Mark I Report Evaluation
Group: Strobe 6 Project: Glass 9.2/10.0

It appears a second copy of the report, was submitted later. We accepted the later lab as the
version to grade, and accepted it as on-time. (It is the earlier one that we marked up and returned
to you.)

Technical (4.8/5.0): 4.6/5.0
Define the variables in the equations you present.

Make certain that you use all equations you present (if you don’t, they can be deleted).
Excellent statement of goals in background

Need to explain the difference between beam break and optical triggers

Need more info on “pendulum” for breaking glass

Good Project Plan

Style (/3.0):  2.8/3.0
See comments in text

Structure (/2.0): 1.8/2.0
Figure 5 is cited in Procedure, but doesn’t appear until Results. Move Fig. 5 into procedure.
Some Discussion in Results.
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SuBJecT: Mark I Report

Summary and Recommendations

In this lab, we have studied the feasibility of measuring the bréaking of glass with a high-
speed video camera. We have made a number of different types of measurements, and
made substantial progress towards establishing what is and what isn't possible to measure
effectively.

Our goal is to reproduce the work of a previous lab group ([1]) in creating an image illus-
trating the manner in which glass deforms immediately prior to shattering. This group only
obtained video of the glass breaking due to impact with a BB. We intend to expand on that
work. and obtain data on glass breaking due to a slower-speed impact with a heavier object
(such as a large screwdriver), as well as data on glass breaking due to other types of stresses,
such as heat shock. We would also like to analyze this data more closely, in an attempt
to determine how quickly both shock waves and cracks propagate through glass of different

thicknesses. 37 -
= N
The specific goal of this Mark I project is to determine if a longer-term project based on this "‘:E‘ -2
material would be feasible and useful. Based on our experiments thus far, we believe that = g
such a project is feasible. We recommend executing such a project. We also have specific &
recommendations regarding further experiments to process; these are deseribed in detail 7%_
d

in the * Discussion” section below, but include repeating past experiments with a BB gun,
shattering thick picces of heated glass with water,_and festing reflective-lights L

Background PN

For our Mark 1 we wanted to determine what kinds of things we can see and measure with
breaking glass. What first marked our curiosity was that there exists a standing rumor that
a popular way for car thieves to break the glass windows of cars is to hit them with a very
hot object. The combination of the impact and the heat shock is allegedly sufficient to easily
crack sturdy automotive glass.

In researching how we should go about breaking the glass and what we can measure, we found
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a previous group’s lab report where they investigated certain aspects of breaking glasy. This

group investigated glass breaking by impact by a metal rod and also by a BB shot/from a

BB gun. We want to use this information to get more useful data and also compine this

with the thermal aspect of glass breaking. This group recommends ?C;ly on tHe thermal
[1]:

effects on glass breaking which is one of the things we wish to pursu

Glass Breaking Process

E}lass breaks by way of fracturing where a stress fracture forms by some sort of stimuli,

which we would apply, and this fracture travels though the glass until the glass breaks. This
fracture speed has been measured in the past and is expected to be between 1000m/s and
15“”“& Ao 00 antninoy?

Fractures formed by impact take two distinct forms: radial fractures and concentric frac-
tures. The radial fractures are considered primary fractures and form on initial impact.
The concentric fractures form around the point of impact. The glass bends before breaking
which causes these different shaped breaks [1]. We want to see how the glass bends and try
to analyze this data.

Measuring Glassﬁ}‘acture Speed

J
There are several miques used to measure glass fracture speed. One |
camera, which wé have tested in our mark 1 project. This technique uses thesrames captured
by a high speed camera to take data in so that the movement of a fractur®can be analyzed
with time [2]. We can do this analysis Py hand by calibrating the image with something
like the length of the glass slide. With this data, we can extract position information and
make velocity calculations. This is the same method as used in memo 3. — oike?

Another method that can be used to caleulate fracture speed is the electrical grid method.
This can be done by using electrically conductive paint or wires that lay in the path of
the glass fracture. When the fracture severs the wires or paint’s connections, it essentially
creates an open circuit. The voltage readings can be obtained by putting different load
resistors with different paths so the change in voltage can be read as the fracture breaks this
path [2]. This is a technique that we want to keep in mind for the final lab report. .\"ﬁ

Ao

Yo~

ke

the high speed "



Bending of Material o
g ﬁtb\‘:iyh*ﬁy‘?ﬁr,{‘-b&—
b ir hqf‘

The bending of materis
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where /p is the nominal-stress tensor, deseribing how stress is distributed throughout the
beam/ ard ¥ ¢ A S e

typically analyzed in terms of stress:

iz
If you're mot familiar with stress, you can think of it as an internal pressure. Stress and
press jave the same units; “stress” is frequently used to describe solid objects where

“pressure” would be used to describe fluids. ‘Zﬂﬁ

Objects such as panes of glass seldom break due to linear forces; rather, they break due to
the internal torques that cause them to bend. Rewriting the equation in terms of the torque
M on the rod, you get

7 =
12|P'y:% 'lj' pi

If the stress of an object varies with position, such as with an object that’s being bent, this
equation can be rewritten as

8] M = [ p-ydA

In most simple rods, p has been shown to be a simple constant. This makes this equation
quite simple to work with.

High Speed Video Camera - Phantom

The Phantom High-Speed Video camera is capable of recording 800x600-pixel video at ﬁuﬁl&
frames per second. It has a maximum frame rate of approximately 150,000 frames per second
at a resolution of 32x32 pixels.)This reasonably-high resolution and very high frame rate

/‘ED'EE!_IT, a very versatile choice for capturing useful video of sudden or rapid events.

oo’

The Phantom captures data at a higher data rate than bulk recording devices, such as hard
drives, can handle. As a result, it stores sp-do_abent—rSetond—ef- video in an onboard
memory buffer. When triggered, it saves the state of the buffer, and spends the better part
of a minute shipping its contents off to a connected laptop. Once on the laptop, the video
can be played back and converted to varions data formats for analysis.
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The Phantom can be triggered either by @ﬁfmtri{r trjggm by jn attached ¢ er, The
Phantom controller software installed on the laptop that comes with the camera, includes a
“Trigger” button in its user interface for this purpose.

When the Phantom is triggered, this can tell it to stop collecting video immediately. It can
also tell the Phantom to continue collecting video until an arbitrary fraction of its memory
button has been overwritten. As a result, the camera can be set up to cope with a trigger
occurring at any arbitrary frame within its capture window. FEhre—PhamtorT software 1as a

Goals

Based on this information, our goals were

e To establish whether it would be feasible to crack glass using a variety of different
means, including impact by a falling object, heat, and thermal shock by quick changes
“@* in temperature.

§ e To obtain useful numeric data about the shattering process.
A
v e To figure out if our project is feasible based on the above two criterion and if we find
this project interesting and challenging.

Procedure

The experiments composing this lab spanned two sessions. During the first session, we
studied several types of heat shock on microscope slides and various trigger mechanisms.
During the second session, we studied glass impact on different-sized sheets of glass, and
various lighting techniques.

Heat Shock

For the tests of heat shock, we used the materials listed in Table 1.

The lab setup was as shown in Figures 2 and 3.



Ttem Manufacturer Maodel S/N

HSV Camera Vision Research Phantom v7.1 Phantom HSV

Laptop Computer Dell Latitude D830 MIT-0422773

HSV Software Vision Research Phantom 640 not recorded

Microscope Slides VWR. International VWR VistaVision | cat. no. 16004-422

Multimeter w/ Thermocouple Fluke 179 93810559

Lens (for Phantom Camera) Tamron 90 mm Macro TAMRONI

Digital Still Camera Sony DSC-P72 333694

Hot Air Gun Accupro 1500 Watt n/a

Tripod (for Phantom Camera) Manfrotto 3021BPRO n/a

Hex Plate for Tripod n/a n/a n/a

Lamp Lowel Pro 250 Watt n/a

Fiber Optic Nluminator Dolan-Jenner Industries 190 n/a

Safety Glasses n/a n/a n/a

Black Rolling Cart n/a n/a n/a

Wooden Boxes (2) n/a n/a n/a

Eyedropper n/a nfa nfa

Metal Lab Stands (2) n/a n/a n/a

White Paper (for diffusion) n/a Couﬂ‘ﬂﬁi“F" n/a n/a E},

Water n/a { Gesketr Tap n/a

9&1&&(11'\03. Teons 7 f %J“w ﬂf‘:k:j ; ce
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1: Materials for heat shock experiment.

We measured all temperatures with the thermocouple listed under ™ Materials™.

In our first test, we tried applying a soldering iron (with a tip temperature of around 150°C)
to the microscope slide. Upon impact, the slide did not react. Upon extended exposure,
the slide continued to not react. We then removed the soldering iron and, after allowing the
glass to cool, applied a second iron, with a higher tip temperature of around 250°C'. (Note
that we did not record the exact tip temperatures.) Once again, the glass did not react.

In our second test, we tried heating up the glass with a heat gun. We were able to heat
the glass to a measured temperature of 375°C. This is much hotter than the soldering iron.
However, the glass remained unaffected.4e ¥ne poled eue.

In our third test, we tried heating the glass with the heat gun, then dropping cold water on
the glass to cool it rapidly. We tried a number of application methods, with varying results
as discussed in theCResults” section below. Specifically, we tested an eyedropper, a cup,
and a titration flask held at different heights relative to the glass.

n



Phantom HSV
amera

[hS
ight ¢

250W |

‘Dimensions: 2048 « 1516 Dimensions: 2048 = 1336
Device make: SOMY Device make. SONY

Device mode!. DSC-P72 Device model. DSC-PT2
Color space. RCE Calor space. RCE
Focal fength: & Facal length: 11.6

Exposire time; 0,07692308 Expasure time: 0.0040000003

Figure 2: This is the first setup used to do the heat tests. We found that tl

started to get singed by the applied head from the heat gun, so the setup in Figure 3 is the
setup we started to use later. The lower image in the figure is a closer look at the setup of
the microscope slide with the heat gun and thermo couple. The thermogcouple is connected
to tjw multimeter. The camera takes about a 45 degree angle with the slide. The 250 W

2 light lights the far edge of the slide. Both images were taken with Dan’s digital camera. The
e §5< \ |camera settings are also in the figure.
x
ge Y,
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‘f:‘-"{;sé Trigger Mechanisms
o
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Xt For testing different trigger mechanisms, we kept the setup from the heat-expansion experi-

ments, and added a number of ring stands to support an optical trigger and a beam-break
trigger. The triggers were arranged as shown in Figure 4.
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Dimentions J048x 1336
Device make: SONY
Device madel. DSC-F72
Calar space: RCA
Focal length. 6 Dimensions. 2048 x 1516

Expasure tima: 0.125 Dievice make SONY
Diewlce model DSC-P7F2
Caler space: RGO
Focal length: 6

Exposure tima: 0,025

: Micrscop
slide

Fioure 3: This is the setup we used for the thermal shock for the majority of the time. The
a clamp on the ring stand holds the microscope slide by one end as seen in the lower photo
in this diagram. Again the light is aimed directly into the far edge from the camera part of
the microscope slide. Dan’s digital camera was again used to take the setup photo and the
camera settings are again in the diagram.

The goal was to have a drop of water pass through the beam of each trigger while airborne,
prior to impacting the glass. We assumed that the water would fall in a very repeatable way,
once released from its container. We tested for a successful trigger using the attached Time
Machine device.

=1



Source of

water drop
Beam break emitter Beam receive
Line of beam
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Glass slide
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Figure 4: This is the basic beam break setup that we tried. The beam break components
were secured in place with tape on lab stands and apple boxes until the beam was set so that
the receiver lined up with the emitter and that the beam crossed over the glass slide and
in the path of the water drop. The beam break trigger was connected to the time machine
input and the output of the time machine was connected to the Phantom HSV camera. The
camera was set to trigger at the beginning of the recorded segment with the triggering from
the beam break.

Glass Impact

For the tests of glass impact, we set up a piece of glass suspended between two appleboxes,
as with the setup for testing heat shock. The camera and lights were not used, as the goal
wasn't to gather imagery but rather to test the strength of glass. The glass was then hit

! with a pendulum and a secrewdriver, each from varying heights ranging from 17 to 127
" ‘@5 ~with a p ;t ying heig ging

- e \E}L-'
i~ i : ; L : . _
: g.b This procedure was followed with both 1mm microscope glass and 2.4mm window-pane class

3
A = B
We cut the 2.4" window-pane glass into 2"x8" rectangular pieces. (gf} o

-

-~
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The equipment used is listed in Table 5. The setup for this was as shown in qrw

The object being dropped onto the glass was dropped once per test run listed in the " Results”
section of the lab, at a height above the glass as noted in the table. The glass either broke
on impact, or didn’t break on impact. The state of the glass was noted.
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Ttem Manufacturer Model S/N
HSV Camera Vision Research Phantom v7.1 Phantom HSV
Laptop Computer Dell Latitude D830 MIT-0422773
HSV Software Vision Research Phantom 640 not recorded
Mieroscope Slides VWR International | VWR VistaVision | cat. no. 16004-422
Lens (for Phantom Camera) Nikon 28 mm Nikonl
Digital Still Camera Sony DSC-P72 338694
Tripod (for Phantom Camera) Manfrotto 3021BPRO n/a

Hex Plate for Tripod n/a n/a n/a
Screwdriver Craftsman Flat head 41578 n/a
Glass RF Supply 8 x 10" x 332 n/a
Lamps (2) Lowel Pro 250 Watt n/a
Safety Glasses n/a n/a n/a
Wooden Boxes (2) n/a n/a n/a
Graph Paper n/a n/a n/a
Gaffer Tape n/a nfa n/a

< oo\
Fizore 5: Materials for glass impact experiment.
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Lighting TEChniquESxfd ' adha v A4

For the tests of lighting techniques, we used the same camera setup as for testing heat shock.
We shifted the light around to test direct lighting, backlighting, and sidelighting (where light

is passed straight through the long edge of the glass—sathat cracks will reflect the light and
appear to glow). The equipment used is listed in| Table 7

These lighting setups were implemented as shown i
Additionally, we tried pointing the camera at the underside of slides rather than at the top.

We also looked into using digital still cameras to capture images of the glass. The camera
was used to take still images of the slide at a useful frame rate. However, due to a lack of a
trigger cable, still photos of shattering glass were not attempted.

Results

As mentioned under " Procedure”, there were a number of pieces to this lab, each with a
distinet set of results. To re-cap, we looked at the impact of heat shock, at the beam-break
and optical trigger mechanisms, at means for breaking sheets of different thicknesses, and at
different lighting techniques.
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Sheet of
paper

%
Dimensians: 2048 1536 Y o s Appie boxes

Device make: SONY et i

Device madel: DSC-P72 il |
Calar space: RGE N |
o i

Focal length; &
Exposure time. 000999399958 : |

W o hick glass and the sheet is cut to 8" by 2" inches and is secured with tape.
W’ . The sheet of paper is suspended in front of the back light to diffuse the light going into the
4 X e : :

Vofs ¥ % camera. The lens used is the 28mm lens.

e ;‘}m B ler Yo wileo

i Heat Shock

For the testing of heat shock, as described under " Procedure”, we determined that neither \5’1

a heat eun nor a soldering iron alone were sufficient to crack glass. o yv‘\‘k“"\#’
r T-QL{EHU‘F\:}
Heating the glass and then rapidly cooling it with water, however, was able to break the _~.{|n.~'&~<& u}({;
under certain conditions. The initial height of the water-dropping mechanism, as well as the™
quantity of water dropped, both appeared to be important variables. Based on the hig
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Ttem Manufacturer Muodel
HSV Camera Vision Research Phantom v7.1
Laptop Computer Dell Latitude D830
HSV Software Vision Research Phantom 640
Miecroscope Slides VWR International | VWR VistaVision 75 x 25 x 1 mr
Multimeter w/ Type K Thermocouple Attachment Fluke 179
Lens (for Phantom Camera) Nikon 28 mm
Digital Still Camera Sony DSC-P72
Tripod (for Phantom Camera) Manfrotto J021BPRO
Hex Plate for Tripod n/a n/a
Lamps (2) Lowel Pro 250 Watt
Lab Stand L A nfa n/a

Ay

P

Figure 7: Materials for Lighting Experiment

Trigger Mechanisms

We had relatively good results with the beam-break trigger but relatively poor results with
the optical trigger. The beam-break trigger seemed to fire relatively consistently when water
was dropped through its beam, though during setup and informal trials we did experience
droplets that failed to cause a trigger.

The optical trigger, however, frequently failed to trigger at all in the presence of a drop of
water. We were not able to gather useful data on it because we were unable to get it to work
reliably,

Experimentally, it seems that lighting has a significant impact on the optical trigger. If a
light was pointed directly at the trigger’s sensor mechanism, it was likely to not trigeer at all,
whereas it seemed to work when only in the presence of ambient room light. Adjusting the
sensitivity of the Time Machine that interfaced with the trigger helped, but did not entirely
resolve the problem.

Glass Impact

We found that the th_ickhmat glass was much harder to break than the thinner
microscope slides, We trieddeapping objects from various different heights onto the glass.

in Table 11.

Based on this data, we gathered the glass-breakage data liste

Note that, while our control experiment was able to break
a screwdriver, later tests were unable to do so consistently.

¢lass at a height of 8” with

11
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~Paper used

s 5 diffuser B Bc.k -

Dimensioans: J048% 1536
Device make: 30NY
Device model. DSC-F72
Colar space: RCH
Focal length, &

Evpasure time: 3.33333334

Figure 8: This figure shows the different lighting techniques we used. We used any combi-
nation of these techniques to obtain the results that we wanted. The paper diffuser was not
used at all times and was helpful in some situations but not helpful in others.

xen of \igets (=
. . = i § cae ey .
Lighting Techniques . "D

For testing different lighting techniques, the goal was to find the most visunally effective form
of lighting rather than to calculate any specific data. Towards that goal, we generated images
from backlit and side-lit slides, as shown in Figures 12 and 13.

We found that standard lighting was not particularly effective. Both side- and backlighting
were useful, but they do look different. Shooting a slide from underneath, however, produced
images that were surprusingly unclear: we quickly discontinued this strategy as we couldn’t
easily tell what was going on in the images that it produced.
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Discussion

We found that, while we don’t yet fully understand how heat shock causes glass to crack and
shatter, we are able to cause it to shatter veLy consistently. We have thus far only tested



Item | Manufacturer | Model | SN——+ o¥&°
Glass | Implement. | Hefghi | Break? Cep'™
Slide Pendulum J{ 17 Yes
Slide Screwdriver b 5
i Pendulum  Fs No

Pendulum 3" No

Pendulum 12" No

Serewdriver o No

Serewdriver 4" No

Screwdriver 8" Yes

Serewdriver 12" Yes

r‘ﬁ\.-&.

Figmre 11: Glass Impact Data

Towmie

microscope slides, though; we will need to do further experiments to see how thicker glass
reacts.

As mentioned in " Results”, the inconsistency of the optical trigger seemed to be correlated
with background light. We suspect that the sensor was flooded with too much light. It might
well work better in a darker room (though such a setup wouldn't work for HSV recording).
Because the sensor is infrared-based, and because the HSV camera in monochromatic and
sensitive to an array of different light frequencies, we might also be able to run the experiment
with a strong monochromatic visible-spectrum light. We could also use a still camera in a
dark room with a flash. However, since the beam-break trigger works much of the time, we
may be able to just stick with #¥edr. dedroique .

One fundamental failing with light-based triggers in this experiment is that drops of water
are clear. They do act as lenses, distorting light passing through them; but they don't block
light. We hypothesized that using a darker-colored fluid (such as water containing a great
deal of food coloring) might lead to better results with both trigger mechanisms.

We established that glass that is 2.4 times as thick requires an impact with much more than
2.4 times the energy in order to shatter. This is not terribly surprising: From Mechanics,
we know from equation [3] above that the resistive moment M is

2

(4 M= [4p-ydA=p2 - w

This means that the strength of the glass varies with both its width and with the square of
its thickness. Dividing these two, we get that

&
——

hyaw, =

14
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Figure 12: This image was captured with a side-lit microscope slide, lit against a black
background. The displayved settings were used.

is the ratio of the moments. Caleulating the ratio between a 7ox25x1mm slide and a
203x51*2.4mm pane of glass, and assuming that the two different panels of glass are made
from the same glass compounds so that their p costants are the same, we get

6] 3¢

=12
which would predict that the thicker glass can withstand 12 times the moment of the thinner

slide. Our experiments were not targeted at calculating this moment; nonetheless, given their

L5
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Figure 13: This image was captured with a back-lit microscope slide. The displayed settings
were used.

<Py

very limited resolution, they do seem to support this estimate. .‘té\“ﬂ

We found both the backlighting and side-lighting techniques to be effective. They tend to
produce inverted images: white-on-black vs. black-on-white. We don’t have an immediate
use for this fact, but it may well prove useful in future analysis and so is worth keeping in
mind.

We woud like to take still photos of this event. From our feasibility tests, we believe that it
should be possible to do so, but that doing so will require finding parts for the D200 camera.

Coc ™™ 4
\Jal
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Future Work

Our future goals will be to capture an array of images of glass breaking using the techniques
described above as well as other techniques such as BB’s and Schlieren imagery. The long-
term goal is to produce measurements of the rate of flexing and crack propagation in glass.
Based on this preliminary data, we feel that the thicker glass is likely to produce morez>

interesting results than the thinner glass. We would also like to try a broader array of lighting
techniques and camera angles since theselfactors will be key in making data extrapolation

and analysis possible. K

Project Plan

We plan to proceed along the following timeline:

Week 1 (of Nov. 3)

Shoot glass with a BB gun, try to obtain HSV and still images of the glass breaking

Test grid reflection: obtain several images of the glass breaking with a reflected grid,
see if deformation can be observed.

Measure for consistency between slides/sheets, pendulum break of slides: see how con-
sistently these break under the same amount of force.

Apply heat to the sheets (hotter than heat gun, flame); obtain high-speed video of
sheet glass breaking.

Rotate the glass, break it on-end. Obtain high-speed video of the glass breaking on-end.

Week 2 {of Nov. 101)

o Try Schlieren imaging to capture heat distribution and flexing when breaking. Obtain
high-speed video of glass Hexing and breaking in the Schlieren imager (or determine
that flexing or breaking glass does not produce interesting diffraction as displayed by
the Schlieren imager)

Week 3 {of Novw. 17)

17



e Run lots of trials of what we found works well during Weeks 1 and 2. Gather multiple
sets of video of any imagery that we found effective for analyzing the glass. Do this
analysis.

Week 4 (of Nov. 24)

e Capture still photos of all interesting events for which video was captured during Week
3. Analyze more data.

Week 5 (of Dec. 8)
e Write-up — do whatever we need in lab to finish the final lab report

We plan to work as a group in lab. We have not allocated specific tasks to specific people
at this point. We expect one member of our group to keep lab notes each week, with the
position rotating for fairness and balance. For portions of the lab where this makes sense,
we expect one member of the group to manage the HSV camera, including its trigger; one to
drop the water or object on the glass; one to take notes; and one to supervise and manage
lighting. The person handling lighting could deal with a still camera should one come into
play. If we have sufficient equipment, we can have two tests running simultaneously, in which
case at both test sites, one person will drop the water or object and record results, and the
other person will manage the camera.

We will divvy up lab write-ups and manufacturing of hardware that we find we need, as such
things come up.
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