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ABSTRACT  

Background: Current transcranial ultrasound stimulation for small animal in vivo experiment is limited to 

acute stimulation under anesthesia in stereotaxic fixation due to bulky and heavy curved transducers.  

Methods: We developed a miniaturized ultrasound ring array transducer which is capable of invoking motor 

responses through neuromodulation of freely-moving awake mice.  

Results: The developed transducer is a 32-element, 183-kHz ring array with a weight of 0.035 g (with PCB: 

0.73 g), a diameter of 8.1 mm, a focal length of 2.3 mm, and lateral resolution of 2.75 mm. By developing an 

affixation scheme suitable for freely-moving animals, the transducer was successfully coupled to the mouse 

brain and induced motor responses in both affixed and awake states.   

Conclusion: Ultrasound neuromodulation of a freely-moving animal is now possible using the developed 

lightweight and compact system to conduct a versatile set of in vivo experiments. 

 

1. INTRODUCTION 

Transcranial focused ultrasound stimulation (tFUS) is a promising modality because of its competitive 

advantages such as focusing capability (i.e., high spatial resolution), beam steering capability, and long-term 

safety [1]. However, previous works on small animals have been limited to acute stimulation under various 

anesthetic levels (light to deep) in stereotaxic fixation [2-10] due to bulky and heavy curved transducers 

(Outer diameter: > 25 mm; height: ~40 mm) with maximum intensities much larger than the required 

intensity range. Moreover, no in vivo ultrasound neuromodulation has been demonstrated under awake, 

head-fixed preparation such as spherical treadmill [11] and flat-floored air-lifted platform [12] for small 

animals. For a large non-human primate (NHP), sonication was delivered on both awake and sedated animals 

for brain-blood barrier (BBB) opening and neuromodulation [13-15]. However, even for the larger animal, 

head-fixation was still required for the experiment. There exists only one study which reported 

neuromodulation of local field potential (LFP) using a miniature single-element transducer [16]. Since the 

same stimulation modality is preferred to translate the findings from pre-clinical to clinical trials, to observe 
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therapeutic effects of ultrasound neuromodulation on various disease models, it is important to develop an 

ultrasound neuromodulation system that supports freely-moving experiments. Moreover, such miniaturized 

neuromodulation tools could also facilitate the investigation of the biological mechanism of ultrasound 

neuromodulation [3, 17-24]. Here, we propose a light-weight capacitive micromachined ultrasonic 

transducer (CMUT) ring array suitable for non-invasive brain stimulation for chronic experiments. We 

demonstrate the feasibility of neuromodulation using the proposed miniaturized transducer ring array in both 

acute and awake in vivo mice experiments. This system enables freely-moving animal behavior studies where 

the effects of ultrasound neuromodulation could be observed in real-time in both acute and chronic 

conditions. For example, both immediate and chronic effects of ultrasound modulation on epilepsy frequency, 

sleep patterns, and cognitive performance could be observed using the proposed system. 

 

2. MATERIALS AND METHODS  

We designed and fabricated a ring array with an outer diameter of 8.1 mm and an inner diameter of 5.2 mm 

to generate a focal point at approximately 2.3 mm from the device with an immersion resonant frequency of 

183 kHz (Figure 1A, B, S1). Ring array was chosen because of the following advantages: natural focus at the 

center (Figure S2), larger aperture while minimizing localized skull heating, and extra room in the middle for 

integration with other devices. The ring array is composed of 32 elements, and each element is composed of 

12 circular resonating plates (or cells) connected in parallel [24, 25]. The weights of the ring array and 

fully-packaged array with a custom-designed printed circuit board (PCB) were 0.035 g and 0.73 g, 

respectively (Figure 1C). For further information, see Supplementary Methods. 

 

3. RESULTS 

Beam profile of the miniature ring array 

A volumetric hydrophone scan of 5-mm wide and 10-mm long was performed with a 0.25-mm step from 
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the center of the surface of the ring array (Figure S3). The CMUT ring array was biased at 100 DC voltage 

superimposed with a 183-kHz, 39.6 AC voltage. Full-Width Half-Maximum (FWHM) (i.e., focus size) of 

10.13 mm2 in the horizontal plane and 6.12 mm2 in the vertical plane with a focus length of 2.3 mm and a 

maximum intensity of 50 mW/cm2 (27 kPa) were observed (Figure 1F). These measurement results were 

comparable to the simulated beam profile (COMSOL Multiphysics®, Burlington, MA, USA) (Figure 1E). 

The intensity at the focal point increased as the AC voltage increased where a maximum intensity of 174 

mW/cm2 (~52 kPa) was achieved at an AC peak-to-peak voltage of 90 V (Figure 1D). In addition, while 

impedance measurement in air showed a resonant frequency of ~780 kHz, Fast Fourier transform (FFT) of 

the measured transient pressure showed a center frequency of 183 kHz and a 3dB bandwidth of 179 kHz 

(fractional bandwidth of ~98%) (Figure S4, S5). Lastly, to ensure that our device does not cause a significant 

heating to activate neuronal activities, we measured potential temperature increase using an Agarose gel 

phantom and a thermocouple. We observed a temperature increase of approximately 0.1°C after ~240 s of 

continuous sonication (Figure S6). Since the duration of sonication in our in vivo protocol is only 0.2 s, the 

temperature effect should be negligible. 

 

MR compatibility of the miniature ring array 

Since the target stimulation area is difficult to determine, non-invasive ultrasound neuromodulation could 

be accompanied with functional magnetic resonance imaging (fMRI). Thus, it is important for the CMUT 

device and the package system to be MR conditional. Here, we assessed the influence of the device with and 

without packaging on MR image quality using a 3T clinical scanner and an agar-filled spherical phantom. 

The device alone did not cause measurable effects on the MR images (Figure 1H) when compared to the 

baseline measurement (Figure 1G). Nevertheless, the initial measurement of the packaged device revealed 

clear distortions of the static magnetic field of the scanner, which were caused by the connector mounted on 

the PCB (Figure 1C). Without the connector, at the power-up with DC bias voltage alone, the adverse effects 

of the presence of the device on the MR images has substantially decreased (Figure 1I). In addition, while the 
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device alone did not induce RF noise above the thermic noise floor, the noise was clearly measurable once the 

device was connected to the RF amplifier and DC power source placed outside of the MR cabin. The issues 

with the RF noise can be readily resolved using a physical filter attached to the MR cabin for future 

applications [26].  

 

Acute in vivo neuromodulation of motor cortex 

To confirm the functionality of the ring array, we performed in vivo acute mouse experiment without 

craniotomy. The CMUT array was biased at DC bias voltage of 100 V and driven with AC peak-to-peak 

voltage of 80 V at 183 kHz. Each stimulation trial consisted of 40-pulses of 90% duty cycle at a pulse repeat 

frequency (PRF) of 200 Hz, and each 4.5-ms long pulse consisted of 756 pulses of ultrasound (Figure 2A, S7). 

During this trial, the total ultrasound power that was delivered (i.e., pulse intensity integral (PII)), was 0.28 

mJ/cm2 and spatial-peak, temporal-average intensity (Ispta) was 55.4 mW/cm2. The success rate of motor 

responses was measured at an increasing intensity by adjusting the AC voltage. At each intensity, 

approximately 25 stimulation trials were conducted over 4 min and the event of ‘success’ and ‘fail’ was 

determined based on a threshold (i.e., 3 times the EMG noise floor) (Figure 2B, C). For all four  mice, an 

increase in the success rate was observed as the intensity (Ispta) increased (Figure 2D), which was comparable 

to the ones demonstrated in the literature where bulky ultrasound transducer array was used [3]. At an 

intensity of 34.1 mW/cm2, the average success rate of four mice was over 70% (see Movie S1).  

Three control experiments were also performed to ensure that the motor responses were not evoked due to 

any potential electrical leakage or buzzing sound. First, the success rate of four mice was measured when the 

device was biased with DC bias voltage of 100 V and AC voltage of 0 V. The observed success rate was 

negligible (i.e., 0 ~ 7.14%) and was significantly lower than the success rate when AC voltage of 80 V was 

applied with the paired t-test P value of 0.0044 (Figure 2E). The second control experiment was performed by 

applying 0 DC bias voltage with an AC voltage of 80 V on one mouse. The success rate of 6.8% was observed 

which was much lower than the success rate when the device was fully driven (i.e., 100 VDC + 80 VAC). Thus, 
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the evoked motor responses were not due to any potential electrical leakage between the device. The last 

sham experiment was conducted to evaluate artifacts due to the buzzing sound of the transducer [27, 28]. 

While using the identical in vivo procedure and experimental setup, the packaged device was placed between 

the metal slits upside down. When the device was flipped, the success rate was 3.44% which was 

significantly smaller than that observed during the normal stimulation. When there was no device attached to 

the system, we have observed the success rate due to the spontaneous movements as high as 10.7%. Thus, the 

effect of potential artifacts due to the buzzing sound should be negligible. 

 

In vivo neuromodulation of motor cortex of awake animals 

For neuromodulation of freely-moving mice, compact interface and package are essential. Specifically, 

design and implementation of three components were required: head fixture, collimator, and electric rotary 

joint to provide the input voltage to the CMUT ring arrays (Figure S8). Using this system, we successfully 

demonstrated the transcranial ultrasound neuromodulation of a freely-moving mouse where a success rate of 

100% over 10 trials was observed when the device was fully driven (see Movie S2). We observed that the 

transducer coupled to the head did not cause impairment in its ability to walk, feed, and groom (see Movie 

S3). The stimulation was conducted approximately after 3 hours from the surgery. Although no EMG signals 

were recorded due to limited surgery techniques, the stimulation was visually recorded. After 7 days of the 

implantation, when additional ultrasound coupling gel was applied, we visually observed successful 

modulation over 10 trials. Not only our proposed interface system permitted stimulation of freely-moving 

animals over 7 days, the device was replaceable and reusable after the experiments. Lastly, we observed no 

significant tissue damage such as vascular hemorrhage and neuronal necrosis compared to that of the control 

mice (Figure S9). This result suggests that CMUT ring array produced no significant microscopic damage to 

the mouse cortex, which is similar to the results of single-element bulky transducers [29].  
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4. DISCUSSION 

 
By devising a miniature ultrasound transducer array, we have demonstrated the possibility of performing 

transcranial ultrasound neuromodulation during both acute and awake states. Although more efforts are 

required to investigate the mechanism of ultrasound neuromodulation (indirect or direct) [19, 20], the 

proposed system provides the same functionalities as that of commercial bulky transducers but with a new 

capability of enabling freely-moving experiments. Although the intensity of our device was relatively low 

compared to the previous works (~10 W/cm2), we demonstrated that the intensity was sufficient for 

neuromodulation of motor cortex without craniotomy. To achieve a higher intensity while maintaining the 

resonant frequency, a thicker silicon circular plate with a smaller radius could be used [30]. In the succeeding 

developments, there are several limitations that needs be overcome. First, we have only tested our system on 

wild-type mice. We plan to apply our system to different animal disease models to demonstrate biologically 

meaningful therapeutic effects. Second, the fabricated device was in the form of an array, and thus, when 

interfaced with beam-forming circuits, dynamic focusing could be achieved to target different locations 

within the brain without relocating the device. For beam-steering, the individual element of the ring array 

must be also interfaced with a separate circuitry using multichannel driving systems such as commercially 

systems (e.g., Verasonics©), custom-designed ICs, or multi-channel RF amplifiers. However, because of the 

inherent beam shape of the ring array, we still achieved a narrow single-focus along the stimulation axis 

which contributed to the simplification of our setup. Thus, future work includes interfacing our device with 

beam-forming circuitries for dynamic focusing and beam-steering.  
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Supplementary data related to this article can be found at https://doi.org/XXX. 
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FIGURE LEGENDS 

 

Figure 1 | Miniature transducer for transcranial ultrasound stimulation of freely-moving animals. (A) 

Conceptual 3D schematics of proposed ring array composed of 32 elements and a single element composed 

of 12 circular cells. (B) Photograph of the fabricated 32-element CMUT ring array. (C) Photograph of the 

CMUT ring array wire-bonded and packaged on a custom-designed PCB with a connector. (D) Measured 

intensity at the focal point over different AC voltages (VAC). (E) Simulated 2D beam profile in the axial and 

radial directions. (F) Measured 2D beam profile in the axial and radial directions. XY plans were obtained at 

focal depth (z-axis = 2.3 mm) (G) EPI image (top) and field map (bottom) of the baseline measurements 

without the device. Shown is a horizontal slice through the center of the phantom. (H) EPI image (top) and 

field map (bottom) of the CMUT ring array. The device was placed centrally on the top of the phantom. The 

EPI image did not show any signs of distortion or signal dropout. The field map revealed B0 inhomogeneities 

that are in the same range as seen in the baseline measurements. (I) EPI image (top) and field map (bottom) 

of the powered-up device connected to the bias tee via copper wires directly soldered to the PCB. Both the 

EPI image and the field map demonstrated the MR conditionality of the packaged device. 
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Figure 2. Ultrasound neuromodulation of motor cortex using CMUT ring array. (A) Schematics of the 

trigger waveform delivering 40 pulses of 756 ultrasound pulses. The total power delivered through this 

waveform is described in different metrics. (B) Schematics illustrating ‘success’ events determined when the 

EMG power was larger than 3 times the noise floor. (C) Example of recorded raw EMG signals at the 

incident of (i) ‘fail’ and (ii) ‘success’ events. (D) Success rate measured over approximately 25 stimulation 

trials for 4 mice at varying ultrasound intensities (ISPPA) controlled by AC voltages. (E) Success rate of a 

control case when 100 DC voltage (VDC) was applied with 0 VAC.   
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