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SUMMARY:  21 
This protocol demonstrates the basic experimental configuration for water entry experiments 22 
with free-falling spheres. Methods for the alteration of liquid surface with penetrable fabrics, the 23 
preparation of chemically non-wetting spheres, and steps for splash visualization and data 24 
extraction are discussed.  25 
 26 
ABSTRACT: 27 
Vertical impacts of spheres on clean water have been the subject of numerous water entry 28 
investigations characterizing cavity formation, splash crown ascension and Worthington jet 29 
stability. Here, we establish experimental protocols for examining splash dynamics when smooth 30 
free-falling spheres of varying wettability, mass, and diameter impact the free surface of a deep 31 
liquid pool modified by thin penetrable fabrics and liquid surfactants. Water entry investigations 32 
provide accessible, easily assembled and executed experiments for studying complex fluid 33 
mechanics. We present herein a tunable protocol for characterizing splash height, flow 34 
separation metrics, and impactor kinematics, and representative results which might be acquired 35 
if reproducing our approach. The methods are applicable when characteristic splash dimensions 36 
remain below approximately 0.5 m. However, this protocol may be adapted for greater impactor 37 
release heights and impact velocities, which augurs well for translating results to naval and 38 
industry applications.  39 
  40 
INTRODUCTION:  41 
The characterization of splash dynamics arising from vertical impacts of solid objects on a deep 42 
liquid pool1 is applicable to military, naval and industrial applications such as ballistic missile 43 
water entry and sea surface landing2-5. The first studies of water entry were conducted well more 44 
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than a century ago6-7. Here, we establish clear in-depth protocols and best practices for achieving 45 
consistent results for water entry investigations. To aid valid experimental design, a method is 46 
presented for the maintenance of sanitary conditions, alteration of interfacial conditions, control 47 
of dimensionless parameters, chemical modification of impactor surface, and visualization of 48 
splash kinematics.  49 
 50 
Vertical impacts of free-falling hydrophilic spheres on the quiescent fluid show no sign of air-51 
entrapment at low velocities8. We find that the placement of thin penetrable fabrics atop the 52 
fluid surface causes cavity formation due to forced flow separation1. A meager amount of fabric 53 
on the surface amplifies splashing across a range of moderate Weber numbers while sufficient 54 
layering attenuates splashing as spheres overcome drag at fluid entry1. In this article, we explain 55 
protocols suitable for establishing the effects of material strength on the water entry of 56 
hydrophilic spheres.  57 
 58 
Cavity forming splashes from hydrophobic impactors show the ascension of a well-developed 59 
splash crown, followed by the protrusion of the primary jet high above the surface when 60 
compared to their water-liking counterparts8. Here, we present an approach for achieving water 61 
repellency through chemically modifying the surface of hydrophilic spheres.  62 
 63 
With the advent of high-speed cameras, splash visualization and characterization have become 64 
more attainable. Even so, established standards in the field call for the use of a single camera 65 
orthogonal to the primary axis of travel. We show that the use of an additional high-speed 66 
camera for overhead views is necessary to adjudge spheres strike the intended location.  67 
 68 
PROTOCOL: 69 
 70 
1. Configuring the experiment for vertical impacts 71 
 72 
1.1. Fill a transparent water tank of dimensions approximately 60 cm x 30 cm x 36 cm (length x 73 
weight x depth) with 32 L of water and mount a meter ruler (‘visual scale’) vertically inside the 74 
container such that the base sits atop the fluid, as seen in Figure 1a.  75 
 76 
NOTE: Depth and width of the tank must be greater than 20 times the diameter of the largest 77 
spheres used in the experiment to ensure wall effects are negligible9. Greater entry speeds than 78 
those described here will require greater tank depth. The visual scale used to determine drop 79 
heights and calibration of tracking software is discussed in section 7. 80 
 81 
1.2. Place an additional meter ruler under the water, which can act to magnify dimensions. This 82 
visual scale is used for calibrating tracking software for underwater measurements. 83 
 84 
1.3. Construct a hinged platform (‘release mechanism’) that suspends spheres above the fluid 85 
and rotates downward, to achieve tangential acceleration greater than gravity at the impactor 86 
location when released, as seen in Figure 1a. Rapid rotation is achieved by connecting the hinged 87 



   

platform to the center of the supporting component using elastic bands. The result is an 88 
unsupported and non-rotating impactor.  89 
 90 
NOTE: The platform is easily fabricated with 3D printer.  91 
 92 
1.4. For impact trials, place thumb to base of hinged platform and rotate it 90° to a horizontal 93 
position for placement of spheres above the fluid.  94 
 95 
NOTE: Retraction is triggered when thumb is released from base of the platform.  96 
 97 
1.5. Affix the release mechanism to a retort stand, such that the device can be adjusted to various 98 
heights.  99 
 100 
1.6. Place the retort stand next to the tank such that the release mechanism is within the same 101 
depth plane as the visual scale. Add a weight to the base of the retort stand as needed to prevent 102 
toppling.  103 
 104 
1.7. Adjust the release mechanism to the maximum desired experimental drop height. This is 105 
necessary for optimal splash visualization as discussed in section 6 and ensures the splash 106 
characteristics of interest are always within the viewing frame of the camera.  107 
 108 
1.8. Attach a multi-LED light to an articulating arm such that the light is mounted above the 109 
camera, looking down onto the splash zone. Ambient light alone is insufficient to illuminate the 110 
scene at the high frame rates needed to extract splash kinematics.  111 
 112 
NOTE: One can never have too much light.  113 
 114 
1.9. Place a black screen at the back of the water tank to aid splash and cavity visualization as 115 
seen in Figure 2.  116 
 117 
1.10. Place a glass-protecting shock absorber, such as a closed-cell sponge, at the bottom of 118 
water tank and affix with weights to prevent resurfacing.  119 
 120 
NOTE: The height of the fluid in the tank should be such that the sphere does not interact with 121 
shock absorber prior to air cavity pinch off10. 122 
 123 
2. Controlling dimensionless parameters 124 
 125 
2.1.  Conduct experiments with smooth spheres of various masses and diameters. For this, 126 
polyoxymethylene (e.g., Delrin) coin-making balls work particularly well and have no mold part 127 
line. Measure masses and diameters with an analytical balance and Vernier caliper respectively.  128 
 129 



   

2.2. Conduct experiments over a range of heights H to generate impact velocities 𝑈 ≈ √2 ∙ 𝑔 ∙ 𝐻 130 

where 𝑔 = 9.81 m/s2 is the acceleration due to gravity. Measure height with the visual scale 131 
within the camera frame.  132 
 133 
NOTE: Use the Auto-Tracking feature in the video analysis tool as discussed in section 7 to 134 
measure impact velocities.  135 
 136 
2.3. Conduct experiments with fluid mixtures of water and suitable surfactants (e.g., glycerin or 137 
soap) to modify surface tension. Measure surface tension with a surface tensiometer.  138 
 139 
2.4. Calculate Reynolds numbers 𝑅𝑒 = 𝜌 ∙ 𝑈 ∙ 𝐷/𝜇 and Weber numbers 𝑊𝑒 = 𝜌 ∙ 𝑈2 ∙ 𝐷/𝜎, 140 
where ρ is the density of the fluid, D is the sphere diameter, μ is the dynamic viscosity of the fluid 141 
and σ the surface tension of the fluid.  142 
 143 
3. Maintaining sanitary experimental conditions 144 
 145 
3.1.  Conduct experiments while wearing industrial nitrile gloves and retrieve spheres from water 146 
tank with a sanitized scoop.  147 
 148 
CAUTION: Skin naturally produces oils which can affect the wettability of impactors and taint fluid 149 
conditions.  150 
 151 
3.2. Clean the spheres with 99% isopropyl alcohol and allow to dry for 1 min in between trials to 152 
preclude the influence of impurities.  153 
 154 
3.3. If using fabrics that break apart during impact, replace the water in the tank after every trial 155 
if scraps cannot be manually collected.  156 
 157 
3.4. At the end of experiment, empty the tank and leave it to dry.  158 
 159 
3.5. Before an experiment, clean the tank with water to remove any impurities. 160 
 161 
4. Layering the surface with penetrable fabrics 162 
 163 
4.1. Separate the fabric into square or round plies in preparation for impact trials. Use a Vernier 164 
caliper to obtain compressed thickness of the fabric.  165 
 166 
NOTE: Fabric thickness will change when wet. 167 
 168 
4.2. Gently rest the dry fabric atop the surface of the liquid pool. Ensure that the plies do not 169 
begin descent before impactor release and replace fabrics immediately after collision.  170 
 171 
4.3. Use a sanitized scoop to position the fabric below the hinged platform before releasing 172 
spheres.  173 



   

 174 
4.4. (Optional) Conduct the following tests using a fabric sample for material characterization.  175 
 176 
4.4.1. Perform tensile testing using a tensile tester to determine the elastic modulus of the 177 
sample. 178 
 179 
4.4.2. Use a digital microscope to obtain a microscopic view of the fabric and determine fiber 180 
length using an imaging tool.  181 
 182 
5. Preparing chemically hydrophobic spheres 183 
 184 
5.1. Spray the hydrophobic base coat approximately 15–30 cm from the sphere surface. Avoid 185 
soaking the surface. Let it dry for 1‒2 min before adding additional coatings. Apply two more 186 
base coats. Allow it to dry for 30 min before applying the top coat.  187 
 188 
NOTE: The number of additional coats may vary based on recommendations from the product 189 
manufacturer. 190 
 191 
5.2. Spray the hydrophobic top coat approximately 15–30 cm from the surface. Avoid soaking 192 
the surface. Let it dry for 1–2 min before adding additional coatings. Apply two or three more 193 
coatings of top coat. Allow to dry for 30 min for light use and 12 h for full use.  194 
 195 
NOTE: The number of additional surface coats may vary based on recommendations from the 196 
product manufacturer.  197 
 198 
5.3. After approximately 20 trials, the hydrophobic coating becomes compromised due to 199 
excessive handling. Remove coating with 99% isopropyl and repeat steps 5.1 and 5.2.  200 
 201 
6. Synchronizing cameras for splash visualization 202 
 203 
6.1. Place a high-speed camera with a suitable lens perpendicular to the impact axis and in-line 204 
with the surface of the fluid.  205 
 206 
NOTE: A 55 mm prime lens provides a good starting point.  207 
 208 
6.2. Where fabrics are to be used, add an additional high-speed camera to the experiment to 209 
provide a top-down view of the impacts, as seen in Figure 1b.  210 
 211 
6.3. Synchronize multiple cameras to a computer using the following steps.  212 
 213 
6.3.1. Connect both output terminals of the horizontal camera to both input terminals of the 214 
additional camera using BNC cables.  215 
 216 
6.3.2. Connect the trigger switch to the horizontal camera only. 217 



   

 218 
6.3.3. Plug Ethernet cables from both cameras into an off-network router connected to the 219 
computer.  220 
 221 
NOTE: In the absence of a router, connect Ethernet cables of cameras to separate computers. 222 
 223 
6.4. In the video acquisition software, configure the cameras with the following settings. Set 224 
frame rate to a minimum of 1000 fps, set screen resolution to the desired resolution. Set the 225 
shutter speed to 1 fps and set trigger mode to end.  226 
 227 
6.5. From maximum release height, conduct a series of test trials to ensure that the Worthington 228 
jets are within the video frame.  229 
 230 
6.6. Adjust the camera position and focus accordingly until the desired visualization quality is 231 
achieved.  232 
 233 
6.7. After recording, extract kinematic and geometric measurements from videos using a suitable 234 
video analysis tool. Use Tracker, an open source analysis tool or any software of comparative 235 
capability. 236 
 237 
7. Digitizing impact kinematics with tracker software 238 
 239 
7.1. Select calibration stick from the Tracker toolbox and match it to the visual scale (Figure 2a), 240 
making the stick as long as possible.  241 
 242 
7.2. Click calibration stick and set the scaling value to the length of the visual scale spanned by 243 
the stick. That is, if the calibration stick spans 1 cm on visual scale, set scaling value to 1.  244 
 245 
NOTE: This ensures measurements taken from software are in the order of centimeters.  246 
 247 
7.3. Toggle video playback by clicking start and stop and set video to the desired frame. 248 
 249 

7.4. Select measuring stick from the Tracker toolbox and extract splash crown height , cavity 250 

width , cavity depth , and Worthington jet height h, as seen in Figure 2b,c.  251 
 252 
NOTE: The measuring stick is adjustable at both ends and can be used simultaneously with other 253 
toolbox selections.  254 
 255 

7.5. Select protractor from the Tracker toolbox and measure the separation angle  of fluid with 256 
respect to the impactor, as seen in Figure 2b. The protractor is adjustable at both ends and can 257 
be used simultaneously with other toolbox selections.  258 
 259 



   

7.6. Select the Auto-Tracking feature in the software to record temporal position and velocity 260 
data. When tracking is interrupted due to lack of clarity in the video, use manual tracking until 261 
clarity is obtained and auto-tracking is resumed. 262 
 263 
REPRESENTATIVE RESULTS: 264 
This established protocols allow for the observance of the Worthington jets arising from vertical 265 
impacts over a range of Weber numbers 𝑊𝑒 as seen in Figure 2c. These results are published in 266 
Watson et al.1, which can be referenced for the exact experimental conditions used to produce 267 
the data presented herein. We focus on the narrow elongated film of fluid protruding above the 268 
free liquid surface. In Figure 3 we show a meager amount of fabric amplifies splashing while 269 
sufficient layering attenuates splash back. Results are non-dimensionalized using the sphere 270 
diameter D as seen in Figure 3b.  271 
 272 
We show the relation between non-dimensionalized cavity properties such as cavity depth 𝜆∗, 273 
splash crown height 𝜅∗, cavity width 𝛽∗ and Weber number 𝑊𝑒 in Figure 4a‒d. Results are 274 
captured with a single frontal high-speed camera in a well-lit environment. A representative 275 
camera view is seen in Figure 2b. Across the range of experimental 𝑊𝑒 in Figure 4, dimensions 276 
of cavities created by a sphere impacting a single layer of fabric show little variation.  277 
 278 
We consider the trajectory of spheres after impact with the interfacial surface and track temporal 279 
position data until cavity pinch off occurs as seen in Figure 5a. We then smooth the data with a 280 
Savitzky-Golay filter11 to remove the effects of experimental noise prior to numerical 281 
differentiation. The resulting velocity curves in Figure 5b are again smoothed prior to numerical 282 
differentiation for obtaining 𝑑𝑢 𝑑𝑡⁄  necessary for force analysis.  283 
 284 
FIGURE AND TABLE LEGENDS:  285 
 286 
Figure 1. Schematic of the experimental setup. (a) High-speed cameras capture frontal and 287 
overhead views with diffuse lighting positioned above the frontal camera. The trigger switch is 288 
optional, given the availability of manual controls in video recording software on the computer. 289 
(b) Photo sequence of hydrophilic sphere impact on a thin penetrable fabric atop the fluid, filmed 290 
using the overhead camera. A black dot is used to ensure no rotation present during free fall. 291 
 292 
Figure 2. Splash visualization for hydrophobic sphere impact on an unaltered surface. The photo 293 
sequence shows (a) water entry, (b) splash crown ascension and air-entrapment, (c) Worthington 294 
jet formation and, (d) jet breakup for a representative splash. Sphere has impact velocity of 𝑈 =295 
3.5 m/s. A meter stick is used to calibrate measurements within the video analysis tool, used to 296 
measure splash crown height 𝜅, cavity width 𝛽, cavity depth 𝜆, separation angle 𝜃 and 297 
Worthington jet height ℎ. 298 
 299 
Figure 3. Splash heights across Weber number (𝑾𝒆). (a) Worthington jet height ℎ𝑚𝑎𝑥  vs. 𝑊𝑒, 300 
with ℎ𝑚𝑎𝑥/𝐷 vs. 𝑊𝑒 shown in (b). Number preceding "Ply" denotes the layers of fabric.  301 
 302 



   

Figure 4. Variation of cavity dimensions across Weber numbers. Relation between 𝑊𝑒 and the 303 
(a) separation angle 𝛳, (b) cavity depth 𝜆, (c) splash crown height 𝜅, and (d) cavity width 𝛽. 304 
Properties are non-dimensionalized in terms of sphere diameter, 𝐷. Error bars denote standard 305 
deviation for the average of five trials at each point. Figure is modified from Watson et al.1. 306 
 307 
Figure 5. Representative kinematics of sphere during underwater descent. Temporal tracks of 308 
(a) vertical position 𝑦 and (b) velocity 𝑢 for impacting spheres with 0- to 4- layers of fabric atop 309 
the water. Trajectories are non-dimensionalized in terms of the sphere diameter, 𝐷 and impact 310 
velocity 𝑈 respectively. 311 
 312 
DISCUSSION:  313 
This protocol describes the experimental design and best practices for investigations of free-314 
falling spheres onto a deep liquid pool. We begin by highlighting steps necessary for configuring 315 
the experiment for vertical impacts. It is important to create an ideal splash environment with 316 
the use of a sufficiently large splash zone such that wall effects are negligible9, and a suitable 317 
visual scale for extracting kinematics12-21. While shock absorbers can be improvised from excess 318 
lab materials, they must be sanitized before the experiment with water and a suitable dirt 319 
removing agent. Failure to clean the shock absorber and the tank can lead to the introduction of 320 
impurities during an experiment and alter splash characteristics. In the literature, there exists a 321 
lack of detail regarding maintenance of experimental cleanliness and as such, this article presents 322 
guidelines for obtaining consistent results from water entry trials. 323 
 324 
The techniques described above are subject to tuning as seen in previous studies. The spring-325 
actuated release mechanism employed by the authors can be substituted with electromagnets15 326 
when using ferrous spheres. The ease of use of the method is improved when high-speed 327 
cameras are set to automatically trigger after spheres fall through photocells12 or infrared 328 
triggers22,23, but these add complexity. Impactor surface treatments to control wettability can 329 
also be done by using more rigorous approaches as seen in Duez et al.8. For example, spheres 330 
grafted with octyltriethoxysilane, rinsed with isopropyl and heated in an oven at 90 °C achieve 331 
super-hydrophobicity8. The protocol can be further tuned for improved cavity visualization by 332 
replacing the black screen (shown in Figure 1a) with backlighting, which makes cavity features 333 
more pronounced3.  334 
  335 
Care should be taken when considering temporal kinematics for theoretical investigations. 336 
Temporal position tracks present less distortion than for velocity tracks but require smoothing 337 
prior to numerical differentiation1,3,15. The Savitzky-Golay filter performs a polynomial regression 338 
on a range of equally spaced values to determine the smoothed value for each point and can 339 
more faithfully maintain a track’s salient features11. For tracking sphere position, a second-340 
degree polynomial within the Savitzky-Golay filter preserves the track’s salient features while 341 
removing experimental noise. Finally, researchers have choice of the moving average span of the 342 
filter, which should be as small as possible while still achieving the desired level of smoothing. 343 
 344 
The established protocol is not restricted to the list of materials presented here and can be 345 
undertaken on a larger scale to generate greater impact velocities and increased range of 346 



   

dimensionless parameters which augurs well for translating results to naval and industry 347 
applications.  348 
 349 
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3D Printer FlashForge Creator Pro Dual Extrusion

Alcohol Swan M314 99% Isopropyl

BNC Cables Thorlabs 2249-C-24

Caliper Anytime Tools 203185 Dial

Camera Photron Mini AX-100 16GB Ram

Computer Dell Windows 7 Pro

Fabric Georgia Pacific 19378 Toilet Paper

Fabric Kleenex 10036000478478 Tissue

Laser Cutter Glowforge Basic

Lights GS Vitec LT-V9-15 Multi-LED

Microscope Keyence VHX-900F Digital

Retort Stand VWR VWRF08530.083

Router ASUS RT-N12 Off Network

Ruler Westcott 10432 Meter Ruler

Software Open-Source Tracker Video Analysis

Software Photron Fastcam Viewer Video Recording

Sphere Amazon 8DELSET Delrin

Spray Rust-Oleum 274232 Water Repelling

Surfactant Dawn 37000973782 Liquid Soap

Surfactant USP Kosher 5 Gallons Glycerin

Tensile Tester MTS Model 42

Trigger Switch Custom Made

Water Tank Mr. Aqua MA-730 Non-Tempered Glass
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ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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ARTICLE AND VIDEO LICENSE AGREEMENT 

4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   

 
A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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P.O. Box 162450  Orlando, FL  32816-2450   (407) 823-2416  FAX (407) 823-0208 

 
An Equal Opportunity and Affirmative Action Institution 

 

Dear Dr. Jialan Zhang,  

c\o Dr. Alisha DSouza, 

 

Thank you very much for the constructive reviews of our manuscript “Impacts of free-falling 

spheres onto a deep liquid pool with altered fluid and impactor surface conditions.”  In keeping 

with the recommendations of the reviewers, we make corrections to the manuscript and hereby 

submit our revisions for further scrutiny. We believe the new manuscript is improved in 

readability and offers more clarity as compared to the previous version. 

 

As detailed in the attached point-by-point list of responses, we have attempted to implement 

most of the suggestions.   

 

We hope that this explanation and our attempts to translate same into the revised manuscript 

adequately address your concerns. We look forward to any further additions and corrections to 

our manuscript. 

 

Yours sincerely, 

 

Andrew Dickerson, Daren Watson, Jeremy Stephen 
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Editorial Comments to Author 

 

Changes to be made by the author(s) regarding the manuscript: 

 

Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

We proofread manuscript for spelling and grammatical errors. 

 

Abstract (150-300 words): Please expand it to provide an overview of the advantages, limitations 

and applications of the protocol. 

We adjusted the abstract which now reads: 

 

“Vertical impacts of spheres on clean water have been the subject of numerous water entry 

investigations characterizing cavity formation, splash crown ascension and Worthington jet 

stability. Here, we establish experimental protocols for examining splash dynamics when smooth 

free-falling spheres of varying wettability, mass, and diameter impact the free surface of a deep 

liquid pool modified by thin penetrable fabrics and liquid surfactants.  Water entry investigations 

provide accessible, easily assembled and executed experiments for studying complex fluid 

mechanics.  We present herein a tunable protocol for characterizing splash height, flow 

separation metrics, and impactor kinematics, and representative results which might be acquired 

if reproducing our approach. The methods are applicable when characteristic splash dimensions 

remain below  approximately 0.5 m. However, this protocol may be adapted for greater impactor 

release heights and impact velocities, which augurs well for translating results to naval and 

industry applications.” 

 

Please renumber the references in the text; currently the reference number starts from 2. 

We rechecked and renumbered references in the text. 

 

7.1-7.4: Software steps must be more explicitly explained ('click', 'select', etc.). Please add more 

specific details (e.g. button clicks for software actions, numerical values for settings, etc.). 

We adjust the steps with further details and incorporated button clicks where applicable. 

 

Representative Results: Please remove the subheadings. 

All subheadings removed. 
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Figure 3: Please define error bars in the figure legend. 

We now define error bars in all figure legends and add a sentence to the caption stating what they 

represent. 

 

Table of Materials: Please sort the items in alphabetical order according to the name of 

material/equipment. 

Items checked and sorted in alphabetical order according to the name of the material/equipment. 
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Reviewer #1 Comments to Editor and Author 

 

This manuscript presents a standardized protocol for observing splash dynamics of a rigid sphere 

impacting onto a deep pool of fluid. It provides detailed guidelines for the releasing mechanism 

of the rigid sphere, the pool of fluid, fabrication of the rigid sphere, surface modification of the 

sphere, and analysis of the splash and its relevant parameters. Splash dynamics is a widely 

studied field and this appears to be the first paper to explicitly describe a standardized protocol 

for studying splashes of rigid spheres. This paper would be of particular interest for engineers. 

 

Major Concerns 

 

I have no major concerns. 

 

Minor Concerns 

 

The parameters presented in Fig. 3 should be presented in the main text for clarity. Currently, 

they are only in the figure captions. 

We adjusted the corresponding text in “Digitizing Impact Kinematics with Tracker Software”. 

The sentence now reads: 

“A measuring stick is used to extract splash crown height , cavity width , cavity depth , and 

Worthington jet height h, as seen in Figures 2b – c.” 

 

What do the error bars in Fig. 3 represent? This should be stated in the caption. 

We believe the referee was referring to Figure 4. Therefore, we inserted the following sentence 

into the caption: 

“Error bars denote standard deviation for the average of five trials at each point.” 
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Reviewer #2 Comments to Editor and Author 

 

This manuscript describes an experimental apparatus and procedure for dropping spheres into a 

liquid basin while controlling for and measuring a variety of variables relating to the cavity 

dynamics, splash crown dynamics and sphere trajectory. The authors detail relevant information 

from previous studies and provide experimental results for a series of operating conditions. 

 

Major Concerns 

 

In general, there are some useful details provided in the paper, however it would benefit from 

great organization and clarity. 

 

In the Introduction section paper 2 is the first one referenced (line 47). Paper 1 should be the first 

one discussed and referenced in the text. 

We thank the reviewer for this observation. We rechecked and renumbered references in the text. 

 

The authors suggest that there is a lack of procedural consistency in published works which 

could be problematic. What information are the authors using to arrive at this suggestion? It is 

unclear that there have been issues or inconsistencies in the published data or other problems that 

have resulted from this. 

We agree with the recommendation and seek to soften our stance. The sentence now reads: 

 

“Here, we establish clear in-depth protocols and best practices for achieving consistent results 

from water entry investigations.” 

 

Much more detail is desired on the drop mechanism in order for a reader to replicate the method 

developed. In what direction does it retract, how is it made/mounted, how is it triggered, etc.? 

We include an image of the release mechanism in Figure 1a to improve clarity for readers. Steps 

1.3. and 1.4. were also adjusted and now reads: 

 

“Construct a hinged platform (‘release mechanism’) that suspends spheres above fluid and 

rotates downward, to achieve tangential acceleration greater than gravity at the impactor location 

when released, as seen in Figure 1a. Rapid rotation is achieved by connecting the hinged 

platform to the center of the supporting component using elastic bands. The result is an 

unsupported and non-rotating impactor. Note: Platform is easily fabricated with 3D printer.”  
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“For impact trials, place thumb to base of platform and rotate 90o to a horizontal position for 

placement of spheres above fluid. Note: Retraction is triggered when thumb is released from 

base of platform.”    

 

Line 113, the authors state the impact velocity is found from an equation that assumes negligible 

drag. This clearly has limitations and uncertainty. Why is it not recommended to use the software 

to determine the velocity at impact? Would that not be a "best practice" as opposed to assuming 

drag doesn't slow the sphere down? 

We thank the reviewer for this observation. We address our oversight by modifying the protocol 

which now reads: 

 

“Conduct experiments over a range of heights H to generate impact velocities 𝑈 ≈ √2𝑔𝐻 where 

𝑔 = 9.81 m/s2 is the acceleration due to gravity. Measure height with visual scale within the 

camera frame. Note: Use Auto-Tracking feature in video analysis tool as discussed in Section 7, 

to measure impact velocities.”  

 

The authors recommend some measurements (mass and diameter) but not others (viscosity, 

density). As the paper seems aimed at the sphere dropping/impacting variables it is 

recommended that more attention is given to those details. Measuring fluid properties and 

diameters should be within the realm of all experimentalists and therefore unnecessary to include 

here. 

We agree that measurements such as mass and diameter are trivial, but allow such discussion to 

remain in the manuscript to satisfy the requirements of the journal. We include discussion of 

other splash measurements such as jet height, cavity depth and width, separation angle and 

location, and sphere depth. Additional metrics not included, such as lamella breakup 

measurements would be very specific to other studies and are therefore not included here. We 

welcome greater clarification from the reviewer should our manuscript warrant further 

adjustment. 

 

Why are pre-test trials with a hydrophilic sphere recommended (line 134)? How should 

hydrophilicity be determined? What is the critical velocity that is referred to here? More likely it 

is an impact Weber or Froude number that also depends on contact angle between the liquid and 

solid surface. 

We thank the reviewer for this suggestion. We reviewed the step and decided that it is in fact 

extraneous to the protocol.   

 



   

 
   College of Engineering and Computer Science 

     Department of Mechanical and Aerospace 
Engineering  

 

   

 

 

P.O. Box 162450  Orlando, FL  32816-2450   (407) 823-2416  FAX (407) 823-0208 

 
An Equal Opportunity and Affirmative Action Institution 

 

Line 181 - what is meant by "verify impact eccentricity" and why is this considered a critical step 

in synchronizing cameras for splash visualization? 

We use the term to suggest that the use of an additional camera allows determination of impact 

location of the free-falling sphere. However, given that this suggestion is already made in the 

introduction, we remove the particular phrase from the protocol to prevent redundancy.  

 

It should be noted somewhere in the paper that a separate ruler is needed for above the water and 

below the water. The water can act to magnify dimensions which would either need to be 

quantified or shown to be non-existent. 

We thank the reviewer for this suggestion. We added the following step (1.2.) which reads: 

“Place additional meter ruler under water, which can act to magnify dimensions. This  visual 

scale is used for calibrating tracking software for underwater measurements.” 

 

Line 222 - are the author suggesting that a protractor be held up against the computer screen or 

something else? More clarification is needed. 

We thank the reviewer for this comment and provide clarity by modifying the sentence which 

now reads: 

“Select protractor from toolbox and measure separation angle  of fluid with respect to the 

impactor as seen in Figure 2b.”  

 

Section 8 - Calculating Drag at Fluid Entry - seems extraneous to the objective of the paper. It is 

recommended that this be removed, or much more information be provided so that the reader can 

understand how this is relevant to the running of sphere impact trials. 

We conclude that this section is in fact extraneous to the scope of the paper and agree with the 

reviewer’s suggestion to have it removed.  

 

The authors provide results that one might get if reproducing their approach, which is fine. 

However, the reader would need to know the exact experimental condition for every one of the 

presented data points if they truly wanted to replicate the authors' data. This information is not 

provided. So the data shown in Figures 2-4 would not be useful, as presented, for comparison 

purposes. A table could be provided that includes all of the relevant detail needed (drop height, 

impact velocity, diameter, static contact angle, mass, etc.). Or, if the authors included the data for 

some other reason this should be clarified and made clear as to how it fits with the main 

objective of the work. The results are interesting in their own right, but it seems they have 

already been published and the conclusions drawn from them would not exactly be relevant to 

the JoVE work. 
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We include representative results in keeping with the requirements of the journal, and refer the 

reviewer to another published example: https://www.jove.com/video/58045/controllable-

nucleation-cavitation-from-plasmonic-gold-nanoparticles 

In any case, the reviewer makes a valid argument. Therefore, we have amended the first 

paragraph of Representative Results to read: 

“Our established protocols allow for the observance of the Worthington jets arising from vertical 

impacts over a range of Weber numbers 𝑊𝑒 as seen in Figure 2c. These results are published in 

Watson et al. (2018)1, which can be referenced for exact experimental conditions used to 

produce the data presented herein. We focus on the narrow elongated film of fluid protruding 

above the free liquid surface. In Figure 3 we show a meager amount of fabric amplifies 

splashing while sufficient layering attenuates splash back. Results are non-dimensionalized using 

the sphere diameter D as seen in Figure 3b.”  

 

It was good to include a mention of the filtering used for determining trajectory and velocity. 

This section would benefit from some more detail on the mechanics of this operation. 

We have bolstered our paragraph on the Savitzky-Golay filter in the Discussion. The related 

paragraph now reads: 

“Care should be taken when considering temporal kinematics for theoretical investigations. 

Temporal position tracks present less distortion than for velocity tracks but require smoothing 

prior to numerical differentiation1,3,15.  The Savitzky-Golay filter performs a polynomial 

regression on a range of equally spaced values to determine the smoothed value for each point 

and can more faithfully maintain a track’s salient features11. For tracking sphere position, a 

second-degree polynomial inside the Savitzky-Golay filter preserves the track’s salient features 

while removing experimental noise. Finally, researchers have choice of the moving average span 

of the filter, which should be as small as possible while still achieving the desired level of 

smoothing.” 

 

Minor Concerns 

 

Line 98 states that light is parallel to the camera. In Figure 1 it appears to be angled relative to 

both cameras. Please clarify.  

This sentence now reads: 

 

“Attach a multi-LED light to magic arm such that the light is mounted above the camera, looking 

down onto the splash zone.” 

 

https://www.jove.com/video/58045/controllable-nucleation-cavitation-from-plasmonic-gold-nanoparticles
https://www.jove.com/video/58045/controllable-nucleation-cavitation-from-plasmonic-gold-nanoparticles
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Lines 164-170 suggest 2 base coats and 2 top coats. Would this not really be 3 base coats and 1 

top coat? 

The manufacturer for the spray used in our experiment suggests 3 base coats and 3 – 4 top coats 

for optimal use. We insert the following note into the protocol: 

 

“Note: Number of additional surface coats may vary based on recommendations of product 

manufacturer.” 

 

The authors might want to consider backlighting for cavity visualization, or at least commenting 

on this as it seems to be the norm in the published research. 

We thank the reviewer for this suggestion and added the following sentence to paragraph 2 of the 

Discussion which reads: 

“The protocol can be further tuned for improved cavity visualization by replacing the black 

screen in Figure 1a with backlighting, which makes cavity features more pronounced.”  

 

Why is much of the text highlighted in yellow? 

We highlight several text in yellow in keeping with the request of the journal’s “Instruction for 

Authors” which reads: 

 

“For a Protocol section that exceeds 3 pages, highlight in yellow up to 2.75 pages (no less than 1 

page) of protocol text (including headers and spacing) to be featured in the video. Our 

scriptwriters will derive the video script directly from the highlighted text.” 

 

Please define Weber number explicitly. 

We define the Weber number in “Controlling dimensionless parameters”. 

 

In Figure 2c height is indicated as "h" while in Figure 3 "H" is used. Please be consistent. 

“H” has been replaced with “h” in Figure 3 and the text rechecked for consistency. 

 

Please show specific measurements of h, lambda, beta, theta, and kappa on the digital images 

and define them in the text. Figure 2 alludes to them but seeing the actual lines that indicate their 

measurement removes confusion.  

We adjusted the corresponding text in “Digitizing Impact Kinematics with Tracker Software”. 

The sentence now reads: 
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“A measuring stick is used to extract splash crown height , cavity width , cavity depth , and 

Worthington jet height h, as seen in Figures 2b – c.”  

 

 

 

 

 


