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	 Low-intensity pulsed ultrasound (LIPUS) stimulation can be used for noninvasive 
neuromuscular rehabilitation.  For increasing stimulation efficiency, focused ultrasound (FUS) 
providing high-energy concentration should be used for LIPUS stimulation.  However, because 
of difficulties in fine focus control, it is difficult to accurately target a stimulation site with 
conventional FUS stimulators using a single transducer.  For implementing highly accurate 
targeting with a finely adjustable focal point, a 32-channel low-intensity focused ultrasound (LIFU) 
stimulator using phased array miniature piezoelectric transducers is presented in this paper.  In 
the presented stimulator, a beamforming technology is used to delicately control the focal point 
without the difficulties in the conventional FUS stimulators.  The experimental results show that 
the focal point was successfully adjusted in horizontal and vertical directions with nearly zero 
targeting errors.  The ultrasound energy with the spatial peak-pulse average intensity (ISPPA) of 0.48 
W/cm2 was concentrated in a focusing area of 1.05 mm radius, which is sufficiently small to target 
peripheral nerves or a bundle of muscle fibers.

1.	 Introduction

	 Electrical stimulation is traditionally used for neuromuscular stimulation and rehabilitation.(1–3) 
However, invasive surgical processes for electrical stimulation can cause infection that involves 
critical adverse effects on a patient’s health.(3–5)  As an alternative stimulation method without 
surgery, ultrasound has been studied by many research groups.(6–8)  Because ultrasound energy can 
be propagated to a target site without an implanted electrode, ultrasound can be effectively used for 
noninvasive neuromuscular stimulation and rehabilitation.
	 In particular, previous studies show that low-intensity pulsed ultrasound (LIPUS) stimulation 
has a positive effect on the regeneration of peripheral nerves and muscle tissues.(9–13)  In the 
previous works, LIPUS stimulation accelerated recovery of injured rat sciatic nerves, as compared 
with the sham group.(9,10)  In other studies, Schwann cell proliferation was enhanced by LIPUS 
stimulation.(11,12)  In addition, in clinical studies, LIPUS stimulation also increased the regeneration 
rate of inflammatory skeletal muscle tissues.(13,14)



262	 Sensors and Materials, Vol. 29, No. 3 (2017)

	 For enhancing stimulation efficiency, ultrasound energy should be highly concentrated in a 
miniaturized target area.  As compared with planar ultrasound that is generally used for imaging 
technologies, focused ultrasound (FUS) can concentrate a larger amount of energy in a smaller 
focusing area.  Thus, it is desirable to utilize FUS in a LIPUS stimulation system for achieving 
high stimulation efficiency.  In conventional FUS stimulation systems, a single FUS transducer 
with a fixed focus is used.(15–19)  In this configuration, the transducer must be geometrically shifted 
for the planar control of the focal point.  In addition, it is difficult to finely adjust a depth of focus 
(DOF) because it is only discretely controllable by replacing the transducer.  Because of these 
limitations, it is difficult to accurately control the focal point in three dimensions using conventional 
FUS stimulators.  To overcome these difficulties, it is necessary to develop a new FUS stimulation 
system where the focal point can be finely adjusted without the geometrical movement and 
inconvenient replacement of the transducer.
	 A beamforming method using multielement ultrasound transducers was presented to 
accurately control the focal point without the geometrical movement of the transducer.(20–22)  In the 
beamforming method, the focal position is determined according to the constructive interference of 
ultrasound waves.  Thus, the location of the focal point can be adjusted as a function of time delays 
or phase differences, among the ultrasound waves that are generated from a transducer array.(20–22)  
The time delays can be easily and finely controlled using an analog or digital time delay controller.(23,24)

	 In this paper, a 32-channel low-intensity focused ultrasound (LIFU) stimulator is presented 
for highly accurate targeting in neuromuscular rehabilitation.  The presented stimulator generates 
the focused LIPUS to improve stimulation efficiency.  Attributed to the beamforming technology, 
the focal point can be finely controlled using the presented system.  For ultrasound beamforming, 
32-channel phased array miniature piezoelectric (PZT) transducers were fabricated and used.  
Experiments to measure the spatial distributions of the output ultrasound energy in 2-D areas were 
conducted to evaluate the targeting accuracy of the developed system.

2.	 Design and Fabrication

2.1	 System architecture

	 Figure 1 shows the system architecture of the presented 32-channel LIFU stimulator using the 
phased array miniature transducers.  The stimulator is composed of two parts, a stimulator circuit 
and linear-type phased array miniature transducers with 32 elements.  The stimulator circuit controls 
the parameters required for pulsed sonication, such as acoustic intensity, fundamental frequency, 
pulse repetition frequency, duty cycle, sonication duration, and interstimulus interval.(25)  In 
addition, the stimulator circuit calculates the time delays for each transducer element as a function 
of the location of the target focal point.  According to the calculated results, 32 time-delayed high-
voltage bipolar pulses are generated in the stimulator circuit.  Then, the linear-type phased array 
miniature transducers generate phase-shifted low-intensity ultrasound waves.

2.2	 Stimulator circuit

	 A schematic of the developed LIFU stimulator circuit is depicted in Fig. 2.  The stimulator 
circuit consists of a field-programmable gate array (FPGA)-based signal controller and a 32-channel 
high-voltage ultrasound pulser circuit.
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	 In the signal controller, the time delays for ultrasound beamforming are calculated according to 
the location of the target focal point.  For time delay calculation, a focusing delay algorithm based 
on a wave speed and a propagation distance is used.(20–22)  The time delay for the ith transducer 
element is calculated as

	 τ i =
1
c

[Rf − x2
f + (yi − yf)2 ],	 (1)

where c is the propagating speed of the ultrasound wave, Rf is the maximum distance from the 
transducer array to the target focal point, xf is the horizontal position of the target focal point, yi is 

Fig. 1.	 (Color online) System architecture of the presented 32-channel LIFU stimulator using phased array 
MEMS transducers.

Fig. 2.	 (Color online) A schematic of the stimulator circuit that consists of a FPGA-based signal controller and 
32-channel high-voltage ultrasound pulser circuits.
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the vertical position of the ith transducer element, and yf is the vertical position of the target focal 
point.  For enhancing calculation accuracy, an FPGA chip (Xilinx Spartan-6 XC6SLX16; Xilinx 
Inc., San Jose, CA) with a high clock frequency of 150 MHz is used.  This clock frequency can 
provide minimum focus shifting of 9.87 μm.  According to the calculated time delays, the time-
delayed control signals are generated and transmitted to the high-voltage ultrasound pulser circuits.
	 The high-voltage ultrasound pulser circuit is composed of a bipolar voltage pulser and an active 
damper.  The former generates the time-delayed high-voltage bipolar pulses with the maximum 
peak-to-peak amplitude of 400 VPP.  The latter is used to provide fast return-to-zero waveforms 
that reduce unwanted ripples after sonication.  Level shifters (CD40109B; Texas Instruments Inc., 
Dallas, TX), high-voltage buffers (CD4503B; Texas Instruments Inc., Dallas, TX), zener clamps, 
and complementary pairs of power metal-oxide-semiconductor field-effect transistors (MOSFETs) 
(TC6320; Microchip Technology Inc., Chandler, AZ) are integrated in the bipolar pulsers and active 
damper circuits.
	 Figure 3 shows the fabricated 32-channel LIFU stimulator circuit.  The stimulator circuit is 
integrated in a 6-layer printed circuit board (PCB) of 120 × 80 mm2 size.

2.3	 Transducer array

	 Cross-sectional diagrams of the 32-channel phased array miniature PZT transducers are shown 
in Fig. 4.  At first, a PZT ceramic layer with a specific thickness to obtain the target resonance 
frequency was produced by the wet extrusion of multilayered PZT planes.  Then, metal electrodes 

Fig. 3.	 (Color online) A fabricated stimulator circuit integrated in a 120 × 80 mm2-sized 6-layer PCB.

Fig. 4.	 (Color online) Cross-sectional diagrams of the 32-channel phased array PZT MEMS transducers used in 
the developed system.
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that are connected to the driving signal (VD1–VD32) or ground signal (GND) were deposited on the 
fabricated PZT ceramic layer.  An impedance matching layer was also attached in front of the PZT 
ceramic layer to improve sonication efficiency.  Note that the impedance difference between the 
PZT ceramic and outer media should be minimized for highly efficient ultrasound pulsation.  At the 
backside of the PZT ceramic layer, a backing layer was attached to absorb ultrasound waves that 
propagate to the backside of the transducer.  The PZT ceramic layer, matching layer, and backing 
layer were covered with a conductive epoxy shield.  Because the conductive epoxy shield provides 
an enlarged ground plane, transducer noise and other noises from the outside can be significantly 
reduced.
	 Figure 5 shows the fabricated miniature PZT transducer array with 32 elements that are 
connected to the stimulator circuit.  The transducer array was custom fabricated by Digital ECHO 
Co., Ltd. (Hwaseong, Republic of Korea).  The planar size of each transducer element is 12 × 2 
mm2, and the center-to-center spacing between the transducers is 2.1 mm.  The size of the packaged 
transducer array is 20 × 80 × 19 mm3.  The resonance frequency is set as 1.5 MHz for all transducer 
elements.  

3.	 Experiments

3.1	 Measurement of sonication performance

	 For evaluating the sonication performance of the fabricated transducer and transducer driving 
functionality of the developed stimulator circuit, output performance measurement was conducted 
using a single transducer element in the fabricated transducer array.  A hydrophone (HNR-0500; 
ONDA Corp., Sunnyvale, CA) was used to measure the ultrasound pressure waves from the 
transducer that was fixed in a water tank.  The transducer element was driven by continuously 
repeated bipolar pulse trains with the peak-to-peak voltage amplitude of 60 VPP, fundamental 
frequency of 1.5 MHz, pulse repetition frequency of 1.5 kHz, and duty cycle of 50%.

3.2	 Beamforming experiment

	 A beamforming experiment was conducted to evaluate the energy focusing performance of 
the developed stimulator.  An acoustic intensity measurement system (AIMS III; ONDA Corp., 
Sunnyvale, CA) and a real-time ultrasound energy plotting software (Soniq; ONDA Corp., 

Fig. 5.	 (Color online) A fabricated 32-channel phased array PZT MEMS transducer assembled with the 
stimulator circuit.
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Sunnyvale, CA) were used to obtain the spatial distribution of the focused ultrasound energy.  
The fabricated miniature transducer array is fixed in a water tank, and a moving hydrophone 
measured the ultrasonic pressures.  The measured ultrasound pressure waves were transmitted to an 
oscilloscope and PC, where the ultrasound energy intensity was calculated and plotted by the Soniq 
software program.  The experimental environment is depicted in Fig. 6.
	 A geometrical setting of the experiment is depicted in Fig. 7.  A total of 13 target focal points 
were designated in horizontal and vertical directions.  The spacing between adjacent target focal 
points was fixed as 10 mm in both directions.  All the target focal points in the horizontal direction 
were located with a DOF of 50 mm.  In the vertical direction, the target focal points were aligned at 
the center in the horizontal direction.  The size of the ultrasound energy measured area was fixed at 
80 × 20 mm2 in both directions.
	 The developed LIFU stimulator generated beamformed ultrasound waves with varying focal 
positions.  The transducer driving voltage was fixed at 60 VPP.  The fundamental frequency, pulse 
repetition frequency, and duty cycle were fixed at 1.5 MHz, 1.5 kHz, and 1%, respectively.  Note 
that the duty cycle of 1% was selected due to the requirement of the measuring system, AIMS III.

4.	 Results

4.1	 Sonication performance

	 Figure 8 shows the results of the transducer driving performance test using the single transducer 
element in the fabricated transducer array.  As plotted in Fig. 8(a), the transducer was successfully 
sonicated using the developed LIFU stimulator.  The pulsed ultrasound waveforms were clearly 
generated without significant distortion such as a bias, frequency noises, and large variation of the 
amplitude that can be caused by reflected ultrasound waves or the initial overshoot of the driving 
signal.  The spatial peak-pulse average intensity (ISPPA) and spatial peak-temporal average intensity 

Fig. 6.	 (Color online) Experimental environment 
to measure spatial distributions of the beamformed 
ultrasound energy with varying focal points.

Fig. 7.	 (Color online) A geometrical setting used 
in the beamforming experiment. A total of 13 target 
focal points were assigned with 1.0 mm spacing in 
horizontal and vertical directions. 
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(ISPTA) were measured as 0.017 and 8.56 mW/cm2, respectively.  These energy intensities are 29.55% 
higher than those provided by a transducer made of a commercialized PZT ceramic layer (NCE51; 
Noliac, Kvistgard, Denmark).
	 For evaluating the degree of the signal distortion, a frequency domain analysis and an 
amplitude uniformity analysis were conducted.  Figure 8(b) shows the fast Fourier transform 
(FFT)-based single-sided spectrum.  The fundamental frequency of the measured ultrasound 
waveform was measured as 1.49 MHz with 0.67% error to the target frequency.  In addition, there 
was no noticeable frequency noise. To evaluate the amplitude uniformity, the peak pressures of 
the sinusoidal waves in the measured ultrasound waveform were extracted and converted to the 
absolute values.  In Fig. 8(c), the absolute values of the peak pressures are plotted as a function of 
time. The average and standard deviation of the absolute peak pressure values were calculated as 
22.45 and 1.14 kPa, respectively, which indicate the small variation in the amplitude.

4.2	 Spatial distribution of focused ultrasound energy

	 The spatial distributions of the focused ultrasound energy are plotted in Fig. 9.  The pulse 
average intensity (IPA) is used to express the measured ultrasound energy.  As shown in Fig. 9, it 
can be mentioned that the targeting of ultrasound energy was successfully conducted because, in 
all experimental sets, the ISPPA that indicates the maximum energy intensity in the measured area 
was observed at each target focal point.  Although multifocal points with relatively low energy 
intensities were observed at several positions out of the target focal points, this was the natural 
phenomenon caused by the constructive interference of the ultrasound waves.  In the horizontal 
direction, a zero targeting error was obtained.  On the other hand, the targeting error was measured 

Fig. 8.	 (Color online) Results of the transducer driving performance test.  (a) Measured ultrasound waveform and 
calculated acoustic energy.  (b) FFT-based single-sided spectrum of the measured waveform.  (c) Absolute peak 
pressure values of the sinusoidal waves in the measured waveform. 

(a)

(b)

(c)
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as 1 to 5 mm in the vertical direction.  The average targeting error in the vertical direction was 
calculated as 3.86 mm.  The radius of a focusing area, where the IPA is larger than half of the ISPPA, 
was measured as approximately 1.05 mm.
	 In Fig. 10, variations of the ISPPA are plotted as a function of the location of the target focal 
points.  In the horizontal direction, the ISPPA was measured in the range of 0.17 to 0.38 W/cm2.  In 
the vertical direction, that range was 0.32 to 0.48 W/cm2.  When the focal point was adjusted in the 
horizontal direction, the highest energy intensity was observed at the center point.  The ISPPA is less 
fluctuated with the vertically adjusted focal points than with the horizontally adjusted ones.

5.	 Discussion

5.1	 Spatial accuracy of focused ultrasound

	 The results of the beamforming experiment indicate that the developed 32-channel LIFU 
stimulator can be used to focus the ultrasound energy on an arbitrary target point.  In the experiment, 

Fig. 9.	 (Color online) Spatial distributions of the pulse average ultrasound energy intensity (IPA) with the adjusted 
focal point in (a) horizontal and (b) vertical directions.  

(a) (b)

Fig. 10.	 Measured spatial peak-pulse average intensity (ISPPA) plotted as a function of the focal point location 
adjusted in (a) horizontal and (b) vertical directions. 

(a) (b)
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the focal point was successfully adjusted in the horizontal and vertical directions depending on the 
sonication time delays that were calculated according to the beamforming algorithm.  Attributed to 
the fine delay control with a unit time step of 6.67 ns, the focal position could be delicately adjusted 
with nearly zero targeting errors.  In particular, the extremely accurate targeting with zero targeting 
error was obtained with the horizontally adjusted focal points.  The measured focusing area with the 
radius of 1.05 mm and the minimum focus shifting of 9.87 μm are sufficiently small to provide high 
spatial resolution for targeting sub-centimeter-sized targets, such as a bundle of peripheral nerves 
and muscle fibers with a thickness less than 2.5 mm.(26)

5.2	 Performance variation according to focal point location

	 The experimental results on the spatial distributions of the focused ultrasound energy indicate 
that the focusing performance of the developed stimulator can be varied according to the location 
of the target focal point.  As shown in Fig. 10, the ISPPA is varied as a function of the location of the 
focal point.  In particular, a large variation of ISPPA is observed with the horizontally adjusted focal 
point.  The ratio of the maximum ISPPA to the minimum one is calculated as 2.33 in the horizontal 
direction.  On the other hand, a relatively small variation of focused ultrasound energy is obtained 
in the vertical direction, with that ratio of 1.43.
	 For a more quantitative analysis of the variation of the focusing performance according to the 
focal position, a beam nonuniformity ratio (BNR) that indicates the degree of focusing is calculated.  
The BNR is defined as the ratio of the ISPPA to the spatial average-pulse average intensity (ISAPA) in a 
unit-sized square area around the focal point.  Note that a higher BNR indicates a higher degree of 
focusing.  In Fig. 11, the BNR is plotted as a function of the target focal positions in the horizontal 
and vertical directions.  A larger variation of BNR is observed in the horizontal direction than in the 
vertical direction.  The ratio of the maximum BNR to the minimum one is 1.63 in the horizontal 
direction.  That in the vertical direction is determined as 1.19.  In the horizontal direction, the BNR 
is sharply decreased as the focal point is shifted to the side positions.
	 From these results, it can be postulated that the highly uniform focusing performance is 
achieved with the vertically adjusted focal points.  However, when the focal point is adjusted in 
the horizontal direction, the focusing performance can be relatively widely varied according to the 

Fig. 11.	 Measured BNR plotted as a function of the focal point location adjusted in (a) horizontal and (b) vertical 
directions. 

(a) (b)
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location of the focal point.  In other words, the ultrasound energy is less propagated to the side-
positioned focal points because of the decreased beamforming efficiency.  For compensating the 
degraded focusing performance in the side positions, additional compensation, such as the acoustic 
amplitude modification according to the location of the target focal points, should be provided.

5.3	 Potential for neuromuscular rehabilitation

	 According to the previous study, the LIPUS with the spatial average-temporal average intensity 
(ISATA) of 16 mW/cm2 accelerated the peripheral nerve recovery.(9)  In other work, the LIPUS with 
the ISATA of 30 mW/cm2 improved the regeneration of the injured muscle tissues.(13)  To deduce the 
developed system’s potential for the neuromuscular rehabilitation, the ISATA with the duty cycle of 
50% is estimated from the measured ISPPA and BNR.  In Fig. 12, the estimated ISATA is plotted as a 
function of the target focal positions in the horizontal and vertical directions.  The estimated ISATA 
is distributed in the range of 24 to 45 mW/cm2.  In addition, the energy intensity can be increased 
by more than 40 times because the driving voltage can be increased to 400 VPP.  From this analysis, 
it can be postulated that the developed system can provide sufficient energy for the neuromuscular 
rehabilitation.

6.	 Conclusions

	 The 32-channel LIFU stimulator using phased array miniature PZT transducers is presented 
to provide highly accurate targeting in ultrasound-based neuromuscular rehabilitation.  In the 
developed system, the beamforming technology is used to finely adjust the focal point without the 
geometrical shift and inconvenient replacement of the transducer.  The experimental results show 
that the focal point can be delicately controlled in the horizontal and vertical directions.  In addition, 
the improved targeting accuracy is provided with nearly zero targeting errors.  The size of the focal 
point is sufficiently small to implement high-resolution targeting on peripheral nerves and a bundle 
of muscle fibers.  Although the uniformity of focusing performance should be partially improved 
in the horizontal direction, it is expected that the developed stimulator can be effectively utilized to 
generate the accurately targeted LIFU stimulation for neuromuscular rehabilitation.

Fig. 12.	 Estimated spatial average-temporal average intensity (ISATA) with the duty cycle of 50% plotted as a 
function of the focal point location adjusted in (a) horizontal and (b) vertical directions.

(a) (b)
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