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Motivation

Jankowski, M., Spużak, J., Kubiak, K., Glińska-Suchocka, K., & Grzegory, M. (2013). Kidney Biopsy in Dogs and Cats. Pakistan Veterinary Journal, 33(2).

A bevel tip needle has deflection 
during percutaneous procedures

Understand the mechanics of the 
needle and soft tissue interaction 

Create a model to predict the 
deflection of the needle



Background

Needle-Tissue Interaction Modeling

Model and characterize the relationship between the forces applied to the tissue by the needle: DiMaio et al.

2003, Alterovitz et al. 2003, Okamura et al. 2004, Alterovitz et al. 2005, Yamaguchi et al.2014, and Khadem et

al.2016

Needle Deflection Models

Model the deflection of the needle using beam theories: Dash et al. 2008, Asadian et al. 2010, Misra et al.

2010,Lehmann et al. 2013, and Khadem et al.2015



Objective

Study the needle-tissue interaction mechanics

Use a beam theory to analytically model the needle 
tip deflection 

Utilize the model in operating medical assisting 
robotic systems or assisting training systems

Improve the performance of percutaneous needle-
based procedures by increasing target accuracy



Methods

Needle deflection Modeling

• Assume the needle is a long thin cantilever beam.

• Model the needle as a Euler-Bernoulli beam.

• Acquire a governing equation to estimate the deflection.
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Needle-Tissue Interaction forces

• Fs: Tissue deformation force

• Fc: Tissue cutting force

• Ff: Friction force

• Fp: Tissue puncturing force

Methods



Methods
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Tissue deformation force modeling

Mahvash, Mohsen, and Pierre E. Dupont. "Fast needle insertion to minimize tissue deformation and damage." 2009 IEEE International Conference on Robotics and Automation. IEEE, 2009.

• Viscoelastic models accurately describe biological

tissue's mechanical properties.

• A modified Kelvin model for the viscoelastic needle 

interaction.



Methods

Needle deflection Modeling

• The needle insertion is a quasistatic process.

• Euler-Bernoulli Beam on Elastic Foundation theory.

• Insertion velocity is constant

𝜕&

𝜕𝑥& 𝐸𝐼
𝜕&𝑤 𝑥
𝜕𝑥& +𝐾𝑤 𝑥 = 𝑞



𝐹' = .
(

)

𝐾*𝛿𝑑𝑎 = 𝐾* 𝑡𝑎𝑛
𝛼
2 𝑎&

𝛿 = 2𝑎 tan
𝛼
2

Methods

Cutting force modeling 

• Tissue cutting starts after the needle tip is entirely

inserted into the tissue.

• A triangle distribution force due to the bevel shape.

Khadem, Mohsen, et al. "Mechanics of tissue cutting during needle insertion in biological tissue." IEEE Robotics and Automation Letters 1.2 (2016): 800-807.



Methods

Friction force modeling
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Yang, Tangwen, et al. "Interaction modeling and simulation of a flexible needle insertion into soft tissues." ISR/Robotik 2014; 41st International Symposium on Robotics. VDE, 2014.

• Friction force along the needle axis can be

modeled as modified Winkler's foundation

with linear stiffness coefficient.



Methods
Needle deflection Modeling

• The Euler-Bernoulli equation for a beam on an elastic foundation:
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• The complementary equation:
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Methods
Needle deflection Modeling

• The solution for the governing equation:
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• The boundary conditions are of a cantilever beam:
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Methods

Needle deflection Modeling

• The deflection can be calculated using a numeric

computing software MATLAB

• The friction force is related to the length of the

layer.

• The cutting force is related to the needle tip

location.



Phantom tissue-mimicking method

Experimental procedure
PVC Tissue-mimicking materials

• Mimic biological tissues structural 

and mechanical properties.

• Relatively low cost.

• Easy to manufacture. 

• Transparent.



Phantom tissue-mimicking method

Experimental procedure
Multilayer tissue-mimicking phantoms

• Adjust the ratio between softener

and PVC polymer solution

• Elastic modulus compression test

• Fabricate the multilayer phantom

tissue block



Phantom tissue-mimicking method

Experimental procedure

Experimental setup

• Linear actuator with a motor. 

• Needle holder.

• Force sensor to record forces.

• PVC phantom block. 

• Phantom tissue holder.



Results

Force measurement

• Perform needle insertions and extractions in the tissue with

force sensor attached to the base of the needle.

• Utilize a data acquisition software program, LabVIEW to

obtain the needle-tissue interaction forces during the

insertion.



Results

Force measurement

• The average insertion and extraction forces

from the needle insertion in four phantom

blocks

• Experimental extraction forces are 25-35%

lower than the insertion forces.



Results
Analytical forces and experimental data comparison



Results
Deflection estimation



Results

Deflection measurement

• The insertion starts from the air and the needle's tip is in

contact with the first layer surface

• The theoretical and the experimental deflections of the

needle were plotted using MATLAB.



Tissue composition Analytical and experimental deflection difference

Region 1 Region 2 Region 3 Region 4

Two-layers tissue 9% 12% - -

Four-layers tissue 10% 12% 17% 21%

Results

Deflection comparisons

• Comparisons between the needle deflection in

two-layers phantom and the four-layers phantom

blocks.

• The interaction forces and the elastic modulus of

the different parts of the phantom tissue are

affecting the deflection of the needle.



Conclusion

• A method for modeling the needle deflection is based on the Euler-Bernoulli beam elastic foundation theory

and uses analytical force models and numerical calculations.

• The deflection model is based on the needle geometry and the material properties of both the needle and

the tissue.

• The deflection model can plan the needle insertion trajectory in tissues with nonlinear properties.

• The experimental data show that this method can predict the needle tip deflection with 10 to 21% modeling

error.
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