stiffness (K) is usually large enough to allow 

the continuity of the skin structure.  

 
Fig. 1. CZ method; a) needle insertion into the cohesive 

elements, b) traction-separation law (TSL) 

B. Two-dimensional FE model 

The proposed model aimed to observe the skin cutting 

along the needle insertion trajectory. Therefore, a limited part 

of the skin and subcutaneous tissue around the penetration 

path was modelled. Thus, the model consisted of the skin 

layer, subcutaneous layer, and the needle as illustrated in Fig-

ure 2. The geometrical parameters of the model, which cor-

respond with the experimental measurements performed by 

Shergold and Fleck [9], are presented in Table 1.  

 
Fig. 2. FE model consisting of needle, skin layer, and 

subcutaneous layer 

Table 1. Geometrical parameters used in the FE model 

Geometrical parameter Symbol Size 

Needle diameter 𝑑 0.6 mm 

Needle tip angle 𝜃 14 degrees 

Skin thickness 𝑡𝑠𝑘𝑖𝑛 3.5 mm 

Subcutaneous layer depth 𝑡𝑠𝑢𝑏 15 mm 

Boundary condition lateral distance 𝐿 20 mm 

 

The needle was considered to be rigid because it was made 

of stainless steel and it was much stiffer than skin. An incom-

pressible, isotropic, and 1st order Ogden hyperelastic model 

with the following strain energy density function was chosen 

for the skin layer: 

 𝜑(𝜆1, 𝜆2, 𝜆3) =
2𝜇

𝛼2
(𝜆1

𝛼 + 𝜆2
𝛼 + 𝜆3

𝛼 − 3) (2) 

where 𝜆𝑖 (𝑖 = 1,2,3) are the principle stretches and 𝜇 and 𝛼 

are the Ogden constants, which were considered 0.11 MPa 

and 9, respectively, as reported in [9]. Furthermore, a simple 

linear elastic model, with the Young’s modulus of 0.5 MPa, 

which is in the range of reported values in [10], was consid-

ered for the subcutaneous tissue. Also, since the subcutane-

ous tissue is almost incompressible, a Poison’s ratio of 0.49 

was implemented in the proposed model [11]. The damage 

mechanism in the skin layer was established based on the CZ 

model presented in Section II-A and a hard contact between 

the needle and skin with a penalty friction formulation was 

defined. Because previous investigations pointed out that the 

required force for penetration in the subcutaneous layer is 

negligible [9], this model did not include any interaction be-
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tween the needle and subcutaneous tissue to reduce the com-

putational expense. All external boundaries in either the skin 

or subcutaneous layers were fixed, except the top surface of 

the skin which was free. The boundary conditions were de-

fined far enough away from the insertion point that elimi-

nated the effect of boundary conditions on the reaction force 

and stress fields around the crack tip.  

 Simulations were performed in Abaqus V2020 (Dassault 

Systèmes, MA, United States). The skin and subcutaneous 

layers were meshed with 3-node linear plane strain triangle 

elements (CPE3), and 4-node bilinear plane strain quadrilat-

eral elements with reduced integration (CPE4R), respec-

tively. Moreover, the elements of CZ along the trajectory of 

needle insertion were 4-node two-dimensional cohesive ele-

ments (COH2D4). A mesh convergence study was performed 

to ensure the accuracy of the numerical simulations.  

III. RESULTS AND DISCUSSIONS 

A. Cohesive Parameters 

The fracture mechanics of the skin has not been investi-

gated profoundly in the literature. Consequently, there are 

lots of ambiguities in fracture-related parameters of the skin. 

Previous studies have shown that the fracture toughness of 

skin in needle-insertion experiments depends on the insertion 

velocity and more importantly the needle diameter [12]. The 

cohesive parameters of the proposed model were optimized 

to replicate experimental insertion measurement data per-

formed with a needle of 0.6 mm diameter and insertion rate 

of 1 mm/s [9]. Also, the friction coefficient during the needle 

insertion into the skin was considered in the optimization 

procedure.  

Figure 3 shows the effect of cohesive parameters of the FE 

model on the insertion force of a needle with a diameter of 

0.6 mm and insertion velocity of 1 mm/s. The CZ model with 

the failure traction (tc) of 2 MPa, initial stiffness (K) of 4000 

MPa/mm, and separation length (𝛿0) of 1.6 mm using a fric-

tion coefficient of 0.05 (red) could replicate the experimental 

data (blue) most closely (RMSE = 0.12 N). The parameters 

tc  and 𝛿0  indicate a fracture toughness of 1.6 MPa.mm, 

which is very similar to the fracture toughness of the human 

hand skin (1.7 MPa.mm) reported in [13] and corresponds 

with the fracture toughness of the porcine skin (1.6 MPa.mm) 

interpolated for the insertion rate of 1 mm/s and needle diam-

eter of 0.6 mm [12].  

 

Fig. 3. The effect of failure traction (𝑡𝑐), separation 

length (𝛿0), and initial stiffness (𝐾) on the insertion force 

 The investigation of cohesive parameters in Figure 3 

shows that tc was the most influential parameter while K had 

the least effect on the reaction force of the needle. Because 

increasing tc and 𝛿0 increased the fracture toughness, the en-

ergy required for creating new crack surfaces escalated. On 

the other hand, changing K just altered the initial stiffness of 

CZ and did not have any significant impact on the required 

energy. This energy description explains why tc and 𝛿0 have 

more significant effects on the insertion force.  

B. Geometrical Parameters 

 It has been shown that the stress concentration in a seg-

ment of tissue is an acceptable interpretation of patients’ pain 

[1]. The results of the current study showed that the stress 

value at the insertion point increases with the needle insertion 

force, which is highly affected by the needle geometry. A pa-

rameter study on the effect of needle diameter on the inser-

tion force was performed. Figure 4 displays the alteration of 

the insertion force for different diameters. Increasing the nee-

dle diameter led to larger insertion forces in deeper penetra-

tion values. In particular, increasing the needle diameter from 

0.19 mm to 0.99 mm escalated the insertion force from 

0.22 N to 2.17 N. Moreover, for thicker needles, the thorough 

penetration of the needle into the skin layer occurred later in 

larger displacement values. The proposed model can also be 

optimized based on the patients’ skin thickness and mechan-

ical properties to find the insertion force and displacement at 

the puncture point for each specific case.  
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Fig. 4. The effect of needle diameter (d) on the insertion 

force 

 

IV. CONCLUSIONS  

This study proposed a two-dimensional FE model using 

cohesive elements to simulate the deep penetration of a nee-

dle into the skin. The parameters of the traction-separation 

law that are used in the definition of CZ are optimized based 

on the experimental measurement data of needle insertion 

into the human skin. The FE model fitted suitably with the 

experimental results (RMSE = 0.12 N) using a failure traction 

(𝑡𝑐) of 2 MPa, initial stiffness (𝐾) of 4000 MPa/mm, and sep-

aration length (𝛿0) of 1.6 mm.  

The effect of needle diameter on the insertion force was 

investigated. The results showed that thinner needles require 

less pushing force for thorough penetration. The model de-

veloped in this research can be used for optimizing the pro-

cedures that involve medical needles, developing new thera-

peutic solutions, and improving the precision of medical 

robotic systems.    
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