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 
Abstract—Existing three-dimensional (3D) intravascular 

ultrasound (IVUS) systems that combine two electromagnetic (EM) 
motors to drive catheters are bulky and require considerable 
efforts to eliminate EM interference (EMI). Herein, we propose a 
new scanning method to realize 3D IVUS imaging using a helical 
ultrasonic motor to overcome the aforementioned issues. The 
ultrasonic motor with compact dimensions (7-mm outer diameter 
and 30-mm longitudinal length), lightweight (20.5 g), and free of 
EMI exhibits great application potential in mobile imaging devices. 
In particular, it can simultaneously perform rotary and linear 
motions, facilitating precise 3D scanning of an imaging catheter. 
Experimental results show that the signal-to-noise ratio (SNR) of 
raw images obtained using the ultrasonic motor is 5.3 dB better 
than that of an EM motor. Moreover, the proposed imaging device 
exhibits the maximum rotary speed of 12.3 revolutions per second 
and the positioning accuracy of 2.6 µm at a driving voltage of 240 
Vp–p. 3D wire phantom imaging and 3D tube phantom imaging are 
performed to evaluate the performance of the imaging device. 
Finally, the in vitro imaging of a porcine coronary artery 
demonstrates that the layered architecture of the vessel can be 
precisely identified while significantly increasing the SNR of the 
raw images.  

Index Terms—Intravascular ultrasound imaging, ultrasonic 
motor, high-frequency transducer, mechanical scanning device. 

I. INTRODUCTION 

ARDIOVASCULAR diseases (CVDs) are among the 

Cmain causes of health deterioration in many regions around
the world. Nearly four-fifths of global CVD fatalities occur in 
resource-limited areas [1–4]. Considering the number of CVD 
fatalities, we are facing a severe public health problem; hence, 
precisely identifying these diseases is essential for guiding 
therapeutic strategies [5]. Three-dimensional (3D) intravascular 
ultrasound (IVUS) systems are essential for the tomographic 
assessment of vessel and plaque components, dimensions, and  
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distributions [6]. They aid our understanding of the detailed 
assessment of the influence of geometric (e.g., diameter and 
curvature) [7, 8] and hemodynamic (e.g., shear stress, 
compressive stress, and tensile stress) [9] factors on 
atherogenesis and plaque progression. Generally, 3D IVUS 
imaging is performed using two methods [10–12]. The first 
type involves scanning a target using motors to rotate and 
pullback a single-element ultrasonic transducer. The second 
type involves the pullback of a ring array transducer to capture 
3D ultrasonic images (e.g., the Eagle Eye Platinum catheter 
manufactured by Philips Corporation). Nevertheless, with 
sparse ultrasonic transducer elements inside the catheter, the 
side lobes become a critical concern, reducing the transverse 
resolution. To increase the number of elements, slicing smaller 
elements is essential, making it difficult to guarantee 
consistently high performance of each element [13]. The 
single-element scanning method does not have the 
aforementioned problems and remains its own advantages (e.g., 
low cost, excellent near-field resolution) in clinical 
applications [14].  
Inspired by the IVUS single-element scanning method, 
researchers have advanced the IVUS imaging performance and 
developed multimode imaging systems for the improved 
characterization of CVDs. For instance, in IVUS, 
superharmonic images obtained at higher harmonics (third or 
higher harmonics) achieve a higher tissue contrast than 
ultrasonic images produced using second-order harmonics or 
fundamental frequencies [15]. Micromachined 1–3 composite 
ultrasonic transducers can realize wider bandwidths, which 
significantly reduce the pulse length of the transmitted wave 
and helps IVUS perform high-resolution imaging of tiny 
vessels [16]. Additionally, the integrated IVUS and 
intravascular optical coherence tomography (IV-OCT) imaging 
system facilitates high-resolution OCT for the precise 
identification of thin fibrous caps, whereas IVUS can visualize 
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the overall volume of plaques [17, 18]. Furthermore, the 
integrated IVUS and near-infrared spectroscopic imaging 
system and the IVUS and intravascular photoacoustic (IVPA) 
imaging system can characterize the lipid composition of 
plaques [19–22]. The integrated IVUS and fluorescence system 
delineates the morphological features of atherosclerotic 
plaques and characterizes the molecular specificity of their 
compositions [23]. All these catheter-based single-element 
scanning systems follow the same principle for 3D 
intravascular imaging; the imaging catheter is actuated by 
combining rotary and linear electromagnetic (EM) motors. 
Concurrently, EM interference (EMI) induced by EM motors 
frequently occurs during data acquisition. The solutions to this 
issue include the EM shielding of the system hardware, 
multiple scanning at the same position, and averaging 
procedure to reduce the background noise and improve the 
signal-to-noise ratio (SNR) of the raw image [24]. However, 
the cumbersome EM shielding methods increase the system 
cost and repeated scanning reduces the temporal resolution of 
3D imaging. Besides, current IVUS systems incorporate bulky 
drive mechanisms that are challenging to miniaturize. 
Lightweight systems will be easier to handle and more 
advantageous in transportation [25]. Consequently, raw image 
SNR improvement and miniature system development are 
essential to complement the current catheter-based modalities 
for enhancing diagnostic accessibility.  

Ultrasonic motors are considered excellent candidates for 
IVUS motors, as they do not induce EMI and their output 
efficiency is independent of size. Moreover, they are effective 
actuators that deliver high position resolutions and fast 
responses [26–30]. The concept of ultrasonic motors for IVUS 
applications was reported in 2006. Tanabe et al. produced a 
miniature ultrasonic motor using a helical coil as the stator [31]. 
The B-mode ultrasonic image of an aluminum plate was 
obtained by scanning the ultrasonic transducer driven by the 
acoustic waveguide. In 2011, Chang et al. confirmed the 
practicability of using ultrasonic motors for intravascular OCT. 
They eliminated insertion losses caused by optical coupling 
elements and many optical interfaces [32]. Notably, their 
system relies on a motor to rotate the mirror for scanning, 
which is limited to scanning a single cross-section. Relying 
solely on a rotary ultrasonic motor fails to achieve 3D 
intravascular imaging. Thus, the development of EMI-free, 
lightweight, and miniature 3D scanning devices is urgently 
needed for emerging IVUS applications.  

To further the previous studies, in this paper, the IVUS 
catheter was driven using a miniature helical ultrasonic motor 
to achieve high-resolution 3D ultrasonic images of the 
coronary arteries (inner diameter = ~2 mm). Using the 
ultrasonic motor, complicated EMI-shielding work can be 
avoided to reduce system costs. The miniature IVUS scanner 
can significantly simplify the final assembly of IVUS 
mechanical systems and provides a potential for future 
integration into mobile imaging devices. 3D wire phantom, 3D 
tube phantom, and in vitro porcine coronary artery imaging 
were performed to evaluate the performance of the proposed 
imaging device.  

II. METHODS  

A. Ultrasonic Motor Design  

The motor comprises five assembly parts: a hollow screw as 
the rotor, four lead zirconate titanate (PZT) sheets, a 
rectangular phosphor bronze body with internal threads as the 
stator, a pre-pressure device consisting of a nut and spring, and 
insulated plastic housing.  
The motor was fabricated using the following process. First, 
each PZT sheet (thickness: 1 mm, length: 30 mm) was bonded 
to the phosphor bronze body (outer diameter: 5 mm, inner 
diameter: 3 mm, length: 30 mm). The mutually symmetrical 
PZT sheets on the metal body exhibited the same polarization 
direction to excite the first-order bending vibration mode. 
Second, the rotor (outer diameter: 2.95 mm, inner diameter: 1 
mm, pitch: 0.35 mm, length: 95 mm) was passed through the 
nut, spring, and phosphor bronze body. The pre-pressure was 
generated by squeezing the spring using the nut. These 
components were embedded in the 3D printed plastic housing 
to ensure that they were coaxial and stationary. After the 
assembly, the weight of the motor was 20.5 g.  
The helical ultrasonic motor operates in a friction drive 
mechanism; thus, the pre-pressure between the stator and rotor 
is essential for optimizing the output. A key assembly step in 
the fabrication process is the pre-pressure device. First, a 3D-
printed plastic shell was used to insulate the surface of the 
motor and ensure that the stator, rotor, nut, and spring were 
coaxial. Next, a nut and stator squeezed the spring to provide 
pre-pressure in the axial direction of the motor. Then, the nut 
was rotated to adjust the tension of the spring. The applied 
pre-pressure was calculated by dividing the measured force by 
the contact area (6.12 mm2) between the spring and the stator. 
The greater the compression deformation of the spring, the 
greater the pre-pressure (maximum pre-pressure: 0.052 N/mm2) 
generated on the threaded surface between the stator and the 
rotor. Consequently, the greater the output torque of the motor. 
The maximum torque of the motor at a voltage of 200 Vp–p and 
a pre-pressure of 0.052 N/mm2 was measured to be ~182 mN·m 
using the balance force method.  

B. Driving Principle  
Fig. 1 shows the driving principle of the helical ultrasonic 
motor. First, two AC signals are input with the same driving 
frequency and amplitude and a phase difference of 90° in the 
two sets of orthogonal piezoelectric plates to induce two 
bending modes (Fig. 1(a)). Second, the combination of two 
vertical bending vibrations can induce the elliptical motion of 
the stator particles [33]. Fig. 1(b) shows a motion analysis of 
point � (red ellipse) on the stator surface, which can be 

decomposed into two trajectories of the elliptic motion: � 
(blue ellipse) and (green ellipse). The black dotted lines 
represent the equilibrium position of the stator, and the solid 
black lines represent the stator position at time .  
To improve the driving efficiency of the motor, the contact 
area between the stator and rotor can be increased using 
processing threads in the stator. Owing to the threading  

  



connection, the rotor starts to pull back while rotating and 
produces a helical motion. The catheter is coaxially connected 
with the rotor. Thus, the catheter can realize helical scanning 
along with the rotor.  
Fig. 1. Driving principle of the ultrasonic motor. (a) Vibration mode of the 

stator. (b) The elliptic trajectory of point S at the stator.  

C. Device Construction  
Fig. 2(a) shows an image of the IVUS device, which 

comprises an IVUS catheter and helical ultrasonic motor. First, 
a single-element transducer (Blatek Inc., USA) with 
dimensions of 0.6-mm length, 0.5-mm width, 0.2-mm 
thickness, and a center frequency of 41.9 MHz is mounted on a 
metal tube with outer and inner diameters of 0.7 and 0.5 mm, 
respectively. Second, the metal tube is inserted in the torque 
coil (outer diameter: 0.9 mm). The coil is crucial for the 
effective transmission of the torque. Finally, the 60-mm-length 
catheter is inserted in the hollow rotor of the motor to ensure 
the coaxiality of the rotating parts (Fig. 2(b)). Fig. 2(c) shows 
the components of the helical ultrasonic motor.  

Fig. 2. Image of the intravascular ultrasound device. (a) Main components of 
the device. (b) A high-frequency transducer sticks on the catheter tip. (c) The 
proposed hand-held helical ultrasonic motor.  

D. Imaging System Design  
The imaging system involving mechanical transmission, 

ultrasound transmission, and imaging reconstruction. For  
mechanical transmission, sinusoidal and cosinusoidal signals 
with equal amplitude (1 Vp–p) and frequency (21.48 kHz) and a 
phase difference of 90° were generated using a function 
generator (AFG1062, Tektronix Inc., USA). Then, a power 
amplifier (75A250A, Amplifier Research Inc., USA) was used 

to amplify these signals to 80 Vp–p, which excited 
the motor driving the IVUS catheter. For 
ultrasound transmission, the electrical signals (1 
cycle sinusoidal pulse at 41.5 MHz with a pulse 
repetition frequency of 2500 Hz) were transmitted 
from the Verasonics Vantage 64LE high-frequency 
ultrasound system (Verasonics Inc., USA) to the 
single-element transducer when a synchronized 
trigger was obtained from the function generator 
[34]. Then, the same ultrasound system recorded 
the digitized ultrasound signals, eventually stored 
in a computer. During the acquisition of 
high-frequency ultrasound signals, the 4/3 
sampling method in conjunction with the anti-alias 
filter was used to acquire signals with frequencies 
above the 2/3 center frequency of the transducer 
(27.9 MHz). First, a 31-MHz high-pass filter is 
required to eliminate any low-frequency signal that 
could be added to the desired signal after aliasing. 
After that, a 50-MHz low-pass filter is required to 
limit out-ofband high-frequency noise [35].  

Finally, the signal was inverted and triple shifted to the original 
frequency band and the accurate high-frequency ultrasonic echo 
signal was acquired. For imaging reconstruction, the collected 
signals were filtered using bandpass filters (bandwidth: 20–60 
MHz) and the Hilbert transform was then performed. The 
images were then converted to polar coordinates for display.  

E. Imaging Evaluation  
Three ultrasonic phantoms, namely, tungsten wire phantoms A 
and B and an agarose tube phantom, were produced for image 
evaluation. The transducer is excited by a pulser-receiver 
(5073PR, Olympus, Japan) with a repetition frequency of 1 kHz, 
1 µJ pulse energy, 39 dB receive gain and 50 Ω damping 
factors. The bandwidth of the transducer was evaluated using 
the pulse-echo response. The porcine coronary artery was used 

for in vitro imaging evaluation.  
The wire phantom A comprises five parallel 
tungsten wires with a diameter of 10 µm each, 
following a trapezoidal arrangement. The imaging 
catheter scans wire phantom A vertically to 
measure the transverse and axial resolution of the 
system.  
Tungsten phantom B consists of five tungsten 
wires with a diameter of 10 µm each (Fig. 3(a)), 
mounted in a hollow cylinder whose distance the 
catheter center was between 2 and 6 mm. It was 
used to verify the distribution around the imaging 
catheter and enable accurate angular imaging. The 
catheter was inserted into the center of the tungsten 
wire phantom, and helical scanning was performed 
in water. To obtain comprehensive information on 
the tungsten wires, the Aline was sampled at 649 
points with a corresponding depth of 8 mm.  

The agarose tube phantom (Biowest agarose, Gene Company, 
Spain), comprising three polyethylene (PE) tubes (diameter of 2 
mm) in a nylon shell (inner diameter of 7 mm) fixed with 3%  

 

 



agar and 30% evaporated milk (Fig. 3(b)). These tubes were 
distributed around agarose at 120° intervals at radial positions 
of 3, 4, and 5 mm.  

To demonstrate the clinical applications of the IVUS system, 
in vitro imaging using the hand-held IVUS scanning device was 
performed in a porcine coronary artery (inner diameter = ~2 
mm) after soaking in alcohol (Fig. 3(c)). To obtain sufficient 
support for pushing the IVUS catheter forward, we introduced a 
guidewire with a 0.2-mm diameter, comparable in size to the 
IVUS guidewire (Confianza-12g, Asahi Intecc, Japan) used in 
clinics. We straighten the guide wire in advance to support the 
isolated vessel and insert the catheter with a protective tube 
along the wire into the vessel for scanning; the wire also serves 
as a locator during the imaging process. Therefore, 40 
cross-sectional ultrasonic images were sequentially acquired 
using 10-rps rotary speed and 400 A-lines per B-mode image.  

Since the 3D scanning system lacks the slip ring, the wire of 
the transducer remains 70 cm long after passing through the 
rotor to avoid probe damage due to knotted wire after pulling 
back 95 mm.  
Fig. 3. Phantoms and the porcine coronary artery for evaluating the proposed 
system. The diagram shows the design of the circular wire phantom comprising 

five tungsten wires (diameter of 10 µm), respectively, and (b) agarose tube 
phantom with three PE tubes (diameter of 2 mm) and a nylon shell (inner 
diameter of 7 mm). The radius from the tubes to the center increased from 3 to 5 
mm. (c) Image of the experimental setup for porcine coronary artery imaging.  

F. Motor Evaluation  
In addition to a limited size range, an IVUS catheter requires 

stable rotation and a high-speed ultrasonic motor. The basic 
performance characterization of a motor, such as vibration, 
maximum speed, optimal working distance, rotary uniformity, 
positioning accuracy, and SNR competition, must be tested first 
before the imaging evaluation. Our proposed helical ultrasonic 
motor design was partially shown in a conference proceeding 
[34]; however, the system performance was not previously 
described and the conducted in vitro experiments were primitive. 
Fig. 4 shows a performance test of the ultrasonic motor.  
The frequencies of the two first-order bending modes were 
measured using a laser Doppler vibrometer (PSV-500F-B, 
Polytec Inc., Germany). The maximum rotor speed and the 
optimal working distance could be observed using the laser 

velocimeter.  
As the catheter was pulled back, the positioning accuracy of 
rotor was measured using a laser displacement sensor (LK-
H150, Keyence Inc., USA). Dual modulated signals were input 
to the motor at a driving voltage of 240 Vp–p. The interval of 
each signal was 200 ms, and the AC signals accounted for 20 
ms.  
The rotary uniformity of the motor was verified at a 
pre-pressure of 0.016 N/mm2 and a voltage of 140 Vp–p. When 
the rotor speed was measured, the sensor sampling rate was set 
to 20 kSa/s. We converted the speed results into an angular 
error. In theory, at 10 rps, the change in angle was 9° per 2.5 
ms.  
To accurately compare the SNR of the obtained images with 
those of the two motor types (the setup is shown in Fig. 4(f)), 
the catheter was passed through the motor and not fixed to the 
rotor; hence, it did not rotate with the rotor. The stationary 
transducer emitted ultrasound waves to an iron block with 
dimensions of 50-mm length, 30-mm width, and 10-mm 
thickness. The SNR was calculated as follows [36, 37]:  

� 20( 

), 
(1)  

where � and � represent the mean values of the 
iron signal and background noise after the standard 
deviation, respectively.  

III. RESULTS  

A. Experiment to Evaluate the Motor Performance  
Results show that the frequencies of the two 
first-order bending modes were 21.53 and 21.45 
kHz, respectively, and the frequency difference 
between the two bending modes was 80 Hz (Fig. 
4(a)). Errors in the processing and assembly steps 
were the main reason for the frequency difference. 
The intersection of the two-phase modal 

frequencies (21.5 kHz) was used as the drive signal frequency 
to ensure that the two modalities with the same amplitude can 
excite a pure traveling wave. Based on the previous empirical 
determination of ultrasonic motor two-phase modal frequency 
consistency adjustment [38], the frequency difference of 80 Hz 
accounted for 0.37% of the driving frequency, which is 
negligible in motor driving performance.  
In Fig. 4(b), each driving voltage corresponded to an average 
speed. When the pre-pressure was 0.016 N/mm2, a maximum 
speed of 12.3 rps was reached, with a voltage of 240 Vp–p. The 
red line shows the rotor speed variation in the displacement 
interval from 5 to 95 mm at a voltage of 200 Vp–p. The 
maximum rotary speed was up to 11.3 rps at 40 mm of the 
linear rotor movement. In the displacement interval of 30–70 
mm, the motor speed was approximately 80% of the maximum 
speed. Therefore, this optimal working distance range 
guaranteed stable 3D imaging.  

 



Fig. 4(c) shows the axial displacements of the rotor for 18 
cycles. The average positioning accuracy of the motor was 2.6 
µm. In Fig. 4(d), the measurement results showed that the 
maximum angular variation of 12.8° or 5.5° was achieved 
every  
2.5 ms at 10 rps with an angular error of 3.8°. In Peng’s study 
[13], the maximum angular variation of the micromotor was 4° 
every 2.5 ms at 10 rps. At an identical rotary speed of 10 rps, 
the angular error of the helical ultrasonic motor was smaller 
than that of the EM motor.  

The transducer captured 800 Aline signals with an imaging 
depth of 10 mm and the iron block imaging results are shown 
in Fig. 4(e and f). The SNR values of raw images obtained 
using the ultrasonic and EM motors were 41.2 and 35.9 dB, 
respectively, and the SNR of the ultrasonic motor was 5.3 dB 
higher than that of the EM motor.  

Fig. 4. Performance testing of the proposed motor. (a) Frequency response of 

the stator. (b) Average speed at different driving voltages and different linear 
displacements. (c) Angular error at a driving voltage of 140 Vp–p and a 
pre-pressure of 0.016 N/mm2. (d) Measurement results of the motor 
positioning accuracy in 18 cycles. Ultrasonic B-mode images 
were obtained using the (e) ultrasonic motor and (f) 
electromagnetic motor.  

B. Transducer Evaluation  
The resolution of the IVUS system was measured using the 

image of a tungsten wire with a 10-µm diameter. Fig. 5(a) 
shows the ultrasonic images of the tungsten wire at different 
depths. Fig. 5(b) presents an enlarged view of the dashed box 
in Fig. 5(a), with the tungsten wire located at a depth of 2.1 
mm. From the tungsten ultrasonic image, the maximal 
amplitude of the signal points is indexed and transverse and 
longitudinal dashed lines are plotted through this point.  
In Fig. 5(c and d), the points represent the transverse and axial 

experimental data corresponding to the dashed lines in Fig. 5(b), 
respectively. The data are fitted using a Gaussian function to 
estimate the spatial resolution in both directions. We measured 
the full width at half maximum (FWHM) [39] and obtained 
transverse and axial resolutions of 371 and 48 µm, respectively. 
To ensure that no information was missed during the 3D 
scanning process, the thread pitch of the motor was 
manufactured at a pitch of 350 µm, which was smaller than the 
transverse resolution of the system. Fig. 5(e) demonstrates the 
quantitative analysis of the axial and transverse resolutions of 
the ultrasound system at different imaging depths.  

Fig. 5. Performance testing of the ultrasonic transducer. (a) B-mode image of 
the tungsten wire with a diameter of 10 µm at different depths. (b) Enlarged 
view of the dashed box in (a). (c) Transverse and (d) axial resolutions of the 

intravascular ultrasound system at 2.1-mm depth. (e) Resolution 
of the ultrasonic image at different depths. (f) Measured 
pulse-echo response (blue solid line) and frequency spectrum 
(red solid line) of the transducer.  

The pulse-echo response of the transducer was measured to 
evaluate the performance of the transducer. A quartz reflector 
was placed 2.1 mm from the transducer, which corresponds to 
the distance of its focal length. The transducer was excited 
using a pulser-receiver. The center frequency of the transducer 
and −6 dB bandwidth were 41.9 MHz and 69%, respectively, 
which were observed in the pulse-echo test (Fig. 5(f)).  

C. Phantom Imaging Evaluation  
The B-mode image (Fig. 6(a)) shows that the five tungsten 
wires were located at 2.08, 3.26, 4.00, 5.00, and 5.94 mm. The 
3D images comprising 15 cross-sectional ultrasonic images  

  

 

 



(Fig. 6(c)) were measured by pulling back the catheter at a 
distance of 5.25 mm, and the dynamic range of the images was 
set to 35 dB.  

Fig. 6(b) shows a reconstructed B-mode image of the agar 
phantom with a nylon shell and three PE tubes. The tube 
phantom was submerged in water. The tube edge was not 
detected at a distance of 5 mm from the center because the 
ultrasonic beam scattering of the agar phantom and the 
reflection of the ultrasonic beam from the edge of the tube 
were beyond the detection area of the transducer. For reference, 

the amplitude of the water echo signal was normalized to 0 dB 
before phantom imaging and each dynamic range of the 
B-mode image was set to 40 dB. Fig. 6(d) shows the 3D tube 
phantom image with a diameter of 16 mm (radial imaging 
depth of 8 mm) and a longitudinal length of 5.25 mm.  

Fig. 6. Ultrasonic image reconstruction of the circular tungsten wire phantom and agarose tube phantom. B-mode images of the (a) tungsten wire phantom and (b) agarose tube 
phantom with dynamic ranges of 35 and 40 dB, respectively. 3D images of the (c) tungsten wire phantom and (d) agarose tube phantom.  

D.  In Vitro Imaging of the Porcine Coronary Artery The porcine coronary artery was used for in vitro imaging evaluation. Additionally, 
an intravascular ultrasound imaging system with the EM motors as the driving source was established and served as a reference for imaging 
experiments. We compared the raw ultrasonic images obtained using two types of motor drives at the same rotary speed. The 
cross-sectional scanning of the porcine coronary artery  

was performed using two types of motors, and the obtained images are shown in Fig. 7(a and b). Comparing the SNR of the two images, based on 
Equation 1, � and � denote  
the mean value of the vascular signal and the standard deviation of the background noise, respectively. The calculated values of SNR in Fig. 7(a 
and b) were 45.3 and 37.8 dB, respectively, while the SNR of the raw images obtained using ultrasonic motor significantly improved. Fig. 7(c 
and d) shows the polar coordinate transformation after interpolation of (a and b), respectively. The background noise in the raw images obtained 
using the ultrasound motor was predominantly caused by the surrounding electromagnetic environment.  
As observed in the B-mode image (Fig. 7(e)), the intima, medial, and adventitia of blood vessels could be identified using the boundary 
demarcated by the strength signal, represented by red, yellow, and green lines, respectively. The image is displayed with a dynamic range of 46 
dB. We removed the artifacts from the guidewire and constructed a 3D ultrasonic image of the Porcine coronary artery with 0°–310° angles and 
14-mm length. Fig. 7(f) shows the morphology of the vessel.  

  

 



IV. DISCUSSION  

Herein, a mechanical scanning method incorporating a helical ultrasonic motor was designed to explore the potential of 3D IVUS imaging. 
With the integration of the helical ultrasonic motor, which exhibits a compact structure and is free of EMI, the IVUS system could obtain precise 
3D images. Without cumbersome denoising procedures, the raw images obtained using the ultrasonic motor showed better SNR than those 
obtained using EM motors. Moreover, the helical ultrasonic motor showed a compact and self-locking structure without a decelerating 
mechanism in power failure and its size was considerably smaller than the size of traditional EM motors, which was useful in the miniaturized 
design of imaging systems. These features exhibit the promising potential for the use of IVUS systems at the point of care as clinical decision 
support tools in the health care systems of resource-poor regions.  

Fig. 7. Ultrasonic images of the in vitro porcine coronary artery. Raw B-mode images obtained using the (a) ultrasonic motor and (b) electromagnetic motor. (c and d) Polar 

coordinate transformation images of (a and b), respectively. (e) The layered architecture of the vessel identified using the boundary demarcated by the strength signal (f) 3D ultrasonic 
images of the vessel acquired in vitro over a 14-mm range with a covering angle of ~310°.  

The application of the helical ultrasonic motor for 3D IVUS imaging, while 
exciting, requires further exploration. Because  

  
the current system lacks the slip ring, prolonged motor rotation 
causes the cable to knot. One approach to address the above 
concerns is taking advantage of the conductive properties of 

sodium sulfide solution in conjunction with miniature 
conductive bearings, which can effectively avoid damage to the 
transducer from knotting the cable [40]. In addition, the 

 



imaging distance depends on the length of the threaded rotor. 
The maximum imaging distance of our motor was 95 mm, and 
the optimal working distance was 40 mm, limiting its potential 
in long-distance scanning applications. Another disadvantage 
of the motor is its complex fabrication owing to high-precision 
threads. To completely capture 3D information, the pitch 
length of spiral scanning must be less than the transverse 
resolution of the system; hence, the machining accuracy of the 
pitch limits the improvement in the transverse resolution. A 
new type of flexible ultrasonic motor without threads has been 
proposed to address these issues, which is expected to drive the 
catheter for helical motion [41]. The resolution and scanning 
distance of the system is no longer limited by the thread 
accuracy and length of the conventional rotor. The novel motor 
combined with an appealing anti-knotting approach [40] for 
wires is promising for long-distance scanning imaging.  

The imaging speed of 25 frames per second has been shown 
to achieve real-time display mode during in vivo intravascular 
imaging [42]. When a proximal motor drives the catheter via 
the tortuous vessel, the current maximum speed of the catheter 
is further hindered by the friction between the catheter coil and 
the vessel wall [43, 44], which is insufficient for in vivo 
applications. To increase the imaging speed further, the PZT 
with a higher mechanical factor and lower dielectric loss than 
the PZT8 can be selected as the excitation source of the motor. 
The high-quality stator processing and assembly accuracy 
contribute to an increased coupling efficiency of the two-phase 
modal and adds friction-decreasing materials (e.g., grease) at 
the stator–rotor contact interface to reduce the impact of 
frictional heat generation on the PZT performance.  

Since the 4/3 sampling method limits the passband to a 
relative bandwidth of 67% and the cutoff frequency of the 
anti-alias filter is limited to the highest setting of 50 MHz, 
resulting in missing signals below 31.25 MHz and above 50 
MHz in the image [35]. One solution would be to use an 
acquisition card with larger bandwidth and sufficient sampling 
rate to completely capture the high-frequency signal.  

To achieve a broader range of potential intravascular 
imaging applications for future research, a miniature flexible 
ultrasonic motor that can be integrated into the distal end of the 
catheter is the key to accurate imaging and reduced medical 
costs. The miniature motor-driven micromirror is beneficial for 
increasing the scanning speed of the system. Moreover, the 
hollow ultrasonic motor can simultaneously integrate coaxial 
cables and optical fibers, which can be used to develop a new 
multimodal intravascular photoacoustic and ultrasound 
imaging device. Further, magnetic ultrasound is expected to be 
combined with IVUS to identify macrophages as the markers 
of inflammation [45]. Nonmetallic helical ultrasonic motors 
can be used to achieve 3D IVUS imaging in a strong magnetic 
field.  

V. CONCLUSION  

In this work, a novel 3D IVUS imaging method using a helical 
ultrasonic motor was proposed to explore the possibilities of 
the miniature 3D intravascular imaging system. A miniature 
helical ultrasonic motor was used to rotate and pullback the 
IVUS catheter to acquire 3D images visualizing the 
morphologies of artery vessels. The most significant advantage 
of the IVUS system is that the EMI-free ultrasonic motor is 
smaller, lighter, and more flexible than traditional EM motors, 
achieving better raw 3D images. The IVUS system could 
provide an axial resolution of 48 µm. Therefore, the layers 
within the porcine coronary artery, which closely matched 
those of human arteries, could be precisely identified. In 

conclusion, the proposed method provides a feasible technique 
for fabricating miniature 3D IVUS systems.  
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