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o Difficulty distinguishing counterfeit products
o Easy to lie about fabric composition
o Fake luxury goods almost identical to genuine articles

o Shifts in societal attitude

o Preference for ethical consumption and environmentally friendly
products

o Clothing as long-term investment
o Natural fibers are higher quality and more comfortable

o Consumer Rights

o Buying expensive products, expecting to get the fabric you paid
for

o No affordable/convenient method of textile verification
o Cheapest commercial product is $2,500




Raman Speciroscopy

o Molecules have distinct vibrational modes (vibration, rotation, stretching)
o The nature of these modes are uncovered from its Raman scattering

o The assessment of Raman scattering is therefore useful for nondestructive
material identification
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Core Godals

Material Classification Product Comparison User |n’rerfgc|ng
Classify an undyed and Conduct an accurate Integrate an LCD
unblended cotton or product comparison touchscreen to easily
polyester sample based between two pieces of view results and allow for
upon their spectral clothing user intferaction
signature

OH TEXRAY: Item Found
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Core Objectives

Optical Design

Build an effective and
cost-efficient
spectrometer

Implement
backscattering light
collection configuration

Signature Comparison

Develop quick and
accurate comparison
software using dynamic
time warping and k-
Nearest Neighbors
clustering to analyze
obtained spectral
signature data

Power distribution

Implement an efficient
power source for the
system to enable
portability
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Opftical Schematic

N\

Laser Driver 42.22 mm

Focusing Lens, f =50 mm

Laser

60.743 mm

Lon
conpass Lens 2

3 Collimating lens
Filter f=75mm

Lens 1
Slit f=50 mm

f=18 mm

Diffraction Grating
1200 lines/mm

MM Fiber

'44.356 mm  70.010 mm
Spectrometer

18 mm Dichroic Beamsplitter
Probe Optics




Engineering Requirements
e N

Material Analysis Accuracy >90% Percent
Total Response Time <15 Seconds
Product Comparison Accuracy >90% Percent
Spectral Resolution <30 cm™!
Spectral Range 800-3100 cm™’
Signal Strength >1 pW
Signal to Noise Ratio 50 N/A
Battery Life >2 Hours
Regulated Voltage 3.3-5 Volts
Power Consumption <35 W
Battery Energy >=72 Wh
Regulated Current 1 Amps
Unit Size <24°x18” Inches
Unit Weight <10 lbs

Cost <$2,500 USsD



Wavelength and Laser Selection

Specification Thorlabs ams- Q-BAIHE 532 Thorlabs | Civil Laser
Blue vs. Green: DJ532-40 OSRAM PL T T 145063 (GHO04580
e 473 nm expensive and hard to find A RS
« 450 nm pushes the risk of Peak Wavelength 532 520 532 450 450
uncontrollable fluorescence
+ 532/520 nm proven suitable for our Sjjf’;(mw) 40 50 40 100 80
fCIbI’IC somples Operating 330 200 500 80 110
Current (mA)
Threshold Current (mA) 160 40 N/A 12 22
Q-Baihe laser module: -
. Module eliminates need for Operating Voltage (V) 1.9 6 12 52 5.3
coIIimo’ring lens Beam Parallel .69° 6.3° <1 mrad 8.4° 10°
« Minimal beam divergence Divergence pepp, 69° 22.5° <1 mrad 21.5° 240
* A0 mW O.UTpUT power s.ufficien’r for Spectral Linewidth 0283 pm 1 nm 1 nm 1.25nm  N/A
Raman signal generation
« Very narrow spectral linewidth Price $212.64 $46.00 $43.98 $138.57  $9
« Cheapest of all options (min. 10

purchase)



Beamsplitfing Technology Comparison

50/50 Beamsplitter

100% 50%
L

50%

Reduces laser power incident on sample
by 50%, limiting signal generation

Reduces collection of back-scattered
signal by 50%

Allows laser line and Rayleigh scattering
to pass through with the Raman signal

Dichroic Mirror

Reflected Beam

>
Transmitted Beam

Input  =——————

Selectively reflects light below a certain
wavelength

Enables full reflection of laser line onto
sample

Prevents significant amount of Rayleigh
scattered and laser light from
transmitting




Dichroic Mirror Selection

The ideal dichroic must:

(0,11 [« B Chroma |Edmund Optics |Thorlabs DMLP550

« Completely reflect 532 nm L0 (M RT532rdc  (#86-393 / / DMLP550T
light #86-386
* Minimize reflection above Cut-on wavelength 552 550 536 552 550
532 nm (nm)
] THOVG AUEI 7 FREPUTGT: Transmission 561.4-790 550-1000 536-1000 561.4- 790 565 - 800
rANSMISSIon . wavelength (nm)
+ Have alarge diameter .
. Be as cheap as possible Reflection 514.5-5435 390-540 390-532 514.5- 5435  380-533
Wavelength (hm)
Diameter (mm) 25 25 25 25/12.5 254 /127
Chroma T550Ipxr: -
« Relatively budget friendly Thickness (mm) 3.5 ] 3 3.5 3
« Fully reflects Ioseroline, Reflectance >98% >97% >97% >98% >90%
srg(l?r)wi)rrelzmg intensity af the Transmittance >95% >96% 95.97% >95% >85%
« OD4 blocking until 538 nm Angle of Incidence 45° 45° 45° 45° 45°
* Large diameter and high Clear aperture 22 22.5 22.5 21.33/88 >22.9 /> 11.4
transmittance diameter (mm)

« Limits spectral range to 800
cm’! Cost $359 $250 $600 $280 / $202 $200.76 / $134.24



Filter Technology Comparison and Selection

Chroma [ @®]{elgle] Edmund |MKS

ET542Ip RET537Ip Newport
Band-reject filter, only blocks ~ Edge filter, reject all light Cut-on 541 542 537 550+1 550 +5
the laser line below cut-on wavelength wavelength
(nm)
Large transition width S’r'ee.p'er transition W_id’rhs, Rejection 270-532 300-540 300-536 200-539 N/A
bg’;\;vbecennds’ropbcnd and minimizing Raman signal loss wavelength
P (nm)
Wavelength tunable Available in large variety of Transmission 546.9 - 900 555- 1000 540-1100 560-1650 N/A
wavelengths wavelength
(nm)
Transmission > 93 > 98 > 98 > 91 > 90
Chroma ET542Ip: %)
«  ODé blocking until 539 nm Oprical > 6 6 > 6 >4 >
« Limits spectral range to 244 cm™', meaning clensly OIb
the dichroic is the main limiting factor (average)
e 98% transmission at 544 nm Diameter 25 25 25 1256+.2 254
. Large clear aperture to collect more Raman i)
. Balances performance with budget fper;ure
mm

Cost $409.00 $365.00  $600.00 $199.28  $47.00




Diffraction Grating Selection

Ruled HO|OngIphiC Thorlabs MKS Newport Edmund MKS Newport
GR25-1205 | <xloriiglofivlfo] Optics 3025FLO1-266R
Diffraction efficiency is Lower diffraction efficiency Sl
defined by blozg queleng’rh for greater groove densities Groove 1200 1200 1200 900
and angle, and is higher for density
higher groove densities (grooves/mm)
Irregularities in rulings can Holographic manufacturing
result in stray light practices limit stray light
More cost efficient More costl BISHS <00 [ SO0 e <00 At 550 nm
Y Wavelength
Blaze angle 17° 27’ 17.5° 17.45° 14.3°
Resolving Power R = A mN Efficiency ~90% ~ 95% ~85% ~90%
Size (mm) 25 x 25 12.5x12.5 12.7 x12.7 12.5x12.5
595 nm grooves
AL 1200 . 25 mm Price $128 $94 $81 $155

u VA



Detector Selection

Increased noise in low signal
conditions

CCD

Higher sensitivity tfowards low
Raman signal

Higher QE
(standard Bl ~ 90%)

Consumer CCDs are well
established in Raman
spectrometer systems

Lower QE
(standard ~45%)

Specialized, sCMOS sensors
can be implemented

« Large detector width

« Small pixel size

« High QE in our desired region at room
temperature

 Adequate dynamic range

* Low power consumption

Pixels

Pixel size (um)

Total Detector

Width (mm)

Spectral
Response

Package/
Case

Operating
temperature

Dark Current
Dynamic
Range

Data
Rate (MHz)

Power Supply
Voltage (V)

SONY
cCcb
IXL511

2048
14 x 200
28.6

70-90%
22 pin

DP

-10 fo
60°C

3to 6
mV
267

2 (Max)

5

TOSHIBA
CCD
TCD1304DG

3648
8 x 200
29.1

~100%

22 pin CERDIP

-25 to 60°C

2to5mV

300

3 (min)

TOSHIBA
cCb
TCD2717BFG

7500
4.7 x 4.7
53.3

90-100%

32 pin CLCC

0 to 60°C

1to 6 mV

N/A

0.5t0 1 (35

Max)

10

TOSHIBA
TCD1209DG

2048
14x 14
28.6

N/A

22 pin
CERDIP
-25 1o 60°C

1to2.5mV

2000

12

HAMATSU
S$14660-1024

1024
14x 14
14.3

~75%

24 pin
ceramic DIP

-50 to 50°C

50 - 500 (e-/
pixel/s)

3330 - 6660

0.5




Desired spectral range: 800 — 3100 cm-! (550 — 640 nm)
S p e C TrO m e Te r Desired Spectral Resolution: <30 cm-' (1 nm)

Design

macﬁon Grating Equation \
mA = d(sina + sinff)) a=10°->p =32.7°

Reciprocal Linear Dispersion
dv _ dcos(B) (vo — vj)z

42.22 mm

Focusing Lens, f =50 mm

a - mM, = 396.12 cm’! N
Slit width

Wsiit = CGOAS}ZZC) =25um - Collimating lens
Resolution

Diffraction Grating
1200 lines/mm

dv = (%) *Wp=9.9cm

Speciral Range

k:vo — v — [(vo ) + dwc;] = 8756y

70.010 mm
Spectrometer

'44.356 mm




Specirometer Zemax

Comparable results to the design calculations

10000.00

OBJ: 0.0000 (deg)

640 nm | ¢

[:]4f"

Design Simulation

550 nm

IMA: 0.000, -0.000

Spread across the
detectoris 6.419 mm!
AN =1 nm

LZ i 100

S

S 8 B 4

mm 1
S50tnm




Power Source Selection
_ Battery (DC)

Current type
Portability

Power Storage

Reliability

Ease of Use

Stability

Efficiency
Cost
Maintenance
Uses

Direct Current

High (size and weight
dependent)

Chemical energy
stored

Great at short
distances; deplefion
may impact

Simple

Very stable and
constant

Moderate
Low to moderate
Medium

Portable sensitive
electronic devices

AC
Alternating Current
Low (stationary)

None Scon’rinuous
supply

Great

Requires at least one
outlet

Fluctuates do o
alternating current

High
Low
Low

Stationary high
demond%oo%ls

Solar Power (DC)
Direct Current

Moderate (mostly
stationary with
exception of some
portable panels)

Can store in batteries

Varies heavily

complex

Stable as DC, light
iInfensity may cause
fluctuations

Lower

High

Medium
Hybrid systems



Energy Density
Portability

Charge Cycle Lifespan

Charge Retention

Capacity

Maximum Discharge
Current

Maximum Power
Output

Cost
Weight
Safety

Battery Selection
_w Lithium Iron Phosphate

High

Excellent

2000-5000 cycles

1-2% loss per month

3.5 Ah
4.2 A

46.6 W

$90
0.15 kg

Moderate

Moderate
Good

2000-5000 cycles

2-3% loss per month

6 Ah
S A

/6.8 W

$53
0.75 kg
High

Sedadled Lead Acid S ii

Low

Poor

300-500 cycles

Excellent
7 Ah
70 A 12.8V 6Ah LiFePO4 Battery
840 W
$16
] .9 ] kg © Input/output swi
© 5V USB Output: 5V 2A 12V Input: 14.6V 2AMax
H ig h © 9V Output: 9V 1.5A © Battery capacity display lamp



12 Volt Regulator schematic
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5 Volt Regulator Schematic
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3.3 Volt Regulator Schematic

LM2576SX-3. 3/NOPRTSSR TEX

L owin

680Uk

‘c4

M-

ouT
2 | GHND

TAE

L1
(T

= | [ I

OMNIMIFF
FE

WOUT

220uH

CR1

1
B540C-13-FSMLC_DIO

330uF

GMHD

1k

LED

4
-
4[:8,%L
1
10—
31

PINHD-1%04_1X04M




Main Board Schematic
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Voltage Supply PCBs ,
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Main Board PCB Layout
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Microconitroller Unit Selection

STM32 ESP32 ATSAMD51J19A | NPX i.MX
RT1060

Clock Speed 84 MHz 240 MHz 120 MHz 600 MHz
ADC Resolution 12 12 12 10
ADC Mega 2.4 2 | |

Samples Per
Second (MSPS)

Price $6.42 $1.85




Single-Board Computer Selection

_ Raspberry Pi 5 NVIDIA Jetson Nano | Coral Development
Board

Price $69.49 $88.99 $169.99
Floating Point 32G 472 G 471
Operations Per

Second

RAM 4 GB 4 GB 1 GB
Product Support High Moderate Moderate

Community Support  Very High Low Low




LCD Selection

Price $32.99 $19.99
Size (Inches) 6.02 x 5.63 472 x3.19
Resolution (Pixels) 800x480 240x320
Supply Voltage 3.3V 5V
Communication Method DS USB
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Comparison Algorithms

Dynamic Time Euclidean Distance | K-Nearest Neighbors
Warping

Speed Moderate Fast Moderate
Accuracy High Low High*
Availability Moderate High Moderate
Implementation Fast Fast Moderate
Time
A
*Varies Strongly by Distance P ';‘.‘
Metric __.-"® TYe | m L,
I/ @ .. ° .XI\ \\ 5 \\
0\ :\' @ SR :\P‘/‘r- ClassB\i’
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User Selects
System Setting

Signature is . i
Signature is
Sorted Into
Compared
the Most M il Analvsi Item's Prod c . With all
Similar aterial Analysis Spectral roduct Comparison '
< . : P unique
Group of Signature is .
. Previous
previous Created )
. Signature
signature
Data
SOFTWARE
N 2 v v v v
Signature No Match is FL( )W( :l | A RT
Group Label Group Label "No Match Mgatch is Found, User
"Cotton" is "Polyester" Found" Is . is Prompted
. L . Displayed
Displayed is Displayed Displayed By Product To Input .
On the LCD On the LCD On the LCD g D new Product System Mode Selection Screen
ID On LCD
l J L J L ) L J J TEXRAY: Please Select System Mode

Material Analysis §Product Comparison
Exit Button

is Pressed

—




CCD
Sensor's
Reset Pin is
Set to High

Y

Shift Gate
Moves
Photodiode
Charge Data
to CCD
Output Layer

CCD Pixel

" Datais Sent

1o the MCU

L\

MCU Output
is Accepted
by the Pi

\J

CCD Data
is Kept in
NumPy
Array

CCD Data Aquisition

TCD1304DG

Circuit Diagram

CCD anabog shift register 2

Shift gate 2

I Integration clear gate 2

s‘gﬂ-ﬂl | e | = = el B — -
05 @Q————1 output 212121818 |5| =] 2lz| - protodioae--| 22| 2| Z] S| -1 <
buffear el e | v
Inl -
' Intesgration clear gate 1 |
Yao iy Shift gate 1 |
S/H CCD analog shift register 1 |
Lisgic circait
19



Spectral Signature
Generation and
ldentification

TEXRAY: Material Found
ample Material Identified: COTTON

TEXRAY: Item Found

Background
Noise is
subtracted
from
Intensity

Data Array

!

Array is
Fitted to
Calibrated
X-axis

l

Dataset
smoothing
with
Savitzky-Golay
function

'

Spectral
Signature is

Plotted and Mode 1

Displayed

with PyPlot |_
library Mode 2

Y

Signature
Datais
Compared
to previous
signatures
with DTW
Similarity ¢ DTW Results
Threshold is array is
Not Passed Similarity analyzed
in DTW Threshold | " through
Results Passed in

K-NN
array DTW Results Clustering
array

Nearest
User Adds ID Label of Cluster Is
new Item ID

T Identified
Label item And Material
Displayed to Is Displayed
ST to user




Software Used
Environments Librories

ARDUINO ﬁ

2 Raspg (J kmatp\ot\lb

6




Testing Setup:
100 mW DPSS laser with 800 nm pump

Bandpass filter centered near 532 nm to block pump wavelength
F =50 mm focusing lens increasing intensity onto Ethyl Alcohol
sample

F = 50 mm collimating lens to collect Raman scattered light
550 nm cut-on longpass filter to isolate Raman signal

F =50 mm focusing lens to focus light onto spectrometer fiber
10 sec spectrometer integration tfime

Transmission Spectrum of Ethyl Alcohol
T T T

15000 —

Resulis: ‘
« Clearly defined peak at 630.5 nm, or 2936 cm’!
* Integration time was sufficient to acquire a signal

X 2954.25
Y 5567.4

t:
=
o
=1
=]
S

Intensity (counts)

* Raman signal discernible from 600 lines/mm groove | n/
density / PWMH\
«  Our personal CCD has 1200 lines/mm, meaning ol el e

higher resolving capabilities
« Linear CCD array in the spectrometer was sensitive

enough to detect the signal
P




CCD Testing




Successes and Difficulties

Laser
Source

Mounting CCD Data

Spectrometer .
P Optics Acquisition

Finding a

Balancing bingf ¢ Creating custom The precision necessary to Creating a
linewidth and Colrl‘.” '”f 'on o y fitted 3D-printed achieve the timing design for the
Difficult laser output ]?O 'ma I(I)n an mounts for delicate  requirements of the CCD main board
ITTICUITIES oower at 532 fOCgs'nTQ enlseT§ and expensive output signal delayed the ensuring
nm orestresoiution optics success of this area of the minimal noise
project
- . Code driving the CCD
Simulated an
Anelng en Maintaining the sensor has been Approved
affordable laser acceptable . . power supply
Successes s corlslneiion of integrity of completed. CCD output )
wITh NAIrow . . . des|gn for the
. alignment with data has been obtained
spectral optics that upholds ADorinted oV the ESP32 system
linewidth our requirements -printe y e
mounts development board and

converted by the ADC



Plan for Completion

lllumination and
Spectrometer
alignment
* Calibrating and aligning
the spectrometer, then

aligning the spectrometer
to the illumination portion

CCD integration with
optics

* Aligning CCD with
spectrometer optics to test
responsivity with our

procured signal

Spectral analysis
software

*Testing software to resolve
and display spectral
signatures resulting from
optical signal

*Test comparison algorithm
with obtained signature
data

PCB
implementation
*Fully operational system,

ensuring prover supply to
the desired components

and data transmissions

Designing the housing

eIsolating and holding all
collection/spectrometer
optics within darkness
*Enabling user access to
LCD touchscreen




Bill of MCIT@I’ICI\S Qs
unit unit

Laser diode module Q-BAIHE 532 nm $43.98 $43.98 BOCXTFN8K? $32.99 $32.99
laser module

Dichroic mirror Chroma T550lpxr $250 1 $250 Raspberry Pi BOCK3LYWD3 $69.49 1 $69.49

(Beamsplitter)

Long Pass Filter Chroma ET542Ip  $365 1 $365 ESP32 Development  B071872327 $9.99 1 $9.99

Plano-Convex Edmund Optics  $120.84 1 $120.84 Board

Lens

Plano-Convex Edmund Optics $31 1 $31 5 Volt Regulator LM2576SX-5.0/NOPB  $2.04 1 $2.04

Focusing Lens #48-423

Multimode Fiber MKS Newport F- $11.50 1 $11.50 12 V Regulator LM2587S-12/NOPB $7.63 1 $7.63
MCC-T

Slit Edmund Optics  $154.35 1 $154.35 Battery power supply PS12-BK60-LF6ONA  $53.47 1 $53.47
#58-541

Ach tic | #47-637

chromaic fens Transistor IN2222A $268 1 $2.68

Diffraction grating Thorlabs $128 1 $128 eit0, Copeaion, $10 : $10

GR25-1205
. Inductors, LEDs

Grating

ccD Toshiba $34 1 $34 Fabric Samples $0 1 $0
TCD1304DG

Total Cost $1522.23
PCB $70 1 $70



Work Distribution
Daniefle  |Adona

« Spectrometer Design « Collection Optics Design

« Spectrometer Housing « Optical Mounts Design
Avstin______________________Cameon

« CCD Data Acquisition .« PCB Design

_ +» Spectral Signal Processing « Power Distribution
W © Signature Data Analysis & Classification
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