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Abstract. This paper presents a new design of longitudinal and torsional (L&T) 

ultrasonic vibration device for accurate needle insertion in medical applications. A 

waveguide-based Langevin type L&T ultrasonic transducer is proposed for the 
vibration-assisted insertion device. By cyclically altering the amplitude and direction 
of the resultant insertion speed, the proposed three-dimensional L&T ultrasonic 
vibration superimposed on the needle can reduce the friction force and needle 
bending during the insertion. Analytical modeling and analysis were conducted to 
study the vibration characteristics of the design. The new L&T ultrasonic transducer 

was fabricated using a metal 3D printing process. Laboratory experiments were 
carried out to validate the effectiveness of the new L&T vibration transducer design. 
The experiment results show the proposed new L&T vibratory needle insertion device 
is able to accurately deliver the insertion needle to the target depth and location. The 
presented new design and techniques can be used for medical treatments and 
implantation applications.  

 

Keywords: Vibratory needle insertion, Biologically Inspired Design, Longitudinal-
torsional vibration, Medical Applications, Finite Element Analysis 
DOI: https://doi.org/10.14733/cadaps.2022.797-811 
 

1 INTRODUCTION 

Needle insertion as a medical procedure has been widely conducted for biopsy, brachytherapy, drug 
delivery, injection therapy, neurosurgery, medical treatments, etc. [1]. It is important for both 

patients and doctors to place the needle precisely on the treatment spots and to make it less painful 
as possible. The lower insertion force is capable of allowing for greater insertion precision and 
reducing patients’ discomfort.  

To improve needle insertion performance, vibration-assisted insertion as a dynamic insertion 

method has been researched and demonstrated useful. Currently, extensive research focuses on the 
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effect of the axial vibration on the needle insertion, showing a vibratory needle can effectively reduce 
the friction force and cutting force, thereby reducing the overall insertion force.  Huang et al. [11] 
indicated high-frequency vibration reduces 28% of the friction and cutting force in needle insertion. 
Liao et al. [12] developed an ultrasonic device for needle insertion, which achieved 34% force 

reduction and 38% deflection reduction. They also reported that a larger amplitude vibration results 
in a lower insertion force. Barnett et al. [4], [17] reported that the insertion force can be reduced 
by as much as 35% using 25 µm peak-peak oscillation. Unfortunately, it is difficult to achieve high-
frequency large-amplitude longitudinal ultrasonic vibration within a compact ultrasonic device due 
to its corresponding large mechanical impedance. While the insertion force is reduced by larger 
vibration amplitude and higher frequency, it has also been observed an unfavorable larger area of 
tissue damage and higher temperature generated during the insertion [17]. How to reduce the 

insertion tissue damages in surgery remains a major hurdle to be tackled.  

To explore the potentials of vibratory needle insertion, the longitudinal vibration is extended to 
a three-dimensional vibration. Cleary et al. [9] developed a longitudinal-torsional ultrasonic device 
for bone biopsy to reduce forward force and increase precision than conventional longitudinal 
vibration. In their method, a modified a longitudinal-excited transducer structure was modified by 
cutting helical grooves around the circumference of the transducer while the inner cylindrical part 

remains solid. This type of transducers uses the partial reflection and superposition of the propagated 
waves to achieve hybrid vibration near the tip of the transducer [2]. One major drawback is that, 
with only modifyed external structure, it makes the axial vibration as the dominating factor to the 
combined vibrations hence its conversion effectiveness is limited. Although several other similar 
approaches have been used to guide the design of transducers, it remains an error-prone and tedious 
process to find the correct synchronous node planes for the combined tortional and longitudinal 
vibration modes. In our earlier works presented in [6], [7], a new design of longitudinal-flexing 

vibration surgical needle was developed by adding a series of micro slots on the needles. The 

experimental results demonstrated that three-dimensional vibration can further reduce puncture 
force and friction than using longitudinal vibratory needles. It still requires multiple iterations of 
design modifications and finite element simulations to arrive at an approprtiate needle vibration. 
Therefore, developing a three-dimensional vibration-assisted insertion device remains a necessary 
challenge to be overcome. 

In this paper, we present a new longitudinal and torsional (L&T) ultrasonic vibration device to 

assist medical needle insertion. A waveguide-based Langevin type L&T ultrasonic transducer is 
designed, and 3D printed for the vibration-assisted insertion device. By using the superimposed L&T 
ultrasonic vibration and altering the insertion speed cyclically and instantaneously, it is our objective 
to further lower the friction force and needle bending. To compare and validate the effectiveness of 
the proposed L&T vibration, lab experiments were conducted and the results are discussed at the 
end of the paper. Details are presented in the following sections.  

2 INFLUENCE OF ULTRASONIC VIBRATION ON NEEDLE INSERTION 

During the needle penetration procedure, three primary force components act on the needle motion: 
cutting force, clamping force, and friction force, as shown in Figure 1. By analyzing the insertion 
force components, the friction force is the most influential factor during insertion, particularly as the 
needle penetrates deeper [15], [17]. During the insertion, the increased clamping force and the 
contact area between the needle surface and tissue rapidly increase the friction force, resulting in 
an increase in the total insertion force. Therefore, reducing the friction force is significant for lowering 

the total axial insertion force, thereby minimizing the tissue damage and deflection.  
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Figure 1: Forces during needle insertion. 

 

According to the tribology research related to ultrasonic vibration, the macroscopic friction force 
reduction is influenced by the cyclic and instantaneous change of the resultant sliding velocity vector 
[10]. The friction force based on Coulomb’s Law can be expressed as:  

𝐹𝑓
⃑⃑  ⃑ = −𝜇0𝐹𝑛

𝑣 

|𝑣 |
 (2.1) 

where 𝜇0 is the coefficient of static friction, 𝐹𝑛 is the pressure force acting on the needle, 𝑣  is the 

resultant moving speed of the needle. To alter the resultant sliding velocity vector of the needle, an 
L&T ultrasonic vibration can be applied. When the L&T ultrasonic is superimposed on the inserting 
needle, the resultant velocity vector 𝑣  of the needle can be derived from its displacement equation, 

as expressed in the following Equation (2.2). The resultant velocity vector 𝑣  can be represented as 

two velocity components that are parallel (𝑒𝑥⃑⃑  ⃑) and perpendicular (𝑒𝑦⃑⃑⃑⃑ ) to the needle insertion 

direction, shown as follows (also shown in Figure 2): 

𝑣 = (𝑣0 − 𝐴𝐿𝜔𝑐𝑜𝑠(𝜔𝑡))𝑒𝑥⃑⃑  ⃑ + 𝐴𝑇𝜔𝑐𝑜𝑠(𝜔𝑡 + 𝜑)𝑒𝑦⃑⃑⃑⃑  (2.2) 

where 𝑣0  is the insertion velocity, 𝐴𝐿  is the longitudinal vibration amplitude, 𝐴𝑇  is the torsional 

vibration amplitude, 𝜔 is the vibration frequency, 𝜑 is the phase difference between the two vibration 

directions, 𝑒𝑥⃑⃑  ⃑ is the unit vector along insertion direction, and 𝑒𝑦⃑⃑⃑⃑  is the unit vector perpendicular to 

the insertion direction. In Equation (2.2), the vibration velocities along the longitudinal and the 

torsional directions can be expressed as 𝐴𝐿𝜔 and 𝐴𝑇𝜔, respectively.  

 

 
Figure 2: Illustration of velocity components of needle superimposed by L&T vibration. 

 

Using Equations (2.2) and (2.1), the instantaneous friction force 𝐹𝑓 along the insertion direction (𝑒𝑥⃑⃑  ⃑) 

can be represented as:   
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𝐹𝑓 = −𝜇0𝐹𝑛
𝑣0 − 𝐴𝐿𝜔𝑐𝑜𝑠(𝜔𝑡)

√(𝑣0 − 𝐴𝐿𝜔𝑐𝑜𝑠(𝜔𝑡))
2
+ (𝐴𝑇𝜔𝑐𝑜𝑠(𝜔𝑡 + 𝜑))

2
 (2.3) 

 

The effective friction force to be measured is a time-averaged friction force 𝐹𝑓
⃑⃑  ⃑[18], which can be 

calculated as follows:  

𝐹𝑓
⃑⃑  ⃑ =

1

𝑇
∫ 𝑓(𝑡)𝑑𝑡

𝑇

0

 (2.4) 

where 𝑇 is the vibration period. By substituting Equation (2.3) to Equation (2.4), Littmann et al. [13] 

found that a friction force reduction can be formulated as a function related to a velocity ratio 𝜉 
defined as: 

𝜉 =
𝑣0

𝐴𝜔
 (2.5) 

where A is the actual amplitude of the L&T ultrasonic vibration. The instantaneous amplitudes along 

the longitudinal and the torsional directions can be represented as follows： 

{
𝐴𝐿 = 𝐴𝑐𝑜𝑠𝜃
𝐴𝑇 = 𝐴𝑠𝑖𝑛𝜃

 (2.6) 

where 𝜃 is the angle of vibration with insertion direction (see Figure 2). Using Equations (2.3) to 

(2.6), the friction force reduction ratio r can be calculated as: 

𝑟 =
1

𝑇
∫

𝜉 − 𝑐𝑜𝑠𝜃𝑐𝑜𝑠(𝜔𝑡)

√(𝜉 − 𝑐𝑜𝑠𝜃𝑠𝑖𝑛(𝜔𝑡))
2
+ (𝑠𝑖𝑛𝜃𝑐𝑜𝑠(𝜔𝑡))

2

𝑇

0

𝑑𝑡 (2.7)
 

In the case of longitudinal only vibration (𝜃 = 0°), the friction reduction tends to not change (𝑟 = 1) 

when the velocity ratio 𝜉 is larger than one (𝜉 > 1). According to Equation (2.7), even when the 

velocity ratio is greater than 1 (𝜉 > 1) and there is a non-zero angle 𝜃 between the vibration and the 

insertion direction (𝜃 ≠ 0°, see Figure 2), the friction reduction can still be reduced. That means the 

direction change of the resultant velocity (𝜃 ≠ 0°) causes further friction reduction (𝑟 < 1.0). To make 

such a change of the resultant velocity, in this paper, we propose to have an L&T ultrasonic vibration 
to be superimposed on the needle during the insertion, as shown earlier in Figure 2. In the next 
section, the design of such an L&T ultrasonic vibratory insertion is presented. To validate the 
effectiveness, the relation between the insertion force reduction rate (r) and resultant insertion speed 

(𝜉) was studied in the experiments as presented in a later section.  

3 DESIGN OF THE VIBRATION-ASSISTED NEEDLE INSERTION DEVICE 

Figure 3 shows a design of a waveguide-based Langevin type L&T ultrasonic vibration device for 

needle insertion. The Langevin type transducer can achieve high electromechanical conversion 
efficiency and can only be excited by the axial polarized PZT ceramic stacks with a single ultrasonic 
driving power system. Some earlier L&T ultrasonic transducers were developed earlier by modifying 
the exterior of the transducer structures by machining with the inner cylindrical part remaining solid. 
It makes only the axial-direction vibration dominate the combined L&T vibration. Given such 
traditional structures, it is mathematically and realistically difficult to find the correct synchronous 

plane and the resonant frequency needed for both the longitudinal and the torsional vibration modes.  

In our earlier work presented in [14], [20], the waveguide structure was developed and used in 
the ultrasonic transducer can directly guide the wave propagation direction with higher efficiency. 
As shown in Figure 3(a), an array of helical structures serving as waveguides is used in this paper 
to alter the longitudinal wave propagation thus achieve an L&T ultrasonic vibration. To achieve the 
desired wave propagation direction, the wave propagation path needs to be first defined. 
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Figure 3: Design of the waveguide-based L&T ultrasonic vibration device: (a) illustration of the 
design of the L&T transducer, (b) assembly model. 

 

As shown in Figure 3(a), a helical path was designed for the wave propagation path. A helical path 
P(l)  can be described as a circular helix in cylindrical coordinate, as follows:  

P(𝑙) =

{
 
 

 
 𝑥(𝛼) =

𝑑

2
𝑐𝑜𝑠𝛼

𝑦(𝛼) =
𝑑

2
𝑠𝑖𝑛𝛼

𝑧 =
𝐿

2𝜋
𝛼

, 𝛼𝜖[0, 𝜋] (3.1) 

where 𝑑 is the diameter of the circular helix, 𝛼 is the rotational angle, and 𝐿 is the height of the helix. 

And then, the waveguide structure can be defined as a wave propagation path P(l) with an infinite 

number of cross-sections along and perpendicular to the path. 

To achieve a high-efficiency L&T vibration at the output surface of the transducer, a circular 
array of such helix paths was designed. A hybrid L&T vibration is generated by the combination of a 
longitudinal force and a torsional moment. Using a waveguide to alter its direction, a longitudinal 
excitation can be partially transformed into a torsional moment, hence a combined longitudinal and 

torsional vibration. As presented in our earlier work in [20], [21], the exertion force 𝐹𝑒𝑥𝑡 and the 

exertion torsional moment 𝑀𝑒𝑥𝑡 at any point N along a waveguide path P(l) can be calculated by 

applying Newton’s second law to derive at the linear momentum and the angular momentum, as 
shown in Equations (3.2) and (3.3).  

𝐹𝑒𝑥𝑡 =
𝜕 (∭𝜌

𝜕𝑢𝑁⃑⃑⃑⃑  ⃑
𝜕𝑡

𝑑𝑉)

𝜕𝑡
≈ −𝑓2𝜌∭𝑢𝑁⃑⃑⃑⃑  ⃑ 𝑑𝑉 (3.2)

 

𝑀𝑒𝑥𝑡 =
𝜕(∭𝜌𝐺𝑁⃑⃑⃑⃑⃑⃑ ×

𝜕𝑢𝑁⃑⃑⃑⃑⃑⃑  ⃑

𝜕𝑡
 𝑑𝑉)

𝜕𝑡
≈ −𝑓2𝜌∭𝐺𝑁⃑⃑⃑⃑⃑⃑ × 𝑢𝑁⃑⃑⃑⃑  ⃑ 𝑑𝑉  (3.3)                 

where 𝜌 is the mass density of the waveguide material, V is the corresponding volume, vector 𝑢𝑁⃑⃑⃑⃑  ⃑ is 
the vibration displacement at any point N, 𝐺 ∈ 𝑃(𝑙)  the corresponding point along with the 

propagation path 𝑃(𝑙) . In Equations (3.2) and (3.3), the derivative of time (∂/∂t) can be 

approximated as 1/∆t, when the ∆t is very small, and Equations (3.2) and (3.3) can be further 
simplified by using the ultrasonic frequency 𝑓 that is proportional to 1/∆t. What this means is the 

exertion force 𝐹𝑒𝑥𝑡  and the exertion torsion moment 𝑀𝑒𝑥𝑡 in Equations (3.2) and (3.3) can be further 

formulated as functions of the vibration frequency 𝑓. The resultant exertion forces 𝐹𝑒𝑥𝑡𝑒𝑛𝑑
 and the 

resultant exertion torsion moments 𝑀𝑒𝑥𝑡𝑒𝑛𝑑
 at the output surface of the transducer can be expressed 

as follows. 
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𝐹𝑒𝑥𝑡𝑒𝑛𝑑
= ∑𝐹𝑒𝑥𝑡𝑖

𝑁

𝑖=1

 (3.4) 

𝑀𝑒𝑥𝑡𝑒𝑛𝑑
= ∑𝑀𝑒𝑥𝑡𝑖

N

𝑖=1

 (3.5) 

The appropriate output (exertion force 𝐹𝑒𝑥𝑡𝑒𝑛𝑑
 and exertion torsional momentum𝑀𝑒𝑥𝑡𝑒𝑛𝑑

) of the 

proposed transducer for different applications can be controlled by using Equations (3.2)-(3.5). In 
this paper, a circular array of a total of six helical guides (N = 6 in Equations (3.4) and (3.5)) was 
used, to form a tapered shape L&T vibrator, as shown in Figure 3. The rotational angle 𝛼 starts from 

0 degrees and ends at 180 degrees. As shown in Figure 3, the tapered shape vibrator is able to 

boost the synchronous vibration to achieve a harmonic L&T vibration at the front output end.  

Since the purpose of using our new design is to fit various types and sizes of needles, a 
commercial Luer connector was used, as shown in Figure 3(b). Base on the typical size of the 
commercial Luer connector, the diameter of the front end of the transducer was set as 10 mm. As 

shown in Figure 3, to reduce the overall size of the device and ensure the delivery of required 
vibration amplitude, we used four pieces of axial polarized Lead Zirconate Titanate (PZT-8) 
piezoelectric ceramic rings. The PZT-8 ceramic rings have an outer diameter of 15 mm and an inner 
diameter of 10 mm. Any two adjacent PZT-8 ceramics rings are oriented in the opposing direction. 
In the design, the copper electrode rings are alternatively sandwiched to connect the ultrasonic 
driving power. For safety concerns, the mass bolt and transducer are connected to the ground, and 

the adjacent pair of copper electrodes are connected to the ultrasonic driver. The piezo-ceramics 
stacks and copper rings are compressed by a 1045 steel heavy back mass nut to transfer wave 
forward efficiently. Since the compressing force will affect the vibration performance and efficiency, 

fine pitch threads are designed to control the applied compressing force. Based on the above critical 
sizes, the cross-section of each waveguide structure was set as 4.5 mm in diameter. An aluminum 
shell was designed to seal the piezoelectric ceramics.   The flange of the transducer is compressed 
and fixed to the shell using a nut. The CAD model was built in the SolidWorks® 2020 [16] then 

imported to finite element analysis software ANSYS® 19.1 [3] for further optimization and vibration 
characteristics analysis, as discussed in the next section.  

To be compared with the proposed L&T vibration, a traditional longitudinal vibration transducer, 
as shown in Figure 4, was also designed with the same critical dimensions. We adopted the same 
size flange and the same four pieces of PZT-8 ceramic rings. The total length of the transducer is 
also kept the same, only replacing the waveguide structures with a solid cylinder step. To ensure 
the two transducers have a similar resonant frequency, the diameter of the cylinder of the transducer 

was simulated multiple times and the correspondent parameters were adjusted till they have the 
identical vibration output signature. The resonant frequency and corresponding amplitude also were 

analyzed by using the finite element analysis software ANSYS® 19.1 [3]. Details are discussed in 
the next section.  

 

 

Figure 4: Illustration of the design of the traditional Longitudinal vibration transducer.  
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4 FINITE ELEMENT ANALYSIS OF THE L&T TRANSDUCER DESIGN 

4.1 Finite Element Analysis Modeling 

To optimize the proposed L&T vibrator design, harmonic response analysis was conducted to study 
the steady-state vibration behavior of the proposed vibration-assisted insertion devices. In this 
paper, the finite element analysis (FEA) software ANSYS® 19.1 [3] was used for the harmonic 
response analysis. The Piezo and MEMS module embedded in the ANSYS® Workbench [3] was 
adopted to simulate the exciting voltage applied to the piezoelectric ceramic rings, as shown earlier 
in Figure 3. The FE model was constructed for the CAD design of the waveguide-based L&T 

transducer with a 20 mm long blunt needle. Due to the complex geometric shape of the new 
transducer, the L&T transducer was fabricated with AlSi10Mg metal powders by using the Selective 
Laser Melting (SLM) 3D metal printing process. The SLM fabricated AlSi10Mg parts have a density 

of about 2670 kg/m3 and its Young’s modulus is 75 GPa. The traditional longitudinal transducer was 
machined with 6061 Aluminum with a density of 2700 kg/m3 and Young’s modulus of 76 GPa. The 
commercially available Lead Zirconate Titanate (PZT-8) piezoelectric ceramic rings were used in this 
paper, with a density of 7600 kg/m3. Details of other parameters are shown in the following table, 

including the compliance matrix [𝐶𝐸] , the piezoelectric coupling matrix [𝑑]  and the relative 

permittivity matrix [
𝜀𝑇

𝜀0
]  of the PZT-8 used in the FEA simulation.  

 

Parameter  Value 

Compliance matrix [𝑪𝑬] 

[
 
 
 
 
 

11 −3.5 −2.9
−3.5 11 −2.9
−2.9 −2.9 8.5

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

21 0 0
0 21 0
0 0 29]

 
 
 
 
 

∗ 10−12 𝑚2/𝑁 

Piezoelectric coupling matrix 
[𝒅] 

[
0 0 0
0 0 0

−100 −100 225

0 450 0
450 0 0
0 0 0

] ∗ 10−12 𝐶/𝑁 

Relative permittivity matrix 

[
𝜺𝑻

𝜺𝟎
] 

[
1400 0 0

0 1400 0
0 0 1025

] 

 
Table 1: Material properties of PZT-8 for FEA model. 

  

The heavy back mass nut is made of 1045 steel with a density of 7800 kg/m3 and Young’s modulus 
of 210 GPa. To simplify the FE modeling, four pieces of copper electrode rings were neglected in the 

FE electromechanical coupling model due to their thin thickness and lightweight. For the threaded 

connection in the model, we also replaced them with a bonded contact method in the ANSYS settings. 
A fixed constrain boundary condition was added to the flange region of the transducer.   

4.2 Finite Element Analysis Results  

Figure 5(a) shows the vibration amplitude response results versus the corresponding frequencies. It 
can be found that the peaks of both the longitudinal and the torsional vibrations have the same 
resonant frequency at 48.6 kHz. That means the longitudinal and torsional vibrations successfully 
resonate at the same time and frequency without any need for additional modification efforts, owing 
to using the proposed waveguide structure. At this resonant frequency, the combined L&T vibration 
can successfully be achieved. As shown in Figure 5(a), the amplitude of torsional vibration is slightly 
larger than that of the longitudinal vibration. Figure 5(b) shows the vibration displacements of the 

device generated by the FEA simulation software, at its corresponding resonant frequency. The 

needle was successfully driven to achieve a steady-state synchronized L&T vibration by the proposed 
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new design of the transducer. Importantly, the maximum L&T deformation appears at the tip of the 
needle, as shown in Figure 5(b). 

 

 

Figure 5: Harmonic response FEA simulation results of the proposed L&T vibration actuated needle: 
(a) vibration amplitudes versus sweeping frequencies, (b) vibration shape at the resonant frequency 
48.6 kHz. 
 

For comparison, Figure 6(a) shows the resonant vibration actuated by the traditional longitudinal 

vibration transducer. The structure has a similar resonant frequency at 50.6 kHz. Because of the 
long shaft topology of the needle, a longitudinal and lateral vibration was generated on the needle 
driven by a longitudinal-only vibrator. The reason for the needle having both longitudinal and lateral 

flexible vibrations results from one of the inherent modal shapes of the needle at a high frequency. 
To validate this point, the modal analysis of the needle used in the previous harmonic response 
analysis was also conducted to this traditional longitudinal vibration. As shown in Figure 6(b), the 
first-order modal shape of this needle is a longitudinal and lateral vibration that occurs at 54.1 kHz 

that is within the range of 45 kHz to 55 kHz (that is our working frequency band). Although the 
longitudinal and lateral vibration is also a three-dimension vibration, it is a kind of out-of-plane 
three-dimensional vibration compared to the in-plane L&T vibration. The impacts of the out-of-plane 
vibration still need to be further investigated. One of the concerns is that the lateral flexible vibration 
may enlarge the tissue opening during surgical insertion, causing unfavorable larger tissue damage. 
The flexing lateral vibration may also cause an insertion deflection due to the swing of the needle 

tip. These side effects will become severe when the needle is long and the vibration amplitude of 
the lateral vibration is large. 
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Figure 6:  Finite element analysis results: (a) Harmonic response analysis simulation results of 
longitudinal vibration actuated needle, (b) Modal analysis of the needle itself.

5 FABRICATION OF THE PROTOTYPE 

With the design geometric parameters being optimized with FEA analysis, the proposed L&T 
vibration-assist needle insertion device was fabricated for laboratory experiments. Due to the 

complex geometric design of the waveguide, the prototyped L&T transducer was fabricated with 
AlSi10Mg metal powders by using the selective laser melting (SLM) 3D metal printing process. Figure 
7(a) shows the SLM 3D metal printed parts. The SLM fabricated parts have good mechanical 
properties and excellent fatigue performance, which can meet the dynamic characteristic required 
for ultrasonic vibration applications [5]. Because of the relatively rough surface finish of the as-built 
SLM components (±0.1 mm), the L&T ultrasonic transducer was first fabricated without the 
connecting holes and threads. Then a finishing operation was applied to only machining threads and 

flange region for assembly purposes. If needed, some additional potential finishing methods, such 
as electrochemical polishing or abrasive flow machining, could be possibly used in the future for a 
better finish. The Luer connector was assembled to the front end of the transducer by using threads. 

To compare with the proposed L&T ultrasonic vibration, a longitudinal vibration transducer made of 
Al 6061 was also machined by using conventional milling and turning operations. Figure 7(b) shows 
the longitudinal vibrator. The same four pieces of PZT-8 ceramic rings were used and clamped by a 

machined 1045 steel back mass nut, as shown in Figure 6(b).  

 

 
Figure 7: Prototypes of L&T ultrasonic transducer and longitudinal transducer. 

6 LABORATORY EXPERIMENTS 

6.1 Impedance Analysis 

To validate the performance of the fabricated transducers, lab experiments were conducted. The 
impedance analysis of the transducers was carried out using the PiezoDrive® PDUS210 driver. As 
shown in Figure 8, the scanned frequency was specified from 20 kHz to 100 kHz. In the scanning 
period, the minimum impedance of both the proposed L&T transducers occurred at around 49 kHz, 
which are their corresponding resonant frequencies, as shown in Figure 8 (left diagram). This result 

also has a good agreement with the FEA results found to be at 48.6 kHz for the L&T transducer. For 
the traditional longitudinal transducer, the result is shown in the right diagram of Figure 8. The result 
of the traditional longitudinal transducer also agrees with the FEA result of 50.4 kHz. Since the two 

types of transducers have a similar resonant frequency, the superimposed vibration velocity can be 
changed by adjusting the driving voltage. Based on our earlier work presented in [14], [20], the 
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PZT-8 actuated Langevin type transducer has a good linear relation between the driving voltages 
and the vibration amplitudes.  

 

 

Figure 8: Impedance analysis of L&T ultrasonic transducer and longitudinal transducer. 

6.2 Needle Insertion Experiments  

Figure 9 shows the lab experimental setup for the vibratory needle insertion system. A six-axis force 
sensor (ATI® gamma series) was used to measure the insertion force at the rate of 60 Hz. A 3D 

printed plastic fixture was installed on the force sensor to secure a beaker with Gelly® wax phantom 
tissue. A linear motor (FUYU® FLS40) was programmable controlled using Raspberry Pi electronics. 
The assembled vibratory insertion device was eventually mounted on the linear guide with a 3D 
printed plastic fixture (see Figure 9). The PiezoDrive® PDUS210 driver was used to drive the 

ultrasonic device with adjustable variant voltages at the resonant frequency. During the insertion, 
the ultrasonic driver can continuously track the frequency shift to ensure that the ultrasonic device 
is operating at full performance. 

It should be noted that when high power is applied to the transducer, the temperature at the 
Luer lock connector joint rapidly rises, due to the energy imposed on vibration. As shown in Figure 
10(a), during the pexriments the vibration energy ventually melted the needle's plastic Luer lock 
connector. In the expiments, the max ultrasonic power is limited to 200 V. The temperature rose to 
134 oC in 20 seconds as measured by FOTRIC 225 infrared camera, as shown in Figure 10(b).  The 
reason is that the connection method of the Luer connector is by friction. Due to the large acoustic 
resistance of the interface between metal and plastic Luer connector, the high-frequency and large-

amplitude vibration generate a lot of heat in the joint region. Also, the plastic connector used in the 
experiments has a lower thermal conductivity, causing a rapid temperature rise. To avoid this, in 
the future, the assembly design between the commercial needle and ultrasonic transducer can be 

optimized and the metal Luer connector could be used for similar ultrasonic applications. The 
experiment observation reflects the fact, during medical surgery, that vibration needles or tools 
could result in tissue damages due to both vibration force and thermal damages. 

Figure 11 shows the insertion force measurement results with an 18G blunt needle at an insertion 
speed of 0.5 mm/s under the following conditions: (i) no vibration, (ii) longitudinal (L) vibration, (iii) 
combined L&T vibration. Three identical insertion phases (pre-puncture, puncture, and post 
puncture) were used for the observation. The measurement results are shown in Figure 11. Both the 
traditional longitudinal vibration and the proposed L&T vibration are able to lower the puncture force 
by about 36% and 38%, respectively. A smaller surface dimpling also can be observed under the 
influence of longitudinal vibration and L&T vibration before the needle puncturing the tissue. A larger 

surface dimpling area indicates larger tissue deformation and larger stored deformation energy, 
which results in a large puncture force and tissue damage after the puncture [8]. In the post-
puncture phase (see Figure 11), the insertion force increases linearly. As shown in Figure 11, in this 

phase, the proposed combined L&T vibration reduces the maximum insertion force by 15%, 
compared with longitudinal vibration by 7%.  
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Figure 9: Experiment setup for vibration-assisted needle insertion.   

 

Figure 10: High power ultrasonic vibration causes the failure of the Luer connector of the needle. 

 

 
Figure 11: Insertion force measurement at 0.5 mm/s insertion speed. 

 

To investigate the influence of ultrasonic vibration on the insertion force, the relationship between 

the insertion force reduction and the resultant insertion speed was studied through experiments. As 
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shown in Figure 12, a constant insertion speed at 1mm/s was used and only the driver’s voltage was 
adjusted for variant L&T ultrasonic vibration velocity (𝐴𝜔). As shown in Figure 12, it can be found 

that the insertion force decreases rapidly with an increasing driving power voltage V. 

 
Figure 12:  Insertion force at 0.5 mm/s versus driving voltage.  

 

Given the friction force is affected by the velocity ratio 𝜉  mentioned earlier in Equation (2.7), 

different insertion speeds were selected for experiments under three insertion scenarios (with 
traditional longitudinal vibration, with combined L&T vibration, and without vibration). The vibration 

power voltage was set at 200 V. For each condition, the experiments were repeated three times 

each for data sampling. Figure 13(a) shows the insertion experiment results performed with a gage 
18G blunt needle. In Figure 13 (a), it is noticed that the insertion force reduction decreases as the 
insertion speed increases. Importantly, L&T ultrasonic vibration results in a lower maximum insertion 
force compared to the traditional longitudinal-only vibration, particularly when the insertion velocity 
is high. This observation also confirms our formulation in Equation (2.7). For comparison, we also 
used a commercial 18G sharp needle to verify the effects of different vibrations. The comparison 

results are shown in Figure 13(b). The proposed L&T vibration is able to reduce more insertion force 
than the traditional longitudinal-only vibration. During the insertion, the sharp needle causes a lower 
insertion force compared to the blunt needle. As the insertion speed increases, the ultrasonic 
vibration-induced force reduction weakens, similar to the use of blunt needles. That means when a 
velocity ratio 𝜉 becomes large, the friction force reduction effect is reduced. 
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Figure 13: The maximum insertion force at different insertion velocities: (a) 18G Blunt needle (b) 
commercial 18G sharp needle. 
 

To study the effect of insertion force on the bending of insertion trajectory, needle insertion bending 
experiments were conducted. Figure 14 shows the lab experiment setup. In the experiments, the 
developed L&T vibration device was used to insert a thin needle (made from a soft solder wire) of 
1.0 mm diameter inserted into phantom tissues. The thin and soft solder wire is easily bent 
permanently, and good for experimental bending observation. The thin solder wire was inserted into 
a tissue phantom to 30 mm in depth at 6 mm/s, as shown in the left diagrams of Figure 14(a). All 

three scenarios were tested in the experiments. The ultrasonic driving power was set at 200 V. The 

results are shown in Figure 14(b). The proposed L&T vibration insertion was able to deliver the most 
accurate insertion that successfully reached the targeted insertion location with almost no deflection, 
as shown in the right diagram of Figure 14(b). The deflection is 2.331° for the needle with the 

traditional longitudinal vibration, and the deflection is 4.589° for the needle insertion without 

vibration assistance, as shown in Figure 14(b). The experiment observation confirms our hypothesis 

that without using vibration, larger tissue damage can be generated during the needle insertion. 
This is primarily due to the larger friction force end of causing larger tissue damages. Compare to 
the insertion with longitudinal vibration and the one without vibration assistance, the one with 
vibration assistance still performs better than the one without. In other words, the needle insertions 
with vibration assistance can achieve better results, and the one with the proposed combined L&T 
vibration assistance delivers the best result.  

7 CONCLUSIONS 

In this paper, a new wave-guided L&T vibration-assisted needle insertion device was presented for 
medical applications. To reduce the friction force during the insertion, L&T vibration is able to cyclic 
and instantaneous alter the amplitude and direction of the resultant insertion speed. Analytical 
modeling and design of the waveguide L&T transducer were discussed. Due to the complex geometric 
shape of the L&T transducer, SLM-AM was used to fabricate the transducer. Both the simulations 
and the laboratory experiments have demonstrated that the new waveguide-based L&T vibration-

assisted insertion device can cause lower insertion force and more accurate insertion compared to 
longitudinal vibration actuated needles. The lab experiment results confirm that the presented 
waveguide-based L&T transducer is able to deliver much better vibration conversion and higher 
energy efficiency than the traditional methods. The presented device design and control method can 
be used for medical treatment applications, such as biopsy (for kidney, breast, and liver), 

brachytherapy (for prostate cancer treatments) or anesthetic procedures, to deliver high placement 
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accuracy and reduce patients’ discomfort. The presented design and control method is also currently 
being used to explore the feasibility of flexible electrode insertions for neurology surgery treaments, 
as some of our preliminary results recently presented in [22].      

     

 
 

Figure 14: Insertion experiments with and without ultrasonic vibrations.  
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