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Product Requirement Document
(See digital document 001)

Design Goals
Our customer, the Rochester Museum and Science Center (RMSC), desired two to four optics display
prototypes that get children involved and interested in optics. These prototypes will be delivered to
RMSC with an overview of how we envision the design becoming an exhibit. To clarify, we will not be
constructing a finished museum exhibit. The goal of our prototyping is to create educational and
interactive optics demonstrations that cater to our target audience, families with children. The
following prototypes have been tested extensively on RMSC patrons as well as fellow optics students
and staff. Each exhibit prototype will be accompanied with a label copy, which should explain technical
details and guide users towards proper operation in language that is understandable for all age groups.
Our Prototype Vision from Fall Semester:
1. An LED Rubens’ Tube with an auxiliary cable for use with phones and other audio devices.
2. An aesthetic, interactive cloaking device that appeals to a broad audience.
3. An imaging system to magnify different generations of cellphone screens to show pixel
technology.
4. A Schlieren Photography demonstration to illustrate changes in index of refraction.
Part of prototyping, or any design process for that matter, is adaptation and evolution of concept to fit
the needs of a customer. In our case, the customer is ultimately museum attendants. After
participating in “Science Weekends” at RMSC, Industrial Associates, and “Design Day” at the University
of Rochester, we have concluded our senior year with successful exhibit prototypes which will be part of
RMSC’s “2015 International Year of Light” exhibition coming this summer.
Final Prototypes:

Commented [WHK1]: A great result !! fyi last year a senior
design delivered one prototype that will be included in your exhibit


1. Abbey’s Tube: A visualizer for music which illustrates sound waves through illumination of mist.
2. Cell Phone Magnification: Magnification of different generations of cell phone screens to
demonstrate evolution of pixel technology.
3. Rochester Cloaking: A demonstration of an interactive paraxial cloaking device with a small
budget.
4. Schlieren Imaging System: Seeing the invisible effects of temperature on the index of refraction
of air.

Label Copies
After spending a significant amount of time at the Rochester Museum and Science Center, we have
come to the conclusion that a label copy has a significant effect on how a patron interacts with exhibits.
This serves as a good starting point for patrons.
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Abbey’s Tube
1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)

Goal
Background
Optical Design
First Order Analysis
Mist Generating System
Opto-Mechanical Housing
Arduino With DMX Shield
COLORband PiX-M LED Bar
Chauvet ShowXpress DMX Software
Fruity Loops Studio Toxic Biohazard Synthesizer
Test Plan and Exhibit Prototyping
Risk Assessment
Recommendations for Improvements
Setup Instructions

Goal
Rochester Museum and Science Center exhibit prototype
The goal of Abbey’s Tube is to illustrate sound waves with light. Much like a Rubens’ Tube, which uses
flame heights to convey pressure differences induced from sound waves, Abbey’s Tube will visualize
sound with a safer alternative to propane. Propane is substituted with mist, which is illuminated
through scattering by various light sources. A secondary objective of this design is to implement control
of parameters, such as pan/tilt of a mirror with DMX protocol—an electronic signal, which is standard in
entertainment lighting design. The exhibit, much like many at the RMSC, will be interactive and
educational and effectively a light fixture. The design has been modified throughout the second
semester to fit the needs of the target audience of the museum, families with children. An additional
learning objective is to teach children about additive color mixing with LED lights with a red, green, and
blue system through the use of DMX lighting. In the final design the user is able to move a servo
mounted mirror, adjust the turnbuckle on a laser pointer mount, change the color and position of an
LED bar, adjust a synthesizer in Fruity Loops Studio, and generate frequencies simultaneously through a
MIDI keyboard.
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Figure 1-1: Abbey’s Tube illuminated with a 532nm green laser pointer and a Chauvet COLORband PiX-M LED bar.

Background
A brief history of the Rubens’ Tube and DMX
The concept and name for Abbey’s Tube was derived from my fascination with the Rubens’ Tube. This
device shows a visual representation of invisible sound waves by creating a way to show pressure
differences with fire. The Rochester Museum and Science Center already has an operational Rubens’
Tube, but is unable to use it as a floor exhibit due to fire hazards.
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Figure 1-2: Rubens’ Tube created at the University of Utah [1].

Sound enters one end of a long tube and reflects upon an acoustic barrier, causing interference and a
standing wave pattern. Small holes are cut on the top of the tube spaced evenly across (in my design 1”
apart) for a pressure profile at that particular position of the tube. Lower pressure outside the tube
causes gas to escape. This effect is modeled by the following equation derived from the Bernoulli
Equation:

Figure 1-3: 𝑷𝟎 ; 𝑷𝑻 represent the pressure outside and inside the tube respectively. 𝑽 models the velocity of the
gas with density 𝝆 [1].

Pressure inside the tube varies based on the sound generated from the subwoofer which, in turn, alters
the escape velocity of the gas. This effect is visually represented by flame height in the Rubens’ Tube,
but can be modeled with other gasses. Mist was chosen as a safe and cheap alternative to propane, as
well as for its ability to scatter incident light. The mist height without illumination is difficult to resolve,
so an LED bar is used. Additionally, a 532 nm laser pointer is aligned above the spouts, scattering light
off of the horizontal cross section of the escaping mist. Abbey’s Tube is very susceptible to ambient
wind in the room, as well as sounds from the fan and the ultrasonic mister.
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DMX512 is the lighting industry protocol used for communicating from transmitters to light fixtures. It
seemed appropriate to implement DMX controllable parameters in Abbey’s Tube, because one of the
goals was to create a light fixture. DMX stands for “Digital Multiplex”, with 512 representing the
number of channels in one DMX universe. DMX is an electrical signal consisting of 8-bit (byte) signals,
giving a possible 256 combinations of 1s and 0s. This allows for values from 0-255 for a given data byte
[2]. An Arduino with a DMX shield was programmed to receive signals from lighting design software and
send information of pan and tilt coordinates to a mirror mounted servo. This was done with help from
example code from Conceptinetics [3].
All of the DMX controllable parameters are mapped through MIDI, which is the musical instrument
electrical signal standard. MIDI stands for “Musical Instrument Digital Interface”. This system allows
musical instruments to send and receive electrical signals to computers and other MIDI devices. MIDI
signals consist of an 8-bit status byte starting with a 1 to denote a note-on message and 7 bits of
information, which identify the message for the data bytes that follow. A data byte corresponds to a
value of 0-127 (or 1-128) for velocity, pitch bend, control change, or program change (these are called
voice messages). Each knob and fader on the Novation Impulse 49 MIDI keyboard used in prototyping
has a Control Change number associated with it (CC #). Similar to velocity, each CC can output a value of
0-127. It is important to note that this keyboard can be replaced with any other similar MIDI keyboard
with faders and knobs, and only requires slightly different computer settings.

Optical Design
Operation with mist: Illuminated through scattering of a Laser Pointer and LEDs
Overview:
Abbey’s Tube will output mist from the holes (with hole diameter approximately 1/8th inch) cut in 1”
increments across the top of a 3’ acrylic tube. Scattering will be visually displayed with a 532 nm laser
pointer directed at a 2” diameter mirror (for alignment) parallel above the tubes central axis in
conjunction with a Chauvet COLORband PiX-M LED fixture (this can be substituted with any similar light
fixture with a field of view that encompasses the 3’ tube). DMX/MIDI mapped parameters include tilt
and color of the COLORband PiX-M, pan/tilt of a 1” Thorlabs band pass filter, and mounted laser pointer
pan. The speaker used for creating sound waves is a subwoofer which conveniently has a 2” bass reflex
port which is coupled to the tube for maximum air displacement. The mist generating system consists of
an ultrasonic mister immersed in a tub of water, a fan for air input, and an opening for air output. The
fan is controlled with a power supply with varying voltage, which ultimately varies the baseline height of
the mist outgoing the holes in the tube. The three servos are controlled via Arduino, which is fitted with
a DMX shield in order to input signal from Chauvet ShowXpress lighting design software.
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Figure 1-4: Optical Design of Abbey’s Tube

Figure 1-5: Abbey’s Tube prototype design

Part
Tube
Computer Fan
Power Supply for
Fan

Part Information
Acrylic 3' Tube with 2" inner diameter
Any Computer fan will work
Can be substituted with
potentiometer

Laser Pointer
Ultrasonic Mister

Found on Ebay
http://www.mainlandmart.com/fogg
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ers.html
Laser Pointer
Mount
2" Mirror Mount
2" Mirror
1" filter
Pan/Tilt Mirror
Mount
Micro Servos
Speakers
Arduino with
Wires
MIDI Keyboard
LED Bar
DMX USB Dongle
DMX Cables

Custom
Found in U of R labs (Check
ebay.com)
www.thorlabs.com
www.thorlabs.com

Madhu

Y

N/A

1

U of R
U of R
Madhu

N
N
Y

100$
146$
85$

1
1
1

Zitrades pan/tilt www.amazon.com
SG90 Micro Servo www.amazon.com
Any subwoofer with a 2" reflex port

Madhu
Madhu
Knox

Y
Y
?

8$
5$
50$

1
2
1

Arduino Uno www.amazon.com
Novation Impulse 49 MIDI Keyboard
Chauvet COLORband PiX-M
Chauvet Xpress 512 DMX-512 USB
Interface
Chauvet (DMX3P5FT) 5' DMX Cable

Madhu
Other
Madhu

Y
N
?

55$
300$
350$

1
1
1

Madhu
Madhu

?
?
TOTAL

420$
9$
1717$

1
2

Figure 1-6: Parts list and cost analysis.

The total cost of Abbey’s Tube as presented on “Design Day” is roughly 1717$ if it were to be recreated
from scratch. It is important for RMSC to keep in mind that the DMX Interface, as well as a couple other
items, are not necessary for a working model. This is also assuming there will be a computer with FL
Studio and Chauvet ShowXpress software already downloaded, whereas the final museum exhibit most
likely will be operated with an Arduino alone.

First Order Analysis / Photon Budget
Acoustic reflection is modeled by an equation similar to optical reflection, where index of refraction is
substituted with the acoustic impedance (at normal incidence):
𝑅=

Material
Water
Acrylic
Resin
Aluminum
Steel
Air

𝑍 −𝑍
𝑍 +𝑍

Acoustic Impedance (g/
s*cm^2)
1.48E+05
3.15E+05
1.71E+06
4.54E+06
4.15E+04

Figure 1-7 – Table of Acoustic Impedance measured in
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The acoustic impedance of air and mist can be assumed equivalent with respect to the other materials.
It is important to note that a Rubens’ Tube is frequently designed with aluminum, which has a higher
reflection on the boundary conditions with respect to acrylic.
Mist-Aluminum Interface
𝑅=

.

.

.

.

𝑅 = 90.75%

Mist-Steel Interface
𝑅 = 96.40%
Mist-Acrylic Interface
𝑅 = 58.86%
This infers that a great deal of the sound traveling through the tube will be absorbed by the acrylic, thus
decreasing the resolution of standing wave patterns created.
The fundamental frequency of the tube will determine the lowest frequency for a standing wave pattern
to be displayed in the spouts. Given a fixed tube length with an acoustic reflector on the end, the
problem models a closed-end air column:

Figure 1-8 – Closed-end air column illustration of the first harmonic (quarter wave). The reflection causes a
standing wave pattern when the length of the tube (L) is a fourth of the wavelength [5].

𝑓 =

𝑤ℎ𝑒𝑟𝑒 𝜆 = 4𝐿

𝑓 =

The speed of sound in air is approximately 343 m/s, which is a slight underestimate for the speed of
sound in mist/water vapor. This difference is minimal compared to the effects of pressure differences in
the standing wave at the various spouts. The tube length is fixed at 3 feet (.91 meters)
𝑓 =

∗.

𝑓 = 94.23 𝐻𝑧

This is a rough estimate of the frequency required to have a quarter wave displayed on the spouts (the
resolution of this pattern will depend on the number of spouts). Using a frequency generator in Fruity
Loops Studios, music production software, I determined the tube to resonate (by determining the
lowest frequency the tube vibrated at) at around 112 Hz. This frequency generated the following
pattern as expected.
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Figure 1-9: Laser scattering pattern at the first harmonic frequency—112 Hz. This was performed in optimal light
and air conditions.

The current design for the tube suffers noise induced from the close proximity of the fan and ultrasonic
mister. Ambient air currents in the room also affect the resolution of the tube. It was found that the
LED bar was more successful in a lit room.
Initial testing of the laser pointer interference brought about a new illustration of inner-tube pressure.
A flame tube will display higher flame peaks where there is low pressure in the tube, and lower flame
peaks where the pressure is higher. Water vapor does not display this characteristic as simply due to
dissipation of the vapor as well as the influence of air in the room. In the first round of testing the fan
rate was increased to create equal spouts. The pressure differences were seen through variance in cone
angle emitted from the spouts. This arises from volumetric flow rate:
𝑄 =𝑣∗𝐴
Where 𝑄 is the volumetric flow rate, 𝐴 is the cross sectional area, and 𝑣 is the velocity of the water
vapor. Velocity and pressure in the tube are inversely proportional, so low pressures inside the tube
correspond to higher velocities of the water vapor and smaller cross sectional areas. The scattering
from the laser beams illustrate the cross sectional area.

002

Rev B

P a g e | 15

The Rochester Museum and Science Center Prototypes

Figure 1-10: Cross sectional area of water vapor flow illustrated through scattering. When low pressure exists in
the tube there will be a higher velocity of the output vapor, and subsequently a smaller scattering cross sectional
area.

Figure 1-11: Example of cross sectional scattering of a HeNe laser source. Above is a representation of a stable
signal from no sound, while the bottom image illustrates the effects of inducing a frequency in the tube.

The images above show the parallel of the theory to the experimental results of Abbey’s Tube.
Modeling single frequencies was found to be very difficult due to ambient air currents and noise induced
from the mist generating system.
Photon Budget:
Let us assume Lambertian scattering, as well as an index of refraction of 1.33 for mist and 1.49 for
acrylic [6]. The photon path for an observer to see scattering begins at the LED source and travels
through the acrylic, reflecting off of the water vapor, and returning through the acrylic to the eye. This
incorporates five interfaces.
. 96) . 96) . 03) . 96) . 96) = .025
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This calculation accounts for the difficulty in resolving inner tube mist, although the effect of lighting
acrylic with the LED bar is stunning.

Figure 1-12: Illumination of the tube with the COLORband PiX-M light fixture. The reflections of individual LED
sources can be seen more prominently than the inner-tube mist. This image shows the differences in resolution of
the mist pattern based on viewing angle and color.

Modeling the illumination of mist from the LED bar is more complex, and involves making the
assumption that the mist acts as a Lambertian scatter. Due to the Weber contrast 𝐶 =

, the

background luminance 𝐿 influences the ability of the eye to resolve luminance from the scattered light.
A black background and a dark room will increase the visibility of the mist, which posed a great issue in
the well-lit museum. The mist will scatter as a function of the illuminance from the light source and the
wavelength of light:
𝐿

𝜆) = 𝑎

𝐸
𝜋

The 𝑎
variable represents the albedo coefficient of the mist, which can vary due to the humidity and
particles in the water. In the image above, mist towards the right side of the picture is less evident due
to the increased background luminance from the light source. On the left side of the tube the LED light
is at a greater angle from the camera, decreasing the luminance from the source. In order to help
resolve the mist pattern above the tube, the intensity as well as the angle of incidence of the LED bar is
adjustable. The image below was taken in a darker room and has a greater visibility of mist [7].
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Figure 1-13: Mist resolution from a viewing angle above the tube at around 30° from the incident light.

Allowing the viewer to modify these parameters increases interactivity and the quality of mist patterns.
A dark background or operating in darkness increases the contrast of the colored mist, which is ideal for
illustrating frequency patterns.

Mist Generating System
Of all the design parameters, the mist generating system caused the most headaches. A propane tank
with a regulator is simple and generates a constant flow of noise free gas through the tube. Mist on the
other hand is created with an ultrasonic hydroponic mister, which adds the trickling of water and
various ultrasonic frequencies into the system.
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Figure 1-14: Mist Generating System of the current design. Accordion tubing was added to reduce sound
generated from the ultrasonic mister.

The design for the mist generating system is an ultrasonic mister immersed in water of specific height
(depending on the required depth of the device) with a fan mounted to intake air. A hole is cut in the
box to output the mist to the tube, and flows into the tube through the center of the acoustic reflector.
I noticed that when the tub of water is tapped or rattled the mist pattern is greatly affected as a result
of the sound and vibrations. Additionally, the mist maker trickles water and can be heard when the
music is off. Accordion tubing was added to couple the water tub to the tube with an angle in the tube
to eliminate some noise.

Opto-Mechanical Housing
In the original design the laser pointer was mounted in a fixed position parallel to the tube and
intersecting the center of the mist pattern. A polygonal laser scanner was used in attempt to view a
two-dimensional profile of the smoke, but the reflection loss of the mirrors made the scattering pattern
too dim to view. An alternative approach of moving the laser pointer mount was tested. Two
rectangular pieces of aluminum were machined to form a base and a laser pointer mount. The pieces
are connected with a steel dowel which is press fitted into the laser pointer mount, and loosely fitted in
the base to allow rotation. A servo is mounted on the base and is connected to the laser pointer block
with a turnbuckle.
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Figure 1-15: Back of the envelope design for laser pointer mount (left) and the final product created in the student
machine shop.

This design allows for a panning effect of the laser pointer above the mist. When the servo moves from
its central point (90°) the laser beam moves horizontally across the profile of the mist. When the servo
is programmed to move rapidly back and forth in DMX software the effect is a cross sectional scattering
pattern of the mist.

Figure 1-16: Laser scanning of the mist pattern illustrating the cross sectional area at each integration point.

This is in my opinion the most dramatic effect, and when the lighting is set correctly the mist cross
section can be seen very clearly. In a dark room with the LED light turned off, the pattern appears as it
does in the image above with low pressure points in the tube corresponding to larger scattering areas.
Something to keep in mind is that the left side of the tube will appear brighter in the scanning pattern as
the power decreases toward the right hand side of the tube. Additionally, the right side of the tube will
have a larger scanning area due to the geometry of the setup which also decreases the scattering power
directed towards the eye. Two laser pointers can fit on the mount simultaneously if more than one
cross sectional area is desired.
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Figure 1-17: Scanning area diagram for the laser mount movement. Areas on the right of the tube will have a lower
intensity due to the geometry of the setup.

Arduino with DMX Shield
The next few sections will highlight the programming and DMX software implemented in the design to
create a more interactive exhibit prototype. These sections will overview the work done for my
independent study in Advanced Lighting Design (ECE 391). The goal for this portion of the design was to
control servos and other lighting parameters with a separate MIDI keyboard or other MIDI device. This
will allow for the museum audience to interact with the exhibit through the MIDI device, leaving the rest
of the exhibit untouched. For future development a clear plastic screen surrounding the tube would be
recommended.
Arduino was chosen as the programming medium for the servos due to its open source nature as well as
its popularity in DIY projects. The idea was to incorporate a cheap and programmable interface which
could communicate with DMX signals produced from computer software. Although I could not find any
example code for direct DMX to servo programming, Conceptinetics produces a DMX Shield for Arduino
which does most of the heavy lifting in terms of receiving and transmitting signals. The wiring for a
servo simply requires connecting the signal wire (usually yellow or orange) to one of the digital pins on
the Arduino, the ground pin (normally black) connected to the Arduino ground, and the power wire
(red) connected to a 5V source [8]. Using the servo library included in Arduino software, the angle of
the servo can be manipulated with a single line of code.
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Figure 1-18: Typical wiring for a servo to the Arduino board. To add more servos I just connected the power wires
in parallel and used digital ports 8 and 6 for the additional signal wires [8].

This design requires using 3 different servos, and the code involved has signal wires connected to the
9th, 8th, and 6th digital ports.
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Figure 1-19: Wiring diagram for the current design for Abbey’s Tube. I used the exact breadboard and wire color
configuration as found in the physical model to help understand the electronic components.

In addition to servo control, I added 3 LED lights to indicate the on/off value of the servos on digital
channels 11, 12, and 13. With a DMX value greater than 127 on these LED channels (DMX channels 1, 2,
and 5) the LED turns on and the corresponding servo can be manipulated with an additional DMX
channel to designate a 0-255 value mapped to 0-180° angle space. This allows for a user to create
values from 0-255 on computer software or hardware to move the servo from 0-180° for the pan, tilt,
and turnbuckle. Ultimately this can be mapped to MIDI using Chauvet ShowXpress software.

Figure 1-20: List of DMX channels (left) and their effects (middle) on the Arduino code (right). Electronic signal
starts from the MIDI keyboard where it creates a value of 0-127 on a given channel, which is then sent to Chauvet
ShowXpress (left and middle) and converted to 0-255 DMX values. These DMX values are sent to the Arduino DMX
shield (Arduino code on right) and process data to the servos in Abbey’s Tube.

In order to convert the 0-255 signal to servo angle, the map function was used to create a new variable
in 0-180° angle space to be sent to the servo. The code is looped so that the Arduino is continuously
searching for DMX values in the 1-10th channels.
CODE:
/*
DMX_Slave.ino - Example code for using the Conceptinetics DMX library
Copyright (c) 2013 W.A. van der Meeren <danny@illogic.nl>. All right reser
ved.
This library is free software; you can redistribute it and/or
modify it under the terms of the GNU Lesser General Public
License as published by the Free Software Foundation; either
version 3 of the License, or (at your option) any later version.
This library is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
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MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.
Lesser General Public License for more details.

See the GNU

You should have received a copy of the GNU Lesser General Public
License along with this library; if not, write to the Free Software
Foundation, Inc., 51 Franklin St, Fifth Floor, Boston, MA 02110-1301

USA

*/
#include <Servo.h>
Servo panservo; //DMX Chan 3
Servo tiltservo;
//DMX Chan 4
Servo turnbuckleservo; // DMX Chan 7 Create servo object to control a servo
int
int
int
int
int
int
int
int
int
int

DMXval1=0;
DMXval2=0;
DMXval3=0;
DMXval4=0;
DMXval5=0;
DMXval6=0;
DMXval7=0;
DMXval8=0;
DMXval9=0;
DMXval10=0;

//Set DMX Value for a given channel

const int ledPinpan = 13;
//Assigning LED Port 13 on Arduino for Pan DNX
Channel 3
const int ledPintilt = 12;
//Assigning LED Port 12 on Arduino for Tilt DMX
Channel 4
const int ledTurnbuckle = 11;
//Assigning LED Port 11 on Arduino for
Turnbuckle DMX Channel 7
#include <Conceptinetics.h>
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
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//Adding Conceptinetics Library for DMX Code

CTC-DRA-13-1 ISOLATED DMX-RDM SHIELD JUMPER INSTRUCTIONS
If you are using the above mentioned shield you should
place the RXEN jumper towards G (Ground), This will turn
the shield into read mode without using up an IO pin
The !EN Jumper should be either placed in the G (GROUND)
position to enable the shield circuitry
OR
if one of the pins is selected the selected pin should be
set to OUTPUT mode and set to LOGIC LOW in order for the
shield to work

The slave device will use a block of 10 channels counting from
its start address.
If the start address is for example 56, then the channels kept
by the dmx_slave object is channel 56-66

Rev B

P a g e | 24

The Rochester Museum and Science Center Prototypes
#define DMX_SLAVE_CHANNELS
Control

10

//Assigning the number of channels of DMX

//
// Pin number to change read or write mode on the shield
// Uncomment the following line if you choose to control
// read and write via a pin
//
// On the CTC-DRA-13-1 shield this will always be pin 2,
// if you are using other shields you should look it up
// yourself
//
///// #define RXEN_PIN
2

// Configure a DMX slave controller
DMX_Slave dmx_slave ( DMX_SLAVE_CHANNELS );
company who makes the DMX Shield

//Using example code from the

// If you are using an IO pin to control the shields RXEN
// the use the following line instead
///// DMX_Slave dmx_slave ( DMX_SLAVE_CHANNELS , RXEN_PIN );
//const int ledPin = 13;
// the setup routine runs once when you press reset:
void setup() {
dmx_slave.enable ();
// Set start address to 1, this is also the default setting
// You can change this address at any time during the program
dmx_slave.setStartAddress (1);
// Set led pin as output pin
pinMode ( ledPinpan, OUTPUT );
pinMode ( ledPintilt, OUTPUT );
pinMode ( ledTurnbuckle, OUTPUT );// Set led pin as output pin
panservo.attach(9); // attaches the servo for pan on pin 9 to the servo
object
tiltservo.attach(8); // attaches the servo for tilt on pin 8
turnbuckleservo.attach(6); // attaches the servo for the turnbuckle on pin
6 which is capable
}
// the loop routine runs over and over again forever:
void loop()
{
//
// EXAMPLE DESCRIPTION
//
// If the first channel comes above 50% the led will switch on
// and below 50% the led will be turned off
// NOTE:
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// getChannelValue is relative to the configured startaddress
if ( dmx_slave.getChannelValue (1) > 127 ) //Pan Control DMX Channel 1 On
{digitalWrite ( ledPinpan, HIGH );
DMXval3 = dmx_slave.getChannelValue (3); //Pan 0 to 18 degrees DMX
Channel 3
DMXval3 = map(DMXval3, 0, 255, 0, 180) ; // scale it to use it with the
servo (value between 0 and 180)
panservo.write(DMXval3) ; }
// sets the servo position
according to the scaled value
else
{digitalWrite ( ledPinpan, LOW ); //Pan Control DMX Channel 1 Off
panservo.write(90);}
//First channel of
if ( dmx_slave.getChannelValue (2) > 127 ) //Tilt Control DMX Channel 2 On
{digitalWrite ( ledPintilt, HIGH );
DMXval4 = dmx_slave.getChannelValue (4);
//Tilt 0 to 180 DMX Channel 4
for fourth fader
DMXval4 = map(DMXval4, 0, 255, 0, 180) ; // scale it to use it with the
servo (value between 0 and 180)
tiltservo.write(DMXval4) ; }
// sets the servo position
according to the scaled value
else
{digitalWrite ( ledPintilt, LOW ); //Tilt Control DMX Channel 2 Off
tiltservo.write(90);}
if ( dmx_slave.getChannelValue (5) > 127 )
//Turnbuckle Control DMX
Channel 5 On
{digitalWrite ( ledPintilt, HIGH );
{digitalWrite ( ledTurnbuckle, HIGH );
DMXval7 = dmx_slave.getChannelValue (7);
DMXval7 = map(DMXval7, 0, 255, 53, 127) ; // scale it to use it with the
servo (value between 53 and 127 for range of motion)
turnbuckleservo.write(DMXval7) ; }
// sets the servo
position according to the scaled value
else
//This is for the turnbuckle
laster mount pan (makes cool harmonic patterns in the mist)
{digitalWrite ( ledTurnbuckle, LOW );
turnbuckleservo.write(90); }
//Turnbuckle Control DMX Channel 5 Off
}
Code generated with pieces from Conceptinetics and Arduino [8,9]

This code allowed for the full control of 3 servos with DMX signal. The pan-servo was assigned to the
Arduino digital channel 9 with DMX channels 1 and 3 for control. The tilt-servo was assigned to the
Arduino digital channel 8 with DMX channels 2 and 4 for control. The turnbuckle-servo was assigned to
the Arduino digital channel 6 with DMX channels 5 and 7 for control. Channel 6 was made for an
additional laser pointer if RMSC desires to add one to the mount. Although Chauvet ShowXpress was
used for the DMX signal input, any DMX signal from hardware or software can be used to manipulate
the servos.

COLORband PiX-M LED Bar
An illumination system was required to resolve the mist, so I chose the Chauvet COLORband PiX-M LED
bar for its appropriate illumination profile and dimensions. At 40.9” in length, the LED bar was
remarkably ideal for bathing the 3’ tube in somewhat evenly illuminated light. It also did not hurt that
the light came with a whopping illuminance of 2321 Lux at 2 meters away and 42 different
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programmable channels of DMX (a reason I chose it for my ECE independent study). The beam angle is
relatively standard at 20°, which does not apply to this system due to the close proximity of the light
source to the tube.

Figure 1-21: Chauvet COLORband PiX-M photometric properties and lifespan.

With an advertised Lifespan of 50,000 hours, the light fixture seems appropriate for the museum. It was
found during operation and prototyping that the LED bar was at times too bright when at maximum
illuminance. As an added bonus the fixture can be programmed to have eye catching rainbow and
chaser effects using the Pixels portion of ShowXpress.

Chauvet ShowXpress DMX Software
This section of the design description document will briefly illustrate the work done in Chauvet
ShowXpress. This software when used with an Xpress 512 DMX-512 USB Interface can effectively emit
signals which can communicate with the Arduino and other light fixtures. DMX uses cables similar to
XLR cables for music, and are daisy chained together with a terminator at the end of the chain to
remove unwanted signal reflections. Two DMX cables and one terminator are required for operation.
The first DMX cable spans from the USB Interface to the LED bar, and the second from the LED bar to the
Arduino with a terminator at the Arduino.
To simplify the extensive programming involved with mapping MIDI faders to the various DMX
controllable parameters, I will summarize what each of the live view buttons will do. If more details are
desired, you can read my paper called “MIDI Mapping Synthesizers in FL Studio Simultaneously with
DMX Mapping in Chauvet ShowXpress” or my final paper for this semester’s independent study in
“Advanced Lighting Design”. Each of the live view buttons correspond to scenes, which are programmed
signals of DMX which change position color and other parameters of the lights.
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Figure 1-22: The button on the left is a fader button mapped to the 8th fader on the MIDI to control the speed at
which the turnbuckle servo moves for the 2-D scattering effect. The next three buttons correspond to programmed
movements of the light fixtures, and are mapped to the MIDI buttons 4-6 located underneath the faders. The next
three buttons are fader buttons for the 3 servo movements, and are mapped to faders 5-7. The next four buttons
correspond to the LED bar colors and tilt control and mapped to MIDI faders 1-4. The eight buttons on the right are
mapped to the drum pads on the MIDI and correspond to different programmed light sequences for the LED bar.

The fader buttons mentioned above involve creating a scene where the first step of the scene is the
starting signal, and the second step of the scene is the ending signal. For example, for the “RED_1”
fader button, the first scene has a DMX value of 0 on the red channels of the fixture, while the second
step of the scene has a DMX value of 255 for the red channels. Similarly for the “TILT_main” fader
button, the first step corresponds to the DMX value of 0 (0°), while the second step is a value of 255
(180°). This software has various tools such as the generator function and the pixel function to create
intricate changes in DMX signal, ultimately producing spectacular lighting effects.
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Figure 1-23: Fader assignment for Abbey’s Tube. All 9 faders on the MIDI keyboard are mapped to functions in
ShowXpress and FL Studio. Pan and tilt control the servo mounted mirror, while the turnbuckle control
manipulates the mounted laser pointer.

I would like to express that these additions with ShowXpress reflect my interests in lighting design, and
require the use of a computer for operation. If you would like to find out more about the programming
involved you can refer to my final project paper for “Advanced Lighting Design” (ECE 391). The results of
implementing MIDI controlled lighting was very well received by the public, and caused the hang time to
increase from about 5 minutes to 25 minutes.
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Figure 1-24: Increased interaction from the initial prototype can be seen here where this girl has turned off the
lights with the master fader!

Fruity Loops Studio Toxic Biohazard Synthesizer
For generating frequencies I used a digital synthesizer called Toxic Biohazard in a popular music
production program Fruity Loops Studio. I slightly modified an already existing version of this
synthesizer in “MIDI Mapping Synthesizers in FL Studio Simultaneously with DMX Mapping in Chauvet
ShowXpress” where I mapped different channels in the digital synthesizer to physical knobs and faders
on a MIDI keyboard. In my Independent study last semester I found a way to simultaneously use lighting
design software and digital synthesizer software controlled through MIDI, and it seemed appropriate to
add to this project. The goal was to allow users of Abbey’s Tube to manipulate a digital synthesizer with
faders at the same time as changing the DMX signal for lights. This is a great example of the crossover
of the digital lighting and music world.
The main channel of operation is MIDI channel 9, which will be used for Chauvet ShowXpress as well.
This specific digital synthesizer has 6 mixing channels with a master “MIX” and “PAN”, which I assigned
to MIDI channel 9 faders 1-6 and knobs 1-6. The first channel will be a regular sin wave, which will be
predominantly used for demonstrating single frequencies.

Figure 1-25: Toxic Biohazard digital synthesizer mix and pan channels—which will be mapped to the first 6 faders
and knobs.
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In live operation, the highlighted variables in Toxic Biohazard above are the most important, and
determine the percentage of a specific channel and its left or right orientation. For the purposes of
demonstrating single frequencies, knob number 1 should be turned all the way up with the rest of the
knobs off. This will tell the synthesizer to turn off all other channels except the first sin wave generator.

Figure 1-26: The corresponding faders and knobs on the Novation Impulse 49 MIDI keyboard used in conjunction
with the mix and pan channels of the digital synthesizer.

The buttons below the faders are also MIDI CC buttons, which output ON-OFF data either with a 0 or
127. I assigned these to turn channel 1-6 on or off.

Figure 1-27: The highlighted regions represent the wave that is generated for the given channel number.

It was found that when a second sin wave with a 45° phase shift is added, the resulting mist pattern
above the tube changes. The synthesizer can be manipulated to create very specific wave functions
which can be inputted into the tube.

Test Plan and Exhibit Prototyping
Resonant Frequency:
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The first step in testing was to find the experimental fundamental frequency as accurately as possible.
This test was performed through the audible frequency range of 20Hz-20kHz. The first round of testing
found 𝑓 ≈ 120 𝐻𝑧 with the best image of this phenomena shown in figure 1-9 at 112 Hz. This was
determined by listening for a “buzzing” sound signifying that the tube was on resonance.
Frequency Test:
This test involves playing different frequencies to see if there is an effect on the mist pattern by
changing octave or pitch. The best results are when the volume of the bass is near maximum and a note
is played on and off to show the influence on the mist illumination. I found that slowly changing
frequency around 80-300 Hz results in dramatic effects on the mist.
Music Test:
The next step was to determine if playing music through the device would produce enough signal to
conclude that an effect was present in the mist pattern. This parameter is difficult to quantify, but I can
tell you from the hundreds of hours I spent on this project that it does in fact visualize to music.
Exhibit Prototyping:
This section is compiled from the qualitative data collected from testing the exhibit prototype at the
museum and other various venues. Although the data and information provided above may be
appealing to the grader of this, our customer Calvin Uzelmeier was most concerned with the impact on
the audience of the Rochester Museum and Science Center. The first four or five times I presented the
tube to RMSC, for science weekends, the design did not implement any illumination other than a
stationary laser pointer above the mist. This was a proof of concept that illustrated the effect of music
on the laser scattering. The only interaction involved in this portion of the design was the ability for
people to select a song from YouTube or off their phones.
•
•
•
•
•
•
•
•
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I found that this was great for the museum attendants, especially for kids who just had to hear
the tube play their favorite song from the radio.
I was very happy to see that one child ran to get his mom and drag her to the exhibit prototype
and unglue her from her phone so she could play a song off the internet.
Kids enjoyed touching the mist and laser beams with their hands.
Placing a black tarp surrounding the tube helped with eliminating ambient light present
throughout the museum.
Explaining proof of principle was difficult at first because people could not understand what the
mist was doing.
Viewing angle was very important for resolving the mist without proper illumination developed
later on in the semester.
Kids would touch the tube and the optics frequently, causing the alignment to be altered.
Music was more influential than using single frequencies in order to understand what was going
on.
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•
•
•

•
•
•

•
•
•
•
•
•
•

Letting children interact with the fan speed was great at first, until one of the children tried
turning the voltage up to 100 volts and almost burned out the fan.
On a couple occasions, patrons suggested the use of a microphone to allow voice to influence
the tube.
My phone was playing music for most the most part, but when it died it forced people to
interact with the exhibit and take out their own phones to play music. There was more
engagement when I was not the only person playing music.
It is not clear that there are holes above the tube or what the tube actually does without the
proper label copy.
Loud music interfered with other exhibits in the museum, and I was asked on multiple occasions
to turn down the music.
Average dwell time was around 5-10 minutes, with the occasional few who asked me a ton of
questions on how the tube worked. Most children would watch one song visualize and then
continue on their way through the museum.
The design appears threatening, and many patrons were afraid to approach or touch the exhibit.
Operation in a room filled with light has much less appeal than in a dark room—such as the labs
in the optics department.
A single beam is very difficult to keep aligned over the mist holes, especially when there are
ambient air currents throughout the museum. The mist would move when people walked by.
The mist generating system was very noisy and affected the resolution of patterns. Even lightly
tapping the tub of water would cause shifts in the mist height.
Adding an acoustic mirror greatly increased the visibility of patterns. Perhaps a mist input
towards the center of the tube would increase this visibility as well.
Acrylic absorbs a great deal of sound, while most Rubens’ Tubes are designed with aluminum or
other metal.
Vibrations in the table would affect the resolution. There is a need for an acoustic mount for
the tube.

One of my goals at the beginning of the fall semester was to create a highly interactive museum exhibit.
I felt it was necessary to bolster the design with illumination from a DMX controlled light fixture, as well
as the ability to change the colors and movements to effectively “create your own light show”. Once the
MIDI keyboard was added to the mix, I decided to continue prototyping at the Industrial Associates and
then later at the museum. I would consider this to be my second generation of Abbey’s Tube.
•

•

•
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Right off the bat the dwell time increased to around 25 minutes due to the intricacy and
interaction with the keyboard. Children would sit there and move all the faders and knobs to
see what each one changed in the prototype.
The keyboard was separate from the exhibit prototype, so there was far less issues with
realignment. I did not block off buttons on the MIDI, such as the menu and settings buttons, so
oftentimes kids would change the settings on the keyboard and I would have to reset it.
The colors from the LED bar lured people in like moths. Rainbows and flashing colors are a great
way to get a kids attention.
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•
•
•

•
•

•
•
•

•

The additional complexity made it difficult for patrons to understand the physics behind the
design, but most people asked questions right away. This can be solved with a solid label copy.
Many people asked what the point of this whole project was. I answered that it was to illustrate
sound waves with light, but there are not many real world applications to this besides music.
The addition of the keyboard had many kids playing songs they practice at home. One kid even
said they wished they had this in their living room! This was by far the most rewarding addition
to the design.
Many kids would sit there for over half an hour trying to “create their own light show”, so in
essence I achieved my personal goal for the project.
A teacher observed the tube and was teaching high school students on waves, so he asked me if
I would demonstrate for his class. I took the offer and found that this was very well received by
high school students, especially when they were able to select their own music for the visualizer.
Additionally, I found that when I am there explaining the exhibit the audience understands with
more clarity than when the tube is a stand-alone.
On occasion, multiple people would use the MIDI keyboard at once, with one person playing
music while the other manipulated the lights.
The mist generating system leaked frequently, and required refilling every 3-4 hours.
The current design takes up a lot of space and takes around one and a half hours to set up. This
made it difficult for me to setup in the Wilmot labs, and an even bigger pain transporting from
school to RMSC.
The current design includes around 5 wall plugs, 3 USB plugs, 2 DMX cables, and miscellaneous
cables. The prototype appeared messy at the science center, but when I was given the
conference room in Wilmot it was more pristine.

Risk Assessment
This prototype works great for displaying patterns with music, but when used for various frequencies
Abbey’s Tube shows poor visibility. Other problems that arose include blocking of the spouts,
reflections off of the rubber membrane, pressure difference along the tube without sound, and overall
low visibility of sinusoidal patterns. A flame tube shows pressure difference in an altogether different
way, thus the parallels were difficult to make without the proper illumination. Instead of higher
“flames”, the output of mist varies in angle, with higher cone angles attributed to a higher pressure
node in the tube (and lower velocity).
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Figure 1-28: A typical image for a baseline mist pattern with no sound in the tube.

The image above captures typical noise produced from the mist generating system and ambient air
currents. This would not be as prevalent in a Rubens’ Tube, and is by far the biggest risk of the design.
The mist generating system is another gremlin of problem, with constant leaks and noisy chatter in the
system. This was attempted to be resolved with an accordion tube output, which had a slight bend to
reduce noise. This reduced some of the chatter from the ultrasonic mister, but did not increase the
resolution significantly. The mist generating system required refilling every 3-4 hours and leaked mist
from the top of the box.
Another risk in the design is the alignment of the system, specifically the laser pointer. Because of all
the conversions from MIDI to DMX, in addition to the accuracy of around 1 degree with the current
servos, when the DMX signal is set to zero the beam could be off by up to an inch. I found that this
could be resolved by moving the fader up and down slowly to perform a sort of “soft reset”. If the tube
or any of the mounts were bumped I would have to reset the faders to zero and realign the system
(which could take a couple minutes). In future designs the servo jitter can be reduced by eliminating the
computer and DMX interface.
The tube is made of acrylic, which is prone to cracking and shattering, so a proper housing must be
made for it. There are some mysterious marks on the tube which indicate that chemicals in the water
are eating away at the tube. This can be fixed by using distilled water, but this alternative can become
an expensive over time.
Due to constantly moving the exhibit prototype from RMSC to various optics labs, I found that it was
difficult to repeat alignments since the prototype was broken down so many times. I would recommend
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that moving forward this design stays in one piece in one location for there to be any improvements on
resolution.

Recommendations for Improvements
The first suggestion that I would make would be to test a design with a tube made of aluminum to see if
there is a significant effect of sound reflection on the boundary conditions. Every design I have seen for
a flame Rubens’ Tube uses metal tubing, so I am wondering if the use of acrylic reduces the clarity of
patterns. Another consideration is to increase the scale of the design. Although I personally
appreciated that the tube reacted to bass heavy music, there may be a benefit of scaling up the design
so higher frequencies can be resolved. This can also be achieved by cutting holes in the tube spaced
closer together. I have already machined holes in a 5’ tube of PVC piping and added an acoustic
reflector mounted to one end.
The mist generating system is the source of a great deal of noise, and since I did not have many
resources to work with, this would be a great area of improvement for RMSC. I would recommend
introducing bends in the accordion tubing to eliminate noise traveling from the mist maker to the tube.
Leaks should also be prevented by creating a specific housing for the water, which can be large enough
to hold the buoy for the ultrasonic mister (my tub was too small for this!). This entire mist generating
system is due for a redesign.
In the final exhibit, a computer should be replaced with either a MIDI Arduino shield, or other
alternative to software. A MIDI shield for Arduino should be as straight forward (and as cheap) as its
DMX counterpart in programming, and code should be written so that MIDI faders directly change DMX
values sent to the LED bar. The Arduino code should also be adapted so that MIDI faders directly control
the servos without communicating in DMX signals. The DMX Shield for Arduino can be turned into a
transmitter by changing the jumper cable on the top of the circuit board.
The entire setup besides the keyboard should be behind a plastic screen or similar container, so that
museum patrons cannot touch the tube or misalign the optics. It would be helpful to black out the area
behind the tube so that the mist can be resolved easier. A cheaper MIDI keyboard can be used or
replaced if a patron happens to break that piece of the exhibit. This way the rest of the exhibit is safe
behind the plastic housing and cannot be altered. This will also solve issues resulting from ambient wind
currents in the museum.
Although the current design has operated for longer than 8 hours continuously, the new setup should be
tested for repeatability by leaving the mist generator on for the length of an entire day at the museum.
I would also consider finding an alternative to the MIDI faders, which tend to break easily if someone is
too rough with it.

Setup Instructions
1. Place the acrylic tube on top of the two wooden holding blocks. Make sure the surface is level
and the holes are pointing directly up. Next, place the aluminum acoustic reflector on the open
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end of the tube.

2. Couple the green accordion tubing to the acoustic reflector and duct tape the connection to
water seal the mist input. Find a position for the water tub where the green tubing does not
pull on the seal. Place the ultrasonic mister in the tub towards the opposite end of the green
tubing. Connect the red and black fan wires to the power supply.

3. Place the reflex port of the subwoofer (the 2” hole) up against the balloon (red) side of the tube
so that it is offset a couple millimeters away. Place the 2” mirror mount so that it is on the left
side of the tube and centered above the mist holes.
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4. Tape the Arduino on top of the subwoofer and connect the pan and tilt servos (blue to black,
red to red, and orange to yellow). Take the laser pointer mount and place it near the subwoofer
so that the 532nm beam is directed towards the 2” mirror. Place the LED bar behind the tube
and the keyboard in front of the tube.

5. This is a good point to start connecting wires and plugging in the various components. Plug in
the ultrasonic mister to the power strip LAST since it will start producing mist upon connection.
Connect the Arduino, Xpress 512 DMX Interface, and the MIDI keyboard to USB ports on the
computer. Plug the LED bar and the subwoofer to the power strip.
6. Clip the alligator connector to the side of the laser pointer housing (black aluminum), and the
red wire to the coil inside the laser pointer. Plug this into an outlet making sure to be aware of
where the beam is traveling.
7. Connect one DMX cable from the Xpress Interface to the LED bar “DMX in” port. Connect the
second DMX cable from the “DMX out” port of the LED bar to the DMX shield on the Arduino.
Make sure the LED bar is set to DMX channel 11 and the terminator is connected to the “DMX
out” port of the Arduino shield.
8. Turn on Chauvet ShowXpress and open the Live Tab window of the software (using the template
I have made). Make sure the DMX Interface mode is selected and is green.

9. Open FL Studio (using the template I have made) and turn the MIDI keyboard to channel 9 by
pressing “MIDI Chan” and using the scroll wheel to select the 9th channel. Press “MIDI Chan”
again to confirm the selection. At this point the MIDI should be able to control all the servos
with the faders. Place all of the faders to the zero position.
10. Alignment:
A) Move the laser pointer mount until centered on the 2” mirror. Secure the laser pointer down
to this position so that it is zeroed. You may need to adjust the set screws on the laser pointer.
B) Fill the tub with water an inch or so above the line indicated with duct tape and plug in the
mist maker.
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C) Turn on the power supply and set to around 12V. Wait for the mist to fill up the tube and exit
the holes. The mist should output directly towards the ceiling.
D) Use a hex driver to align the 2” mirror mount so that the laser beam is centered above all of
the mist holes and parallel to the tube. You may have to move the tube to find a good
alignment.
E) Move the rubber bands holding the servo mounted mirror so that the beam is hitting the
center of the 1” filter.
F) Move each of the faders all the way up, then all the way down slowly. If alignment is done
correctly this should bring Abbey’s Tube back to realignment when all the faders are at their
zero value. If the tube is not aligned, try moving the faders up and down again. If the tube is
still not aligned repeat steps A-E.
G) Play music from the auxiliary port of the subwoofer to see if the alignment is effective. You
may need to adjust the voltage of the power supply and the volume of the subwoofer to find
the “butter zone” for optimal mist patterns.
11. To configure the FL Studio frequency generator, select Toxic Biohazard (black arrow)and twist
knobs and faders to observe values in the red box change:

In order to get the correct values for a single frequency from the keyboard, turn off all the knobs
(by twisting left) except for the knob #1. Fader # 1 should be at the middle point to remove
left/right bias induced by the pan effect on the digital synthesizer. Next, adjust the volume so
that it is audible enough for patterns to emerge in the mist when a note is played on the
keyboard.
12. ENJOY!
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Cell Phone Magnification
Goal
The goal of the cell phone magnification prototype is to teach museum patrons about how modern
technology is evolving, specifically with regard to mobile devices including cell phones and tablets. The
prototype magnifies the digital screens to show the pixels in the screen, and multiple sample screens are
provided so the museum patron can compare the different technologies. Additionally, the museum
patrons can operate the prototype to examine their own devices.
It was desirable that the cell phone magnification prototype meet the follow conditions:
•
•
•
•

The prototype effectively teach about the differences between different generations of mobile
devices
The prototype use the “scope-on-a-rope” magnification system provided by the museum
The prototype not be a “black box”, or an exhibit where the mechanics of how it works are
hidden from the viewer
The prototype be simple enough to be operable by a child

Background
Mobile technology is a constantly evolving field, as well as a constantly growing field. According to a
survey by Pew Research Center, 91% of adult Americans own a cell phone [10], as well as 78% of minors
age 12-17 [11]. Cell phones were chosen to be the subject of this prototype because of these figures, as
they are a very familiar technology to the museum’s target audience.
There are several types of displays used in mobile devices. Today, the most commonly used
technologies usually fall under the categories of liquid crystal displays (LCD) or light-emitting diode (LED)
displays. With either technology, the display will still construct images out of pixels. Pixels are defined
as the smallest addressable element in a display device [12]. Pixels come in many shapes and sizes, but
most mobile devices today contain tri-color pixels that are too small to be seen with the naked eye. Tricolor pixels contain three “sub-pixels”, each of a different color, which are usually red, blue, and
green/yellow. The shape, size, and pattern of the pixels can vary wildly from device to device. However,
as a general trend, higher-quality displays will have smaller pixels than lower-quality displays, and older
displays will usually only contain square- or rectangular-shaped pixels. By using a magnification system,
these pixels, which are normally not visible, can be examined and compared with pixels of different
devices.
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Figure 2-1: Example of Different Pixel Displays [13][14]
The image on the left shows a close-up of an LCD pixel display, notably with uniform, rectangular sub-pixels that follow the
pattern red-green-blue. The image on the right shows a close-up of an OLED pixel display, which does not have uniform subpixels and follows the pattern red-green-blue-green.

Design 1

Figure 2-2: First Prototype Design

In the first prototype design illustrated in Figure 2-1, an example cell phone sits inside of a box
with the screen facing upwards. There is a hole in the top of the box above the screen where a 100X
microscope with A/V output (known as a “scope-on-a-rope”) is placed such that the lens of the scope
points towards the cell phone screen. The A/V output of the scope is connected to a video screen. The
dimensions of the box allow for the cell phone screen to be 12mm away from the scope lens, which is
the distance needed to produce a focused image. The image from the scope is displayed on the video
screen.
This initial design was successful in producing magnified images of cell phone screens. Because
the inside of the box was dark, the scope produced clear images of the phone screens even when on low
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brightness settings. However, the design does not allow for easy focusing of different device sizes, as it
is optimized for only one phone height. Additionally, unless the prototype is being viewed straight-on, it
has elements of a “black box”, which is an exhibit where the process of how the exhibit works is hidden
or unclear. Because the prototypes are intended to be clear teaching tools, it is undesirable for the
components to be hidden from the museum patrons.

Design 2

Figure 3-3: Second Prototype Design

In the second prototype design illustrated in Figure 2-2, the cell phone rests display-side-down
on a clear plastic disk, which is screwed into a threaded plastic cylinder. A knob on the disk allows it to
be moved up and down by rotation. At the bottom of the cylinder is the microscope, which rests in
protective foam or similar padding and is connected to a video screen as in Figure 2-1. To operate the
prototype, the cell phone screen must be brought into focus by rotating the disk up or down.
This design fixes the two main problems of the first design. The museum patron has control
over the focusing of the screen and can easily focus devices of any height. Also, the cylinder is clear to
allow all sections of the prototype to be visible from all angles, which clearly shows how the prototype
works. However, because the scope is now exposed, the phone screen must have a certain brightness in
order to be clearly visible amongst the ambient lighting.
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Figure 2-4: Finished Prototype Design

The finished prototype delivered to RMSC, shown in Figure 2-4, is a scaled-down version of the
design in Figure 3. The prototype is constructed out of an empty plastic container with a screw top. The
screw top has a hole cut in it that allows the screen to be visible to the scope below. The scope is
padded with plastic bags.
Testing this design at RMSC found that while the rotation method of focus is simple, it is
somewhat difficult to achieve a perfect focus quickly because the screen is spinning throughout the
focusing, and the slow response time of the sensor in the scope causes the image to become blurry any
time the object moves. This is a limitation of the sensor, so a final exhibit would definitely benefit from
a higher quality sensor. Overall, the prototype benefits from being simple and also interactive, as any
museum patron can examine their own mobile device with the scope and compare it to the example
devices.

Risk Assessment
When constructed properly, the final exhibit from this prototype should have few risks associated with
it. The scope will be housed such that it should not be accessible by the museum patrons, and therefore
the only factor determining the success of magnifying a screen is the focus. The final exhibit should be
scaled such that there is a long range (~5cm) over which the display can be rotated into focus. This
should allow for any device with a protective cover to still be focusable.
The museum will be providing sample devices for the museum patrons to experiment with. These
devices should vary in size and age to provide the most contrast between pixel displays. Additionally,
these devices should be somehow locked to the table to prevent theft, as well as constantly charging so
the screens remain lit and fully-powered.
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Commented [WHK9]: This is a key observation and suggest to
RMSC to find a better way to implement the focusing without
rotation – in principle this is not hard – like using an adjustable Zstage ; we could have tried that – but I was never asked for advice
on that point – we have lots of those kinds of mounts in the lab
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Recommendations for Improvement
The prototype would greatly improve with a higher-quality sensor. The “scope-on-a-rope” was used for
convenience, as it is a fully assembled magnifier with video output. However, as mentioned earlier, the
scope does not output a very high quality image to the video screen. This makes focusing on smaller
pixel displays difficult. Additionally, there is about a second of delay between moving the object and the
video image refocusing, which also makes focusing difficult. It would be better if the sensor had a faster
response time. Finally, many cell phones are bright enough on their default settings to saturate the
detector. The sample displays should either be set to low brightness settings, or a filter may be
necessary to reduce the amount of light on the sensor.
Mechanically, the rotation method of focusing is simple and precise, although the exhibit would benefit
from some kind of handle to make rotation easier. Also, the exhibit will ideally be scaled up so it is large
enough to handle tablets or other mobile devices much larger than cell phones.

Commented [WHK10]: Another key observation – and it looks
like they will have to spend a bit more on a better camera with a
faster refresh rate
Commented [WHK11]: Another key observation here – but
the ‘filter’ would really have to be adjustable. I suggested using
crossed polarizers….

Commented [WHK12]: Would have been nice to have
discussion about pixel resolution in real system – you made another
key observation that newest cell phones have tiny pixels and show
up as ‘white’ since the camera could not resolve them.
Perhaps real RMSC system should have a high magnification and
low magnification option
Commented [WHK13]: The customer really like the label copy
for this one !!
Commented [WHK14]: In the end this is a good result but not
enough effort was put into prototyping and documenting, leaving
RMSC with more work to do.
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Rochester Cloaking
1st Order Analysis
Focal Length and Thickness Requirements

Requirements
t1=(f1+f2)
t2=2f2(f1+f2)/(f1-f2)
OAL = 2t1 +t2 = 2f1(f1 + f2)/(f1 − f2)
f1 = (1± √ 2)f2

Object and Image Positions
Afocal system
Object at infinity
Lens 1 and 2 act like Keplerian beam expander
Collimated light travels between lens 2 and 3
Lens 3 and 4 act like Keplerian beam expander
Image at infinity
Total magnification 1

Aperture (F/# & NA)
Entrance pupil is the objective lens
F/# =f/EPD
NA=nsinθ=nsin(0)=0

FOV
Entrance pupil is the objective lens
F/# =f/EPD

Wavelength Region
Visible Light (~400-700nm)
Material Choice: BK7
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Entrance Pupil/Exit Pupil locations
Entrance pupil is the objective lens

3rd Order Analysis
Bending Factor

c1 and c2 is curvature of the first and second surface of a thin lens. Note minimum when c1=-c2

Conjugate Factor

Measure of object location with respect to lens.
Lens 1 conjugate factor = -1
Lens 2 conjugate factor = 1
Lens 3 conjugate factor = -1
Lens 4 conjugate factor = 1

G-Sums

Bentley Lens Design OPT244 Lecture 6
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Minimize spherical and coma through minimizing bending factor (c1=c2). On a side note, Joseph Choi
reduces aberrations by using achromatic doublets.

Joseph Choi System
Source: http://www.opticsinfobase.org/oe/fulltext.cfm?uri=oe-22-24-29465&id=304785
Joseph Choi’s current system
Achromatic doublets
Lenses 1 & 4: 200mm focal length, 50mm diameter achromatic doublets BK7, SF2
Lenses 2 & 3: 75mm focal length, 50mm diameter achromatic doublets SF11, BAF11
Off the shelf Thorlabs lenses with anti-reflection coating. Note: these are the largest off-shelf achromats
Thorlabs offers.
Object distance 2m from first surface. Image distance 3m from last surface.
Nominal wavelength (587.6nm)
Aberration values
Spherical: 10.4
Coma: -8.6
Astigmatism: 8.2
Petzval: 0.4
Distortion: -8.4
7.7% for -1.5 degrees of field angle
Most aberrations occurred at the last two achromats
No optimization used except achromats.
Optimize radius of curvature & airspaces to start.

Materials
Initial plan to optimize with custom lenses is not possible. Budget constraints dictate that we use offthe-shelf components. After comparing catalogue optics from Thorlabs and Edmund Optics, we decided
to use Thorlabs because it has cheaper prices for comparable spec optics. Note that although Edmund
Optics offers lenses with larger diameters, they are significantly more expensive. All optics chosen are
BK7 glass and have antireflection coating for wavelengths ranging from 350nm-750nm. Maximum
diameter for biconvex-singlets are 50.8mm, for plano-convex singlets is 75mm, and for achromats is
50.8mm.
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Notable comments from Joseph Choi’s paper include suggestions such as choosing a smaller total overall
length (OAL). This reduces edge effects and increases the range of angles. Because OAL is dependent on
focal length, it would be wise to choose the smallest focal length.
Both bi-convex and plano-convex lenses are tested in a set of 7 cases and 1 case of optimal achromats.
Biconvex lenses are chosen because according to G-sums, they have the optimal curvature to reduce
spherical aberration for a singlet. Plano convex lenses are chosen because they are the near-best-form
shape to collimate light from a point source and focus collimated light to back focus. Also, they have the
largest available maximum diameter, providing potential to create a larger system in height. They also
bend the ray gradually for collimated light. This suggests that for the first surface, they should provide
reduced aberrations. However, note that they do not minimize the bending factor in G-sums, suggesting
that they will have more spherical aberration.
Take note that, like in Joe Choi’s model, aperture sizes are not restricted to ensure no vignetting.
Please access Results.xlsx for case properties.

Case 1

100.00

CloakSinglets

Scale:

0.25

DK

MM

03-Mar-15

Object angle ranges from ±0.75 degrees.
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Case 2

119.05

CloakSinglets

Scale:

0.21

DK

MM

03-Mar-15

Object angle ranges from ±0.75 degrees.
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Case 3

125.00

CloakSinglets

Scale:

0.20

DK

MM

03-Mar-15

Object angle ranges from ±0.75 degrees.
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Case 4

100.00

CloakSinglets

Scale:

0.25

DK

MM

03-Mar-15

Object angle changed to ±0.3 degrees.
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Case 5

125.00

CloakSinglets

Scale:

0.20

DK

MM

04-Mar-15

Object angle ranges from ±0.3 degrees.
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Case 6

125.00

CloakSinglets

Scale:

0.20

DK

MM

04-Mar-15

Object angle ranges from ±0.3 degrees.
Edge rays deviate from ideal path too much. Need to reduce object angle. This makes this case
impractical.
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Case 7

138.89

CloakSinglets

Scale:

0.18

DK

MM

04-Mar-15

Object angle ranges from ±0.3 degrees.
Edge rays deviate from ideal path too much. Need to reduce object angle. Design may be impractical
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Case 8

125.00

Test

Scale:

0.20

DK

MM

04-Mar-15

Object angle ranges from ±1.5 degrees.

Conclusion
Referring to the table in results.xlsx, it is clear the two most prominent aberrations throughout all cases
(1-8) are axial color and spherical aberration. Achromatic doublets helps reduce both of these
aberrations. Under the conditions of a budget of $434.00 (not yet granted) this will be the optimal result
in terms of aberration.
After achromatic doublets, biconvex lenses (cases 1-3) appear to be the superior setup to plano-convex
lenses (cases 4-7). As expected by G-sums theory, biconvex lens setups have significantly lower spherical
aberration than their plano-convex lenses counterparts. Axial chromatic aberrations remains similar for
both. Biconvex lenses appear can operate under larger object angles. Judging by the criteria of the two
most prominent aberrations and operational object angles, it appears that biconvex lenses are the
optimal for sub $200 price range.
Also take note that in case 6 and 7, the edge rays do not go through the entire system. To avoid massive
amounts of vignetting at such a small object angle range, it is best to avoid such as system.
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Commented [WHK15]: This is a very complete design study
but took a long time to complete, therefore there was little time to
test the prototypes after the lenses were delivered. Also the
customer does not really know what to do with this information –
which is ok and expected.
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Taking Joseph Choi’s words of reducing overall length of the system, we should choose the smallest focal
length. This points us to the 60mm focal length biconvex lens and 150mm focal length biconvex lens
setup (case 1). To support his statement, case 1 has significantly less coma, tangential astigmatism, axial
color, and lateral color than cases 2 and 3. It does have a slightly larger spherical aberration, but in
almost all aberrations, it performs better.
Therefore, we decided to choose case 1 as our prototype lens.

Laboratory Setup
Setup is completed
Materials used:
2 – 150mm focal length lenses item # LB1374-A (
2 – 60mm focal length lenses item # LB1723-A
1m triangular bench optical rail
Class 3b 650nm Laser pointer
4 – 3 point mounts with mount posts.
1 – 3 point mount to hold laser
1 – Sliding mount to hold Waldo
1 mount to hold image point
7 base mounts
Lined graph paper as image
1 Waldo Cutout
Notes on material: Lenses were biconvex spherical singlets made from N-BK7 with AR coatings of 350700nm bought at the following link
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=4848
I did not use these mounts but they will help provide a better “invisibility” effect by reducing the mount
area around the edges. Item# LMR2(/M). Note that mount posts and mount bases need to be purchased
separately.
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=1433
Triangular bench optical rails of 1m can be found here at the following hyperlink. However, I’m having
difficulty finding proper base mounts to fit on these optical rails. They can also be found on ebay.
However, I have difficulty finding proper base mounts that fit with these optical rails on the internet.
http://www.ealingcatalog.com/opto-mechanics/breadboards-rails/optical-rails.html
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Diagram reused for clarity
Laser Alignment Process
Step 1: Align laser parallel to optical rail to image plane. Allow ±1mm vertical difference. Horizontally,
the laser should lie above the center of the optical rail. Mark laser point on wall or paper.
Step 2: Insert first optic on the rail. Prototype lens 1 & 4 have 150mm focal length (thinner lens) and lens
2 & 3 have 60mm focal length. For reference t1=210mm and t2=280mm.
Step 3: Align first optic to point to marked target and align back reflection to point back towards laser
(but not directly inside).
Step 4: Repeat process for next three lens
Notes on setup:
This system does not need to be laser aligned. Simply placing them at the same height
(minimum height for identical mounting posts, post holders, and mounting bases) and adjusting for tip
and tilt to make the lens perpendicular to the optical rail can provide satisfactory results.
Thicknesses between lenses were measured from the left side of the mounting bases.

Results
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Figure 3-1: Looking through optical axis with protruding tape ruler (invisible)
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Figure 3-2: Angled view of setup

Initial setup was laser aligned used circular 3 point mounts. Note that they block significant area around
the lens, reducing the effect of “invisibility.” Mounts were switched to minimize covered edges around
the vertical portion of the lenses and maximize the “invisibility” effect.

Figure 3-3: Looking through optical axis with protruding Waldo cutout (invisible)
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Figure 3-4: Horizontal view of setup with new mounts.

Recommendations for Improvement & Risk Assessment
Overall the system seems to have a large degree of flexibility in alignment. As long as the lenses are at
the same height, eyeballing the tilt of the lenses can create a satisfactory image. Laser alignment is not
necessary. This opens new possibilities to explore, such as the necessity of optical mounts and rails. A
potential step in the future to reduce costs and maximize visibility of the lens would be to make custom
mounts that minimized covering the area around the edges of the lenses.
Aberrations were not an issue in producing a satisfactory image. Quantifying the limit on “satisfactory”
image quality for lenses determines the scalability of the system. Because this “satisfactory” image
quality is determined in an arbitrary manner, it is difficult to find without testing larger systems with
more feedback.
Demonstrations were provided with lens unprotected. This worked well with an age group consisting of
adults. This may not translate to the RMSC targeted audience. A protecting case may be necessary to
prevent the system from misalignment and the lenses from getting blurry due to contact.
Making the system more appealing to a younger audience was not implemented. However, making a
simply game (similar to using the Bernoulli Effect to place balls through hoops) regarding the visible and
invisible regions of the system can be constructed. One idea is to place three targets, one in-between
each pair of lenses, and have children attempt to make all the targets invisible by pushing them in a
translational manner perpendicular to the optical axis.
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Attempts to scale the system should understand there will be a reduction in image quality. However,
good rules of thumb obtained from case studies are to use bi-convex lenses with the smallest focal
lengths as possible and the corresponding focal length to be as close to first order constraints of
Commented [WHK16]: Ok – this is good conclusion and good
advice for RMSC

(1+√2)f1.
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Schlieren Imaging System
1)
2)
3)
4)

Optical Design
First Order Analysis
Test Plan
Risk Assessment

The word Schlieren is derived from the German word schliere, or striae, and refers to the streak-like
appearance of fluid flow visualized through the system. Most commonly, Schlieren systems have been
applied to visualize diverse subjects such as striations in blown glass, inhalation in humans and animals,
shock waves from a plane in flight, and emanating heat from objects such as candles or hot water.
Schlieren Imaging emerges from Snell’s Law, 𝑛 sin 𝜃 = 𝑛 sin 𝜃 , which states that light propagates
slower upon entering a medium. If a media is homogeneous, such as in a vacuum or space, light travels
uniformly at a constant velocity. When encountering an inhomogeneous media, such as fluids in motion,
light rays refract from their continuous path, which results in this “schliere” [15].

Optical Design 1
Overview:
A point source will illuminate a spherical mirror and focus on a knife edge/color filter that is 2x the focal
distance from the mirror. An object that changes the density of the air around it (and in turn the index of
refraction of the air) will be placed in front of the mirror and captured using a Nikon DSLR Camera.

6”

Figure 4-1: Schematic of Optical Design
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Figure 4-2: Photographs of the Initial Prototype Setup

Commented [WHK17]: Video removed to reduce file size

Figure 4-3: Image Acquired from System

Test Plan / Validation
1. Set up the optical design with all acquired parts for the system on optical table. Is the system
aligned correctly? If so, does it produce the desired Schlieren effect?
2. Shake the table, adjust the mirror, move the knife-edge position. How far misaligned can the
prototype be and still work? This emulates excessive use by children that can cause
misalignment.
3. Insert different color filters to see the effect they have on the end video output. This is solely to
experiment with what the targeted age group like more: black and white vs. color results. Color
filters are not part of a “basic” Schlieren system.
4. Bring design to the Rochester Museum and Science Center for one or more of their “Science
Weekends” and Test with children and families and receive their feedback on black and white
versus color filters, potential objects to insert into the system that are safe yet fun, and how to
make the exhibit interactive.
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Commented [WHK18]: I still don’t understand why you are
talking about ‘color filters’ here
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Risk Assessment
1. While testing the prototype, I found that the system is critical to its alignment. The effect does
not work if the mirror is not the correct distance from the point source.
2. The mirror I was using for the prototype did indeed produce a Schlieren effect. However, when
trying to focus the light onto the razor blade I found that the mirror was very astigmatic off-axis.
This contributed to a larger spot size when trying to focus. Ideally we would like a perfect focus
on the edge.
3. Throughout the learning process of this design, I learned that the materials we were using were
“good enough” but had a lot of room for improvement. For example, the light source we were
using was a fiber optics cable attached to a pinhole. This allowed for the experiment to work but
I believe that is a green laser pointer (obviously a legal one) was to be focused with a lens and
then passed through a pinhole that the image quality would vastly improve. This would also add
color to the effect and work as an attention grabber for young kids (who doesn’t love colorful
things?!).
4. I also believe that using a flatter mirror with a longer focal length would improve the image
quality. It would also provide a larger working area for interaction with the exhibit.
5. At Design Day, I do not feel that the movement and commotion of passer-byers effected the
Schlieren Imaging that much. This could be due to the prototype nature of the system though.
Perhaps if the system were more precise, vibrations and excessive use might be critical.
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