
  

  

Abstract—Fine needle insertions into a lung are challenging in 
terms of the needle deflection due to the breathing motion. 
Although previous related works neglected the effect for the 
needle deflection due to the breathing motion by patients 
stopping the breath during the insertion, they have to suffer 
from the discomfort. This paper proposes the intermittent 
insertion control method to decrease needle deflection adapting 
the lung deformation due to the breathing motion. The novelty 
of this method is to allow for accurate needle insertion without 
stopping the breath, which will contribute to decreasing the 
discomfort and the amount of radiation exposure for patients. 
The intermittent insertion is to move forward the fine needle 
during a certain time frame that the needle deflection barely 
occurs since the lung is not deformed by the diaphragm motion. 
The feasibility of the proposed method was validated through a 
polyvinyl chloride (PVC) phantom and ex vivo experiments. The 
results showed that the deflection can be suppressed up to 1.3 
mm and 3.9 mm in the PVC phantom and ex vivo experiments, 
respectively. 
 

I. INTRODUCTION 

Percutaneous needle insertion has been a common surgical 
option of cancer diagnosis and treatment instead of open 
surgery, such as biopsy, radiofrequency ablation (RFA), and 
brachytherapy. These procedures are commonly performed 
manually by physicians under medical imaging modalities, 
such as computed tomography (CT), magnetic resonance 
imaging (MRI), and ultrasound (US) imaging, to provide 
feedback information to guide the needle to the target. Lung 
cancer is the leading cause of cancer deaths worldwide and the 
main target that the diagnosis and treatment with percutaneous 
needle insertion are applicable. For the early detection of 
cancer, the biopsy is usually performed once observing a 
suspicious legion with CT images [1]. The RFA which is the 
technique to heat tumors locally through the needle under the 
CT guidance is also the main option of lung cancer treatment 
[2]. In both procedures, the CT scan is basically performed to 
observe the position of tumors and establish the path plan of 
needle insertion preoperatively [3]. During the needle insertion 
into the lung, the physicians conform the needle insertion path 
is the correct direction into targets avoiding anatomical 
obstacles. Once inserting the needle to an unintended direction, 
the physicians have to retract the needle and need to scan 

 
 

additional CT images. Repeating the procedures causes 
increasing not only the amount of radiation exposure [4] but 
also the risk of complications such as hematoma [5]–[7]. 
Additionally, the physicians need to go back and forward to 
the CT room each time to take the new CT scan, and 
subsequently the whole procedure is delay [3]. 

The accuracy of the needle insertion is generally caused 
due to the needle deflection and tissue deformation in addition 
to the lack of target visibility [8]. The degree of needle 
deflection is significantly depending on the needle gauge. A 
fine needle with a bevel-tip is naturally deflected following a 
circular trajectory [9]–[12]. Moreover, in the case of the lung 
needle insertion, a drastic tissue deformation due to breathing 
motions occurs [13], which may cause the deflection 
additionally. Meanwhile, fine needle insertion allows for low 
tissue damages and reducing the risk of complications (e.g. 
hematoma, seeding, and pneumothorax) [7], [14]–[18]. 
Especially, the amount of bleeding is related to the needle size 
[19]. Therefore, there is a demand for the technology to 
perform accurate needle insertion with minimum CT scans in 
the lung. 

A. Related Works 
Numerous robotic needle insertion systems aiming to the 

accurate placement under medical imaging modalities have 
been proposed in those days. As one of the mainstreams in this 
field, a needle steering which controls the trajectory with the 
needle deflection generated by using flexible fine needles with 
the bevel-tip is widely developed [20]–[22]. During the needle 
insertion into a soft-tissue, the interaction force between the 
needle and the surrounding tissue (e.g. cutting force) is applied 
to the bevel-tip and causes the transverse load [23], [24]. By 
modeling the needle deflection (e.g. kinematic and mechanics-
based model [25]), the trajectory can be pre-defined. To 
compensate for the error of the deflection model and satisfy 
the safety for patients, closed-loop control is applied with real-
time feedback from the needle tip position. In order to track 
the needle tip real-time, US [25]–[29], MRI [30], [31], and CT 
[32], [33] were used as the guidance. In the lung needle 
insertion, the CT scan is generally used as mentioned above. 
Then, it is not desirable to track the needle in real-time with 
the CT scan in terms of radiation exposure. Also, during the 
needle insertion into the lung, since the tissue deformation 
occurs due to the breathing motion, it is questionable to apply 
the proposed deflection model and needle steering. 

There are several researches focusing on the robotic needle 
insertion system targeting the lung. The previous researches 
can be divided into two categories. First, the robot systems 
[33]–[35] are proposed as a given that patients can stop the 
breathing during the needle insertion and then the effect of the 
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breathing for the needle deflection is negligible. Under the 
condition, the needle steering may be applicable in the lung. 
Meanwhile, the patients suffer from a discomfort caused by 
stopping the breathing. Also, certain percentages of patients 
cannot be covered due to the difficulty of stopping the 
breathing. Second, it is proposed that the robot systems can 
perform a very fast needle insertion (100-600 mm/s) finding 
an optimal time [36], [37]. This approach can also neglect the 
effect of the breathing motion since the time to insert the 
needle into the target is very short. Those robot systems also 
used a thick needle which barely causes the needle deflection. 
Meanwhile, the risk of pneumothorax is increased by using the 
thick needle and more importantly, such the fast insertion with 
the thick needle may not be acceptable in term of the safety for 
patients.  

B. Contribution 
This paper presents a new insertion control method with 

the fine needle which allows for reducing the needle deflection 
due to the breathing motion. The limitation of the related 
works is to premise that the effect of breathing motion for the 
needle insertion is negligible. However, the internal tissue 
motion due to the breathing motion must occur in real 
situations and may cause to decrease the accuracy of the needle 
insertion, especially with the fine needle. Ultimately, it is 
desirable to reach the fine needle into the target without 
holding breath because of reducing the risk of complications 
and the discomfort for patients. Our hypothesis is that by 
moving forward the needle intermittently at certain time frame 
during breathing cycle, the needle deflection due to the 
breathing motion can be suppressed without holding breath. 
We investigate the effect for the needle deflection due to the 
breathing motion experimentally to support our hypothesis at 

first. Then, the proposed method is demonstrated via phantom 
and ex vivo experiments. To the best of our knowledge, we 
believe to propose a first robotic lung insertion method with 
the fine needle to reduce the deflection due to breathing motion. 

II. METHOD 

A. Intermittent Insertion Method 
Lung adenocarcinoma is the most common type of lung 

cancer and often occurs at lower lung filed where the tissue is 
significantly deformed due to a diaphragm motion. The range 
of the diaphragm motion is about 8-30 mm [13]. Then, we 
assume the diaphragm motion leads to the internal tissue 
deformation, which may cause further needle deflections. 
There are several approaches to decrease the needle deflection 
by applying the rotation [38]–[40]. We also previously 
proposed the insertion method to minimize the needle 
deflection and tissue damages by combing bidirectional 
rotation and vibration with an extra-fine needle (25 gauge; 
φ0.5 mm) [41], [42]. Meanwhile, we assume that once the 
internal tissue motion occurs during the needle insertion, the 
needle deviates from the intended trajectory even applying the 
rotation to the needle. 

To address the internal tissue motion, we propose the 
intermittent needle insertion method which repeats to move 
forward the needle at a certain time frame during the breathing 
cycle when the needle deflection doesn’t occur and to stop the 
needle at the other time frame as shown in Fig. 1. The proposed 
insertion method allows patients for the breath during the 
needle insertion and perform the procedure with low tissue 
damage because of the fine flexible needle. Fig. 2 shows that 
the conceptual insertion control diagram. The time frame 

Fig. 1 Sequential overview of the intermittent needle insertion: left illustration shows the relationship between the needle and diaphragm motion and 
right graph shows the displacement (black line) and velocity (gray line) of the diaphragm during breath cycle (red dot: current time corresponding the 
left picture, blue area: time frame to move forward the needle) in each image. 
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planning output the time to conduct the intermittent insertion 
tintm based on the breathing duration time δbreath generated by 
the breathing observer. The robotic needle insertion system 

performs the needle insertion and rotation motions 
corresponding to the tintm as following: 

𝑣(𝑡) = &
𝑣!"#, 		𝑡!"$% − 𝛿!"#/2 ≤ 𝑡 ≤ 𝑡!"$% + 𝛿!"#/2
0, 		𝑡 < 𝑡!"$% − 𝛿!"#/2, 𝑡!"$% + 𝛿!"#/2 < 𝑡  

(1) 
𝑢(𝑡) = &

𝑢&'$, 		𝑡!"$% − 𝛿!"#/2 ≤ 𝑡 ≤ 𝑡!"$% + 𝛿!"#/2
0, 		𝑡 < 𝑡!"$% − 𝛿!"#/2, 𝑡!"$% + 𝛿!"#/2 < 𝑡  

v and u represent the insertion and rotation velocities, 
respectively. t shows the procedure time during one cycle of 
breathing motion. δins represents the duration time to move 
forward the needle. In following sections, we describe the 
effect for the needle deflection due to the breathing motion and 
the determination of the optimal time frame to move forward 
the needle intermittently through preliminary experiments. 

B. Analysis of Breathing Motion 
The quantitative effect for the needle deflection due to the 

breathing motion is still questionable. Especially, we assume 
that the degree of the needle deflection is depending on the 
distance between the trajectory path and the diaphragm. Then, 
we investigate the needle deflection due to the breathing 
motion through a phantom study as a preliminary experiment. 
Experimental setup is composed of our robotic needle 
insertion unit which allows for the insertion with the rotation 
and vibration, a polyvinyl chloride (PVC) phantom as an 
insertion target, a convex-shaped diaphragm model to mimic 
the breathing motion and USB camera (USB8MP02G-SFV, 
ELP, Japan) to measure the needle trajectory as show in Fig. 3. 
The breathing motion is achieved by moving the convex probe 
with a linear actuator (EAS4RX-D010-ARAA-1, Oriental 
motor, Japan) against the phantom in the direction perpen 
dicular to the needle insertion. The stiffness of the PVC 
phantom can be changed by altering the percentage of the 
plasticizer and softener (Super Liquid Plastic, M-F 
Manufacturing, USA). In this experiment, we measured the 
stiffness of a porcine lung by using an accurate universal tester 
(Autograph AG-IS 100 kN, Shimadzu, Japan) and decided the 
stiffness of the PVC phantom based on the measured stiffness 
of the porcine lung. Fig. 4 shows the measurement stiffness of 
the porcine lung and the PVC phantom with several ratios: 
100% plasticizer, 0% softener by volume; 75% plasticizer, 
25% softener by volume; 50% plasticizer, 50% softener by 
volume. Focusing on the rate of change of the stress σ with 
respect to the strain ε from 0 to 0.2, the stiffness of the PVC 
phantom with 75% ratio is similar to of the porcine lung. Then, 
we choose the 75% PVC phantom as the insertion target. To 
the phantom, we perform the needle insertion under three-way 
depths from the diaphragm model: 15, 30, and 45 mm during 
the breathing motion, and also under no breathing motion as 

Fig. 5 The comparison of the deflection in several insertion depths 
under breaching motion and without breathing motion as a grand truth. 

Fig. 3 Experimental setup is composed of robotic needle insertion unit, 
diaphragm model, PVC phantom, and camera to measure the needle tip 
position. The diaphragm motion is synchronized with the needle 
insertion motion. 

Fig. 4 Comparison of tissue stiffness between porcine lung (left graph) 
and PVC phantoms with different softener ratios (right graph). 

Fig. 2 Conceptual control design: (a) the control diagram includes the 
time frame planning for the intermittent insertion, insertion control and 
breathing observer, (b) the procedure time duration (Δ) is split into 
multiple (e.g. three) cycles of breathing duration (δbreath). In each breath 
cycle, the needle is moved forward at the timing (tintm) for certain time 
frame (δins) and stops in other time durations (δstop). 
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the ground truth. The condition of the diaphragm is below: 
motion amplitude, 25 mm; frequency (δbreath), 0.2 Hz (5 sec); 
waveform, sine curve, referring [43]. Also, to minimize the 
deflection due to the geometry of the fine needle, the 
bidirectional rotation is applied continuously during the 
insertion. Our robotic needle insertion system is mainly 
composed of a linear stage for the insertion motion and a 
stepper motor for the rotational motion [39]. The robotic 
needle insertion parameters are below: needle gauge, 25G 
(φ0.5 mm); needle length, 150 mm; insertion velocity (vins), 5 
mm/s; insertion length, 120 mm; rotational speed (urot), 80 rpm. 
After finishing the needle insertion and stopping the breathing 
motion which corresponds to the released state of the phantom, 
the needle tip position is measured by the camera and the 
transverse distance between the needle tip and initial insertion 
path is calculated as the needle deflection. Insertion trials are 
eight to each insertion depth and Mann-Whitney U test with 
95% confidence interval is used for the non-parametric 
statistical analysis. 

Fig. 5 shows the result of the deflection in each insertion 
depth under breathing motion and without breathing motion. 
The result shows the deflection was increased depending on 

the insertion depth. Please noted that the representative result 
is shown in the supplemental video. There was a significant 
difference between the depth of 15 mm and no breathing 
motion (p<0.05) and between the depth of 30 mm and no 
breathing motion (p<0.05), although there was no difference 
between the depth of 45 mm and no breathing motion. It 
suggests that the diaphragm motion causes an additional 
needle deflection given the needle trajectory is closed to the 
diaphragm. We assume that how deformed tissue where the 
needle will pass through affects the deflection. As shown in 
Fig. 6, given that the needle is passing through the deformed 
tissue due to the diaphragm motion, once releasing the 
pressure from the diaphragm, the needle may be strained 
toward the direction of the tissue restoration simultaneously. 
The degree of tissue restoration is remarkable near the 
diaphragm, which leads to further deflections. Thus, it is 
considerable that the deflection can be suppressed by moving 
forward the needle only during the time frame when the tissue 
is not compressed by the diaphragm.  

C. Analysis of Timing to Conduct Intermittent Insertion 
According to the previous experimental results, we assume 

that the state of breathing motion is one of the important facts 
to suppress the deflection. The state of breathing motion can 
be mainly categorized to four status: i) end expiratory pause 
(EEP), ii) end inspiratory pause (EIP), iii) during expiratory 
(DE), iv) during inspiratory (DI) as shown in Fig. 7. Then, we 
examine the intermittent needle insertion in each time frame 
and find an optimal insertion timing (tintm) experimentally. In 

Fig. 6 Illustration of the assumption that the tissue deformation 
corresponding to the diaphragm motion causes the needle deflection. 

Fig. 7 Classification of breathing status: end expiratory pause (EEP), 
end inspiratory pause (EIP), during expiratory (DE), during inspiratory 
(DI). 

Fig. 8 The comparison of the deflection under applying the intermittent 
insertion with varying time frame to move forward the needle and the 
continuous insertion (w/o control). 

Fig. 9 The comparison of the deflection and total insertion time under 
applying the intermittent insertion in the EEP with varying insertion 
velocities. 
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this experiment, the insertion depth is fixed to 30 mm and the 
time range to move forward the needle in each time frame (δins) 
is set at 1 sec. The EEP in this experiment corresponds to the 
released state of the phantom because the volume of lung is 
increased mostly and then the diaphragm model should not 
push the phantom. Conversely, the EIP corresponds to the 
compressed state of the phantom. The timing to conduct the 
intermittent insertion (tintm) of the EEP, DE, EIP, DI is set at 
δbreath/4, δbreath/2, δbreath3/4, δbreath, respectively. The other 
experimental conditions are the same as Section II-B.  

Fig. 8 shows the result of the deflection by applying the 
intermittent needle insertion comparing each time frame. The 
deflection under moving forward the needle during EEP was 
minimized compared to other time frames, and significantly 
decreased than the deflection without applying the intermittent 
insertion (p<0.01). On the other hand, the deflection under 
during EIP was increased than the deflection without applying 
the intermittent insertion (p<0.01). Those results are following 
our assumption and indicates the EEP is the optimal state to 
conduct the intermittent insertion. Please noted that the 
representative result is shown in the supplemental video.  

D. Analysis of Insertion Velocity 
Although the insertion velocity was fixed at 5 mm/s in the 

above experiment, it may cause the procedure time and 
deflection. Given that the velocity is high, the procedure time 
can be decreased while the interaction force (e.g. puncture and 
friction forces) varies depending on the velocity [23], which 
leads to a further deflection possibly. Then, we need to further 
investigate the insertion velocity (vins) in terms of the balance 
between the procedure time and the needle deflection. In this 
experiment, four insertion velocities (3, 5, 10, and 20 mm/s) 
were performed. The timing to conduct the intermittent 
insertion was fixed at the EEP. The total insertion time was 
measured in addition to the deflection. The other experimental 
conditions are the same as Section II-C. 

Fig. 9 shows the result of the deflection and total insertion 
time by applying the intermittent needle insertion in the EEP 
comparing each insertion velocity. Although there was no 
significant deference of the deflection between insertion 
velocities at 3 and 5 mm/s, the tendency of the deflection was 
slightly increased by increasing the velocities (between 5 and 
10 mm/s, p<0.05; between 5 and 20 mm/s, p<0.01; between 
10 and 20 mm/s, p<0.05). On the other hand, the total insertion 
time was decreased by increasing the insertion velocity. Those 
results are following our assumption and indicates the 
insertion velocity with 5 mm/s is experimentally optimal in 
terms of both deflection and total insertion time in this setup. 

III. EVALUATION 

A.  Experimental Setup 
To verify the proposed intermittent insertion method in a 

realistic environment, we performed ex vivo experiments. As 
the insertion target, a porcine lung is used because of the 
similar property to human [44]. We control to put air into the 
porcine lung up to be a certain size (20x10x17 mm3 in ref [45]) 
with an air compressor (ACP-13SLA EARTH MAN, Takagi, 
Japan) and a flow circuit including an electromagnetic 
proportional valve (PVQ31-6G-16-01, SMC, Japan), a flow 
sensor (PFM725S-01-C-MA-WS, SMC, Japan), a pressure 
sensor (PSE570-01, SMC, Japan) and a microprocessor (ESP-

WROOM-32, Espressif Systems, China) as shown in Fig. 10. 
The porcine lung is covered with the sterilization bag and 
connected to the air compressor. Moreover, the porcine lung is 
put into a shell of artificial rib which can be slid in the front 
direction of body corresponding to the diaphragm motion. The 
diaphragm motion is achieved as same as Section II-B. The 
diaphragm model push to the bottom of the porcine lung. The 
air flow parameters are following: volume amplitude, 500 ml; 
frequency, 0.2 Hz, which is synchronized to the diaphragm 
motion. The parameter of the diaphragm motion is the same as 
Section II-B. The needle tip is tracked by using CT scan 
(Aquilion LB, Canon, Japan) because the needle trajectory is 
not visible in this ex vivo experiment. The CT slice interval is 
set at the minimum resolution of 0.5 mm. The deflections in 
transverse and sagittal planes are measured with the sequential 
CT slices after stopping the breathing motion. The three-
dimensional (3D) deflection is calculated with the 
Pythagorean theorem using the measured deflections in both 
transverse and sagittal planes. The deflection measurement is 
performed with a DICOM viewer software (Array AOC, Array, 
Japan). The needle insertion is performed from twelve 

Fig. 10 The ex vivo experiment setup overview: (a) artificial rib 
allowing for the slide motion corresponding to the breathing motion; 
(b) air flow circuit; (c) conditions of porcine lung; (d) actual setup 
overview. 

Fig. 11 The comparison of the deflection in the sagittal plane, 
transverse plane and 3D space between with and without the proposed 
intermittent insertion. 
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positions between ribs randomly in the direction 
perpendicularly to the CT bed. The deflection under applying 
the proposed intermittent insertion is compared to under 
applying the constant insertion (without the intermittent 
control). The insertion distance is set at 100 mm. The robotic 
needle insertion unit is attached to a base which allows the unit 
for the 3D positioning manually in the Cartesian coordinate. 
The insertion depth from the diaphragm model is set at 15 mm. 
Other experimental conditions are the same as Section II-B.  

B.  Result 
Fig. 11 shows the result of the deflection comparing the 

proposed intermittent insertion with the constant insertion. 
Also, Fig. 12 shows the representative CT images in both cases. 
There is a significant difference of the 3D deflection between 
the intermittent and constant insertions (p<0.01). The 
deflection was decreased up to 3.87 ± 0.78 mm by applying 
the intermittent insertion. The deflection in the sagittal plans 
was significantly decreased by applying the intermittent 
insertion (p<0.01), although there is no difference of the 
deflection in the transverse plane between both insertions.  

C. Discussion 
The objective of this paper was to propose the intermittent 

insertion method with the fine needle which allows for 
reducing the needle deflection due to the breathing motion. In 
this paper, we developed the intermittent insertion method 
based on the PVC phantom study imitating the breathing 
motion and demonstrated the feasibility of the proposed 
insertion method through the ex vivo study with the porcine 
lung and the bench-top air flow circuit. The deflection could 
be successfully decreased without stopping the breathing 
motion by applying the proposed intermittent insertion. While, 
focusing on the deflection in the ex vivo results, the sagittal 
deflection can be decreased significantly by performing the 
intermittent insertion, although the difference of the transverse 
deflection between both insertions was not observed. We 
assume that the sagittal deflection is directly affected due to 
the diaphragm motion and then can be suppressed by the 
intermittent insertion. Meanwhile, the transverse deflection 
was still remaining even though the effect of the diaphragm 
motion for the transverse deflection may be low compared to 
for the sagittal deflection. It is considerable that the anatomical 
structure of the lung causes the deflection. In our previous 
paper [46], [47], we observed that the deflection was increased 
depending on the angle between the insertion direction and the 
tissue boundary, and the initial insertion angle into the surface 
of lung may cause the further deflection in this experiment. 
Then, in case of the lung needle insertion, the preoperative 

insertion path planning may be effective in addition to the 
intermittent insertion. Also, the internal anatomical structure 
of the porcine lung may cause the further deflection, which is 
the significant difference of the experimental setup between 
the PVC phantom and ex vivo studies. The lung includes a 
number of lung alveolus and alveolar duct. Given that the 
interaction force occurs during the needle passing through the 
internal structures, the deflection may be increased compared 
to the PVC phantom. We experimentally acquired and 
compared insertion force data with a force sensor (Nano 17 
force/torque sensor, ATI Industrial Automation, USA) 
attached to the robotic needle insertion unit during the needle 
insertion into the porcine lung with and without air (see 
Appendix). The acquired force data showed that the peak force 
was observed during puncturing the alveolar duct, although 
there were few differences of the sequential forces between 
with and without air into the lung. Then, in addition to the 
insertion angle, taking account the position of the alveolar duct 
into the path planning algorism may be effective.  

The limitation of this paper is described below. This paper 
served the concept of intermittent insertion method and 
presented experimental results. Meanwhile, we didn’t address 
the quantitative control design and the needle deflection model. 
Subsequently, the insertion parameters including the insertion 
and rotation velocities and the time duration for the 
intermittent insertion were not optimized, although several 
patterns of the insertion parameter were examined through the 
PVC phantom study. Especially, the time frame in the 
intermittent insertion (δins) was fixed at 1 sec, which may cause 
the effect for the deflection and total procedure time. As same 
as the insertion velocity, the procedure time can be decreased 
given that the time frame is increased, since the distance the 
needle can move in each breath cycle is increased. Meanwhile, 
the excessive wide range will stretch into next breath motion 
status (e.g. the excessive wide range at EEP will penetrate the 
DE and DI), which may cause the deflection. Additionally, the 
needle insertion force/torque during the breathing motion was 
not analyzed in those experiments. Given that changes of the 
interaction force between the needle and tissue over time 
corresponds to the breathing status, it enables to develop the 
closed-loop control system without the imaging feedback. We 
also assume that it enables to compensate the needle trajectory 
by integrating the concept of the intermittent insertion control 
into the needle steering. To achieve that, the needle-tissue 
interaction force model and the needle tip tracking method are 
required for estimating the needle trajectory. Meanwhile, there 
are few researches focusing on the analyses of the needle-
tissue interaction and the deflection in the lung needle insertion. 
Then, it is necessary to further investigate the needle-tissue 
interaction during the breathing motion. While, the needle tip 
tracking in the lung needle insertion is challenging because it 
is difficult to acquire the real-time image-based feedback. As 
an alternative approach, we may use sensor-based approaches 
including fiber bragg grading (FBG) and electromagnetic 
(EM) sensors, which also have the technical challenging to 
embed sensors into the fine needle. 

Regarding the experimental setup, the synchronization of 
the needle insertion and the breathing motion was performed 
in an ideal situation that the needle insertion could be 
controlled under tracking the diaphragm motion real-time 
through the serial communication. In clinical situations, the 

Fig. 12 The representative CT images under applying (a) the constant 
insertion and (b) the intermittent insertion. Blue dot lines show the 
actual needle path.  
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diaphragm motion cannot be tracked by using this setup. Then, 
it is necessary to integrate a feedback system which can 
monitor the breathing status into our proposed system as 
shown in Fig. 2. There are related works to estimate the status 
of breathing motion by tracking the motion of body surface 
[37], [48]. 

IV. CONCLUSION 

This paper describes the intermittent insertion control 
method to decrease the needle deflection adapting the lung 
deformation due to the breathing motion. The novelty of this 
method is to allow for the accurate needle insertion without 
stopping the breath, which will contribute to decrease the 
discomfort and the amount of radiation exposure for patients. 
The intermittent insertion is to move forward the fine needle 
during a certain time frame (end expiratory pause) that the 
needle deflection barely occurs since the lung is not deformed 
by the diaphragm motion. The feasibility of the proof-of-
concept was validated through the PVC phantom and ex vivo 
experiments. The results showed that the deflection can be 
suppressed up to 1.3 mm and 3.9 mm in the PVC phantom and 
ex vivo experiments, respectively, and indicates that it is ready 
to further studies on animals.  

APPENDIX 
We experimentally acquired and compared insertion force 

data with the porcine lung with and without air. The breathing 
motion was stopped totally. Six trials were performed in each 
condition. Fig. A1 shows the series of insertion force data. 
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