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ABSTRACT
A micro-goniophotometer is a device that measures
gloss characteristics. Dr. Jon Arney, a retired professor from
the College of Imaging Science at Rochester Institute of
Technology, designed an inexpensive micro-goniophotometer
that allows more characteristics of gloss to be determined than
on currently available commercial models. The purpose of this
design project was to make advancements to the device in order
to allow for easier use mainly in the form of automation of
manual steps and a combined software program to control the
device and make measurement calculations. The result of this
project is an automated device that can be completely
controlled through software. Design, production, programming,
testing, and future paths for improvement will be discussed in
this paper.
INTRODUCTION
Gloss is a very important quality for products in this day
and age. A product’s reflectivity often creates a sense of beauty
and cleanliness that makes the product favorable over matte
finishes. However, what is the perfect gloss and how it can be
described have been questions that have never truly been
answered. Gloss is only 4% of the reflected light seen by the
eyes according to Fresnel’s law. To take a measurement a light
source and a detector must be used.
Current glossmeters measure gloss at single degrees of tilt
and different glossmeters will produce different numbers. The
issue lies in the fact that (θso) and (θde) are different for
glossmeter manufacturers. These angles determine the light that
is being captured by the detector. Another issue lies in the fact
that as one tilts the glossmeter through the possible incident
angles of the light, one will see differences in gloss readings.

This is due to the micro-facets or surface roughness of the
sample. The micro-goniophotometer resolves this issue.
The device measures reflectance of light in both the spatial
(micro) and angular (gonio) forms. By curving the sample over
a cylinder, both of these forms are able to be captured with the
same static setup. This allows measurement which results in a
curve of relative intensity of reflected light versus angle away
perpendicular, alpha. This curve is known as the Bidirectional
Reflectance Distribution Function or BRDF. Integration of the
BRDF results in an overall gloss characterization number. This
allows correlation between human perception of gloss and a
proper scale.
The initial iterations of this project, completed by previous
senior design teams, were focused on acquiring proper
measurements and commencing commercialization of the
project. The result was a smaller, more portable machine. The
downside was that the machine was very laborious to use,
having many user interventions to acquire data with an
incomplete Java program. The mission for our team is to
remove all user interventions and complete the Java program
that will create the necessary ease to take measurements
therefore allowing mass commercialization to become a reality.
NOMENCLATURE
Alpha (α): The angle of tilt of the sample with respect to a flat
surface. The sample is wrapped around a cylinder; therefore,
the range of alphas are 0°<alpha<180°.
Beta (β): Represents the distance from the origin as the sample
is scanned horizontally.
θso & θde: The angle between the perpendicular vector from
the sample plane and the source/detector.
Micro-facets: Surface roughness of the sample.
Specular light: Directional light that can be removed through
polarization. Specular light is the cause for gloss according to
Fresnel’s law.
Diffuse light: Scattered light that loses polarization from
reflection planes due to surface roughness.
BRDF: (Bi-directional reflectance function) A bell-shaped
curve that represents the intensity of light with varying alphas.
An integration of this curve leads to a value for gloss. It is
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important to note that the BRDF is a 3D curve that is averaged
out in the y-direction to create a 2D curve.
Micro-Goniophotometer: A device that utilizes measurements
from both the spatial resolution and angular resolution to
calculate an overall description of gloss.
OVERVIEW
Since there were several iterations of this project, our work
is based off the foundation of those that worked on it before.
This gave us more time to be able to automate the device. Our
team consists of three Mechanical Engineers and one Computer
Engineer. The roles of the Mechanical Engineers were to
develop physical methods for automating devices and decrease
user interventions. The devices included: sample holder,
camera lens zoom and focus, polarizing lens, and LED holder.
The main purpose for the Computer Engineer was to set up the
electrical system used to interface the hardware components
with the software and to develop a user-friendly program that
would allow communication between the hardware automatio n
and software user input.
DESIGN METHODOLOGY
The primary purpose for the Micro-goniophotometer is to
obtain quick, repeatable gloss values that correlate to human
eyesight at a fraction of the price. The primary objective of the
team is to design and build parts that will allow “one button
operation” and prevent multiple user interventions. The parts
are also designed for durability, easy replication, and setup for
mass commercialization.
Design Conception:
Polarizing Lens Automation
In order to ensure quick and reliable measurements, and to
increase the overall ease of use of the device, a design for
automating the adjustment of the polarizing lens in between
light and dark image captures was implemented. This design
would eliminate the possibility of human error when manually
switching the polarizing lenses, by ensuring that the lenses are
changed to the exact same position each time a measurement is
taken. After a number of designs were considered, it was settled
that the best option would be to keep the polarizing lens
housing already in place from the previous design teams, and to
simply implement a 100mm stroke linear actuator (mounted to
the wall of the device at the appropriate height so as to
minimize space taken up by the actuator) that would be
controlled by computer software and would be used to set the
lens into the correct position.
Sample Holder Creation
The sample holder was designed in order to provide support for
paper samples up to 14 pt and 8.5x11 paper size that allows for
clear vision of the sample by the camera as well as conforming
to the required cylindrical geometry. In order to avoid
interference with the camera while taking measurements the
sample holder was placed behind the cylinder and a spring
loaded design was used to hold the sample against the roller.
The whole assembly was placed on an aluminum block to raise
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it to the proper height with four adjustable screws on the
bottom of the block and two parallel tracks in order to keep the
holder in the proper direction at all times.

Figure 1: Sample Holder
LED Holder
A design that prevents manual intervention to alternate between
the red, green, and blue LEDS was required. The initial
concepts were to utilize motors to switch between colors;
however, after further concept generation a fixed holder that
contained one multicolor LED’s was found to be a more
durable design.

Figure 2: LED Holder
Light Bar Polarizer Supports
The previous design iteration used pieces of tape in order to
hold the light bar polarizer in the correct position. This design
led to problems in keeping the polarizer flush and parallel to the
light bar. Two supports were developed that would be placed
on either side of the light bar and, in conjunction with the use
of magnets to hold the polarizer, would ensure that the polarizer
stays flush and parallel to the light bar. The material chosen for
the supports was steel because the supports needed to be
magnetic.
Camera Automation
The camera has three different functions that needed to be
automated in order to eliminate manual interaction and increase
ease of use: F-Stop, Zoom and Focus. These three functions
were automated through machining gears in order to fit around
the outer diameter of the camera and splitting them in half
allowing the distance of the slot cutter used to split the gears,
approximately 40 thousands of an inch, to be used to effectively
decrease the diameter of the gear and hold the camera by
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pinching the two halves together with screws through the gear
teeth. Once the gears were assembled onto the camera motors
were able to be mounted with pinion gears and linked to a
microcontroller that can be controlled by computer. All three
of these camera functions can now be effectively controlled by
computer software and previous manual controls that were
guessing at position when taking measurements can now be
controlled to one twenty fifth of a degree and repeated easily,
instantaneously with accuracy.
Manufacturing:
Polarizing Lens Automation
The 3-axis Bridgeport mill in RIT’s machine shop was used to
develop the positioning block, which would be mounted to the
wall of the device and then have the actuator mounted to its top.
The part was made from stock aluminum and was milled down
to the appropriate 3”x1”x1” size, and then the 8-32 thread, ¾”
length screw holes were drilled and tapped.
Sample Holder Creation
A ban saw was first used to cut raw material aluminum stock to
size. The 3-axis Bridgeport mill at RIT’s machine shop was
then used to size and make all necessary holes and counter
bores. A roughing end mill was then used to take the initially
one inch thick material down to size, between 0.5 and 0.6
inches depending on the part. The holes were then hand tap ped
with the specified thread (4-40 or ¼-20). The burrs and rough
edges were taken down with a fine metal file. Two of the
sample holder parts needed lathe work to take the cylinder
down to size and the cylinder holder to accept the cylinder.
These were accomplished on the RIT LeBlond engine lathes.
The cylinder, in order to hold cylindricity to 0.0005 inches, was
performed by shop staff using floating centers. The cylinder
holder was first taken down to size using the mill and then
drilled out on the lathe and split using a splitting tool on the
mill. This allowed both cylinder holders to have the exact same
cylindrical surface (accurate to .001 inches). The tracks of the
stand block were completed on the mill after holding the stock
to size using a ban saw and mill. The parts were then
assembled using the two different sized Allen wrenches
associated with the two different screw types.
LED Holder
The ban saw and 3-axis Bridgeport mill at RIT’s machine shop
were utilized to develop this part. The part was made from
aluminum which was initially cut to decrease size using the ban
saw. The block was then squared and the internal shape of the
part was drilled. The tolerance on the part is approximately
.001 in. The counterbore on the back allows the insertion of the
fiberoptic cable while never being allowed to hit the LED, even
on accident. The six positioned 4-40 threaded holes allow for
direct mounting of the LED.
Camera Automation
Two different gears were used in this project the gears on the
camera, denoted by gears, and the gears attached to the motors,
denoted by pinion gears. The gears were first faced on the lathe
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using soft jaws, in order to hold the gear teeth without incurring
damage. Then they were drilled out to a rough dimension listed
on the drawing.
Next they were placed in the mill
perpendicularly and the screw hole were drilled, counter bored
and hand tapped. Next the gears were split on the lathe using a
splitting tool 0.040 inches thick, the distance between two
teeth. Then 0.040 inch spacers were created in order to hold
the gears circular shape and reassembled, placed in the lathe
and bored to the camera diameter within 0.001 inches on the
diameter. This allowed the circularity of the gears to be held
within the accuracy of the lathe.

Figure 3: Completed Gear
Software and Hardware Development:
The most significant areas of improvement that were
pointed out from the previous iteration of the micro goniophotometer were usability, the number of procedural
steps, automation of moving parts, and software integration. In
order to resolve these issues, an inductive approach to the most
optimal solution was conceptualized.
Hardware Design Concept
Before jumping into software development, it was important to
identify the type of platform system and hardware components
that would be needed to enable automation in the micro goniophotometer. Four moving parts were identified within the
device: the rotating zoom, the rotating focus, the rotating f-stop,
and the sliding motion of the polarizing lens. The most
practical way of automating the rotating adjustments was with a
servo motor and gear setup attached to the camera, as depicted
in Figure 8. Servo motors offer 180° of range of motion and
very fine resolution of motion-- precisely what was needed for
adjusting the parameters of the camera. A linear actuator was
suitable to automate the sliding motion of the polarizing lens.
In addition, the switching of the light sources between red,
green, and blue needed to be programmable. A microcontroller
would ideally control the function of the LEDs and provide the
interface between the software program and the motors. With a
microcontroller, the program would be able to send signals that
would tell the motor to rotate a desired amount according to
what the user specified. Through research, a microcontroller
was found that would not only provide a complete software
library to control up to 8 servo motors or linear actuators
through a USB connection but would also be completely
compatible with the Java environment already set up for the
program. The PhidgetAdvancedServo 8-Motor by Phidgets,
Inc. was the microcontroller of choice. Furthermore, the
company produces servo motors and linear actuators that are
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designed to work with the microcontroller, so those motors
were put to use in the device as well.
The PhidgetAdvancedServo 8-Motor servo controller
features eight individual ports for controlling servo devices.
Each port contains three individual pins corresponding to
ground, power (5 Volts), and a pulse-modulated signal (PWM)
with a peak of 5 V. The servos and linear actuators provided
by Phidgets, Inc. also contain these respective connections and
are intended to individually link to each of these ports. The
servo motor is featured as the Hitec HS-322HD Standard
Deluxe Servo and the linear actuator as Linear Actuator L12100-100-06-R.
The first three ports of the microcontroller would be
reserved for the servo motors controlling the zoom, focus, and
f-stop adjustment of the camera. The fourth port would be used
for the linear actuator, which would slide open and close the
polarizing lens. The next three ports would be used for
controlling each individual LED. The pin that outputs a PWM
signal is crucial for controlling the programmability of the
LED. According to the specifications of the microcontroller, a
port that is disengaged by the software will produce no current
or voltage for that port. This would represent an LED that is
off. On the other hand, an active port will produce a square
wave with an 11% duty cycle at 5 V peak. This square wave
would essentially be enough to allow the LED to flicker at a
frequency higher than the camera’s shutter speed, which would
give the illusion of an LED that is turned on. So, by
introducing a supplementary circuit for the LED and using the
PWM signal of a port on the microcontroller as its source of
power, the device will be able to program when to turn on/off
the LED.
Because the LED is powered by a PWM signal, the
light produced appears dimmer than it would with a DC signal.
So to increase light intensity, the supplementary circuit
connected to the LED contains a PWM-to-DC signal converter
and an amplifier using a 741 op-amp. The op-amp requires ±20
of supply power, but the system only currently has 12 V
available, so at the time of this writing there is an external 20 V
power adapter attached to the device. . A polarity inverter
circuit using a 555 IC timer was also included in the
supplementary circuit to provide a -12 V source. Figure [4]
contains the wiring schematic of the supplementary circuit for
the LED.
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Figure 4: A 3-stage supplementary circuit for the LEDs .
From left to right: +20V polarity inverter, low pass filter for
PWM-to-DC conversion, and an inverting amplifier.
The camera and imaging board used for the device is
the same one used in the previous project: Hitachi KP-M2RN
analog Monochrome CCD Camera and PIXCI SV5,
respectively. In addition the power supply was reused from the
previous design: the CFM4OD-01 Cincon 5V/12VDC linear
and switching power supply. This power supply provides 25
W, 5V / 5A output 1 and 12V / 2.5A output 2. It is 80%
efficient, and generates about 0.0284 BTU/min. The 12V
output of the power supply was directly connected to the input
supply of the microcontroller to reduce wiring and to share the
same source of ground for the supplementary circuit and the
microcontroller.

Figure 5: System diagram of electrical components. Red,
green, and blue lines correspond to the red, green, blue
signal lines of the LEDs. The other colored lines represent
signal lines for the motors.
Software Design Concept
The software system design began with the decision to reuse
the ImageJ plug-in that was programmed in the previous
version of the device because of the many advantages it had to
offer. The plug-in was easy to understand and translated the
original MathCAD code very efficiently, so there was not a
need to eliminate it. In addition, working with ImageJ implied
use of the Java environment, which is generally known to be
easier to build complex graphical user interfaces (GUI).
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Finally, the use of Java allowed for straightforward
communication to a microcontroller for use in automating the
mechanical parts.
Although the original ImageJ plug-in had plenty of
useful source code to reuse, the actual execution of the program
proved to be quite non-user-friendly, and therefore needed
much improvement. The original plug-in appeared to the user
as a single frame window with several text-fields corresponding
to the various inputs of the micro-goniophotometer. There
were no instructions included in the program to describe how
input values were decided; the plug-in simply assumed that the
user was adept in the operation of the device. In order to
mitigate the former issues of usability, a “setup wizard”
interaction design was considered instead. With the plug -in
designed as a setup wizard, the users would be able to walk
through each step of the analysis procedure with clearly written
instructions and figures to guide them along the way.
Software Implementation
Implementation for the setup wizard plug-in began with the
creation of a Unified Modeling Language (UML) diagram that
would describe the classes and design patterns needed to build
the program. Several design patterns were adapted in order to
ensure that the plug-in was modular, extendible, flexible, and
scalable for future use. The State pattern is a software design
pattern that allows an object to alter its behavior when its
internal content changes. It was used in the plug-in to control
the changes in the GUI each time the user stepped through to
the next procedure. Essentially, the plug-in is represented by
one floating window, however its internal contents changes as
the user navigates forward or back with the use of buttons. The
Strategy pattern is a design pattern that defines a family of
algorithms,
encapsulates
them,
and
makes
them
interchangeable to the program. This design pattern was used
to encapsulate Dr. Arney’s gloss measuring algorithm as one
class and grant the option to choose among several other
algorithms that may be developed in the future to ensure
extendibility. The Factory Method is a design pattern that
defines an interface for creating an object, but allows
subclasses to decide how to instantiate it. This pattern was
useful in allowing a way of “building” the type of output that
was desired by the user. For example, a Factory Method was
created for retrieving the Flat Field curve and also for the Noise
Margin. In order to create an output for the BRDF curve, these
intermediate values are required, however the user may also
choose to output those intermediate values as its own report.
After the completion of the UML diagram and
decision of design patterns to be used, the code was written
using the Eclipse Software Development Kit (SDK). A tutorial
was found on the internet that helped the programmer install
the ImageJ environment for use on testing new plug -ins [2].
Preliminary sketches of the GUI were made using Adobe
Illustrator in order to guide the programmer in the design of the
plug-in (Figure 6). A plug-in called Jigloo was installed in the
Eclipse SDK in order to simplify the layout and construction of
the GUI components for the end product [3].
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Figure 6: Concept sketch of plug-in GUI for device
calibration using Adobe Illustrator.
Two external software libraries were included in the
final product that were necessary for communication between
the microcontroller and camera’s imaging board.
The
Phidget21.jar library was the software package provided
by the manufacturer of the microcontroller and written in Java
that allowed the plug-in to communicate with the motors.
Sending a signal to rotate a motor was just a matter of
establishing a connection through an AdvancedServoPhidget
object and then using one of the numerously documented
functions to perform the manipulations [4]. For example, to
adjust the position of a motor connected on a specified port,
this line would be executed:
advServo.setPosition(port, position);
The XCLIBWNT.dll library was the other software
library needed to access functionality from the camera and was
provided by the PICXI imaging board’s manufacturer Epix,
Inc. With this library, features such as displaying a live video
feed, capturing images, retrieving exposure and gain, and
adjusting contrast/brightness were all made accessible through
software. However, the library was intended for use in C++, so
additional modifications to the plug-in was needed to allow
communication between the Java virtual machine and native
(C++) code. The Java Native Interface (JNI) was introduced to
the plug-in in order to enable that interoperability. With JNI, a
Java object would act as an interpreter which would ask the
imaging board to perform a specific function of the camera at
any desired time. The necessary functions to interact with the
imaging board and camera were first written in C++ using the
library provided by XCLIBWNT.dll and was compiled as a
dynamic-link library (DLL) named LiveFeedNative.dll.
Then, the interpreting Java class, named LiveFeedNative.java
was written which used special systems calls to locate the DLL
that was created and use its native functions. For more
information on usage of JNI, refer to Chapter 5 of Oracle’s
Advanced Programming for the Java 2 Platform [9].
The final product of the plug-in made use of seven
main packages which categorized code into families:
Algorithms, Automation, File Filters, GUI, Interoperability,
Persistence, and Utilities. The Algorithms package contained
code specific to the gloss measuring algorithms used in the

Copyright © 2011 Rochester Institute of Technology

Page 6

Proceedings of the Multi-Disciplinary Engineering Design Conference
plug-in, such as Dr. Arney’s algorithm for finding the BRDF
curve. The Automation package contained classes that would
send signals to the microcontroller or imaging board to perform
a task, such as capturing a sample. The File Filters package
was responsible for displaying only relevant image or
configuration files during open/save browsing operations. The
GUI package contained all of the classes necessary to produce
the graphical user interface for the plug-in. The Interoperability
package contained the necessary code that would translate the
C++ software library used by the imaging board into practical
Java functions. The Persistence package was responsible for
providing a means of saving/opening metadata used during
device calibration within an XML file so that future repeated
analyses may take place. Finally, the Utilities package
contained classes designed to aid in the functions and
operations of other classes.

Demonstrate Feasibility and Design Verification:
Stage I
The primary risk that would cause our designs to fail
was improper meshing of parts from our new design to those of
the previous design. After initial concept design and selection, a
full scale CAD model was designed in Solidworks.
Measurements were completed to .001 inches of tolerance on
the previous design of the Micro-goniophotometer. The
following figure shows the complete system to be created.

Figure 9: Top View of Micro-goniophotometer

Figure 73: Device calibration setup screen.
Software Validation of Algorithm:
In order to verify that the results of the program’s
algorithm correlated perfectly to the results produced by the
original MathCAD code, a close inspection was conducted.
Two images, one of a bright capture and one of a dark capture,
were collected, which would be used to run both versions of the
algorithm. By entering identical values of f-stop, field of view,
cylinder diameter, pixel normal, and reference reflectance into
both programs, the experiment was structured so that validation
would be confirmed when the results matched. The experiment
was conducted and the results revealed exact numerical and
graphical matches of data. Figure 8 shows the comparison
between MathCAD and the program run from ImageJ.

Figure 4: Final Product
Stage II
After feasibility of hardware design was completed,
calculations were done to see the power required to turn the
camera, the stress applied to the gears, the possible backlash
due to misalignment of gears, and the angle required for the
LED holder.
Required Torque:

Figure 8: Feature vector comparison between MathCAD
results and ImageJ program. The results are an exact
match.
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Figure 51: Free body diagram on gears
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TESTING THE FINAL DESIGN
Derived Torque Equation:
(1)
An initial test was completed by tying weights to the zoom,
focus, and f stop of the camera to find how much force was
required to rotate the fixture. The result was F2 =0.55 lbf.
Applying this and the radius measurements from the camera,
R1 =.75 in, R2 =0.946 in, R3 =2.25 in, to the derived equation it
was found that T1 =.173 in-lbf is needed. The torque provided
by the chosen servo is 2.604 in-lbf.
Backlash:
Backlash is the clearance between two meshed
components which can cause a loss in motion when rotation is
reversed. The maximal backlash needs to be found in order to
rotate the camera accurately.
(2)
( )
Where Δc represents the difference in pitch between
ideal and the actual, theta represents the rotation angle of
backlash, and phi represents the pressure angle of the gear,
from calculation we find that to have 1 degree of backlash the
pitch needed to be offset by 0.0759 in. Since our tolerance is
well below that (~.0001 in) we find backlash to be negligible.
Development Procedures

Figure (14): Test Plan
CALIBRATION
Before beginning testing we needed to find two very
important correlations; field of view vs zoom vs focus and pixel
value to intensity. The field of view was correlated by
measuring the size of the picture seen by the camera through
the use of a ruler. As the focus and zoom were adjusted, a nonlinear correlation appeared which was graphed in MATLAB
and an approximate curve was fit to the data (Figure 13).
Change in Field of View vs Zoom and Focus

Field of View (in)

2
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1
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0
0
140

50
130
100
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Figure (15): Traceability Matrix

110
200

100

Focus (deg)

Figure 13: Curve Fit of Zoom, Focus, FOV Data
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and thus should be the primary focus of future senior design
teams.

Figure (16): BRDF, Feature vector, Noise and Flat Field
Outputs
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Figure (17): MSA Results
The above four figures show the test plan, program output, test
results as well as MSA results. The program outputs in Figure
(16) show the BRDF as discussed earlier. The MSA shows two
runs, the first run was with greatly varying samples including a
matte copy paper sample. The measurement location and field
of view were not specified for the first MSA but were for the
second. This change shows reproducibility error decreases by
25%. The only error that is not within specification is for peak
height and this can be attributed to the fact that the second two
samples were very close in gloss visually and therefore similar
peak height. Overall the device can determine between to
samples of seemly equal gloss to the human eye with fewer
than 13% error and a resolution of 12 distinct categories as seen
in Figure (17).
FUTURE WORK
The capability for auto zoom and automated sample loading
should be added into the program to truly allow for one button
operation. The current supplementary LED board is
implemented on a bread board and needs to be soldered in order
to become more permanent.
The LED holder needs a
permanent container to stop light from leaking into the sample
area. The size of the entire machine can be reduced greatly if
sample sizes are addressed. A hand held device is very possible

Project P11541

