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Abstract One of the main clinical applications of the

needles is its practical usage in the femoral vein catheter-

ization. Annually more than two million peoples in the

United States are exposed to femoral vein catheterization.

How to use the input needles into the femoral vein has a

key role in the sense of pain in post-injection and possible

injuries, such as tissue damage and bleeding. It has been

shown that there might be a correlation between the

stresses and deformations due to femoral injection to the

tissue and the sense of pain and, consequently, injuries

caused by needles. In this study, the stresses and defor-

mations induced by the needle to the femoral tissue were

experimentally and numerically investigated in response to

an input needle at four different angles, i.e., 30�, 45�, 60�,
and 90�, via finite element method. In addition, a set of

experimental injections at different angles were carried out

to compare the numerical results with that of the experi-

mental ones, namely pain score. The results revealed that

by increasing the angle of injection up to 60�, the strain at

the interaction site of the needle–tissue is increased

accordingly while a significant falling is observed at the

angle of 90�. In contrast, the stress due to injection was

decreased at the region of needle–tissue interaction with

showing the lowest one at the angle of 90�. Experimental

results were also well confirmed the numerical observa-

tions since the lowest pain score was seen at the angle of

90�. The results suggest that the most effective angle of

injection would be 90� due to a lower amount of stresses

and deformations compared to the other angles of injection.

These findings may have implications not only for under-

stating the stresses and deformations induced during

injection around the needle–tissue interaction, but also to

give an outlook to the doctors to implement the most

suitable angle of injection in order to reduce the pain as

well as post injury of the patients.

Keywords Needle–tissue interaction � Vein tissue � Finite
element modeling � Pain score � Angle of injection

1 Introduction

Needles, at various geometries and shapes, have wide

range of applications in many clinical areas as well as

medical diagnostic procedures, including biopsy to obtain a

tissue sample for testing, anesthesia drug injections, and

brachytherapy radioactive seed implants for cancer treat-

ment [1]. It has been reported that annually there are more

than 12 billion injections across the world [2]. Due to the

extensive practical application of needles in the medical

injections without numbing drugs, such as muscular

injection, fear of injection as well as pain remain as an

unsolved problem yet. Forty percent of patients in a par-

ticular study have declared that intramuscular injection is

one of the most painful injections which is accompanied by

pain and perhaps subsequent injury. In addition, it has been

estimated that around 5.3 and 22 % of peoples have

extreme or average level of fear from injection, respec-

tively [3]. Several factors play critical roles in the pain at
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the injection site, such as size and shape of the needles,

depth, and the specific location of injection as well as the

rate and speed of injection, which should be investigated

with the standard methods in the field. Many efforts have

been devoted to propose a way to minimize the pain and

side effects of injection, including distraction and topical

cold therapy, administration of oral glucose, changing of

the pressure, applying mother hug, improving the location

of injection, and finally needle tip size [4]. Employing of

input needle in femoral vein catheterization is another

major application of needles. Each year more than 2 mil-

lion peoples in the United States are subjected to the

femoral vein catheterization. The first step in this proce-

dure is the femoral artery access, which is accompanied

with the probability of 3–5 %, contains the risk of com-

plications, including bleeding, severed arteries, and

thrombosis [5]. It seems that the way how to employ the

input needles catheterization has an effective role in a

sense of pain after the end of injection and possible inju-

ries, such as tissue damage. Moreover, previous studies

revealed that there are some correlations between the

stresses and deformations induced in the tissue and the

sense of pain and injuries caused by needles.

So far there have been many reports on the impacts of

geometry and material properties of the needles, and tissue

behavior on the needle–tissue interaction. Finocchietti et al.

[6] showed that the evoked muscle pain by pressure stim-

ulation of the tissues is mainly related to the surface muscle

strain. They also benefitted from finite element (FE) sim-

ulation to indicate that the level of pain that would induce

due to injection could be different based on the softness

and stiffness of the muscles [7]. Some other studies focused

on the forces in the needle shaft and consequently tissue

behavior via a set of tissue measurement system and soft

tissue deformation models [8]. Alja’afreh [9] provided an

energy-based fracture mechanics approach to exhibit that,

increasing the velocity of needle can reduce the tissue

motion during the insertion process. Keehan and Gergely

[10] performed an experimental study to evaluate the role

of needle material in the pain of injections. They benefitted

from a CoCr alloy, 17-7 PH, and nano-flex stainless steels

(SSs) materials to recommend them as an alternative to be

used instead of conventional SS 304 material for hypotube

and needle materials. In this field, Xu et al. [11] also

proposed a shape memory alloy (SMA) as an inner needle

material which enables to diminish the pain of injection.

The deflection of brachytherapy needles with different tip

geometries was also investigated [12]. The results revealed

that the continuous rotation of needle can significantly

reduce not only the deflection but also the pain of injection.

Mahvash and Dupont [13] analyzed the possibility of

rupture that can occur during needle insertion inside the

multilayered biological materials. They developed a qual-

itative fracture model that relates rupture force to the

contact area as well as the material properties of the tissue.

An experimental tactile force simulator was proposed for

Table 1 The insertion

parameters of the needle for

injection

Injection

angle (deg)

Traveled

distance

90 as

60 1.15as

45 1.91as

30 2as

Fig. 1 The finite element (FE) model of the femur tissue and needle

in a rectangular cube configuration, including a the needle–tissue

interaction, b the needle itself, and c the meshed needle–tissue

interaction. The contact region, which needle is in contact with tissue,

was more intensively meshed for further accurate numerical

simulation
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uniaxial needle action in which the force resisting progress

of the needle is derived from measured data [14]. Reed

et al. [15] developed a fundamental model of a long thin

object rotating inside a continuous medium. They illus-

trated the practical significance of torque generated by the

needle–tissue interface and formulated a model of the

rotational dynamics that can be implemented into path

planners and position controllers for steerable needles.

Okamura et al. [16] presented a methodology for the

measurement of stiffness, friction, cutting forces, and

needle geometry effects during the insertion of needles into

soft tissues. Recently, the effects of insertion and with-

drawal forces induced by needles with standard traumatic

bevel were comprehensively compared to those with a

novel asymmetrical bevel in vitro [17]. They proposed a

novel design which needs less force compared to the

standard version to penetrate a soft thin membrane.

Boonma et al. [18] presented a nonlinear analytical model

to quantify the forces due to micro needle insertion at

different micro needle geometries. Very recently, a

sophisticated approach was proposed to model the features

of translational friction during needle–tissue interaction

[19]. Their results suggest that the mappings of static

friction are inadequate for describing the existence of

transient nature. Matthews et al. [20] used indentation and

needle insertion to investigate the biomechanical stresses

and deformations in the human eye. The preliminary

experimental findings from a novel four-needle coaxial

electro-hydro-dynamic (EHD) device demonstrated that the

four-layered structures in both particle and fiber form can

be obtained [21]. There were also some studies benefitted

from the FE analysis to investigate the role of various tip

angles in biodegradable polymers [22] and to simulate the

dynamic [23] and cohesive [24] behaviors of needle

Fig. 2 Experimental study was carried out to confirm the numerical results. To do this, a specific drug has been injected at a particular angle to

49 individuals in a hospital. A typical configuration of the injection process at different angles, including a 30, b 45, c 60, and d 90
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insertion into the soft tissue using arbitrary Lagrangian–

Eulerian based FE models. These studies mainly perform

an experimental study and thereafter confirm their experi-

mental observations with that of the FE ones.

However, so far there is a lack of knowledge as to which

angle of injection would provide a less pain as well as post-

injury to the soft tissue. Therefore, in this study the stresses

and deformations in the femoral vein tissue were investi-

gated in response to input needle catheterization at the

angles of 30�, 45�, 60�, and 90� using experimental

approach and FE analysis. It was the authors expectation to

reveal the correlation of injection angle and pain, and

finally to recommend a specific angle for a low pain

injection.

2 Materials and methods

2.1 Model properties

The configuration, geometry, and the mechanical proper-

ties of the established femoral vein model were adopted

from the previously published data [5]. The model was

consisted of a rectangular cube of a femur tissue set which

is formed from slices of skin, soft tissues (including fat,

muscle, and ligament), and the femoral artery. The femoral

vein tissue was considered as rectangular cube to strength

the accuracy of the FE simulation and prevent error pos-

sibility [5]. The rectangular configuration of the model not

only would provide a suitable modeling condition but also

enables us to define a better boundary condition for the FE

model. The insertion parameters of the model are sum-

marized in Table 1. The mechanical behavior of the soft

tissues in the current model was considered to be elastic

and incompressible. The geometry of the different parts

were constructed in CATIA V5R21 (Dassault Systèmes

Americas Corp, MA, United States) and then the parts were

transferred to ABAQUS V6.10 (Dassault Systèmes

Americas Corp, MA, United States) in order to perform

numerical analyses. The geometry of the rectangular cube

of the femur tissue and needle is displayed in Fig. 1. The

needle includes the bevel tip type with an angle of 45�
based on the geometry of I.V. Catheter (Catheter O. D.

1.10 mm, Demophorius Healthcare�, Cyprus). In this

study, in order to find the most suitable angle of injection,

four different angles have been chosen, including 30�, 45�,
60�, and 90� respect to the skin surface.

2.2 Loading and boundary conditions

At first, the needle was directed with a speed rate of 8 mm/

s into the tissue to fulfil the initial preconditioning for the

tissue [8]. The needle was only allowed to move in the

direction that needle angle is made to the skin. Since the

mechanical property of the needle is much harder than that

of the soft tissues, the needle was considered to behave like

a rigid material. The pressure of the blood flow was

assumed to remain uniformly with a constant value of

0.01 MPa [5]. The bottom of the tissue was fully con-

strained in all directions and all edges of the vessel were

fixed in the both sides of the tissue. The fixed boundary

conditions were chosen to be a bit far from the region of

needle–tissue interaction to provide the most effective

condition with least influence on the external surfaces. In

the modeling, two distinct geometries were combined,

including one for the central part (the area of needle pen-

etration) and one for the peripheral part. The interface of

these two parts were defined to be ‘‘tie’’ and thereafter

Table 2 The mechanical

properties of the different soft

tissues in the model

Tissue

type

Young’s

modulus

(MPa)

Poisson’s

ratio

Skin 2.10 0.30

Soft

tissue

0.11 0.30

Vessel 1.23 0.25

Fig. 3 The agreement of the a our numerical simulation with that of

bMiller et al. [5] has been assessed through the strain distribution in a

cube femur under the same simulation conditions
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these parts were meshed with ‘‘hexagonal’’ and ‘‘sweep’’

elements, respectively. In addition, since needle tip is very

sharp, the region of needle–tissue interaction was set to be

node released to avoid stress singularity. Furthermore, a

more dense mesh was distributed in the needle–tissue

contact region to fulfil a more precise simulation outcomes.

2.3 Experimental validation

A group of 49 patients were selected to be injected at each

needle angle, including 30�, 45�, 60�, and 90� (Department

of cardiovascular surgery, Day hospital, Tehran, Iran).

Since the patients were required to be injected weekly,

there were suitable access to all of them in 4 weeks. The

position and angle of injections are presented in Fig. 2. A

questionary form was provided and the patients were asked

to express their sense of pain as a score from 0 to 20, as 0

stands for the lowest and 20 stands for the highest level of

pain. The scores were then interpreted as the pain score and

recorded weekly for each individual for 4 weeks in a way

that in the first week all 49 patients were injected at 30� and
in the last week (4th week) at 90�. The results were finally
reported as mean of the scores ± standard deviation.

2.4 Numerical validation

The convergence of the FE analysis was investigated

through a mesh density study in order to obtain a set of

reliable data. In the mesh convergence analysis, the mod-

ification of mesh volume, stress, and strain distribution

were obtained in the simulation model. This simulation is

continued until the relative errors become\1 % (it refers

to the, for example, value of stress between the two

sequences of mesh analysis). The details of the finest mesh

volume are listed in Table 2. Moreover, a comparison

between the results of the present work and that of the

others has been performed under the same simulation

conditions to confirm the numerical observations [5]. Fig-

ure 3 illustrates the strain distribution in the cube of femur

tissue which confirms its agreement with our results. The

mesh under the tip of the needle is illustrated in Fig. 4.

Those are small enough that the skin can be easily

deformed (Table 3).

3 Results and discussion

Previous studies reported that the sensitivity of nerve

receptors which react to injury in the deep tissue is less

than that of the superficial layers of the tissue. In the other

words, the mechanical sensitivity of these receptors is

strongly associated with the strain in tissue [6]. Hence, the

threshold of sensitivity in the nerve receptors is sensitive to

mechanical alterations and would react and increase the

strain in the tissue [6]. Consequently, it is expected that the

stress and strain concentration in a segment of the tissue

can be interpreted as a feeling of pain or injury. This study

was aimed to perform a combination of experimental and

numerical analyses to find the most effective angle of

injection which brings about less pain and injury. The

results revealed that there is a strong correlation between

Fig. 4 The mesh under the tip

of the needle

Table 3 Number of elements and nodes in the simulation model

Injection angle Number of nodes Number

of elementsa

System 30� 122,990 90,933

System 45� 123,413 90,372

System 60� 120,792 88,292

System 90� 113,742 82,020

a 8 node linear brick, C3D8R and 10 nodes quadratic tetrahedron,

C3D10
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the needle angle and stress/strain distribution around the

needle–tissue interaction region. In order to quantify the

amount of stress and strain at different needle angles, i.e.,

30�, 45�, 60�, and 90�, the FE model of the tissues,

including skin, soft tissue, and blood vessels, along with

needle were established. It is obvious that due to elastic

mechanical behavior assumption for the tissues no rupture

is expected to be occurred in the tissues and, as a result, the

needle will not penetrate into the deep portions of the tis-

sue. In fact, the main purpose of this study was to evaluate

the amount of stresses and deformations right before needle

penetrates into the deep segments of the tissue. This is

because the distribution of pain receptors in the deeper

sections of tissue is lower. The distribution of the strain as

the needle applied to the tissue under the angles of 30�,
45�, 60�, and 90� is displayed in Fig. 5. Figure 6 exhibits

the stress distribution as the tissue exposed to the needle

insertion with the angles of 30�, 45�, 60�, and 90�. A

comparative histogram representation of the maximum

strain and stress in the tissues at different angles are

illustrated in Fig. 7. When the needle at an angle of 30�
respect to the skin surface applied to the tissue, the maxi-

mum value of strain is equal to 4.62. This value for angles

of 45�, 60� are also equal to 5.19 and 5.49, respectively.

Therefore, the values of maximum strain by increasing the

angle of injection from the 30� to 60� are increasing

accordingly, however, at an angle of 90� there is a sharp

falling of strain in the tissue to 1.87 (Fig. 5). The maximum

amount of strain is related to the area around the tip of the

needle, while the minimum amount of strain is related to

the deep parts of tissue which starts to decrease with

increasing the needle angle for all the angles. Comparison

between these values of stress indicates that the least

amount of stress belongs to angle of 90�. In contrast, the

Fig. 5 The distribution of the strain in the region of needle–tissue interaction at different angles, such as a 30, b 45, c 60, and d 90
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maximum values of stress, which occurs just below the

needle, are equal to 10.45 and 9.13 MPa in response to the

needle angles of 30� and 60�, respectively. Meanwhile, the

max and min amount of stress obtained for the angles of

45� and 90� with values equal to 10.63 and 5.66 MPa,

respectively (Fig. 7). This phenomenon can be attributed to

the shear stress resulting from needle entrance. In the other

words, the magnitudes of shear stress (s) in the tissue set

for the angles of 45� and 90� can be considered to be

maximum and minimum (i.e. s = 0), respectively, for the

sake of simplicity. Therefore, since the shear stress is the

dominant stress compared to the normal stress in the par-

ticular case, the stress caused by the needle with the angle

of 90 must be the lowest value of stress in comparison with

other cases. Using simple equations governing the issue, it

can be found that less stress in the angle of 90� seems to be

reasonable and acceptable. For example, the stress is ana-

lyzed for the cases of load applied to the elastic sample

under the angles of 90� and 45�. As shown in Fig. 8a, when

a perpendicular force is applied to an elastic surface, fol-

lowing equations can be written as:

rz90� ¼
F

A
ð1Þ

r0 ¼ 1
ffiffiffi

2
p ðrx � ryÞ2 þ ðry � rzÞ2 þ ðrz � rxÞ2

h

þ 6ðs2xy þ s2yz þ s2zxÞ
i1=2

ð2Þ

where F is perpendicular force, A is area of elastic surface,

rz
90

� and ez
90

� show stress and strain in z direction for

needle in the state of 90�. In addition, rx; ry, and rz display
stresses in x, y, and z directions, respectively, as well as sxy,
syz, and szx are shear stresses. Therefore, by inserting

Eq. (1) into (2), we have:

r090� ¼ rz90� ð3Þ

where r0
90

� displays the equivalent von Misses stress under

angles of 90�. When force with angle of 45� is applied to an

Fig. 6 The distribution of the stress in the region of needle–tissue interaction at different angles, such as a 30, b 45, c 60, and d 90
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elastic surface, as shown in Fig. 8b, by decomposing this

force into three components following equations can be

expressed as:

P ¼ V ¼
ffiffiffi

2
p

2
F ð4Þ

and

rz45� ¼
P

A
�Myc

Iy
;

My ¼ V � z
Iy ¼

1

12
a � b3

(

ð5Þ

where F is perpendicular force, and V and P are shear and

normal forces, respectively. A is the area of elastic surface,

Iy is surface moment of inertia, and rz
45

� indicates stress in

z direction for needle in state of 45�. Z stands the distance

of the insertion point that should be implemented into the

momentum equation. Moreover, the geometry parameters

of a, b, and h are the length, width, and height of the

sample, respectively and c displays the distance from the

neutral axis. By replacing Eq. (4) into (5) and due to

Eq. (1), the flowing equation would be in hand:

rz
45

� ¼
ffiffiffi

2
p

2
þ 3

ffiffiffi

2
p h

b2

� �

z z¼h
z¼0

�

�

� �

rz
90

� ð6Þ

with considering Eqs. (1) and (4), we can conclude that:

Fig. 7 A comparative histogram representation of a the maximum

strain and b the maximum stress on the soft tissue in the contact

region of the needle–tissue at different angles, i.e., 30, 45, 60, and 90

Fig. 8 The schematic configurations of a the normal and b oblique loadings

Fig. 9 In order to quantify the pain due to injection at each angle, a

questionary form was provided and filled by each patient right after

the injection. In the form, patients need to give a pain score on a scale

of 0–20 in a way that 0 stands for the lowest pain while 20 shows the

highest pain (*p\ 0.05 compared to 90�, **p\ 0.05 compared to

90�, and ***p\ 0.05 compared to 90�)
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savexy
45

� ¼ V

A
¼

ffiffiffi

2
p

2
rz

90
� ð7Þ

smaxxy
45

� ¼ 3

2

V

A
¼ 3

2

ffiffiffi

2
p

2
rz

90
� ð8Þ

where savexy
45

� and smaxxy
45

� are the average and maximum

shear stresses in xy plane for state of 45�. Using Eqs. (2),

(6), and (7), one easily finds:

rz
45

� ¼ 1
ffiffiffi

2
p 3þ 2

ffiffiffi

2
p

2
� 3

ffiffiffi

2
p h

b2

� �

z z¼h
z¼0

�

�

� �2
( )1=2

rz
90

� ð9Þ

where r0
45

� displays the equivalent von Misses stress under

angles of 45�. According to the above equations, it can be

concluded that the equivalent von Misses stress for the case

of 45� is 1
ffiffi

2
p 3þ 2

ffiffi

2
p

2
� 3

ffiffiffi

2
p

h
b2

� 	

zjz¼h
z¼0

h i2

 �1

2

times of the

equivalent von Misses stress for the state of 90� one which
showed a good consistency was found between the ana-

lytical and numerical results. Overall, the results of this

study suggested that the needle insertion into tissue set with

angle of 90� can significantly reduce the maximum values

of strain and stress distribution and, as a result, the sensi-

tivity of nerve receptors and pain in response to the

needling insertion decrease.

The score of the patients to the sense of pain due to

injection were recorded and showed in Fig. 9. The

numerical results were well confirmed by the experimental

observations as the highest pain score was reported at the

angle of 30� whereas the lowest one was reported at the

angle of 90�. These results suggest that the injection at the

angle of 90� must trigger the least pain and, as a result,

least injury after the injection.

Another point that must be considered is that, the dis-

tance which the needle traveled from the skin into the

blood vessel. Therefore, whatever the angle of penetration

is reduced, the distance that the needle will take to reach

into the vessel is larger. As a result, more tissue damage

would be occurred and, subsequently, there would be more

pain (Fig. 10).

Although the current study found the most suitable angle

of injection based on the amount of stresses and defor-

mations, it is the authors’ belief that the results are still

promising and further research are required. The mechan-

ical behavior of the tissues were considered to be elastic,

while it is known that soft tissues may behave like a

hyperelastic [25, 26], viscoelastic [27, 28], visco-hypere-

lastic [29, 30], or nonlinear anisotropic material [31, 32]. In

addition, despite the authors tried to provide a boundary

and loading condition as close as possible to that of the

nature of the tissue, the behavior of the living tissue under

load would be much more complicate than the simple static

condition. Finally, as previously reported, study of needle–

tissue interaction would provide a deep understanding

about the behavior of different kind of materials under

blunt loading, such as gels [33], skins, and muscles [34]

and, consequently, provide a wide range of outlook for the

medical robotics equipment to get improve in their per-

formance [35].

4 Conclusion

The aim of this study was to numerically simulate the

needle–tissue interaction in order to find the most effective

angle of injection which provides less pain and injury to the

tissues. To do this, a FE model of the needle and tissue

were established and the needle at four different angles,

such as 30�, 45�, 60�, and 90� were inserted to the tissue.

The results revealed that alteration of the injection angle

would have a significant effect on the amount of stresses

and deformations in the tissue. During input needle

catheterization, the maximum and minimum values of both

stress and strain in the tissue set generated surrounding the

needle tip and deep segments of tissue, respectively. The

maximum strain of tissue set increases by increasing the

angle of needle insertion. However, the angle of 90�
exhibits the least amount of maximum strain in comparison

with other angles i.e. 30�, 45�, and 60�. The highest value

of maximum stress was determined at the angle of 45�,
whereas the lowest on was observed at the angle of 90�.
Finally, the results indicated that the angle of needle can

play an important role in the femoral vein catheterization in

terms of stress and strain distributions. The pain and inju-

ries caused by the injection procedure will vary according

to the angle of needle. For instance, insertion at the angle

of 90� can significantly reduce the maximum values of

strain and stress and, as a result, the sensitivity of nerve

receptors and pain will decrease.

Fig. 10 The schematic of the distance that a needle would take up to

deep injection into the tissue
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