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 One of the most important and essential process is investigating the medical 
instruments, medical diagnostic and therapeutic procedures especially used for surgery. 

During surgery, accurately placing and inserting surgical needle in human body [ like 

soft tissue] is a challenging process. A complete successful surgery depends on the 
needle and localizing the needle on the soft tissue. Surgeon should comprehend the 

interface between the surgical needle and soft tissue is most important to design and 

develop innovative devices. It helps to succeed better accuracy in surgery. For 
successful surgery it is necessity to investigate the needle in terms of its attributes and 

behavior before surgery. In this paper, various effects are presented such as velocity 

modulation on needle force and target deflection. Velocity modulations carried out on 
the needle are linear, rotational and oscillatory. Using experiment and simulation, it is 

verified the hypothesis that needle localization with continuous rotation reduces target 

movement and needle force significantly. From the simulation it is observed that a 
small change in force and target deflects in rotational oscillation of the needle. 
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INTRODUCTION 

 

 Many modeling methods have been proposed for 

the insertion of needles into soft or rigid type of 

tissues. In the recent days, clinical routines are 

concerned with these needles. The accuracy of 

needle insertion into soft tissues is affected, because 

of this thin and flexible nature. With increasing 

attention to the safety of the patients, clinical 

facilities are developing practice guidelines with the 

intention of reducing harm to patients. To assess the 

potential benefits to patient safety many approaches 

were on the row. These flexible needles have the 

potential in facilitating precise targeting and avoiding 

collisions during the time of surgery, else it post 

puncture issues to the patient. Though needles are 

providing great mobility and dexterity, the key 

obstacle is the difficulty of needle tissue interaction.  

 It is very difficult to model the needle deflection 

and tissue deformation during the time of needle 

insertion in the tissue. It is because of the complex 

nature of interaction forces along the insertion path. 

Needle deflection and tissue deformation happens 

due to the needle-tissue interaction. The existing 

research works says that to alleviate the deflection 

and deformation effects is by preparing a rigid needle 

into soft tissue or flexible needle insert into rigid 

tissue. Now robotic systems are also employed in 

performing trajectory planning and tracking to 

manipulate the needle base. Many artificial phantoms 

are also proposed to create an accurate intermediate 

in terms of bounciness and insertion force range. 

Though, most of the researchers are stimulating a 

uniform environment without exhibiting these 

complexities of organic tissues. 

 

Background study: 

 The insertion of tissue into a roughness tissue 

makes a tissue rupture because of the hardness on the 

tissue and hardness on the texture which affects the 

interaction of needle with tissue. Rupture happens 

during the excessive tissue distortion is followed by 

the unexpected transmission of some cracks inside 

the tissue. The rupture events produce a dangerous 

penetration of sensitive tissue regions (Lathrop, 

2008). The more number of cracks and deformations 

inside the tissue can increase the position error at the 

time of needle steering in heterogeneous tissues. 

These kinds of issues are challenged by a needle 

optimal insertion method is proposed in (Alterovitz, 

2008), which verifies the bio-mechanical properties 

of the needle and the tissue. Before, needle tissue 

interactions, various types of stimulations were 

analyzed in the previous studies. Example, in 
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(DiMaio, 2005), for accurate the stimulation results, 

it includes the utilization of ballistic gelatin for 

firearms and silicon. Vibration assisted needle 

insertion methodology has been proposed to decrease 

the needle-tissue friction and other irrelevant effects 

(Nienhuy, 2004). It is clear and well known that 

needle insertion may induce tissue damages because 

of problem in needle straightness, improper rotation 

during needle insertion, defects on the needle tips. To 

solve these issues, post-revolving the needle was 

shown to have the same benefit and to reduce 

targeting error (Fung Biomechanics, 1981). 

 In most of the existing methods, a constant value 

is assigned to insertion velocity for modeling the 

translation force on insertion depth suing non-linear 

state-space model. One of the dynamic models 

proposed by LuGre model (Kermani, 2006) describes 

the entire interaction function among the needle and 

the tissue. LuGre model describes the total 

interaction force as a function of penetration depth 

and it said that the penetration depth is identical to 

the dynamic friction. One of the state-of-the-art 

robotic systems (Bassan, 2009) is proposed the 5-

DOF needle insertion system. 5-DOF system 

manipulated all the process, such as orientation, 

insertion, rotation and linear motion of the stylet. It 

also maintains the RCM about the needle tip. In the 

robotic system a PID controller is used to control the 

joint space and the noise is reduced by applying 

encoding method for estimating the velocity. In 

terms of needle flexibility it can facilitate curved 

trajectories are utilized for localized drug delivery, 

radioactive seed placement, neurosurgery, ablation or 

tissue biopsy especially in regions that are difficult to 

access or in deep zones. So, that a robotic assisted 

needle steering method for guiding the needle to the 

targeted locations inside the soft tissue is becomes 

one of the main research area (Abolhassani, 2007). 

 From the related works, it is essential to develop 

an inbound procedure to avoid surgical problems like 

death due to inaccurate needle types [width, height, 

precision], needle insertion based friction, 

modulation, target location and so on. In this paper, 

there are two methodologies is applied in order to 

overcome these problems.  

 

Proposed approach: 

 The main objective of this paper is to 

investigating the needle in terms various effects are 

presented, such as velocity modulation on needle 

force and target deflection. Initial process starts with 

the needle insertion and retraction at constant 

velocity. The entire proposed approach is 

decomposed into various phases such as  

 

1). Needle insertion verification: 

1.1) Deformation 

1.2) Steady State Penetration 

1.3) Relaxation 

1.4) Extraction  

2). Effects Verification: 

2.1) Velocity Modulation on Force 

2.2)Velocity Modulation on Target Deflection 

 

 
 

Fig. 1: Needle insertion phases. 

 

Needle Insertion Verification: 

 The Needle insertion phases can be identified 

easily from Figure-1. The tip of the needle is comes 

into contact with the tissue and deforms it with 

penetration and it terminated the puncture. Once an 

energy threshold is reached, the liver capsule 

ruptures and a crack initiates. Then, steady state 

insertion initiates and the force increases with depth. 

This phase determines the needle stops. When the 

desired depth is reached the motion is stopped and 

the force relaxes because of the needle’s flexibility 

properties. The stored strain energy combines with 

friction creates a suction effect. The Needle force is 

due to the friction force and the release of the stored 

elastic strain energy.  

 

Effects Verification: 

 In this paper, a velocity modulation based needle 

insertion technique has been proposed to reduce the 

friction caused by needle-tissue. In this paper, the 

LuGre friction model has been taken as the base and 

extended.  

 

LuGre Model: 

 Asadian et al. (1896) introduced an extended 

version of the LuGre friction model of a needle 

during its insertion to model friction effects. This is 

purely based on bending of the springs like bristle 

elements, which exists in moving surface at 

microscopic level. By considering Lugre structure 

𝓏 𝜁, 𝑡  as the model’s internal state located at the 

point 𝜁 at a certain time t, the extended model is 

written as  
 𝑑𝑧

𝑑𝑡
(𝜁, 𝑡) =  𝜐 −  

𝜎0

𝑔 𝜐 
𝑧 

Ffriction(t) = 𝑑𝐹 𝜁, 𝑡 
𝐿 𝑡 

0  

𝑔 𝜐 =  𝜇𝑐 + (𝜇𝑠-𝜇𝑐)𝑒−𝛼 𝜐                                     (1) 

 where 𝜐 is the velocity of each differentia 

element and L(t) is the needle length which is 

inserted into soft tissue at time t. 

dF(𝜁, 𝑡) =
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 𝛼0 𝑧 𝜁, 𝑡 + 𝜎1
∂z

𝜕𝑡
 𝜁, 𝑡 +  𝜎2𝜐  𝑑𝐹𝑛(𝜁, 𝑡)           (2) 

 is the differential normal force 𝑑 𝐹𝑛(𝜁, 𝑡) applied 

to the element d 𝜁 at time t. Thus friction force is 

characterized by four static parameters 𝜇𝑐 ,𝜇𝑠 ,𝜎2 and 

𝛼 as well as dynamic parameters 𝜎0  and 𝜎1. Thus we 

understood the stiffness and damping coefficients of 

microscopic elastic bristles where 𝜎2 , 𝜇𝑐  and 𝜇𝑠 , are 

the viscos damping, normalized comb and stiction 

friction coefficients[15]. If, there is no changes in the 

needle force and when it is inserted in a constant 

location of the soft tissue  
𝑑𝐿

𝑑𝑡
= 0 then it can be 

written as: 

𝑧  = 𝜐 −  
𝜎0 𝜐 

𝑔(𝜐)
 z 

Ffriction(t) = Fn (𝜎0𝑧 + 𝜎0𝑧  + 𝜎0𝜐) 

 

 
 

Fig. 2: Microscopic representation of irregular  

contact surfaces and elastic bristles whose  

bending gives rise to the friction   

 

Velocity Modulation Based Needle Insertion: 

 Let us assume that the needle is modulated 

longitudinally when it is being inserted into the soft 

tissue. In this paper, the effect of such velocity 

modulation on the friction force can be analyzed. 

Suppose that a modulation generator has been 

attached [shown in Figure-2] to the distal end of a 

needle. The generator smears a longitudinal 

sinusoidal force to the needle structure. In order to 

investigate the insertion procedure, the entire 

experimental setup [comprises the needle, velocity 

modulation generator etc.] is moved with a speed V0 

measured in terms of a static force P. Without loss of 

generality, the following functional form is 

considered for the insertion velocity
2
. 

 

 
 

Fig. 3: Schematic Demonstration of the proposed  

Needle insertion Setup. 

 

𝑣 𝑡 =  𝑣0+∝ 𝜔 cos(𝜔𝑡)               (3) 

 where, ∝ and 𝝎 are the amplitude and the 

frequency of modulation. By substituting of (3), the 

mean value of the friction state can be obtained as: 

𝑧  𝑡 =
𝑔 𝑣0+∝𝜔 cos  𝜔𝑡   

𝜎0
 𝑠𝑔𝑛 𝑣0+∝ 𝜔 cos 𝜔𝑡   ×

1 − 𝑒
−𝜎0  

 𝑣0+∝𝜔 cos  𝜔𝑡   

𝑔 𝑣0+∝𝜔 cos  𝜔𝑡   
𝑑𝑡

𝑡
0              (4) 

 Now, we can define 𝑢 𝑡 =  
 𝑣(𝑡) 

𝑔(𝑣(𝑡))

𝑡

0
𝑑𝑡. For 

large size of 𝑡, u becomes very large since it is a non-

decreasing function with respect to time. i.e, 

                                  𝑢′ 𝑡 =
 𝑣(𝑡) 

𝑔(𝑣 𝑡 )
≥ 0.  

 So, that the mean deflection state in (4) 

becomes: 

𝑧  𝑡 =
𝑔 𝑣0+∝𝜔 cos  𝜔𝑡   

𝜎0
 𝑠𝑔𝑛 𝑣0+∝ 𝜔 cos 𝜔𝑡       (5) 

 Using (5) in (4), the instantaneous friction force 

can then be approximated as a function of 𝑣(𝑡). 

According to the time interval nature of the insertion 

profile, 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 (𝑡), is, in fact, a periodic function 

with a period of 𝑇 = 2𝜋/𝜔. Considering this 

situation, and using the theory of momentum 

(Nienhuy, 2004), the constant force P can be 

expressed as: 

𝑃 =
1

𝑇
 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛  𝑡 𝑑𝑡
𝑡1+𝑇

𝑡1
.             (6) 

 From the equations (6) and (4), we can have 

𝑃 =
1

𝑇
 𝐹𝑛 𝜎0𝑧 + 𝜎1𝑧 + 𝜎2𝑣 𝑑𝑡

𝑡1+𝑇

𝑡1

 

=
𝐹𝑛

𝑇
 𝜎0  𝑧 

𝑡1+𝑇

𝑡1
𝑑𝑡 + 𝜎1  𝑧 

𝑡1+𝑇

𝑡1
𝑑 + 𝜎2  𝑣

𝑡1+𝑇

𝑡1
𝑑𝑡                    (7) 

 where𝑧 is obtained from (5). The third integral in 

(7) can be rewritten as: 

 𝑣
𝑡1+𝑇

𝑡1
𝑑𝑡 =   𝑣0+∝ 𝜔 cos 𝜔𝑡  𝑑𝑡 =  𝑣0𝑇

𝑡1+𝑇

𝑡1
  (8) 

 In order to obtain the second integral in (7), (5) 

is used to rewritten the integrand, 𝑧  : 

𝑧 =
1

𝜎0

𝜕𝑔(𝑣)

𝜕(𝑣)
𝑣 ′ 𝑡 𝑠𝑔𝑛 𝑣 𝑡  =

 
−∝( 𝜇𝑠−𝜇𝑐)

𝜎0
𝑣 ′(𝑡)𝑒−∝ 𝑣(𝑡)               (9) 

From (9), 𝑧  is used as a continuous factor over the 

time  𝑡1, 𝑡1 + 𝑇 , therefore : 

 𝑧 
𝑡1+𝑇

𝑡1
𝑑𝑡 = 𝑧  𝑡1 + 𝑇 − 𝑧  𝑡1 = 0           (10) 

To get (10), the 𝑧  is considered in a periodic manner.  

 𝑧 

𝑡1+𝑇

𝑡1

𝑑𝑡 =   
𝑔(𝑣 𝑡 )

𝜎0

𝑡1+𝑇

𝑡1

𝑠𝑔𝑛 𝑣 𝑡   𝑑𝑡 

=
𝜇𝑐

𝜎0
 𝑠𝑔𝑛 𝑣0+∝ 𝜔 cos 𝜔𝑡  
𝑡1+𝑇

𝑡1
+

 
( 𝜇𝑠−𝜇𝑐)

𝜎0
 𝑒−∝ 𝑣0+∝𝜔 cos  𝜔𝑡     sgn 𝑣0+∝
𝑡1+𝑇

𝑡1

𝜔 cos 𝜔𝑡  dt             (11) 

 In order to simplify  (11), two special cases are 

assumed such as: 

 If  𝑣0 > ∝ 𝜔, 𝑣 𝑡 = 𝑣0+∝ 𝜔 cos 𝜔𝑡 is a 

single sign function [+ or -]. Therefore, (17) can be 

obtained as: 

 𝑧 
𝑡1+𝑇

𝑡1
𝑑𝑡 =

𝑇

𝜎0
  𝜇𝑐 +  𝜇𝑠 − 𝜇𝑐  𝑒

−∝ 𝑣0+𝐼0 ∝∝𝜔    

× 𝑠𝑔𝑛 (𝑣0)              (12) 

𝐼0 𝑥 isthe modified Bessel function of the first kind 

and zero order at 𝑥. It is noted that, 𝐼0 𝑥 ≥
1 𝑓𝑜𝑟 ∀𝑥. 
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 If  𝑣0 <∝ 𝜔, after so many operations, (17) can 

be simplified as: 

 𝑧 

𝑡1+𝑇

𝑡1

𝑑𝑡 =  
𝜇𝑐

𝜎0

 𝑠𝑔𝑛 𝑣 𝑡 𝑑𝑡

𝑡1+𝑇

𝑡1

+ 𝑠𝑔𝑛(𝑣0 
 𝜇𝑠 − 𝜇𝑐 

𝜎0

 

×    𝑒
−∝ 𝑣 𝑡  

𝑠𝑔𝑛  𝑣0 𝑑𝑡
−2𝑡1+𝑇

𝑡1
 𝑐𝑜𝑠
𝑡1+𝑡2

∗

𝑡1+𝑡1
∗  ∝ 𝑣 𝑡  𝑑𝑡    (13) 

 Where, 𝑡1
∗and𝑡2

∗represents the movement of the 

needle while insertion with the velocity 𝑣(𝑡), 

changes its sign [due to direction] : 

𝜏1 = 𝜔𝑡1
∗ = 𝑎𝑟𝑐𝑐𝑜𝑠  −

𝑣0

𝛼𝜔
 =  

𝜋

2
+ 𝑎𝑟𝑐𝑠𝑖𝑛(

𝑣0

𝛼𝜔
) 

𝜏2 = 𝜔𝑡2
∗ = 2𝜋 − 𝜏1              (14) 

From (14), (13) it can be further simplified as: 

 𝑧 

𝑡1+𝑇

𝑡1

𝑑𝑡 =
𝑇

𝜎0

𝑠𝑔𝑛 𝑣0  
2𝜇𝑐

𝜋
𝑎𝑟𝑐𝑠𝑖𝑛  

𝑣0

∝ 𝜔
 

+  𝜇𝑠 − 𝜇𝑐   

× 𝑒−∝ 𝑣0+𝐼0 ∝∝𝜔  −
𝜋

𝜔
 𝑐𝑜𝑠
𝑡1+𝑡2

∗

𝑡1+𝑡1
∗  ∝ 𝑣0+∝∝

𝜔 cos 𝜔𝑡  𝑑𝑡             (15) 

Finally, from (10), (8), (12) and (15), the total 

friction for P from (13) can be rewritten as: 

 For  𝑣0 >∝ 𝜔, the total force becomes : 

𝑃 =  𝐹𝑛 𝜇𝑐 +  𝜇𝑠 − 𝜇𝑐 𝑒
−∝ 𝑣0 𝐼0 ∝∝𝜔  ×

𝑠𝑔𝑛 (𝑣0) + 𝐹𝑛𝜎2𝑣0               (16) 

 For  𝑣0 <∝ 𝜔, P can be obtained as: 

𝑃 = 𝐹𝑛𝑠𝑔𝑛 𝑣0  
2𝜇𝑐

𝜋
𝑎𝑟𝑐𝑠𝑖𝑛  

𝑣0

𝛼𝜔
 +  𝜇𝑠 − 𝜇𝑐  ×

𝑒−∝ 𝑣0 𝐼0 ∝∝𝜔 −
𝜋

𝜔
 𝑐𝑜𝑠
𝑡1+𝑡2

∗

𝑡1+𝑡1
∗  ∝ 𝑣0+∝∝

𝜔 cos 𝜔𝑡  𝑑𝑡 + 𝐹𝑛𝜎2𝑣0            (17) 

 Comparing (16) and (17), it is obvious that the 

viscous component of the entire friction force, 

𝐹𝑛𝜎2𝑣0 remains in act, even if the modulation is 

present. For very small 𝑣0 values or very large 

modulation speeds, i.e, ∝ 𝜔 ≫   𝑣0 , (23) gives: 

𝑃 =  𝐹𝑛  
2𝜇𝑐

𝜋𝛼𝜔
+ 𝜎2 𝑣0.              (18) 

 Equation (24) show how the modulation based 

needle insertion drives the behavior of the medium 

from Coulomb /viscous friction into a pure viscous 

friction into a pure linear viscous friction with a 

much lower friction coefficient. 

 

Velocity Modulation on Target Deflection: 

 In this paper a 6DOF (degree of freedom) 

robotic system in which all the motions are actuated 

by stepper motors is used. Two linear and optical 

encoders are mounted on x-axis, y-axis and z-axis 

respectively. The whole system is kinematically 

controlled. The experiment is performed with 

insertion/linear velocities at 5mm/s,50mm/s and 

200mm/s, needle oscillations at 1Hz,2.5 Hz and 5Hz. 

The sensor attached with it notes  down the 

force/torque. We have also used fluoroscopy to note 

the target deflection for different speeds and needle 

defection modes. 

 In the experiments of rotational velocity, the 

needle was rotated at 60rpm, 300 rpm and 600 rpm 

while inserted at 5mm/s, 50mm/s, 100mm/s and 

200mm/s. Movement of the target was observed. 

Both the cannula and trocar of the needle was rotated 

together. This can be viewed in simulation. We 

observed that at 5mm/s, the increased rotational 

speed has achieved a positive result on target 

movement. Thus we obtained a decrease in target 

deflection. It is shown in the below figure. 

 It decreases with increase in rotation. It’s about 

25% reduction at 300 rpm and about 75% reduction 

at 600 rpm at 5mm/s insertion speed. But when the 

insertion velocity increases it leads to increase in the 

amount of deflection. Thus the result suggests 

different thresholds, (i.e) the target deflection tends 

to reduce from maximum for various speeds of 

insertion. At 50mm/s and 100mm/s the thresholds is 

applied between 300rpm and 600rpm and for 

200mm/s seems to be between 60rpm and 300rpm. 

By these results we understood that reduction in 

deflection of target in soft material or tissue is being 

achieved through rotation of the needle at higher 

speeds. 

 

Experimentation design: 

 In the current analysis the experiment to 

measure the force was designed. The needle was 

inserted into the tissue sample. Several insertions 

were done at various locations. At first the needle 

was inserted into the soft tissue at constant velocity. 

Continuously the needle was advanced and retracted 

in and out of the tissue at the same constant velocity. 

Finally it was completely retracted. By this 

procedural approach the cutting forces and pre-

puncture roles are eliminated. Thus it is wise to 

assume that friction and tissue relaxation were 

constant in the resting interaction forces. To make 

various data set, the following insertion-retraction 

procedure is carried out: 

 Needle inserted into soft tissue  

[ velocity = constant, no modulation] 

 Needle is stopped inside the tissue for t seconds 

while the modulation at a certain frequency and 

amplitude was started in the actuator unit.  

 The needle modulation is up l cm into the tissue 

at constant velocity. 

 The modulation needle is retracted l cm from 

tissue at constant velocity. 

 The modulation needle is again inserted l cm at 

constant velocity. 

 

Experiment and results: 

 In this paper an 18GB brachytherapy needle is 

modulated and injected into an ex-vivo easygoing 

tissue sample using a pair of improved piezoelectric 

actuators. The analysis results demonstrate that the 

translational friction is getting reduced by 

introducing a modulation with low-amplitude motion 
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on the regular insertion profile and it is generally 

performed at a constant rate. In this paper, there are 

100 needle insertion function is carried out for 

experimenting and evaluating the proposed approach. 

In the experiment, the velocity, force and location is 

changed several times and the performance is tested 

and evaluated. Sometimes the velocity is assumed as 

0 and location is same.  

 

 
 

Fig. 4: Measured force values during needle  

insertion at various frequencies V0 =5. 

 

 
 

Fig. 5: V0=10 with Frequency From 100 Hz to 500  

Hz. 

 

 
 

Fig. 6: V0=15 with Frequency From 100 Hz to 500  

Hz. 

 From the above figures [Figure-4, to Fiugre-6] 

we concluded that results of insertion at different 

velocities. i.e., 𝑣0 =  5𝑚𝑚/𝑠𝑒𝑐 and 10 𝑚𝑚/𝑠𝑒𝑐 

into four different sites. This periodic insertion-

retraction motion of theneedle inside the sample is 

observed as four distinct regions in the above figures. 

Here the interaction forces remain same till the 

direction of needle motion changes. From the above 

plots the interaction force levels are high for initial 

velocity. 

 

Conclusion: 

 It is well known that friction is a significant 

force component in needle-tissue interaction while 

percutaneous interventions. An analytical solution is 

presented to incorporate the impact of velocity, 

frequency, modulation insertion in terms of 

transactional friction. The experiment analysis is 

based on LuGre model. The results show that within 

a fixed range of the velocities and frequencies the 

theoretical model holds true. From the results it is 

concluded that when needle insertion velocity 

increases the modulation also increases. And the total 

friction force drops as the frequency of the 

modulation. By decreasing frictional effects, soft 

tissue deformation is reduced. Thus, modulation 

assisted needle insertion is expected to improve the 

targeting accuracy.  

 In future, our proposed methodology based 

needle insertion technique can be extended for 

investigating other types of tissues with various 

conditions.  
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