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Abstract

Less-than-lethal tools are an important selection of equipment for law enforcement
officers as it reduces the risk of physical intervention for both the user and the target. While
these tools are labeled as less-than-lethal, this classification does not mean that the
equipment lacks the ability to cause injury. One such piece of equipment in this category
is known as a flashbang. This equipment is explosive-based and as such, comes with the
risks that are associated with handling and using explosives.

The aim of this thesis is to produce a product that could serve as an alternative to
flashbang devices that is based on LEDs rather than explosives. Two prototype devices
were manufactured for this thesis for this purpose.

The first prototype served as a proof of concept that high-power LEDs could be
used to fulfil the requirements set. As a proof of concept, the design of the device was
intended to be simple, so the shape of a cube was utilized. Several ideas for the shell of the
device were tested with this iteration of the prototype. While the individual parts of the
design were simple, assembly of the device proved to be overly difficult and reduced usable
interior space.

For the second prototype, a greater emphasis was placed on the device of the frame
to maximize the manufacturability and functionality. These changes led to a design that
was sturdier and easier to assembly than the first prototype. The number of LEDs was
greatly increased as well to maximize the visual effect of the device.

The second prototype achieved all goals set for the this and serves as a nearly ready

example for further testing to before being production ready.
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Chapter 1 Introduction

Police and military have, at times, extremely dangerous jobs and are required to
engage armed assailants at close range, with the possibility of innocent bystanders within
the immediate vicinity. To decrease the chance of injury to themselves and bystanders, they
take advantage of less-than-lethal tools that effect the ability of targets to be able to retaliate
effectively.

Once such device known as a flashbang or stun grenade has been utilized by both
law enforcement and military. This device creates a bright flash and a concussive blast that
disorients targets but can have unintended consequences. One example of a stun grenade
is known as the M84. The device is 1.73 inches in diameter, 5.25 inches in length, weighs
13.2 ounces, and carries a payload of a magnesium and ammonium mix. The explosive mix
is ignited to produce the desired flash and concussive effects, but in the process can ignite

other flammable materials nearby [1].

Figure 1.1: Image of a M8#lashband?2].
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For example, the Minneapolis police force has had several incidents involving the
use of flashbangs resulting in injuries or death [3]. Stun grenades caused fires to start during
raids conducted by the Minneapolis police force in 1989 and in 2000, with the former
resulting in the death of two elderly people. Another incident in 2010 caused third and
fourth degree burns to a woman’s legs during a raid that resulted in nothing illegal being
found on the property. Even with the prospect of injury, it has become common for police
forces to employ stun grenades during raids to gain the initiative in entering a room. The
police force in Little Rock, Arkansas employed flashbangs on 112 occasions between 2011
and 2013 which amounts to 84% of raids conducted in that time frame [4].

There has been recognition that early type of stun grenades came with too much
risk as a less-than-lethal device and there have been efforts to produce safer alternatives.
The MK 20 MOD 0 Improved Flash Bang Grenade was one of the improvements produced
with higher safety in mind. The MK 20 aims to improve safety by ejecting a metal powder
and igniting the ejected powder that results in a longer burn time [5]. This method of
producing the desired effects reduces the overpressure produced near the device that could
cause injury and results in fewer secondary high-velocity fragments. The powdered metal
fill is non-explosive when not dispersed in the air reducing the amount of active explosive
contained in the device making it safer for storage and shipping. This method of burning a
plume of metal powder does result in a larger fireball which could increase the probability
of starting fires and burning both the users and targets of the device [6].

With that in mind, the purpose of this project was to design an alternative to

traditional stun grenades based on burning a flammable material that could provide a
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similar function of distracting and disorienting targets in a similar type of throwable form

factor.
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Chapter 2 Design Objectives and Requirements
2.1Purpose of Device

The primary purpose of the Tactical Light Device (TLD) is to serve as a safer
alternative to stun grenades in providing a distraction and disorientation effect to a target’s
visual senses. The TLD will be a LED-based system instead of the traditional explosive
based stun grenades so that it can be used near-zero risk of causing a fire, burns to the user
or target, and other risks associated with handling explosive materials. This will allow for
the TLD to be used in a large range of environments as the only interaction with the
environment is the shell of the device itself, and the light output from the LEDs. To ensure
the TLD is usable in as many environments as possible, the housing should be resistance
to water incursion. Using a LED based system will allow for other features that a traditional
device of this sort has not employed. The TLD will allow the user of the device to be within
the active area of the effect of the device while experiencing minimal influence from the
device itself by limiting band that light is emitted. Another benefit with using LEDs for the
light output is that the device will be battery powered making it rechargeable and reusable.
The size and weight of the device will allow it to be easily thrown one handed, comparable
to existing stun grenade solutions.
2.2 Expected Usage Environment

The environment that the TLD is expected to operate in will be in dimly lit rooms
or other low light situations when the device can be placed or thrown in close proximity to
the intended target. Use in environments with a bright background, such as outdoors during

a sunny day, will decrease the effectiveness of the LEDs. While the TLD will be water
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resistant, it will not be meant to be submerged and used under water for extended periods
of time.
2.3 General Design Concerns and Limitations

To achieve the desired distraction and disorientation effects, high intensity LEDs
will need to be utilized in the design which leads to safety concerns as the LEDs have the
capability to expose the user or target to continuous bright light. The IEC60825 safety
standard for maximum permissible exposure (MPE) was used to determine the maximum
allowed irradiance on the pupil for the duration of the blink reflex or aversion response,
approximately a quarter of a second [7]. The equation for MPE for an extended source at
the cornea for the wavelength range of 400 nm — 700 nm is shown below and the MPE

corresponding to the blink reflex time exposure is 25.46 W/m?.

. 7
660 pY ° — (2.1)

Other concerns related to the design of the TLD relate to the size of the device and
the heat generated by the LEDs during operation. Limiting the size of the device so it can
be easily thrown one-handed limits the amount of overall space available, making a
compact design of the components critical. To run high intensity LEDs for an extended
period of time, much of the internal space must be reserved for batteries. Extended use of
the LEDs would also generate enough heat that consideration is needed to draw heat away
from the LEDs so that they would not become thermally compromised.

2.4 General Design Choices

Early in the design process, it was decided that secondary optics would not be used

with the LEDs to reduce the complication of manufacturing and assembly, as well as reduce

the possibility that an impact could damage the optics and shift the output light distribution.
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The minimum engagement distance was set to one foot away from the TLD.
Beyond the minimum engagement distance, the irradiance produced should not exceed the
maximum permissible exposure level and one LED should be visible from any direction,
leaving no gaps in coverage.
2.5LED Color Selection

One of the benefits of implementing high power LEDs was the freedom to select a
specific wavelength band instead of the broad band white light generated through other
means. The primary benefit of this selection was that wavelength band of the utilized LED
could be matched to a filter blocking the same band that could be worn by the user of the
device. This creates the ability for the user to be present during the activation of the high
intensity LEDs while being protected from experiencing the negative effects.

Two colors were initially considered for the application, green and blue with blue
being the final choice. The spectral response, shown in Figure 2.1, of the eye peaks in the
green wavelengths so LEDs in that band would appear the brightest to the human eye.
While green would appear brighter to the human eye, it would also mean filtering the most
responsive part of the user’s color vision resulting in filters with low transparency.
Selecting a green LED also meant that the filter would ideally be a bandpass filter for
exactly the wavelength band of the LED which limited the filter options from existing,
commercially available light blocking safety glasses. Blue was considered over red as it
causes more eye strain and is difficult to focus on making the device harder to identify [8].
The filter selection for utilizing a blue LED allowed for the use of low pass filters as
blocking the ultraviolet band in addition to the blue would not have any negative

consequences on the effectiveness.
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Figure 2.1: Spectralresponse of theuman eye[9] .

2.5.1Filter Selection
The LED used to test the efficiency of the filters selected was the CREE MLE used
in the prototype cube design in the next section. The spectral distribution of the blue CREE

MLE (P/N: MLEBLU-A1-0000-000T01) can be seen in Figure 2.2.
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Figure 2.2: Spectratlistribution ofthe CREE MLEseries LEDsSpectrums of interest are

the blue and green ling30].



19

The two filters selected for testing were both from ThorLabs. The first was a 1” diameter,
500 nm cutoff long pass filter window (P/N: FEL0500) and a set of laser safety glasses
with the characteristics of a 532 nm cutoff long pass filter (P/N: LG3B). The transmission

graphs of these two products can be seen in Figure 2.4.

(b)
Figure 23: (a) Photograph of th&ELO0500 filter and (bPhotographof the LG3B lasel

safety glasses.
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Figure 24: Transmission of LG3Bjlasses and FELO500 filtdd1, 12]. Cutoff for the

LG3B glasses occurs at 532 nm and at 500nm for the FELO500 filter.

To measure the efficiency of the LED and filter matches, a simple test was
performed to measure the amount of light reaching a target. The setup is shown in

Figure 2.5.

Figure 25: Testsetup for testingfilter efficiency. A collection lens was used to focus light

from the LED down to a detector.
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Figure 26: Collectionlensfocusinglight ontodetector. The lens was placed in a location

that would focus the light to a small enough point to underfill the detector.

The setup consisted of the test LED, a 75 mm biconvex lens, and a simple amplified
silicon photodetector. The 75 mm lens was used to collect light from the LED and condense
it down onto the silicon photodetector. The detector was under-filled in the case that adding
the test filters between the lens and the sensor caused a shift or blur to the spot size on the
detector. Four measurements were recorded during the test; dark level, max reading with
LED on, reading with FELO500 filter, and reading with LG3B safety glasses.
Measurements were recorded using the mean reading from a Tektronics oscilloscope with
the LED powered with 2.95 V at 100 mA and the ThorLabs PDA36A sensor gain set at

20 dB. The results of these measurements is shown in Table 2.1.
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Table 2.1Filter Efficiency Test Data

Mean Voltage (V) |Corrected Voltage (V) |% Blocked
Dark Level 0.16 N/A N/A
LED Only 7.6 7.44 N/A
FELO500 0.68 0.52 93.01
LG3B 0.17 0.01 99.87

The measurements were recorded with the room as dark as possible. With this set
of data, the glasses achieve a near complete block of the light from the LED while the
FELO500 filter sits just slightly lower, allowing <7% of the original amount of light to
reach the detector.

The LG3B had higher efficiencies in both tests which is to be expected because the
LED selected has a spectral distribution that has appreciable wings that reach out just
beyond the 500 nm cut off of the other filter. The test shows that the filter selection is
appropriate for the LED selection as it nearly eliminated all light reaching the silicon
detector. This is also reflected in personal observations when the LG3B glasses are worn
as all the remains is an amber glow when looking directly at the LED component on the
board.
2.5.2Spectrum Tail Cutoff

The difference in efficiency does not come from the difference in ability to block
light in the designed regions of the filter, but rather from how far the filters blocked the tail
end of the LED’s spectrum.

A Vernier spectrometer was used to verify that the efficiency difference seen in the
first test was due to the tail end of the LED spectrum exceeding the cutoff point of the

FELO500 filter. Unlike the other test, a lens was not needed to collect light from the LED
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as the spectrometer had acceptable reading levels when placed far enough from the LED
to fit the filter elements. The input of the spectrometer was also the end of a fiber which
made anything other than overfill difficult to achieve because condensing the light made it
difficult to not oversaturate and harder to align.

The spectrums measured from the spectrometer verify what was expected from the
efficiency testing of the filters. The blue CREE LED has a spectrum which trails past the
cut off of the FEL0500 filter with the tail of the LED distribution approaching zero around
520 nm to 525 nm. The LG3B safety glasses with the 532 nm cut off block nearly all light

from the LED as shown in Figure 2.7.

0.1
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% 0.01 ——LG3B
1= FEL0500
g Base LED
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< 0.001
nd

00001 ‘///_\‘A /’,-

375 425 475 525 575
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Figure 2.7: Spectrunremains aftepassingthroughthe LG3B and FELO50filters. The
FELO500 filter has a cutoff point the does not block the tail of the LED spectrum leading

to a small range of the spectrum remaining unblocked.
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2.5.3 Filter Angular Dependency

During the efficiency testing of the two filters, a characteristic of the FEL0500 was
noticed that could be problematic. The FEL0500 filter’s efficiency displayed large angular
dependence on the incident light when testing it by eye. To characterize this angular
dependency, an experiment was established to test the transmission change at an angle.

Due to the odd shape and larger size of the LG3B glasses compared to the small
flat filter window, two different setups were required to test the angular dependency. The
large size of the glasses required the glasses to be placed out in front of the collection lens
while the smaller size of the FELO0500 filter required it to be behind the collection lens to

minimize clipping and light leaking past the filter to the detector. The two experiments are

shown in Figures 2.8 and 2.9 below.

Figure 2.8: Test setup for the angular dependency of the LG3B laser safety glasses.



Figure 2.9: Test setup for the angular dependency of the FELG&60
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Neither test was entirely accurate for testing the exact degree of angular

dependency as the glasses were rounded and uncollimated light was being used in both

cases, introducing inherent angle to the incident light. The test would show a working usage

of the two filter types which would showcase the angular dependency to verify what was

being seen by the eye. The results of these experiments are shown in Tables 2.2 and 2.3 for

the LG3B and FELO0500 filters, respectively.

Table 2.2: LG3B Angular Dependence Test Data

LG3B

Angle (Degree)|Mean Voltage (V) |Corrected Voltage (V) |% Blocked

Dark Level 0.156 N/A N/A

LED Only 3.69 3.534 N/A
0 0.165 0.009 99.75
10 0.164 0.008 99.77
20 0.167 0.011 99.69
30 0.166 0.01 99.72
40 0.168 0.012 99.66
50 0.162 0.006 99.83
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Table 2.3: FELO500 Angular Dependence Test Data

FELO500
Angle (Degree) |Mean Voltage (V) |Corrected Voltage (V) |% Blocked
Dark Level 0.163 N/A N/A
LED Only 8.04 7.877 N/A
0 0.70 0.537 93.18
10 0.80 0.637 91.91
20 1.20 1.037 86.84
30 2.42 2.257 71.35
40 3.67 3.507 55.48
50 5.10 4.937 37.32
100.00
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Figure 210: Graph of angular dependency data for the LG3B glasses and FELO0500 filter.
The efficiency of theG3B glasses showed no angular dependence while the efficiency of

the FELO50O0 filter had a strong dependence on angle.

As expected from qualitative observations, the LG3B glasses showed almost no
angular dependence for the light blocked, while the FEL0500 filter exhibited heavy angular
dependency in the efficiency the incident light was blocked from the LED. Transferring

this to how this filter would work if the FELO500 filter was scaled up to wearable size;
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looking at the device would result in most of the light being blocked by the filter but in
periphery would result in a large portion of the light passing through to the user, which is

likely detrimental to the overall efficacy of the device’s intended use and benefits.
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Chapter 3 Prototype One— Cube
3.1Initial Shape Considerations

For the first prototype design, the focus was on making a device that would be
simple to manufacture and relatively cheap to produce. Two shapes were considered for
the first prototype design, a cube and a dodecahedron. The initial Solidworks models of the
two shape profiles are shown in Figure 3.1. The design of the first series of prototypes was
done with the idea that there would be a plastic internal skeleton that would hold the array
of LEDs with a metal shell that would bolt over. Between the outer shell and inner skeleton,
1 in diameter acrylic windows would allow the light from the LEDs mounted on the internal
structure to escape. On either side of these windows, an O-ring would be placed between
the structure on the window to prevent water incursion. While this design type required
multiple layers of components, the components themselves could be simple in design or

off-the-shelf to fulfil the ease of manufacturing goal set at the beginning.
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(@) (b)

Figure 3.1: The two initial desigahapes were (a) the cube and (b) the dodecahe

(12-sided polyhedron)

The cube was chosen over the dodecahedron shape for several logistical reasons.
One of the problems with the dodecahedron shape was that the size of the window needed
to allow the full viewing angle of the LED escape led to little surface area being usable for
other features. As the window comprised most of the face, there was not enough area on
the surface to place openings for other necessary ports for features like the USB connection
to recharge the device or to place any type of trigger mechanism.

The other problem of the dodecahedron came from trying to manufacture the shell
with all the necessary features. The design called for an O-ring groove on the inside of the
metal shell but when the part was submitted for a manufacturing quote, those grooves were
a conflict area that could not be reproduced on the physical part due to limitations in the

manufacturing process. The model of the dodecahedron half shell is shown in Figure 3.2.
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The O-ring seat on the bottom of the shell has no highlighted issues while the seats in the

side of the shell are all highlighted as a conflict area.

Conflict Region

Figure 32: Image of ddecahedrornhalf shell conflict region. Image generated from

Protolabs Automated apte Service

Splitting the shell in half proved to be costly and complex to manufacture. The next
consideration for the shell was to split each side into a separate plate that would bolt to the
3D printed internal frame. While this solved the issue of being too complex to manufacture
to shell, it caused another set of issues. While the plates could easily bolt to the 3D printed
frame, it also meant that the plastic frame would have to bear the impact of being thrown.
Splitting the shell into individual plates for a 12-sided figure meant that trying to reinforce
the frame by having bolts connect opposite faces resulted in limited usable internal space.
While splitting the sides into individual plates proved to unusable for the dodecahedron,

an acceptable solution was obtained with the cube.
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3.2Concerns and Limitations- Cube

While the cube proved to be an acceptable design shape, the cube had issues that
needed to be addressed. The primary limitation of the cube type design was the limited
number of faces on to which the LEDs could be mounted. As all the LEDs were to be
mounted at a right angle to each other, there was a possibility that there could be gaps in
coverage in areas close to cube. It was important to retain the full viewing angle of the
LEDs so that the coverage would overlap before the 1’ minimum engagement distance.
The size of the cube was limited to be similar to that of a softball or baseball which have
diameters of 3.8” and 3”, respectively. The secondary limitation and concern were
attempting to maximize the usable internal space as the space inside would already be
limited by the design envelope of the device.
3.3Light Modeling of Cube
3.3.1LightTools

Modeling of the light distribution was performed in LightTools using spherical
detectors with radii of 1°, 6°, 11°, and 16°, centered on the cube model. The model was
placed on a perfectly absorbing plane to mimic the device being at rest on the floor and the
LED models were placed at the expected mounting depth inside of the windows in the
cube. The model in LightTools is shown in Figure 3.3 with the red background representing
the floor. The LED model used in LightTools was the CREE MLEBLU model provided
by CREE with the exitance set to 10.7 lumens, corresponding to the MLEBLU-A1-0000-

000TO1 that was used utilized in the working prototype of the cube.
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Figure 33: A nodel ofthe aibe insidahe LightToolsprogram

Figure 3.4 is a simplified 2D side view of how the detector arrangement in
LightTools. The circle outline represents the border made but the spherical detector placed
around the device. The figure only shows one layer but during the LightTools simulations,
all four distances of detectors were in place during the simulation. The red portion of the
graph represents area under the simulation floor. The dark blue lines coming from the sides
of the cube represent the viewing angle of the LEDs. As is shown in Figure 3.4, there are
areas that do not receive coverage from LEDs on any side of the device which is referred
to in the figure as a coverage gap. One of the requirements of the device is to be configured
so that there are no coverage gaps in the light distribution beyond the minimum distance
of 1’. As the light propagates away from the cube and narrows the coverage gap area,
another point of interest occurs where the coverage angles of two LEDs overlap to produce
an area of double coverage. These multi-coverage areas are of interest as the contribution
of multiple LEDs to a single location causes these areas to have higher irradiance values

than areas that only have contribution from a single LED. The multi-coverage areas are the
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regions that will define the maximum irradiance of the field and are the point of interest in

ensuring that the MPE is not exceeded.

Double LED Coverage

Coverage Gap

Single LED Coverage

Under Table

Figure 34: 2D representative figure of the LightTosimulation setup and the regions of

interest. Not to scale.

The resulting irradiance at the one-foot radius sphere is shown in Figure 3.5 while
the other radii spheres are viewable in Appendix A. Figure 3.5 shows the irradiance
flattened into a 2D plane while Figure 3.6 shows the same irradiance pattern, but the
coordinates are mapped to the points on the sphere. Flattening the spherical detector leads
to some distortion of the data points that can make the graphs difficult to decipher. The
center of the 2D graph is the point directly above the top of the cube while the top and

bottom edges corresponds to 2 of the sides of the cube. The top and bottom edge of the 2D
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graph are the two poles of the sphere and can be seen at the top of the sphere in the 3D

graph. The axis connecting the poles was placed at the center line of the cube in test rather

than at the artificial table level which leads to the cutoff not extending all the way to the

pole creating the ‘I’ shaped in 2D form as the data is flattened. The area corresponding to

0 W/m? is part of the sphere placed underneath floor. As there are so few LEDs, the circle

corresponding to the coverage created by individual LEDs can be clearly identified. The

areas of higher irradiance levels tend to correspond to areas where those coverages overlap

with the maximum produce at the locations where 3 LEDs are contributing to the irradiance

value. At the minimum engagement distance for the cube, the light levels are well below

the MPE level with the highest levels of irradiance around 1.2 W/m? and there are no areas

above the artificial cutoff without LED coverage.
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3D Cube Irradiance at 1 ft
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Figure 3.6: Irradiance pattern fromthe cubeest i ng on a tabl e at

sphere.

The same ray trace was repeated in LightTools except with a shell placed around
the cube with the same absorbing and thickness characteristics of the LG3B glasses. The

result of the ray trace is shown in Figure 3.7.



36

2D Extruded Octagon Irradiance at 1 ft
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Figure 3.7: 2D irradiance ofcube at 1ft wittthe simulated LG3Blter. Maximum value of

the scale set to 10% of the unfiltered results.

Note, the scale in Figure 3.7 is 10% of the maximum irradiance as depicted in
Figure 3.5. The filtered ray trace shows that the light was nearly extinguished, save a few
minor points which is likely limitations in the modeling algorithms. This corresponds well
with the results of the filter testing as the light throughput was reduced by at least 99% in
all tests of the LG3B glasses paired with the CREE MLEBLU series LED.
3.3.2Noise

As expected with computer modeling, there was some level of noise produced in
the ray tracing process. As a consequence of choosing a spherical detector scheme, the
noise of the emulations was concentrated on the poles of the spheres. As the program split

the elements of the sphere using angular divisions, there was a discrepancy in the surface
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area size of the detector. At either pole, the area of the divisions was smaller than the area

of divisions near the equator. An example of this type of division is shown in Figure 3.8.
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Figure 3.8: Division ofsphericalsurfacearea usingevenlyspacedangles[13].

This resulted in a single ray having a bigger impact on the total reading of a detector
element depending on the location where it was incident the detector sphere. Closer to the
poles, the discretized elements would produce noise as just a small difference in location
could shift the ray over several bins. This noise can be seen in the 2D representation from
Figure 3.5 shown in the previous section. In the 2D representation, the divisions are the

pole are stretched out along the top and bottom of the distribution creating noise along
those edges. Due to this stretching effect, the noise appears to be a larger issue in the
modeling as it appears the first and last 10° of the polar angle appear to be unstable and not
suitable for assessment. Shown in Figure 3.9 is a graph of irradiance values to the number
of data points which indicates that the number of extreme values from having the detector

sphere divided in the method used in the program does not lead to a large amount over
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exposed detector elements. Furthermore, since the data is a pattern, the noise on the fringes
of the data set can be ignored as similar areas can be referenced from a different location

in the pattern.

5 Irradiance Values vs. Data Points
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Figure 3.9 Graph of irradiance values to data poinfisr unfiltered results A
concern was noise in the high level regions but this graph indicates that the number of data
points that exceed the perceived maximum irradiance to be very small compared to the

number of overall data points.

3.4Mechanical Structure of Cube
3.4.1Shell

As mentioned during the elimination process of the dodecahedron, the design
philosophy for the cube was to have easily manufactured parts. This resulted in a three-
layer design that aimed to reduce the amount of complex parts that needed to be

manufactured.
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The shell was the first part of the structure that would need to be designed as it
would set the requirements for the size and features of the internals. The shell was designed
to be 6 pieces, one flat plate for each side. This division of the shell was used over several
other considered options. The first alternative was to split the cube in half straight through
the center but there was a possibility that by splitting the O-ring seat that would need to go
around the window, that the O-ring would not seal properly and result in leaks at the
window.

The second option was to split the cube in half but to do so along the edges to avoid
splitting any of the windows, each half with three walls of the cube. This option would half
worked well if more of the priority had been placed on the rigidity of the structure. This
design would have required the same bolting configuration that was used in the 6-piece
design to prevent that sides from slipping and to ensure even pressure was applied to the
windows. While the 6-piece design requires more individual parts, the parts could be
produced from the same sheet of metal instead of having to be machined from separate
billets. Each plate was made of 1/8” thick 6061 aluminum to keep the total overall weight
lower. Aluminum also avoids issues of corrosion while remaining easier to machine than
stainless steels keeping the cost of manufacturing low. To prevent water incursion into the
space between the shell and internal frame, a closed cell neoprene strip was placed between
the edges of the plates which would double as a measure to prevent the plates from sliding
out of place. The 6-piece design can be seen below with the cross bolt set up that was used

to bolt the plates around the internal structure.
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Figure 3.10Desi gn of t he c-hobbsystesn. shel |l and cro

Figure 3.11: Design of an individual plate. The locations of the bolt holes in the corners

change depending on which set the plate belongs to.
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The bolts were secured together using a coupling nut as shown in Figure 3.12.
Rather than having the coupler centered in the middle, the bolts were staggered in size so
that the coupler was shifted to one side. This was done so that a spacer could be placed
between the inside of the shell and the coupler, which would allow for the coupler to be
tightened over the smaller bolt. During assembly, the short bolts could be secured to the
plate and the long bolt could be place through the opposing plate and secured without
having to worry about the coupler spinning or the balance of threads from each bolt. By

using this system, all cross-bolt components utilized were off-the-shelf pieces.

Coupler Nut Spacer

Long Cross Bolt Short Cross Bolt

Figure 3.12:Design of therossbolt assembly.

3.4.2Internal Frame
The internal structure was 3D printed from nylon with 1/8” thick walls. The final

form of the internal structure can be seen in Figure 3.13.
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Figure 3.13: Internalframe of the cube design.

Because the bolts that crossed through the inside of the cube to support the plates
that made up the external shell, the resulting internal piece had an odd shape. While this
shape could have been difficult to manufacture using other means, 3D printing made the
odd structure viable. The shape could have been simplified by allowing the bolts to pass
through the structure but to allow this passthrough would increase the needed precision of
manufacturing and assembly. The holes created for the pass-through would ideally be water
tight which would have put tighter tolerances on the allowable plate shift relative to the
internal frame. By avoiding the link between the external shell and frame, the bolts and
plates could shift and flex more at the edges during an impact event without placing

unnecessary stress on the frame.
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One side of the internal piece was designed to have a removable cap to allow access
to the internal volume. The cap was friction fit to the internal body so that it would remain
in place during the assembly of the shell. After assembly, the clamping force of the shell

would keep the cap in place during use.

Figure 3.14:Internal frame of the cube design displaying the removable lid that allows

access to the internal space.

3.4.3Window
The internal frame held the slot for holding the window in place between the frame
and shell. The piece used as the window was an off-the-shelf, 1” diameter, 1/8” thick

acrylic window. A section view of the window structure is shown in Figure 3.15.
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Shell Plate Window Frame O-rings

Figure 3.15: Cross section view of the cube design window structure.

The surface of the window sat below the surface of the internal frame to prevent
the window and top O-ring from sliding after assembly. The depth of the window was set
to control the gap between the frame and shell. The O-rings were meant to compress up to
5% to leave approximately a 0.2 mm gap between the frame wall and the shell plate. Only
a small amount of compression was used as the strength of the 3D printed piece under
continuous pressure was a concern. The design of the seals is not meant to stop the
incursion of water under pressure such as being submerged for extended periods of time.
As such, only a small amount of compression would be needed to ensure the O-rings were

seated properly in the grooves and be in full contact with the window.

3.4.4PCB Securing Method

The PCB holding the LED was secured to the frame using a screw that ran through
the plate, frame, and extended into the internal compartment. The PCB holding the LED
contained a through hole that could be threaded over the screw and then was clamped in
place by adding a nut over the top. A slot was added to hold a nut in place that would
prevent the shell plate from shifting relative to the internal frame that could cause the

mounting screw to pivot in the frame. While the design of the internal frame had avoided
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being integrated with the cross bolts, the mounting screw was allowed to tie the shell to the
frame as it had multiple purposes. The mounting screw also doubled as a heat sink and
route for heat to be transferred to the shell from the LED during operation. A groove was
placed from the mounting screw to the window opening to assist in the correct placement

of the board. The mounting point is shown in Figures 3.16 and 3.17.

Mounting Point for PCB

Figure 3.16: Crosssection of cube witholRCB. The screw that passes through near

window is used as the mounting point for the PCB carrying the LED.
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Figure 3.17:Cross section of cube with P@BId in placeThe screw that the PORBounts

to doubles as a heat sink.

3.4.5USB and Key Design
The USB for recharging the device used an off-the-shelf (MUSB-K552-30)
ruggedized USB adapter mounted to the internal frame. A passthrough was drilled through

the external shell to allow access to the port without having to disassemble the shell.
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USB Adapter

Figure 3.18:Cross section view of cube with shell and internal frame with USB adapter in

place.

As the device was meant to be reusable, the trigger device would also need to be
reusable. A normal house key was used for the triggering device as it would be both
reusable and easily replaceable if broken or lost. A simple switch was placed inside of the
internal structure with a key shaped access port to allow for the key to be inserted to activate
the switch. The part of the key access built into the internal frame had a tolerance that
would allow for a friction fit between the sides of the key and the walls of the port to
prevent the key from slipping out of place. An O-ring would be fitted between the switch

and the inside of the frame to prevent water incursion. The shell piece over the port was
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dimensioned larger than the key port to allow for some mismatch in the manufacturing and

assembly process.

Shell

Key Slot

Switch

Figure 3.19:A SolidWorksmodelof thekeytrigger structure.

3.4.6Shell Change BeforeManufacturing

The original design for the 6-piece structure had chamfered edges so that all pieces
where the same except for the location of the bolt holes for the cross beams. This was
changed before the prototype was manufactured to make the sides more unique, so they
could be more easily identified during the assembly process. The plates were restructured
to have flat sides which resulted in the plates having a varying size and shape; two smaller
squares, two larger squares, and two rectangles. An assembly of those pieces without the
cross bolts is shown in Figure 3.20. The end of the larger squares and rectangles bolt over

the edges of the smaller squares with a piece of closed cell neoprene between end of the
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smaller square and the end of one of the other pieces. The larger square also meets with the

long side of the rectangular piece.

Figure 3.20: Redesigned shell pieces to replace the previously chamfered sides.
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3.00
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275 |

Figure 3.21: Comparison of the sizes of the new shell sides without chamfered edges.
Removal othe chamfered sides changed the method of how the plates would fit together

resulting the in plates needing to vary in size.

3.5As-Manufactured Result

The focus on making the design easy to manufacture with the space constraints led
to several difficulties during the assembly process. While ease of assembly was lacking,
the fit of the cube was qualitatively good and there was little shift from the ideal relative
positions of ports on the internal frame and the pass throughs on the shell.

A controller board and battery were not produced for the cube prototype, as such

the USB and switch designs were not assembled during the production of the prototype.
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All figures containing the as manufactured results will have a bundle of wires extending
out of the cap for the frame that were used to provide power to the LED boards.
3.5.1Shell

The shell fit was snug, but it was difficult to gauge the amount pressure being placed
on the window fittings during assembly resulting in a flush fit between the internal frame
and the exterior shell. The frame did not show any visible signs of stress from the addition

pressure of the fitment.

Figure 3.22:1mage of inside of constructed cube. The shell plates fit flush with the internal

frame.
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Figure 3.23: Areaaround the wndow showed no signs ofstressafter 3 months ofbeing

assembled

As expected during the design process, the plates were assembled with slight
amounts of shifting and rotating. The amount of shift did not result in any of the ports being
inaccessible as all the shell passthroughs were properly dimensioned large enough to allow
the movement. The passthroughs were designed to be centered and properly squared

relative to the port in the frame under the shell plate.
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Figure 3.24: A dight displacement ofhe shell passthrough witlirameport was left after

construction.

The design of the bolts holding the shell in place did provide some difficulty during
the assembly process. As the tie ins with the internal frame had been avoided, there was no
piece that served a guide when installing the bolts. This was not a problem during the
installation of the first two side pairs as there was space to reach in and adjust the position
manually. When installing the last side pair, the internals are completely sealed, and the
freely pivoting bolt made it difficult to align the bolt up with the coupling nut to secure the

final sides.
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Figure 3.25: During construction of the cube, it was very easy to misalign the long cross

bolt.

3.5.2Internal Frame

The internal frame did not suffer from any major issues from the 3D printing
process. The cap had a good fit to the body and the mounting screws were able to pass
through easily. The slot for the nut to hold the mounting screw in place fit well but the
friction fit was only maintained on some of the slots.

The only major issue with the frame was from a failure to consider the amount of
space needed to work on components mounted inside the frame. The opening into the frame
body provided by the cap was large enough to easily place the PCB boards on each of the
mounting screws but did not provide enough space to easily complete more intricate work.
Placing the second nut that would clamp down on the PCB had to be done through feel

alone and had to be threaded on properly using only a single finger. Had a controller board
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been outfitted as well as the USB and switch components, there may have not been enough
space to properly handle all of the components in the installation.

The fit with the PCB board installed did have some minor issues as well. The
groove for helping place the PCB at the correct angle was not deep enough to hold the PCB
in place while installing the nut that would clamp the board. The groove did work well as
an index once the clamping nut was close enough to force the board to be perpendicular to
the mounting screw. Once the board was clamped into place, the PCB fit well into the

intended position.

Figure 3.26: PCB inplace inthe assembleaube

3.5.3Window Structure

The fit of the window structure is difficult to verify as the O-ring seals are blocked
from view. While the frame and shell had a flush fit when assembled, it did not appear that
this extra pressure had an affect on the window structure. The window does appear to not

rock or shift when an attempt is made to alter its position.
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3.6 Conclusions for Cube Design

While the focus on making the design easy to manufacture led to simple parts and
allowed for the use of off-the-shelf components, it led to a difficult assembly procedure
and wasted interior space. While the exterior dimensions started out as a 3” edge length
cube, a 4 was used on every side for the shell plate and wall of the interior frame. After
considering the cross bolts needed to hold the frame together, the interior space had become
overly cramped with limited accessibility.

The use of a separate window clamped together with the frame and shell also
resulted in the LED mounted deep in the cube. While this did not affect the overall
performance of the cube as the window was large enough to accommodate the depth, it
resulted in a large amount of surface area used for the window. This inhibits the ability to
install additional LEDs to increase the light output from the device.

While the LEDs used for the cube prototype did not incur any heating issues during
the operation of the cube during testing, the cooling solution could limit the ability to
increase to higher output alternatives. At the highest output regions at the minimum
engagement distances, the light output was only at approximately 5% of the maximum
safety limit. By increasing the output levels of the LEDs, the effectiveness of the visual

distraction effect could be increased for brighter background uses.
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Chapter 4 Prototype Two — Extruded Octagon
4.1 Shape Choice

For the second iteration of the design, the pieces to be manufactured could be more
complex to improve on the capability of the device. While the pieces could have more
complexity, consideration for implementation into larger scale production were also
addressed. The LED for the design was changed to a higher power component as there was
plenty of room to increase the illumination levels but would also create more heat.

Prototype Two started with a redesign of the window structure to replace it with a
solution that was more compact, allowed the LED to mount closer to the surface of the
device, and allowed more LEDs to be mounted per face. The window redesign started with
the cube from the first prototype and restructuring the window to be integrated into the
plastic frame. While this improved on moving the LEDs toward the surface by a small
amount, it did not improve the cramped internal space of using a frame protected by a shell
design type. While there was more surface area behind the window to allow placement of
multiple LEDs, there was not a sufficient feature to extract the heat. While the cube could
have been made larger, it could not be made large enough to be easy to handle and provide

the required internal space.

Figure 4.1: Integratedvindowdesignfor possiblecuberevision



58

As the cube structure would need to be abandoned, new shape types were
considered that could increase the number of LEDs mounted at the surface. Both new
shapes achieved this by having more faces that could be used to place LEDs. The two

shapes, rhombicuboctahedron and cuboctahedron, are shown in the Figure 4.2.

(a) (b)

Figure 42: Shapes for consideration for Prototype Two. (a) is a rhombicuboctahe

and (b) is acuboctahedron.

The new shapes did improve the number of LEDs that could be mounted at the
surface and improved the resulting irradiance patterns by having the LEDs mounted at
more angles. The issues with the shapes came from trying to split them in a manner that
would be reasonable to manufacture, would allow for the two halves to be bolted together,
and would not interfere with the capabilities of the device. The rhombicuboctahedron had
the triangles that filled in the spaced between the squares that could be used as mounting

areas, but the attempted solutions either interfered with the windows adjacent to the
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triangular pieces or required more of the internal space than allowable. The cuboctahedron
suffered from similar problems but also had the additional issue of lacking surface area to
place the switch and USB ports.

While trying to find a way to make the rhombicuboctahedron and cuboctahedron
viable, several solutions were attempted to combine the shell with the frame to have a
single solid piece that would hold both the LED and window. Combining the two pieces
into one held several benefits. The amount of unique parts required was reduced as instead
of having two separate structures, one piece fulfilled the purpose of two. The new frame
would be made of aluminum to fulfil the purpose of having the shell, which the LED PCB
boards would bolt to directly and use as a heat sink. This change of having a single
structural piece could be achieved by the new window type under consideration. The new
windows would be plastic and could snap in place in the slots in the frame after the PCB
boards had been mounted.

This new window shape allowed for a wider variation of the surface structure as
neither the back or front of a mounting surface was required to be flat. This led to the idea
that a standard annual stock could be used in production. The outside could be machined
to contain some number of flat sides so the device would not roll excessively and could be
easily capped at either end using a number of methods. This train of thought led to the final
shape that was utilized for Prototype Two, the extruded octagon. The shape combined with
the window design provided the necessary surface area to run the desired number of LEDs

with room for the switch and USB ports.
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Figure 43: Frame for the extruded octagon shape profile.

4.2 Light Modeling of Extruded Octagon

The new LED model was also from CREE but had nearly 400% higher light output
at 39.8 lumens per LED over the 10.7 lumens prototype one used. The new CREE LED
was the XQ-E High Intensity blue LED (P/N: XQEBLU-H0-0000-000000201). It
maintained an identical spectral output to the CREE MLEBLU that had been previously
utilized maintaining the filter match choice.
4.2.1 LightTools

The new frame utilized 40 of the CREE XQ-E LEDs, using two sources per window
slot. As the new frame has some asymmetry, the device had to be modeled in two

orientations, standing on end and laying on the side. Other than the changes to the frame
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and LED selection, the LightTools modeling was conducted with the same detector scheme

with the device sitting on a simulated floor.

Figure 44: LightToolsmodel ofthe extrudedoctagonframe sandingon end.

Figure 45: LightToolsmodel ofthe extrudedoctagonframeonits side.

The resulting irradiance patterns for the 1° minimum engagement distance are
shown in Figures 4.6-4.9. The irradiance patterns for the 6°, 11°, and 16’ ranges can be
found in Appendix A. As the LightTools modeling was done using the same detector
scheme, the same distortion of flattening the 3D data into a 2D format persists in these data

as well. The center of the 2D distributions represents the spot directly facing up from the
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floor while the large blue sections on either side are areas of the detector under the
simulated floor. In the distribution in Figure 4.6, the eight stripes surrounding the center
portion of the distribution correspond to the eight edges of the octagon where overlap exists
in the LED coverage. The overlap with the LEDs in the cap results in the oval around the
center with small areas of overlap between two edges and the cap. In the distribution in
Figure 4.8, the stripes are now oriented vertically mirroring the device being placed on the
side. The overlap with the caps can be seen on each end forming partial ovals. In both
orientations, the maximum irradiance approaches the 25.4558 W/m2 limit reaching around

24 W/m2 in the overlap regions.
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Figure 46: 2D irradiance pattern produced from the extruded octagon standing on end at

16 while resting on the simulated table.
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3D Extruded Octagon Irradiance at 1 ft
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Figure 47: Irradiance pattern from the extruded octagstanding on end resting on a

table at 16 mapped to the 3D sphere.
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Figure 48: 2D i rradiance pattern produced from t
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3D Extruded Octagon Irradiance at 1 ft
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Figure 49: Irradiance pattern from the extruded octagon tmside resting on a table at

16 mapped to the 3D sphere.

The simulated filter was placed over the two orientations of the extruded octagon
as well to check if the higher LED output led to any appreciable light throughput. As with

the cube, most of the light was absorbed by the matched filter.
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2D Extruded Octagon Irradiance at 1 ft
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Figure 4.10: 2D irradiance of extruded octagon standing on end at 1ft with the simulated

LG3B filter. Maximum value of the scale set to 10% of the unfiltered results.
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Figure 4.11: 2D irradiance ofextruded octagon on its side at 1ft with the simulated LG3B

filter. Maximum value of the scale set to 10% of the unfiltered results.
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4.2.2 Noise

As with the cube modeling, the same noise issues occur because of the spherical
detector scheme. The noise was mostly contained to the same problem area as was observed
in the cube illumination modeling, the poles of the sphere. As with the cube, any areas of
interest that may align with the sphere poles have another area in one of the irradiance
patterns that can be referenced with less noise. Figures 4.12 and 4.13 show a similar result
to the cube modeling that a very small spike in irradiance values occurs in the overall data

set.

Irradiance Values vs. Data Points
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Figure 4.2: Graph of irradiance values to data points for unfiltered results of extruded
octagon standingnd on sideA concern was noise in the high leregjions but this graph
indicates that the number of data points that exceed the perceived maximum irradiance to

be very small compared to the number of overall data points.
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4.3 Mechanical Structure of Extruded Octagon
4.3.1 Manufacturing Considerations

The mechanical structure of the extruded octagon was designed with two
manufacturing processes in mind for use in larger scale produce. The first meant for quick
production of the new frame design was the mill-turn machining process. The mill-turn
used to manufacture the device could accept up to a 3” diameter rod of material through an
automated stock feeder. A standard size annular aluminum rod was selected with a 3” outer
diameter and 3/8” walls. This left a sufficient amount of wall after milling the sides to cut
the slots and features in the slots such as the mounting point for the PCB board which could
be completed in one operation.

The second manufacturing process was for production of the window which was
designed to be injection molded. For the prototype, the windows were 3D printed rather
than injection molded for cost purposes. The window was designed to be the same for both
the caps of the device as well as the frame so that only one type would need to be produced.
4.3.2 Frameand Cap

Using the shape of an octagon and extending the shape to form the 8-sided
cylindrical piece resulted in a degree of freedom not seen on any other shape consideration.
The piece could be extended in length without having to increase the diameter of the
octagonal piece. This allowed for the freedom to extend the piece until there was both
sufficient external surface area for windows and LEDs, but also expand the interior space
to fit the necessary components. While there is a realistic limit to this with the device

needing to be throwable, it allowed the range and versatility that was needed that other
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shape factors did not allow. The length of the frame was finalized at 4” from end to end,

although other lengths can be envisioned for different applications.
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Figure 4.13: Height and cap slot dimensions for extruded octagon frégmiaches)

The frame at either end was milled to allow a circular cap to fit into place. The cap
contains an O-ring seat that allows two O-rings to sit side-by-side to prevent water
incursion into the internal cavity. The cap is secured to the frame by screws that thread into
the cap through the side of the frame on four sides. This solution was decided after
consideration of two other design options. The first was to use a threaded cap but
connections needed to be made to the cap and having to twist the cap on could result in

tangled internals. Another issue with the threaded cap was the diameter needed for the
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threads was not a commonly available option for manufacturing. The other option was to
have a cap that would be in the same profile as the body and have it bolt on to the end of
the piece. While this solution avoided having to screw on the cap, it made the cap
vulnerable to impact. As the cap would be the end piece, the screws would have to
passthrough the cap and thread into the body. While aluminum is durable, it is a soft metal
and the threads holding the cap on would have to endure multiple impacts without being
damaged or stripped altogether. By having the cap recessed into the body of the device,

unnecessary stress on the threads in the aluminum can be avoided.

Cap

Frame

Screw

Figure 4.14: Securing method for cap. A screw passes through the frame and threads into

the cap to hold it in place.
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Figure 4.5: Assemblymodel of the extruded octagon framvéh cap andwindowsin

place.

4.3.3 Window Structure

The window structure was changed considerably from the design of the first
prototype. The most influential change in the design of the window was the ability for it to
be mounted and stay in place without the need of a tensioner. On the back of the window,
four tabs were placed that would grab the inside of the frame when put in place. The
window was prevented from sliding all the way into the device by the support beam that

holds the PCB board.



Figure 4.: Model of thedbs ontheback ofthe wndow

Figure 4.17: Profile view ofthe wndowtabs

71
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Window

Support Beam

Figure 418: Cross ectionview ofthe window inthe mounting slot. The tabs grab the
inside of the frame while the support beam prevents the window from sliding through the

slot.

The tabs were dimensioned to clear the inside of the frame by 0.2 mm to allow for
tolerances needed for manufacturing and retain a tight fit without rattling. The sides are
notched to allow an O-ring to be fit around the circumference that would assist the window
in fitting well into the slot as well as prevent water incursion. The window sits slightly
below the surface of the frame to minimize scratches and other damage that could happen
to the window during use. Considering it is a simple snap-on component, it is envisioned
that these windows could be easily replaceable should they become damaged.

4.34 PCB Securing Method

Securing the PCB to the frame with the new design archetype became simpler and
placed the LEDs close to the frame that would be used as a part of the cooling system. In
the slot for the window, a support structure was left in the middle of the slot to which the
PCB can be mounted. A threaded hole was placed in the center of that support structure so

that a through hole could be placed in the PCB and a screw could hold down the board to
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the frame. This screw also would act as the tie in between the board and the frame to
transfer heat to the frame. Elements could be added to the back of the PCB boards that

would draw heat away from the LED areas leading towards the frame to use as a heat sink.

Mounting

Point

Figure 419: Top down view of window slot configuration.

Figure 420: Top down view of window slot configuration with PCB and window in place.

4.3.5 USB and Key Design

The methods for the key and USB integration from the cube design were refitted to
work with the new design type. Both structures were mounted to one of the caps. Since the
USB was an off-the-shelf piece, all that was required was to place the required cutouts in
the surface of the cube. A key cutout, similar to the one found in the cube shell, was also
placed in the cap. An addition structure was added behind that cutout for the switch to be
mounted to as well as provide additional depth to the placement of the switch to prevent
the device from being accidently armed. The pins for the two components were placed so

that they mounted in the same plane.



Figure 4.21: Topview ofcap withswitch and USBassembly

Figure 4.22: Backview ofcap withswitch and USBassembly
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4.4 AsManufactured Result

The simplified assembly design of the frame and cap made assembly of the
structural components easier and reduced reliance on the one constructing the device for
fitment quality. While a controller board and battery were produced for the extruded
octagon prototype, the USB and switch designs were not assembled during the production
of the prototype.
4.4.1 Frame and Cap

The frame and cap fit together well with a small amount of room left between the
cap and the cylinder wall. An O-ring was not fitted to the cap in this prototype, so the cap
could freely shift in the space tolerance left if unsecured. Securing the cap using the screw
through the body held the cap in place without any issues. Once secured, the cap did not
have any observable movement within the slot or if attempting to remove the cap from the

body.

Figure 423: Image of fully constructed extruded octagon with test PCB boards installed.
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4.4.2 Window Structure

While the windows were designed to be injection modeled, for the prototype the
windows were 3D printed using a clear material to reduce costs for a one-off production
run. Using a specific printing method, the windows could be optically clear in one direction
which allowed the windows to be clear from the top down. The windows slide into their
slot easily and firmly clicked into place against the back of the opening. Even without an
O-ring fitted around the window, the window stayed in place with minimal motion.
Removing the window was not as easy as placing the window but could easily be done
without damaging the component. The test LED boards were not designed to work with

the windows so only the fit of the windows was tested.

(a) (b)
Figure 424: (a) is an image of the 3D printed window. (b) shows one of the 3D pr

windows fitted inside one of the window slots in the cap.
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4.4.3 PCB Securing Method

The test boards were not compatible with two features in the design of the window
slots. First were the windows themselves, but the board also did not use the groove in the
mounting support in the slot. The boards did retain the central through hole for securing
the board to the frame which held the boards firmly in place during assembly and testing.
While the fitment of the board design could not be fully explored there were no apparent

issues with having the boards secured to the frame in this manner.

Figure 425: The test PCB boards did not fit within the allowed dimensions to work with
the 3D printed window. The boards were too large but securing the board through the

center support beam worked without issue.
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Figure 426: Image of the test internals for the extruded octagon frame.

The controller supporting the boards does take up a large amount of space, but a
battery does fit inside the device. At this point, an internal structure to organize and secure
the internals has not been developed.

4.5 Conclusions for Extruded Octagon Design

The design of the extruded octagon fixed many of the issues and short comings of
the cube in both assembly and practicality. By designing with a manufacturing method in
mind, the features of the device could be tailored to the method to reduce the complexity
of assembly. By breaking the attempts to make the design roughly ball like, a design with
more usable internal space was developed and resulted in a method of opening the device

to reach the internals without a bulky bolting scheme.
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While assembly was simplified from the previous prototype, there are still ways to
improve or aid in the assembly of the device. One such change would be to index the cap
in some manner so the screw holes in the cap always line up with the through holes in the
frame. While not having this index did not inhibit the construction of the prototype, once
O-rings are in place, spinning the cap to align the screw holes may not be as easy.

While the new design profile resulted in an easier to utilize internal space, that
amount of space is still compact. The finalized electronics package will have to contend
with fitting the necessary components to support the LEDs into the compact space while

maximizing runtime.
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Chapter 5 Test Results

To test the light output of the devices, a scatterometer was utilized to measure the
distribution. This resulted in a distribution tested in a spherical pattern which matches the
spherical type detectors that were utilized in the LightTools models. To model the
measurements of the scatterometer, several changes were made to the LightTools model.
The measurement arm of the scatterometer had a 185 mm radius, the stage that the device
rested on was a circle with at diameter of 145 mm, and the device was 35 mm below the
center point of the measurement sphere. The physical set up of the scatterometer was
reflected in a revised LightTools model so that the simulation would be accurate. Along
with the changes to the physical surroundings, the LEDs were operated at lower power
during the test to prevent oversaturating the detector or overheating the device. The output
of the LEDs in the simulation were updated to match the output of the test. A picture of the

scatterometer is shown in Figure 5.1.



81

Figure5.1: Image of scatterometased for measuring the prototypes.

The results for the cube scatterometer test and the matching LightTools model can
be seen in Figures 5.2 and 5.3. The patterns match well with maximum irradiance values
close to the same. The most notable differences in the pattern are the overlaps regions of
the LEDs on different faces. The overlap region from the scatterometer results are narrower
than the results from the simulation. There is also a region that corresponds with looking
down at the corner of the cube that receives no LED coverage. This is likely due to
differences in the actual mounted depth of the LED in the cube compared to the simulated
mounting depth from LightTools. The physical device could also have clipping due to the

depth difference and other assembly or manufacturing errors.
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Cube Irradiance - Scatterometer Results
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Figure 5.2: Scatterometer results of cube mapped to a 2D plane.
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Figure 5.3: Irradiance pattern from LightTools for cube mapped to a 2D plane.
Due to having to run wires out of one of the caps to power the device for duration
needed to run a scan, Prototype Two could only be tested in the on-end configuration. The
results for the extruded octagon have similar discrepancies as the cube. The mounting depth
for the LEDs in the model is likely further into the slot than the device as tested due to how

the test PCB boards for Prototype Two were built. Even with the mounting difference, the
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characteristic stripes created by the LED overlap from the different sides are displayed in
the scatterometer results as well as the region of overlap from the cap with the sides at the

ends of the stripes.

Extruded Octagon Irradiance - Scatterometer Results
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Figure 5.4: Scatterometaesults of extruded octagon standing on end mapped to a 2D

plane.
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Figure 5.5: Irradiance pattern from LightTools for extruded octagon standing on end

mapped to a 2D plane.
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Chapter 6 Conclusions and Future Work

With the two initial prototypes completed, the goal of this project was reached. First
was the verification that high-power LEDs could be packaged in a handheld device that
could be used to produce a visual disorienting effect. The second was matching a filter to
the LEDs utilized in the design so that the user could wear the filter to block the light from
the high-power LEDs. While neither prototype was completed to the exact design, they
were sufficiently completed to showcase that high-power LEDs could be utilized in a
handheld device that when matched with a proper filter, allows the user to be in direct line
of sight with the device.

Prototype Two is close to being viable as a product. There are several more steps
and design iterations that need to be completed before being considered a finished product.
While measures were taken to try to prevent the incursion of water into the device, these
solutions are untested in whether they fulfill that purpose. These features need to be tested
to ensure their functionality and redesigned or replaced if the performance falls short of the
desired qualities. Another quality of the device that was considered in design but not tested
was the impact performance of the device. Like the water tight features, the impact
performance needs to be tested to the desired standards and changes made to the device if
it fails the tests. The last of the work that needs to be completed before full field testing is
the finalization of the electronics package to be utilized in the device. While basic packages
were outfitted to the first-round prototypes, these packages lack a range of features and

functionality that will need to be implemented in the complete version.
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3D Cube Irradiance at 6 ft
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Figure A.2: 3D irradiance patterns for
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3D Extruded Octagon Irradiance at 6 ft
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2D Extruded Octagon Irradiance at 6 ft

20

40

60

80

Polar

100

Irradiance [W/m2]

120

140

150
Azimuthal

2D Extruded Octagon Irradiance at 11 ft
20
40
60

80

Polar

100

Irradiance [W/mz]

120
140

160

Azimuthal

2D Extruded Octagon Irradiance at 16 ft _

20 0.09

0.08
40

0.07
60

0.06
80

Polar

0.05
100
0.04

Irradiance [Wlmz]

120
0.03

140 0.02

160 0.01

NV NIRRT

50 100 150 200 250 300 350
Azimuthal

Figure A.5: 2D irradiance patterns for ext

1660



Figure A6: 3D

Distance (ft)

Distance (ft)

Distance (ft)

3D Extruded Octagon Irradiance at 6 ft

0.7
6
0.6
4
P 0.5
0 €
04 S
2 8
[—
8
4 0.3 E
-6 02
-5
" 0.1
5
0 0
Distance (ft) o 5 .
Distance (ft)
3D Extruded Octagon Irradiance at 11 ft
0.2
15
0.18
10
0.16
5 0.14
0 E
012 3
5 8
0.1 é
-10 H008 E
-15 0.06
-10
0.04
10 0.02
0 0
Distance (ft) 10 10 5 .
Distance (ft)
3D Extruded Octagon Irradiance at 16 ft
20 0.09
0.08
10
0.07
0 0.06 g
2
005 §
10 s
004 8
-20 J 0.03
-20
10 0.02
0 20 0.01
10 0 10
0 10 0
Distance (ft 20 E
(®) -20 Distance (ft)
rradiance patterns f

166.

or

90

extruded

oC



91

References

[1] “M84 Stun Grenade.” Edited by John Pike, M84 Stun Grenadd June 2011,
www.globalsecurity.org/military/systems/munitions/xm84.htm.

[2] “M-84 Flash Bang Grenade.” NonLethal Weapons Program > Current Nduethal
Weapons > MB4 Flash Bang Greade jnlwp.defense.gov/Current-Non-Lethal-
Weapons/M-84-Flash-Bang-Grenade/.

[3] Mitchell, Corey, and Randy Furst. “Botched Raid Costs Minneapolis $1 Million.”
Star Tribune Star Tribune, 10 Dec. 2011, www.startribune.com/botched-raid-costs-
minneapolis-1-million/135343023/.

[4] Angwin, Julia, and Abbie Nehring. “Hotter Than Lava.” ProPublicg ProPublica, 12
Jan. 2015, www.propublica.org/article/flashbangs.

[5] “MK 20 MOD 0 Improved Flash Bang Grenade.” Non-Lethal Weapons Progranil
May 2016, jnlwp.defense.gov/Press-Room/Fact-Sheets/Article-View-Fact-
sheets/Article/577993/mk-20-mod-0-improved-flash-bang-grenade/.

[6] Bender, Susan F.A., etal. LessthanL et h a | AFl ashbangd Diversi
Sandia National Laboratories, prod-ng.sandia.gov/techlib-noauth/access-
control.cgi/2003/034045.pdf.

[7] “Maximum Permissible Exposure (MPE) at the Cornea for Extended Sources.” Safety
of Laser Productsinternational Electrotectnical Commission, 2014, pp. 63-63.

[8] Treaster, Delia. Beware the Blue LIghASSEMBLY, 25 June 2013,
www.assemblymag.com/blogs/14-assembly-blog/post/91320-beware-the-blue-
light.

[9] “The Human Eye's Response to Light.” Eye's Response to Ligktww.nde-
ed.org/EducationResources/CommunityCollege/PenetrantTest/Introduction/lightres
ponse.htm.

[10] Cree® XLamp® MLE LEDs CREE, www.mouser.com/datasheet/2/90/Xlamp
MLE-180564.pdf.

[11] “LG3B Laser Safety Glasses, Light Orange Lenses, 48% Visible Light
Transmission, Sport Style.” Thorlabs Thorlabs,
www.thorlabs.com/thorproduct.cfm?partnumber=LG3B.

[12] “FEL0500 @1’ Longpass Filter, Cut-On Wavelength: 500 Nm.” Thorlabs Thorlabs,
www.thorlabs.com/thorproduct.cfm?partnumber=FELO0500.



[13] Grid SphereOpenClip, openclipart.org/detail/178569/grid-sphere.

92



