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SUMMARY: 23 

Fabrication of piezoelectric thickness mode transducers via direct current sputtering of plate 24 

electrodes on lithium niobate is described. Additionally, reliable operation is achieved with a 25 

transducer holder and fluid supply system and characterization is demonstrated via impedance 26 

analysis, laser doppler vibrometry, high-speed imaging, and droplet size distribution using laser 27 

scattering. 28 

 29 

ABSTRACT: 30 

We present a technique to fabricate simple thickness mode piezoelectric devices using lithium 31 

niobate (LN). Such devices have been shown to atomize liquid more efficiently, in terms of flow 32 

rate per power input, than those that rely on Rayleigh waves and other modes of vibration in 33 

LN or lead zirconate titanate (PZT). The complete device is composed of a transducer, a 34 

transducer holder, and a fluid supply system. The fundamentals of acoustic liquid atomization 35 

are not well known, so techniques to characterize the devices and to study the phenomena are 36 

also described. Laser Doppler vibrometry (LDV) provides vibration information essential in 37 

comparing acoustic transducers and, in this case, indicates whether a device will perform well 38 

in thickness vibration. It can also be used to find the resonance frequency of the device, though 39 

this information is obtained more quickly via impedance analysis. Continuous fluid atomization, 40 

as an example application, requires careful fluid flow control, and we present such a method 41 

with high-speed imaging and droplet size distribution measurements via laser scattering. 42 

 43 

INTRODUCTION: 44 
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Ultrasound atomization has been studied for almost a century and although there are many 45 

applications, there are limitations in understanding the underlying physics. The first description 46 

of the phenomenon was made by Wood and Loomis in 19271, and since then there have been 47 

developments in the field for applications ranging from delivering aerosolized pharmaceutical 48 

fluids2 to fuel injection3. Although the phenomenon works well in these applications, the 49 

underlying physics is not well understood4,5,6. 50 

 51 

A key limitation in the field of ultrasonic atomization is the choice of material used, lead 52 

zirconate titanate (PZT), a hysteretic material prone to heating7 and lead contamination with 53 

elemental lead available from the inter-grain boundaries8,9. Grain size and mechanical and 54 

electronic properties of grain boundaries also limit the frequency at which PZT can operate10. 55 

By contrast, lithium niobate is both lead-free and exhibits no hysteresis11, and can be used to 56 

atomize fluids an order of magnitude more efficiently than commercial atomizers12. The 57 

traditional cut of lithium niobate used for operation in the thickness mode is the 36-degree Y-58 

rotated cut, but the 127.86-degree Y-rotated, X-propagating cut (128YX), typically used for 59 

surface acoustic wave generation, has been shown to have a higher surface displacement 60 

amplitude in comparison with the 36-degree cut13 when operated in resonance and low loss. It 61 

has also been shown that thickness mode operation offers an order of magnitude improvement 62 

in atomizer efficiency over other modes of vibration13, even when using LN. 63 

 64 

The resonance frequency of a piezoelectric device operating in the thickness mode is governed 65 

by its thickness t: the wavelength λ = 2t/n where n = 1, 2,... is the number of anti-nodes. For a 66 

500 µm thick substrate, this corresponds to a wavelength of 1 mm for the fundamental mode, 67 

which can then be used to calculate the fundamental resonance frequency, f = v/λ if the 68 

wave speed, v, is known. The speed of sound through the thickness of 128YX LN is 69 

approximately 7,000 m/s, and so f = 7 MHz. Unlike other forms of vibration, particularly 70 

surface-bound modes, it is straightforward to excite higher-order thickness mode harmonics to 71 

much higher frequencies, here to 250 MHz or more, though only the odd-numbered modes 72 

may be excited by uniform electric fields14. Consequently, the second harmonic (n = 2) near 14 73 

MHz cannot be excited, but the third harmonic at 21 MHz (n = 3) can. Fabrication of efficient 74 

thickness mode devices requires depositing electrodes onto opposing faces of the transducer. 75 

We use direct current (DC) sputtering to accomplish this, but electron-beam deposition and 76 

other methods could be used. Impedance analysis is useful to characterize the devices, 77 

particularly in finding the resonance frequencies and electromechanical coupling at these 78 

frequencies. Laser Doppler vibrometry (LDV) is useful to determine the output vibration 79 

amplitude and velocity without contact or calibration15, and, via scanning, the LDV provides the 80 

spatial distribution of surface deformation, revealing the mode of vibration associated with a 81 

given frequency. Finally, for the purposes of studying atomization and fluid dynamics, high-82 

speed imaging can be employed as a technique to study the development of capillary waves on 83 

the surface of a sessile drop16,17. In atomization, like many other acoustofluidic phenomena, 84 

small droplets are produced at a rapid rate, over 1 kHz in a given location, too quickly for high-85 

speed cameras to observe with sufficient fidelity and field of view to provide useful information 86 

over a sufficiently large droplet sample size. Laser scattering may be used for this purpose, 87 

passing the droplets through an expanded laser beam to (Mie) scatter some of the light in 88 



reflection and refraction to produce a characteristic signal that may be used to statistically 89 

estimate the droplet size distribution. 90 

 91 

It is straightforward to fabricate piezoelectric thickness mode transducers, but the techniques 92 

required in device and atomization characterization have not been clearly stated in the 93 

literature to date, hampering progress in the discipline. In order for a thickness mode 94 

transducer to be effective in an atomization device, it must be mechanically isolated so that its 95 

vibration is not damped and it must have a continuous fluid supply with a flow rate equal to the 96 

atomization rate so that neither desiccation nor flooding occur. These two practical 97 

considerations have not been thoroughly covered in the literature because their solutions are 98 

the result of engineering techniques rather than pure scientific novelty, but they are 99 

nonetheless critical to studying the phenomenon. We present a transducer holder assembly 100 

and a liquid wicking system as solutions. This protocol offers a systematic approach to atomizer 101 

fabrication and characterization for facilitating further research in fundamental physics and 102 

myriad applications. 103 

 104 

PROTOCOL: 105 

 106 

1. Thickness mode transducer fabrication via DC sputtering 107 

 108 

1.1. Wafer preparation 109 

 110 

1.1.1. Place a 100 mm 128YX LN wafer in a clean glass dish of at least 125 mm diameter. 111 

Sonicate the wafer in at least 200 mL of acetone for 5 min. 112 

 113 

1.1.2. Repeat sonication with isopropyl alcohol and again with deionized water for 5 min each. 114 

 115 

1.1.3. Remove visible water from the surface using dry nitrogen. 116 

 117 

1.1.4. Completely remove water from the surface by placing the wafer on a hotplate at 100 °C 118 

for 5 min. Ensure that there is a sheet of aluminum foil on the hotplate as this helps in 119 

dissipation of charge buildup on the wafer. 120 

 121 

1.2. Electrode deposition 122 

 123 

1.2.1. Place the wafer in the vacuum chamber of the sputter deposition system and pump down 124 

the chamber to 5 x 10-6 mTorr. Set the argon pressure to 2.3 mTorr and the rotation speed to 13 125 

rpm. 126 

 127 

NOTE: If parameters for the specific instrument being used have been established that result in 128 

high quality films, then use those instead. 129 



 

 130 

1.2.2. Deposit 5−10 nm of titanium at 1.2−1.6 A/s. 131 

 132 

NOTE: Before beginning this process with the intended wafer, test the deposition rate with the 133 

plasma power set to 200 W and depositing for 1 min. Then measure the height of the layer with 134 

a profilometer. Do this separately for each metal. Set the power according to this test in order 135 

to achieve the stated deposition rate. 136 

 137 

1.2.3. Deposit 1 µm of gold at 7−9 A/s. 138 

 139 

NOTE: Deposition at a higher rate due to increased plasma power or increased argon partial 140 

pressure may reduce film quality. 141 

 142 

1.2.4. Remove the wafer and repeat steps 1.2.1−1.2.3 for the second side of the wafer. 143 

 144 

1.3. Dicing 145 

 146 

1.3.1. Use a dicing saw to dice the entire wafer as needed. 147 

 148 

NOTE: A protective resist can be applied on the substrate prior to dicing, and the system (Table 149 

of Materials) used here applies a UV curable film just before the samples are loaded on the 150 

dicing stage. It is found that dicing the samples with an automated dicing saw does not 151 

compromise the integrity of the samples. Hand-scribe dicing of LN is possible, though tedious 152 

and prone to inconsistencies. 153 

 154 

2. Making electrical and mechanical contact with the transducer 155 

 156 

NOTE: Several methods are described below (steps 2.1−2.4), and it is highlighted later in the 157 

protocol which method is most appropriate for each subsequent step. 158 

 159 

2.1. Place a diced transducer flat on a magnetic steel plate. Mount one pogo-probe in contact 160 

with the plate and another pogo-probe in contact with the top surface of the transducer. 161 

Hereafter this will be referred to as pogo-plate contact. 162 

 163 

2.2. Place the transducer between two pogo-probes. Hereafter referred to as pogo-pogo 164 

contact. 165 

 166 

2.3. Solder wire to each face of the transducer. Hereafter referred to as solder contact. 167 

 168 

2.4. Assemble a custom transducer holder. 169 

 170 

2.4.1. Order the custom printed circuit boards (PCBs) whose Gerber files have been provided. 171 

 172 

2.4.2. Solder two surface mount spring contacts(Table of Materials) to each custom PCB. Press 173 



 

fit the spikes into the plated holes on the custom PCBs such that they point away from each 174 

other. 175 

 176 

2.4.3. Connect the two custom PCBs with board spacers and screws so that the contacts are just 177 

in contact with each other. Adjust the spacing with plastic washers if necessary. 178 

 179 

2.4.4. Slide a 3 mm x 10 mm transducer in between the inner pair of contacts. Clip the outer 180 

contacts so they do not short the circuit. 181 

 182 

NOTE: Figure 1 shows the entire assembly. 183 

 184 

3. Resonance frequency identification via impedance analysis 185 

 186 

3.1. Ensure that a port calibration has been performed according to the manufacturer’s 187 

instructions for the specific contact method being used. 188 

 189 

3.2. Connect a transducer to the open port of the network analyzer (Table of Materials) with 190 

one of the contact methods described in steps 2.1−2.4. 191 

 192 

NOTE: It can be instructive to repeat this analysis with multiple electrical contact methods and 193 

compare the results. 194 

 195 

3.3. Select the reflection coefficient parameter, s11, via the user interface of the network 196 

analyzer, choose the frequency range of interest, and perform the frequency sweep. 197 

 198 

NOTE: s11 is the input reflection coefficient and has a minimum value at the resonance 199 

frequency of operation. For a typical 500 µm thick 128YX LN wafer, the primary resonance 200 

frequency will be near 7 MHz and the second harmonic will be near 21 MHz, as illustrated in 201 

Figure 2. The impedance plot in frequency space displayed on the instrument will exhibit local 202 

minima at the resonance frequencies. 203 

 204 

3.4. Export the data by selecting Save/Recall | Save Trace Data on the user interface for closer 205 

inspection using data processing software to identify the precise minima locations. 206 

 207 

4. Vibration characterization via LDV 208 

 209 

4.1. Place a transducer in pogo-plate contact on the LDV stage. Connect the pogo-probe leads 210 

to the signal generator. Ensure that the correct objective is selected in the acquisition software 211 

(Table of Materials) and focus the microscope on the surface of the transducer. 212 

 213 

4.2. Define the scan points by selecting Define scan points or proceed to step 4.3 if performing 214 

a continuous scan. 215 

 216 

4.3. Select the Settings option and under the General tab, select either the FFT or Time option 217 



 

depending on whether the scan is being performed in frequency or time domain.  Select the 218 

number of averages in this section. 219 

 220 

NOTE: The number of averages affects scan time. Five averages for the transducers described in 221 

this protocol have shown to give sufficient signal/noise ratio.  222 

 223 

4.4. In the Channel tab, make sure that the Active boxes are checked, which correspond to the 224 

reference and reflected signal from the transducer. Adjust the reference and incident channels 225 

by selecting a voltage value from the drop-down menu in order to obtain maximum signal 226 

strength from the substrate. 227 

 228 

4.5. In the Generator tab, if the measurement is carried out under single frequency signal, 229 

select Sine from the Waveform pull down list; if it is under a band signal, select 230 

MultiCarrierCW. 231 

 232 

4.6. Change the bandwidth and FFT lines in the Frequency tab to adjust the scan resolution for 233 

a frequency domain scan. Similarly, change the Sample Frequency in the Time tab when 234 

performing time domain measurements. 235 

 236 

NOTE: The bandwidth typically used is 40 MHz and the number of FFT lines is 32,000. The 237 

presentation software (Table of Materials) can be used to process and analyze the data 238 

obtained from the scan. A typical displacement spectrum is provided in Figure 3. 239 

 240 

5. Fluid supply 241 

 242 

5.1. Obtain a 25 mm long, 1 mm diameter wick composed of a bundle of fibers of a hydrophilic 243 

polymer designed to transport aqueous liquid across its length such as those available for plug-244 

in air fresheners. 245 

 246 

5.2. Insert the wick into a syringe tip with an inner diameter that provides a snug fit and a 247 

length that allows the wick to extend 1−2 mm beyond each end. Lock the tip onto a syringe 248 

with the desired capacity (1−10 mL). 249 

 250 

5.3. Mount the wick/syringe assembly such that the wick is 10°−90° from horizontal (depending 251 

on the desired atomization rate, which also depends on the applied voltage) and the tip of the 252 

wick is just in contact with the edge of the transducer as shown in Figure 1C. 253 

 254 

5.4. Fill the syringe with water and apply a continuous voltage signal (starting with 20 Vpp) at 255 

the resonance frequency determined using the impedance analyzer. Adjust the voltage level 256 

until the liquid is atomized continuously without the device flooding or drying out. 257 

 258 

6. Dynamics observation via high-speed imaging 259 

 260 

6.1. Rigidly mount a high-speed camera horizontally on an optical table, place a transducer in 261 



 

either pogo-pogo contact or pogo-plate contact on an x-y-z stage near the focal length of the 262 

camera, and position a diffuse light source at least one focal length on the opposite side of the 263 

transducer from the camera. 264 

 265 

6.2. For pogo-pogo contact, position the fluid supply so that it does not block the camera view 266 

or the light source. For pogo-plate contact, apply fluid directly to the substrate with a pipette. 267 

 268 

6.3. Adjust the camera focus and the x-y-z position to bring the fluid sample into sharp focus. 269 

 270 

6.4. Estimate the frequency of the specific phenomenon to be studied based on literature. 271 

Choose a frame rate at least twice as large as this frequency according to the Nyquist rate in 272 

order to avoid aliasing. 273 

 274 

NOTE: For example, consider capillary waves that occur on a sessile drop at a range of 275 

frequencies. Cameras limited in spatial resolution can only distinguish waves with a minimum 276 

amplitude. In this case the minimum amplitude occurs around 4 kHz so a frame rate of 8,000 277 

frames per second (fps) is chosen. 278 

 279 

6.5. Adjust the light intensity, the camera shutter, or both in order to optimize contrast 280 

between the fluid and the background. 281 

 282 

NOTE: An opaque dye can be added to the fluid in order to increase the contrast. 283 

 284 

6.6. Connect alligator clips from the amplified signal generator to the pogo-probes leads. 285 

 286 

6.7. Capture video in the camera software simultaneously with actuation via the voltage signal 287 

either by manually triggering both at the same time or by connecting a trigger output from the 288 

signal generator to the camera. 289 

 290 

NOTE: The typical frame rate used is 8,000 fps and a CF4 objective is used. 291 

 292 

6.8. Save only the frames containing the phenomenon to avoid wasted storage, which is 293 

particularly relevant at large frame rates, to produce a result as shown in Figure 4. 294 

 295 

NOTE: Make sure to save the file in a format that is compatible with the image processing 296 

software of choice so that useful data can be extracted. 297 

 298 

7. Droplet size measurement via laser scattering analysis 299 

 300 

7.1. The laser scattering system (Table of Materials) has a module that transmits the laser and 301 

one that receives the scattered laser signal. Position the modules along the rail provided with 302 

the system, with a 20−25 cm gap between them. 303 

 304 

7.2. Rigidly mount a platform in this gap such that, when the transducer and fluid supply 305 



 

assemblies are placed on it, atomized mist will be ejected into the laser beam path. Facilitate 306 

this alignment by turning on the laser beam and selecting Tools | Laser Control... | Laser on as 307 

a visual indicator. 308 

 309 

7.3. Fix the transducer holder to the platform and fix the fluid supply assembly to an articulated 310 

arm (Table of Materials). Position the fluid supply assembly so that the tip of the wick is just in 311 

contact with the edge of the transducer. 312 

 313 

7.4. Create a standard operating procedure (SOP) in the software by clicking the New SOP icon. 314 

Configure the SOP with the following settings: template = Default continuous, sampling period 315 

(s) = 0.1, under Data handling, click Edit... and set Spray profile | Path length (mm) to 20.0, click 316 

Alarms to uncheck Use default values and set Min transmission (%) to 5 and 1 and set Min 317 

scattering to 50 and 10. Leave all other settings as defaults. 318 

 319 

NOTE: Consult the software manual that came with the instrument. 320 

 321 

7.5. Start the measurement within the software by clicking Measure | Start SOP and selecting 322 

the SOP created in step 7.4 and following the onscreen guidelines. Fill the fluid supply reservoir, 323 

the syringe, with water up to the desired level and note the volume. Turn on the voltage signal 324 

to begin atomizing the fluid after the measurement has started and start the stopwatch. 325 

 326 

7.6. The software generates a size distribution based on the scattered laser signal at the receiver 327 

due to Mie theory and a multiple scattering algorithm. Once the desired volume of fluid has 328 

been atomized, turn off the voltage signal, stop the stopwatch, and record the final volume. 329 

 330 

NOTE: The laser scattering system is capable of measuring as little as 1 μL of fluid and does not have 331 

an upper limit for fluid volume. The atomization flow rate can simply be calculated by dividing the 332 

volume by the time duration. 333 

 334 

7.7. In the measurement histogram, select the portion of the data during which the atomization 335 

was occurring as expected and the signal at the receiver was strong enough to be statistically 336 

significant. 337 

 338 

NOTE: All measurements with this technique are statistical averages and thus, if there are too 339 

few droplets, then the scattered signal will be weak, and the measurement will be statistically 340 

insignificant. 341 

 342 

7.8. Click Average | Ok to generate a distribution based on the selected data. Save this by 343 

selecting the window and clicking Edit | Copy text then pasting the result in a text file and saving 344 

with an appropriate name. 345 

 346 

NOTE: This distribution data can now be used with other software (e.g., MATLAB) to create the 347 

plot in Figure 5. 348 

 349 



 

REPRESENTATIVE RESULTS: 350 

Thickness mode piezoelectric devices were fabricated from 128YX lithium niobate. Figure 1 351 

shows a complete assembly to hold the transducer in place with a custom transducer holder 352 

used with the passive fluid delivery system developed for continuous atomization. The 353 

characterization steps for these devices include determination of the resonant frequency and 354 

harmonics using an impedance analyzer (Figure 2). The fundamental frequency of the devices 355 

was found to be close to 7 MHz using the technique described in this protocol, as predicted by 356 

the thickness of the substrate. Further characterization of substrate vibration was performed 357 

using noncontact laser Doppler vibrometer measurements. These measurements determine 358 

the magnitude of displacement of the substrate and is usually in the nm range (Figure 3). 359 

Continuous atomization is essential to enable practical applications of thickness mode devices, 360 

and this has been demonstrated by developing a passive fluid delivery system to the substrate. 361 

Finally, two techniques were described to observe droplet vibration and atomization dynamics 362 

by performing high-speed imaging and by measuring droplet size distribution as shown in 363 

Figure 4 and Figure 5. 364 

 365 

FIGURE AND TABLE LEGENDS: 366 

Figure 1: The whole assembly of a custom transducer holder. (A) The positions of the 367 

transducer holder and the fluid supply assembly are each controlled with articulating arms such 368 

that the tip of the wick is just in contact with the edge of the transducer. Inset (B) reveals 369 

nature of the electrical and mechanical contact with the transducer electrodes. Inset (C) reveals 370 

the nature of the contact between the transducer edge and the fluid wick. 371 

 372 

Figure 2: The real s11 scattering parameter values measured over a range of 1−25 MHz for a 373 

127.86° YX lithium niobate device, indicating the presence of a resonance peak at 374 

approximately 7 MHz. 375 

 376 

Figure 3: A multi-carrier, FFT scan with 5 averages at each point was performed over 9 by 9 377 

scan points defined in a 0.6 by 0.6 mm area in the frequency range 5−25 MHz. The reported 378 

displacement is the maximum displacement averaged over all points. The fundamental 379 

thickness mode for 0.5 mm thick LN can be seen at 7 MHz, and a weaker second harmonic is 380 

present at ~21 MHz. Notice there are multiple narrow peaks at each resonance due to 381 

interference with lateral modes. Multi-carrier scans spread the voltage input, so the 382 

displacement here is not an accurate measure of the performance of the device. For such a 383 

measurement, it is recommended to perform a single-frequency scan at the resonance 384 

frequency and with application relevant voltages. For example, this 10 mm x 5 mm thickness 385 

mode transducer produces a 5 nm max amplitude at 45 Vpp when driven at 6.93 MHz. 386 

 387 

Figure 4: Onset of capillary waves on a 2 µL water drop is indicated by an 8,000 fps video of 388 

the fluid interface; the drop is driven by a thickness mode transducer driven at 6.9 MHz, 389 

showing the significant time difference between the hydrodynamic response and the acoustic 390 

excitation. 391 

 392 

Figure 5: Droplet size distribution is typically measured as a volume fraction versus the 393 



 

droplet diameter, here comparing (A) a commercial nebulizer and (B) an LN thickness mode 394 

device, both using water. 395 

 396 

Supplemental Figure 1: A comparison of the impedance analysis spectra for the same 397 

transducer with two different forms of electrical contact (pogo-plate, pogo-pogo, and 398 

transducer holder) shows significant differences in s11 scattering parameter values. 399 

 400 

Movie 1: LDV vibration mode of 5 mm x 5 mm square transducer.  401 

 402 

Movie 2: LDV vibration modes of 3 mm x 10 mm transducer. These are close approximations to 403 

thickness modes without the presence of significant lateral modes. 404 

 405 

DISCUSSION: 406 

The dimensions and aspect ratio of a transducer affects the vibration modes it produces. 407 

Because the lateral dimensions are finite, there are always lateral modes in addition to the 408 

desired thickness modes. The above LDV methods can be used to determine dominant modes 409 

in the desired frequency range for a given transducer. A square with dimensions below 10 mm 410 

typically gives a close approximation to a thickness mode. Three by ten millimeter rectangles 411 

also work well. Movie 1 and Movie 2 show LDV area scans of the square and the 3 mm x 10 mm 412 

transducers indicating that they are close to the thickness mode. These have been empirically 413 

determined rather than selected by simulation and design, though such methods could be used 414 

to find ideal lateral dimensions. 415 

 416 

The method of electrical and mechanical contact with the transducer also affects the vibrations 417 

it produces since these are the boundary conditions to which the piezoelectric plate is subject. 418 

We have included an impedance spectrum for three measurement techniques: pogo-plate, 419 

pogo-pogo, and transducer holder as a comparison in Supplemental Figure 1. Clearly, the 420 

resonance peak locations are not changed in this case by our choices of contact. We do note 421 

that mechanical contact between the transducer and a plate surface dampens vibrations 422 

making atomization less efficient. Pogo-plate contact is used in the case of LDV measurements, 423 

because it is the simplest way to get a flat, stationary surface on which to focus the laser. 424 

 425 

The fluid supply assembly described here relies on capillary action and gravity to passively 426 

resupply the transducer with a thin film of water as it is atomized away. The vibration of the 427 

transducer produces an acoustowetting effect that can be enough to create a thin film and avoid 428 

flooding, but in some cases a hydrophilic treatment will be necessary on the transducer surface. 429 

If continuous atomization is not achieved, this is the most likely route to resolving the problem. 430 

 431 

Measurements were performed with an ultra-high frequency vibrometer (Table of Materials) 432 

here, but other LDVs may be used. Electrical contact can be made by soldering a wire to each 433 

face of the transducer, though the solder can significantly alter the resonance frequencies and 434 

modes of the transducer. Another technique is to place the transducer on a metal base and use 435 

“pogo” spring contact probes pressed into contact on the top face of the piezoelectric 436 

transducer element while it sits flat upon the stage, useful when a large area has to be scanned. 437 



 

Accurate measurement of the resonance frequencies is important to efficiently operate the 438 

transducer and maximize energy throughput to mechanical motion at these frequencies. A 439 

frequency scan using the LDV provides this information, but requires a long time, on the order 440 

of tens of min. An impedance analyzer can determine the resonance frequencies much more 441 

quickly, often less than a minute. However, unlike the LDV, the impedance-based measurement 442 

does not provide information on the vibration amplitude at the resonance frequencies, which is 443 

important in determining fluid atomization off the surface of the transducer. 444 

 445 

Though vibration of the substrate occurs in the 10−100 MHz regime, the dynamics of fluids in 446 

contact with the substrate occur at far slower time scales. For example, capillary waves on the 447 

surface of a sessile drop are observable at 8,000 fps, assuming that the spatial resolution of the 448 

camera can distinguish the amplitude of a wave crest and that the wave frequency of interest is 449 

below 2,000 Hz. The camera arrangement described above images transmitted light and thus is 450 

good for observing the outline of objects that transmit light differently than air. If insufficient, a 451 

reflected or fluorescent light arrangement may be required. The exposure time for each frame 452 

decreases as the frame rate is increased so the light intensity must be increased accordingly. 453 

The objective lens should be chosen based on the length scale of the phenomenon under study, 454 

but the above protocol will work with any commonly available magnification. As an example, 455 

Figure 4 was obtained with the above high-speed video method. The contrast at the drop 456 

interface would allow these frames to be segmented in software (ImageJ and MATLAB) so that 457 

the interface dynamics may be tracked over time. 458 

 459 

In the droplet sizing equipment used in this protocol (Table of Materials), the laser optics and 460 

scattering detectors are relatively standard but the software is proprietary and complex. In 461 

addition to Mie theory, multiple scattering events make droplet size and enumeration 462 

calculations much more difficult. Mie theory assumes that most photons are scattered only one 463 

time, but when droplets are densely spaced, i.e., the spacing between droplets is not much 464 

larger than the droplets themselves, and the spray plum covers a sufficiently large area, then 465 

this assumption fails18. As an example of troubleshooting results from this instrument, consider 466 

Figure 5. Notice that the 0.5 mm diameter peak appears in both distributions. The commercial 467 

nebulizer is known to produce monodisperse droplets near 10 µm, so the larger peak is likely 468 

either a false result due to the large amount of multi-scattering events or agglomeration of 469 

smaller droplets within the spray. This implies that the large peak in the thickness mode 470 

distribution may also be a false result. This can be directly verified by high-speed video: such 471 

large droplets would be readily visible, but they are not observed in this case. 472 

 473 

Laser scattering particle size analysis can also be difficult when the scattering signal becomes 474 

weak. This is typically due to a low atomization rate or when part of the spray does not pass 475 

through the laser path. A weak vacuum may be used to draw the complete atomized mist 476 

through the expanded laser beam of the equipment in cases where it would otherwise escape 477 

measurement. For even greater control of spray conditions a humidity chamber can be installed 478 

around the laser beam path, but this is not required. 479 

 480 
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