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Abstract—Needle insertion for minimally invasive surgery is 

a technique explored and studied for percutaneous procedure, 

diagnosis, localized therapeutic drug delivery, and Biopsy. 

While the instruments and techniques determine the success of 

every surgical procedure, minimal attention was given to the 

medium, the interaction between the tissue and the needle, the 

development tools and surgical techniques. This paper 

addresses the interaction by studying the needle deflection 

during the insertion into porcine back tissue and simulated 

flesh-like tissue. A customized testing setup is developed to 

measure and quantify these interactions. The needle deflection 

magnitude and its insertion characteristics were measured and 

correlated to define the bio-mechanical properties of back 

abdomen tissue upon insertion. Needle deflections were 

measured for gelatine analogues developed to model the 

consistency of the tissues in the lumbar region of the back. This 

study was the first step in developing a deflection feedback 

controlled surgical instrument which enable the needle to reach 

its intended target in the percutaneous operation. The 

experimental setup and test procedure provides an 

understanding on the mechanics of needle insertion, potentially 

aid the design improvement on surgical instrument. 

 

Index Terms—Needle insertion, needle deflection, porcine 

tissue and gelatine.  
 

I. INTRODUCTION 

When a bevel-tip needle is inserted into soft tissue, the tip 

asymmetry will result in the needle bending naturally. The 

needle may deviate from its intended path due to tissue 

inhomogeneity and anisotropy, organ deformation, 

respiration of the patient and etc. Although surgeons and 

interventional radiologists have long been aware that the tip 

asymmetry causes needle deflection, manual steering of 

highly flexible needles remains a challenge due to the 

limitations of human manual control, lack of access to 

quantitative tissue models, and complexity of the needle 

paths [1]. Inaccurate needle placement may result in 

malignancies not being detected during biopsy, radioactive 

seeds not being placed in the correct location to destroy 

cancerous lesions during brachytherapy, and traumatic or 

even fatal effects during administration of anesthesia. Thus, 
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for effective medical diagnosis and treatment, the needle 

must reach its intended target with minimal deviations. 

Accurate path planning and control of needle steering require 

models of needle-tissue interaction. Understanding 

biomechanical interaction between surgical needle and 

human tissues during needle insertion is crucial to the success 

of all invasive surgery [2]. Such studies are vital for the 

design of surgical instruments meant to assist surgeon in 

specific surgical procedures. DiMaio and Salcudean [3] 

studies shows that the design of new medical tools without an 

in depth understanding of the biomechanical properties of 

simulant or the availability of a realistic simulation model 

may result in catastrophic consequences, the reliability and 

applicability of such a tool over a period may also be 

questionable Hiemenz et al. [4] studies shows that these 

understandings can prevent the accidental puncturing of vital 

organs, extensive tearing of skin tissues or inaccurate 

sampling during biopsy.  

Many types of simulants with texture resembling that of 

human tissues have been made widely available but most 

remain a mock-up to the human tissues. Example includes the 

use of ballistic gelatine for firearms [5] and silicone for 

training simulation. The best replica closest to human tissue 

is the use of porcine tissue from specific portion of the 

animals. Such usages are usually costly and morally less 

acceptable compared to cheaper and widely available 

simulants.  

The most common approach uses a portion of pork as the 

simulated subject. Alternative, the use of replacement 

jellifying agents is more convenient, readily available and 

received better acceptability over cadaver or animal testing. 

As gelatine is derived from animal collagen, it possessed 

similar properties and attributes to that of human tissues. 

Thus, gelatine is an appropriate tissue simulant for needle 

insertion force testing.  In addition, the translucent, yet 

organic nature of the gelatine allows physical appreciation on 

the needle deflection during insertion. The formulated 

gelatine may be used to simulate layers of human flesh for 

replicating the needle penetration and deflection in the 

human flesh to reach an internal organ. 

Needle deflection affects the accuracy and eventually the 

duration of surgery [6]. A suitable and standard measurement 

procedure on the needle deflection profile provides an 

accurate feasibility study on the usability of a needle 

guidance medical device.  

This paper begins by describing the experimental setup, 

the procedure and the test samples. Next, the result and 

discussion of the experiments to characterize the needle 

deflection during needle insertion into porcine and simulated 

tissue (gelatine). Thirdly, the results and discussion on the 

needle deflection against the composition of the gelatine are 
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experimented to simulate the invasive surgery. Fourthly, we 

also tested and compared the mechanical properties of the 

porcine and the gelatine. Finally, we provide conclusions and 

recommendations for future works.  

 

II. SETUP AND EXPERIMENTAL PROCEDURE  

A. Experimental Setup 

A bevel-tip needle, gauge 18, diameter of 1.12 mm and 

15cm length is mounted to the digital force measurement 

gauge. The bevel tip is a cylinder cut through at an angle. It is 

lowered down to touch the surface of the specimen. 

Shimadzu’s SMX-2000 is an X-ray Fluoroscopic inspection 

system for observing and inspecting internal structures and 

mounting conditions in system. Its X-ray system consists of 

high-resolution flat panel detector produces distortion-free, 

reliable images. Panoramic imaging process in the system 

provides a stitching of the multiple images into a more 

collective view of the insertion. Fig. 1 shows the 

experimental apparatus. 
 

 
Fig. 1. The needle deflection measurement in tenderloin a) the X-ray 

equipment SMX 2000 from Shimadzu b) the porcine sample for X-ray 

imaging with the inserted bevel needle. 

 

B. Experimental Procedure 

In our penetration procedure, the needle is first positioned 

1mm above the surface of the sample, driven down 80mm, 

then stopped and remained still in the prostate for 10 sec. We 

can observe the position of needle by intra operative X-ray 

fluoroscopy through the cylinder. The displacement of the 

needle can be visualized and measured by calculating the 

pixel distance against the reference plane in the X-ray 

imaging. Other than the displacement, we also use the digital 

force gauge to measure the insertion force in the experiment. 

The digital force gauge with a set of needles is attached on a 

linear stage, and driven vertically at a constant speed of 

2.95mm/sec. Finally, the needle is withdrawn by 80mm. Data 

from the digital force gauge were recorded at a 50Hz 

sampling rate, together with the trigger signal of the linear 

stage controlled by a computer. The data is analyzed after the 

experiment. The penetration was performed five times, 

changing the puncture positions on the surface to prevent the 

needle from going into the hole created by the previous 

penetration.  

C. Porcine Tissue Specimen 

Two type of fresh porcine tissue (100 × 100mm) from the 

back abdomen are used as a closest replacement of human 

flesh near the kidney area.  The fresh porcine tissue (1kg 

weight each) was prepared and frozen for 2 weeks until the 

experiment. After 3 days defrosting, it was used for the 

experiment. The temperature of the porcine specimen at the 

time of testing was 23.4C.  

D. Preparation of Simulated Tissue Specimen  

Formulated gelatine composition of 57gm is added to 1.9 

liter of water. The gelatine’s needle insertion result is 

compared to a piece of porcine specimen.  As gelatine will 

liquefy when remain at room temperature for more than 30 

minutes. Therefore, the duration of experiment is within 10 

minutes. The temperature of the gelatine is kept at 4°C for the 

test.  

 

 
Fig. 2. Visualization of needle deflection under X-ray imaging for the 

porcine tissue a) tenderloin and b) sirloin.  

 

III. RESULTS AND DISCUSSION 

A. Porcine Specimen Testing 

Fig. 2 shows the X-ray image for the needle insertion into 

the a) tenderloin and b) sirloin porcine sample. Fig. 2 shows 

the displacement of the needle tip penetrating into the porcine 

tissues. Fig. 3 shows the insertion forces acting on the needle 

for both of the samples. Each force data point was plotted 

from an average of five samples. The step line in the force 

plot is the trigger signal of the linear stage controller, and the 

position of the needle tip. One of the aims of this paper is to 

model the needle insertion force in the operation conditions.  

Interaction between the insertion force and porcine tissue 

exhibits non-linear properties. The formation of zigzagged 

force pattern in Fig. 3 implies that the existence of cutting 

force during the insertion. The cutting force refers to the 

force that the needle tip slicing through the tissue [7]. We 

postulate that this force exists as a combination of cutting 

forces and the tissue stiffness at the tip of the needle. This is 

due to the needle tip compresses the tissue in front of the cuts. 

Ideally, the cutting forces will be constant, however from the 

experimental data in Fig. 3, it shows that the cutting force is 

inconsistent and it is unrelated to needle depth.  

Segregating the sources of the force data into different 

components, allows accurate modeling of all the individual 

forces relevant to needle insertion. No design improvement 

b) 
a) 

b) a) 
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of surgical instrument to date was made through explicit 

monitoring of such individual forces. Plotting force against 

needle tip position into porcine tissue reveals the variations in 

friction, cutting forces, and internal stiffness. It also reveals 

that the collisions of the needle tip with puncture of interior 

structures. Porcine tissue contains a substantial number of 

arteries and veins and the internal puncture events are evident 

in Fig. 3. Summation of the individual force components 

constitute the overall force data collected. Friction and 

cutting force are measured after occurrence of primary 

puncture while stiffness forces measure before needle 

insertion. Cutting force comprises of plastic deformation of 

the simulant and the tissue stiffness experienced at the tip of 

the needle. Internal stiffness of tissue affects the friction 

force. 

 

 
Fig. 3. Insertion force for porcine tissue, tenderloin. 

 

 
Fig. 4. Needle deflection for porcine samples. 

 

The overall shape of the experimental results for using the 

porcine tissue (tenderloin) in Fig. 3 is similar to the data for 

Sirloin, although the significant variations in porcine 

geometry and internal structure make a perfect match 

impossible. The differences between these two porcine 

samples are likely due to variations in small interior 

structures such as blood vessels. The presence of higher 

density of blood vessels in tenderloin sample contributed to 

additional peaks and stiffness forces.   

From the needle deflection results in Fig. 4, we can assume 

that the needle is not completely straight as it travels through 

the tissue; in reality there are small deflections. Bending of 

the needle was clearly visible through the X-ray imaging for 

both of the porcine samples. A less than 1 degree (maximum 

0.6 degree) bend was measured from the needle holding point 

to needle tip. It is clear that tissue deformation is complex, 

and is still the subject of much research. This is expected as 

the needle tends to follow the path with less resistance with 

minimal cutting force. The trials revealed a nonlinear 

relationship between position and axial force as the needle is 

inserted. The significant distortion in the insertion path is 

observed when the depth is 50mm or more. This is most 

likely caused by a large amount of needle bending. A 

bevel-tip needle, unlike a symmetric-tip needle, will cut 

tissue at an angle. Since the needle cuts at an angle away from 

the direction of insertion, the needle may bend in the 

direction of the bevel. Past experiments have demonstrated 

the effect of tissue deformations due to rigid needle insertion 

[6]. Comparison between the tenderloin and sirloin porcine 

sample indicated that the deflection is different between the 

two porcine samples. It is believed that the presence of small 

interior structures such as blood vessels in the tissue provided 

reinforcement that prevents the deformation of the tissue. 

The presence of higher density of blood vessels in tenderloin 

tissue provided additional reinforcement for the tissue to 

withstand the compression and cutting force instigated by the 

needle tip and therefore reducing the deflection.  

 

 
Fig. 5. Vision system setup for needle deflection measurement for gelatin. 

Inset shows the magnified image of the needle under the camera.  

 

B. Needle Deflection for the Gelatine Samples  

Fig. 5 shows the vision system setup for measuring the 

needle deflection in the gelatine samples. A camera is used to 

visualize the needle deflection and the magnitude of the 

deflection is measured by comparing the axial image position 

between the needle and the reference plate in the setup. Inset 

in Fig. 5 shows the magnified image of the needle under the 

camera. Fig. 6 shows the deflection measurement for the 

gelatin samples measured using the vision setup. Unlike 

using porcine sample where the observations are a straight 

insertion path, a higher increase of deflection was observed. 

The deflection for gelatine sample is about six-fold higher 

than the porcine samples (maximum deflection is 4.2mm for 

Needle 
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gelatine sample compared to 0.7 mm for tenderloin sample). 

An increase in deflections is observed when the gelatine 

concentration is diluted using water resulting in changes to 

the viscosity. This increase of the deflection was caused by 

the increase of the compression force of the gelatine against 

the needle surface and not by the increase of the friction force 

between the needle and the gelatine, the result thus tally with 

the observation that the gelatine surface did not move during 

the needle insertion. The results also indicate that both 

insertion and withdrawal have the same pattern of force 

changes against the composition changes. 

 

 
Fig. 6. Needle deflection against the percentage composition of the gelatine. 

 

 
Fig. 7. The comparisons of the compression force of the porcine and gelatine 

sample under different temperature. 

 

C. Simulated Fiber Reinforced Gelatine   

In general, tissue modeling is complex because of 

inhomogeneous, non-linear, anisotropic elastic and viscous 

behavior [8]. Tissue sample parameters such as Young’s 

modulus (E) and the Poisson ratio (ν) are typically 

determined by testing small homogeneous tissue samples 

using rheometers and similar materials testing equipment [9]. 

Measurements of elasticity or the compression forces are 

usually obtained by loading the tissue sample between two 

parallel plates. Comparison between the porcine samples and 

gelatine indicates that the compression force of the gelatine 

sample is 6-7 times higher than the porcine samples (either 

sirloin or tenderloin). In order to match the actual 

biomechanical properties of the porcine sample, we have 

inserted polymer fiber into the gelatine solution and perform 

experience with varying the temperature of the gelatine 

sample ranging from 25C to 35C. The comparisons of the 

compression forces are shown in Fig. 7. It is noted that as the 

temperature increases to 35 degree, the compression force 

reduces significantly as compared with the initial condition 

of 25 degree. It matches the properties of the porcine sample 

(as shown in the Fig. 7). Using the newly simulated fiber 

reinforced gelatine sample, the needle deflection 

measurement is shown in Fig. 8. It demonstrates that the 

needle deflection for the simulated gelatine resembles the 

actual porcine experiment. 
 

 
Fig. 8. The comparisons of needle deflection for porcine and gelatine 

samples. 

 

IV. CONCLUSION 

The needle deflections during the insertion into a porcine 

tissue were independently measured by a newly-developed 

test setup, and each deflection was related to the 

biomechanical behavior of the porcine tissue. The X-ray 

measurement for the porcine samples’ trials revealed a 

nonlinear relationship between position and axial force as the 

needle is inserted. The nonlinearity of the deflection during 

the insertion implies that the compression force between the 

needle and the medium increase exponentially during the 

insertion. Additional experiments with the needles insertion 

for simulated tissue (gelatine) were performed as this 

jellifying agent is more convenient (transparent in nature 

which is more suitable for needle defection study), readily 

available and received better acceptability over cadaver or 

animal testing. The needle deflection for the simulated 

gelatine resembles the actual porcine experiment and 

provides a good alternative medium for design or training of 

a needle guidance medical device. 
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