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Abstract

Digital Image Correlation (DIC) is a non-contact optical measurement technique that can
be applied to cross-scale and cross-domain engineering problems as well as experimental
mechanics research. The principle of DIC is to track the changes in the surface features
of a sample through digital image analysis to obtain the physical quantities such as
displacement field and strain field of the sample. Light sheet microscopy, characterized
by high signal-to-noise ratio, rapid image sampling rates, and lower biological
phototoxicity and photodamage effects, is widely used in the biomedical field, and
enabling observation ranging from single cells to large biological organs. In this paper,
we will firstly introduce the system and the construction steps of the LEGO light sheet
microscope, then observe the sample on the microscope’s stage through translation,
rotation, and deformation, and then measure whether the displacement field of the
samples matches with the actual displacement by digital image correlation method, so
that the stability of the LEGO light sheet microscope can be verified.

Paper content: Chapter 1 provides a literature review on the development and background
of the digital image correlation method and light sheet microscopy. Chapter 2 introduces
the development history of light sheet microscopy technology, and the principle of
operation of light sheet microscope, then compares the advantages and disadvantages of
layered light microscopy. Also show the reasons why it is suitable for observing biological
samples. Chapter 3 introduces the theory of digital image correlation and explains how to
operate NCORR for digital image correlation in MATLAB. In Chapter 4, we will detail
how to build a simple light sheet microscope using LEGO bricks, as well as introduce the
microscope's control system and experimental procedures of digital image correlation
measurements. Chapter 5 presents the measurement results of digital image correlation
and compares them with experimental data for discussion. Chapter 6 concludes the paper

and provides future prospects.

Keywords: Light Sheet Microscope, LEGO, Digital Image Correlation, Micro-

Deformation Measurement and Analysis.
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RSl A 2 e T M I BRI RN T R R R
M P RS E T RLEF NI RESEF RS S R L A R

BEAREY -
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Fo% Ak LEASERES NS

A ERIE I AR KB B EAR[S] 0 A R R R BN R I -
BN TE T R AR AR BB R AR SR P R
KRBT R L IE G & A TR R BB P W R AR P R e
21 K BB B RE R

B 1903 # > & sk (Light sheet) e A4 F T3 2 > Ay PFrd R E 7o
Siedentopf ¥2 Zsigmondy ¥ 3 c— fé4g &g fopm(Ultramicroscopy)[9] » i i B &[5 £
Ak b RREE K G A P D hlt AAACHAY LA 1993
#d Voie F 53 r# Nl 2T g § %k H > 5 (Orthogonal plane fluorescence
optical sectioning, OPFOS)[10] > # RI2 & £ iF RS R L T 5L 4 4 ahk k- &5

BB A2 A2 2 wenB oo 4o 2-1 %7 0 3 fh A0 OPFOS %45 0 4 3

=

B0 S ¥ fEenf Sk % B et ie(Light sheet fluorescence microscopy, LSFM) @ iz
Boasee o B XIAN Y FRBEETEL cHE X >0 F S BLEIFE - BLEFF
Gt KA KK ¥ - BEURIY LN RIE TRRAL NS B AL
BB e ISR Xy 23 o MEEE AR rae BT SR EEY 0 A 5iESR
AT S FERFRAEET MR ST R T RAR G L S
Sz AP AR 2-2 47 0 I BB KB A B L B chie o

4 1995 & » Stelzer 4r Lindek :¥im3t% 7 & % & % B fcst (LSFM) 12 4e

Kt RBEFAFT Y >R F LIV RP R LRk T REFE AT LA R
SR 102001 % o 3% % Sie RF G 1 K theta BEacgt[11] - & ¢ Voie & 1993 ﬁi‘u
R K RITL AR iensfa B g ke E 3] 2004 £ A B4 E 3
ﬁomME’mmmniA%%%ﬁﬁﬁ@?gg%@ﬁﬁj’4${%ﬂﬁﬁ&
PB. Y -k A ficiis (Selective plane illumination microscopy, SPIM)[12] % &% 5 #-fr
ROE R M2 o b M el AR 38 OPFOS s » @ * g B KA 2 K £ >

oA R B B R B i o
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¥ Camera

Stage X 4
movement ‘E r
Sample
holder

Light sheet _

Detection
objective

lllumination ( ™
objective Sample "

B 2-1 & & 4 kB cdieT & RI[10]

) a-.._.:

LLLL L S ', ? / ;

‘ K Grlfl e

Bl 2-2 & sk Bp e s = g B e 54 [10]
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2008 £ > 5 7 F R4 AR A b & ou 2 ks end G B o Keller ¥ 4 B &

TB A T SR ¥ LB cs (DLSM) [13] o i3 ek A prd £ §

i R f-theta B4 L BEE-EHH T HTEHA U RENR L 3 ik

BBt B B R T RS T A S 5 R PE X

BT AR R AR S G S B AR R A S RS ) HE

A u\migﬁ Jﬁﬁfiiﬁjﬁﬁ’»m ME e

@ f #_SPIM f= DLSM $itrenfl 3 > iput 38 B« $ecd 1 K L B ans i

Ao o bk EEMEY CH- R RREETRARAGS- INLS 0 A KT E

ks o e A AR A Rk L BT o TR A TR G SR b

d R EE A AT F o RS OO F % B e A dok BRI

AEAREEr € R H AR Aok KR B PR G E o L0 R R

AR S K BACE (MuVi-SPIM) [14] » % 4R & K % B flcks 4o

Bl 2-3 57 > Jl% v BFE (A BT HLR{cd B2 SRR E) - F

B B E-E fhik 7

WooEm LI R PP e B R ez AR

\T‘:g-

~ Filter wheel

3 Illummatloﬂa
Galvanometric

| am
beam scanner l
NJnput [aser

beam

Bl 2-3 24 & 8o BP ¥ L MHT X BI[14]
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22 BERA KIHHE

AR it PRI G O BB R MM S B Y iR R - T
PSR T heie RS ek ko 22 ki LB RS R o A
Wk b F kB pcs? W # % F 47k § (Gaussianbeam) k A 4 f ko pE R H A 4
Pk B LS LRI T E e R R AT F AR R Bl T AR i
B4R TR T UL B o 0L 5 T fRigt - % 0 B % % & (Bessel
beam) i j4 X @ 2 [15]c 4@l 2-4 “757 » % & #rk 427 B 2 % & 07 L H[16]0 B %
kg BATER < Bk A A manai B BB A 2 Bk ok A AR A
S P edrearpupil) 0 A2 L EE L Rk o Rad WP gk E b
FEAAF S b 4R 2-5 7 » BAEHEAZG S LFNPE FP P F
FIEAIF 2o REAZL D100 5 Ak 2L gd RO FRETI N a5

RN

B R ERICT AT L R 0 A T HRRALL B & K KA H1T] -

(a) >,/\

Curved
wavefront

“ Ellipsoidal focus

A 4

Lens

Conical
wavefront

v

T
|~

NS
P S

/ Line-shaped focus
Axicon

Bl 2-4 387k & (2 B)EE %4 (T B)7F 2 B[16]
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Bessel

F2-50 254 ot B Eis sk R[]
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23 REAMEKITHFRIFLEREKSEZ R

Ao FREP R EEEBESTHFR L LR EREDLRE S TR S
F AR RS o kBB R

B L EMAE R AP FERG R L L 0 AR
WITRIL o 4oR] 2-6 #7oF o B F W L b B3R S BEACELY 18] T MK R 5
FE R B E B R E TR R > A, - Bk Bk BB X B 4RIk
(pinhole)fs crdfds BAc b k p R FRE & F Sfchk @ X 5 d Frdy BB e
PR MG RS Fo B o S EERERE G B RTR S

Moo i & BRI ek
-

FN RS R TR S LA - B
kghle EAP o) < LARRIFR T AR EHFH o F R R P
ERAET G TR A KA HEAAL A LB IFT oA R REEMER Y T 5

CEHR A e s o e B RSB R RR

=K

pra¥cnn €0 RBEAXIIGF T K 0 A3 F2 B i RAol] 2- 7 45T o
BT KA P LS K 8 A AR G RS R R 5 o B

& 4E o

Detector

Beam Laser

Splitter

............... g ‘ Light from  above the focal plane

Light frarm  within the Tocal plane
Light from  below the focal plane

Bl 2- 6 7 SiF e & B¢ £ A ACELHE R & & I RIZ[18]
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- :
--o-@.n.uo . e
—— -

Oui of focus
light

Point scanningiiy»> Light-sheet illumination

Bl 2-7 & 4= & A (= RS K RS (T R = 5 34 a4 w][19]

231 S HER

L L g AT ARAY 0 K KRR MR R A B o R B R E O S R o
FIRP A3 G RLRE > APLRL - BAHELZ 1 T ERA it n
Freed )t h 0 3 RBH- B Imm Rl o AR R R T -
BIa AFES0FH > 571 AP REFEERELH500 BTG o Ft o K
KRB e - BRI DR AT 2545 o @ X P E A AED ¥ ¥ I mm® A D
PeAEsdl P TR 5004 > F P KRR S I 20 B2 F oo T
Bk EAcELR R h o RENREPL PHPERET - SAFTHFR S F
BB AL AT P i B e[19] o

232 #E2FHErgAang 3

AWML FRARRY V- BERDT R FF AR A DR EAF o LT
ERHCEY ) HRE R AR ERES PR A A2 RS R ot 2
Ttk R ACELY R AT i B L R BN e senk oo B Ed St Rk
A0 H - TG b oo i A CREREY AR BORAE O AR
g7 % 100 3 1000 & o Flet Rk BHCELEY G & AR RO T HHR AR TR

%[19] -
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24 K kBEHCE A R
K Sk kB A gk A S [19] 0 4ol 2-8 ST 0 0T B A R K KR
B NLIEREINET AN RE BN
L @8%k: o BMREOET I Rpgd N garkd » D REWHRAL o
2 FEMY AT S LRI A S

3. HRBEIHTHAAREA - A PR THLLALFS L AR ADEE
j ko

a4
.53"

4. HAZ D ERPERES AERV S RHEEAFTLE S -

B. JREELTIHTBERMAG L Y FRE Y PRMET L IR SATF T

6. BAFRIE IS SRR PR T RID e

7. KBS REAAZRTEC EIBE

>
Lens

R
~— Laser Filter
Cylinder - H Objective
Illumination .
Beam Lens Objecive for Detection
Expander ‘ J

;

Sample

Translation
Stage »

B 2- 8 & sk & kA ACEL A A i o & RI[20]

Scanning Mirror
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¥R EEPGMEBIZIRT RIEARIT

~FE RN 2 BB ok B2 (Digital Image Correlation, DIC ) 538 B 22 i % »
PIEHER A4 BEP hiRat B ¥ 4 2 DIC HAFHRIE A Btm g

¢ * A Matlab 3 T 3 (T =B B B B R 088 Neorr -
31 #&EBEMBEAL

A &R SR EGMEE DR > T EP H R 8o Bl B B
:# (Digital Image Correlation, DIC ) ¥ — &3 B = 3 2t daff ;% & £ p| £ Bk21]
DIC /v 5 3 BAF R ~ F A 555 ol ¥ FRA BB Bl W HEAE 31
TR A d B EATE e RIS R U el 3 B e 2
BRI LA, o d 3 DIC BiER fudZie 7308 0 FI R R g e WA
Fh o> FP ARG AR AFOFRT > T i EA RN AT Y DIC (74

f o =

\-:4

THCH %R 0 L DA Bainphp o B DIC 4 g bt hiF S
AEE F o

P F L0 DIC a5 d Blgpedf 52 > @t e b 54 B ik
(LF S ARNRG) fop v @R (LT 5 R 0) LF g EHd Kk
Bhen R Aol 3- 1 917 0 2 d L3 S R T A 2 FakE > 41t DIC #Frr i
NRZE R Y il > I AR E Y A ST el R G L B
7 3 B

Ref Cur

B 3- 1 dci= 2 (bl 732 FF B BT & WI[22]
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B M T AT 0 doB] 3-2 77 > A R ITIRAES L RRER SR G
B2 dicdp A 45 0 @ 27 DIC A 45 0 § 10T 2 B 4EF R B F DIC A dieng
1., PHIFTPE I EFRF 20 7 PR OE VEREFpE L

FAGAEIE O kL G B g F PR ACE > L EERIE I o L AR

ARkt Wigio 3 4 ek
2. ApHSHED AT A 22 N D B Uk A B A E R Y S

S0 i 0 BT ETe D AR b AR 4 TR R B 0L it E 2

agp
3. HEEFHRL G 7R DIC A ik > wip B R FLLE kR

TAF G ERAMFRETHED SRRSO RFIR A A2 IRELE T B Mo

AL B GERT R TR S O S R L e -

Experimental setup

Spray/ “mark” test subject Calibrate Record event. Let measurement system automatically

track “marked” points to calculate
<?>,, NS ﬁ% g§

B 3- 2 B i R bl T2 4k 1T AR

displacement/ deformation/ strain.
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32 #HERILMBE RE
Aol G ot = B0 oM B2 (Digital image correlation, DIC ) &322
[22] BB g 2 H - bR fistend HE R 2 KRR P R OES
B2 e ¥ o d 3% DIC A dp e p Rt & e il AR (74 41 0 Tl R R
Pl s & LG F e kR A R DR fop 0 i3t R 36 4 4 B EDIC

SN TR R o @ ¥ DIC # % &4 BERY > @ L H A A% A

s AMAER S > TR R AL S B A HEE S R0 BT -

SERT T HRH KL P R oDIC A7 RS e P R iR
LRSS S RO EIEE N s E RN P R R S E S L

AR o SRR e R T R R R RS o P R A R

T

TR ERE G R RS B TR RA
AP R chlic =B B B2 588 5 Neorr[22]) Ncorr - A% = &< g

PR F R EER E

I RBGAULF IR E - B R
B FEE - RPH P TR FIFEE o B 3-3 ¢ 2R DR
VRBPLIRELAEE A TR LY Y TRALT ERE P PEE s x P

3 5 Ny IS oS & 5, Y, &k %
W @ Xrefc y‘—/r’—gra'F“yre/‘"c’-‘t«”‘r“""—ra "o L ’xrefl yreﬂE'Jm 4 b g &

\\\

PG BREAKE oA AP HAERAT > IR LY WEBHx By p BT L oy
VOB AAREIF B AP B AR  FI o Xy B Yoy 1 P W L ART 0 B BEeD

X8y Btk o dest (G- DESG- )90 0 B0 RS FEOE T

* 77
B BB E e b PR ARSI EEY BB At PR AKRF LY v

SRt E ST IAEN T CRE S U £ 8 S

hpan
=|
=
:_T?‘ég
4
e
halrd
A=)
¢
=)
.3\

BEdL @ T Ak re RIAJESY SR A BA TP B ARk > RpAPT LA - B
B EGA e Ephest(3- 3)F 0 4eat(3- 4)ProT 0 A p o sp w R R ke B

BLix ¥ AEL AN K AT o
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SE AR A B AT AR &

B 3-3 54 SR k2 S (=R~ P Btk &P w F (% R

ou ou

Xcuri = Xrefi +u+ W(xrefl xrefc) + (xrefl xrefc) (3' 1)
rc
dv
ycurj = yrefj +tv+ W(Yref] Yrefc) + (yref] yrefc) (3' 2)
rc
Ju Ju Jdv O0v
p= [u ] (3-3)
axrc aYrc axrc a%‘c
d d
[, 0 w7
xrefc axrc ayrc refi refc
frefc + W(Afref; P) = yrefc + dv 14 6_17 v [yrefi - yrefc‘ (3' 4)
1 [ 0%, dy,, ‘ 1
0 0 1

%% DIC BAp R enifF 8= R d it 2 AR TRy aij
FEGE R AT LT B LB LW RS B A P HUAE B L AP hR Y
Bk B B W Wk B R P TR S Ler(Xreri Yrerj)
Icur(xrefi»yrefj) D A RE (s R BT B ER A S ey, Loy, 0 n(S) B S
S+ B} EkEBgNEE Fah T EE gt 5 3 e (3- 5)¥ N (3- 6)F7 0 T
BB GMIE LY B D BRNTIHEDT R APM BB Cycctr (B- 7)

Sii o T THE R A AN Gk LA B A el
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_ 2(1,])65 Iref(xrefi: yrefj) (3_ 5)

Irefm - n(S)
= Z(I’I)ES ICur (xcuri: yCur]') i
Ieyr,, = oS als

Iref(xrefii yTef]) ~ Irefm

2

Cznee = |
L/Z(I ])ES[Iref(xrefu yrefj) refm]

2

-7

Icur(xcurb ycurj) - Icurm

|

2

JZ(I,])ES [Icur (xcuri: ycur]-) - Icurm] J

g ¢ o = % {4 > Neorr # * 1% & = F #7 2 3 ;2 (Inverse

ENE D BRI -~
Compositional Gauss-Newton > [CGN) L4044 B if 1 ff2 B Kk £ fz p Fenix 43 &

R AR BEAP - L KR LEZR AT - BR AR B i 4ot

«ﬂ#“ %‘F'“E-’-'/}\‘W’JB LA A e S '\‘(3 4)19 v e {E ‘\(3 8)° EE=t

BB Pyra
AR M B Cyy e Bt 18 1

1R TIEET RPN Glch ] v TR TEED

2F o AN (3-9)Hrr o O-H (F- R FRBERL TE EWEG-10) 0 21

(1 J)ES

£y
EEAF S N BB BP L ATE Py » do Rt (B- 1197 0 B P €A R E FAP L
acfs > TP EER AR E o & EE P RGPS
[ Iref frefc + W(Afref;AP) - Irefm
Czncc(AP) = { ( )

\/Z(I,])ES [Iref (‘frefc + W(Afref; AP)) - Irefm] (3- 8)

2

cur (Erefc + W(Afrefr old)) curm |
2

JZ(I,])ES [Icur (frefc + W(Afref; POld)) - ICUTm] J

VCzncc(AP) =0 (3-9)
VVC;znec(0)AP = =V yzpcc(0) (3- 10)
(3-11)

W(AEref; Paey) = W(AE s Posg)W (Arep; AP) ™
B o A

GRS A R R £330

B2 oHd LV LALY

i > Neorr @& * eg™ %2 3% 5 BeAh-2 89 P % 5%
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AT o RN RO e R BT B B L WAV (3-12) 258 (3-13)

X(3- 14)#57 o

E _1 26u+(6u)2+<
x T o\"ox  \ox

1/0u 0v Oudu
E_E(

xy —

18

oy "ox T oxay axoy

E _1 26v+(6u)2+<
o 2\"ay \ay

(3- 12)

(3- 13)

(3-14)
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3.3  #k iR ifhE B2 3t Neorr § 1F

Al ERSE > AT Y Rl R0 ol B2 2 47808 Noeorr fnd iF 4 3¢
[22,23]°Ncorr & — # & MATLAB T 5 1 i {7 2 #c /=B ff b %2 B R 888> & Ncorr
PE S RHTT T REEFHAARNE I > DD AT S Rk G- L

PIT LB R Y 0 T kAP R e A 5 Neorr s (FIRAR o

B R R ECE 7 Neorr A 250 % » § & & MATLAB ¥ % % Image Processing
{r Statistics 711 & & 0 E2 CH%HBFER > 701 % - S fad o 0 § & MATLAB
Command Window * 315] »"mex -setup CH+"k % K5 FE » T X2 i H R {8 TF
Fade 4258 o Neorr x> 7 & MATLAB Command Window ﬁ%l » handles_ncorr =

neorr M ITARF - L {7 188§ 3T Neorr £hig * B 174 6 4o Rl 3-4 477

17 7% 3 (ROI) » iz A 7 0 % 5835 ~ PR 2 f 376073 LR SR8 A 45
(OROI % HZ3E @ & 0 4o 3- 6 #7577 >+ 7 % B i@ an 58 B e o
BREGIBES ST HRELATE R - IR R BRFAPTE AL B¢ 4
B Analysis * 4o ] 3-7 777 3% THE GBI B2 n L IR Sl ¢ T B &t

S BEEIE R AR R FIRLIE R AR R R AR R

P el e Bk LR A (S B B M R ni k> g Rl b B g
RS e S A R+ § B fedgy, MR gg% % hia R -
F 5L GANIRATR S Myep * Ny 51 B B R B S Mgy * gy * 2w e
ETd AG1)E ARG 16T e BEAPT B R LT WA T 8L e

19
doi:10.6342/NTU202401842



BAcBl 3-8 7w c R FERI B LN TS FT AT EGY 0 12 ¢
EReofApen 3 R EAREAT R ARG E AT FELPcqiipl -4

7R = {80 7 f Analysis ¥ & T 41

&?&r
=
b

B ik S A R BT E
TG BFT RS - RO FERARF Y PP R A2 p B

T4 o] 3-9 40 o Bl TR T T R RN AR A (5 M4 4ol 3-10 %

7 e ¥ BhiE Plot & g 4cR 3-11 97 0 3 A AT B SR RS X 1T
WAL YRR TR e it E g % ihd < k| 0 » ¥ 3K T Transparency

BRI/ LB Pz o

m
ref
Mout = T d 0 G-13)
+ subp
_ Nyer
Pout = T d (3-16)
subp
4. Ncorr - handles_ncorr — x
File Region of Interest Analysis Plot
Program State Reference Image Current Image(s)
Reference Image NOT SET
Current Image(s) NOT SET
Region of Interest ~ NOT SET
DIC Parameters NOT SET
DIC Analysis NOT SET
Displacements NOT SET
Strains NOT SET

Region of Interest

Name: Name:

Resolution: Resolution:

®] 3- 4 Ncorr 3% £/ w
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4 Ncorr - handles_ncorr — b4
File Region of Interest Analysis Plot
Program State Reference Image Current Image(s)
Reference Image SET
Current Image(s)
Region of Interest NOT SET
DIC Parameters NOT SET
DIC Analysis NOT SET
Displacements. NOT SET
Strains NOT SET
Region of Interest
Name: test16_1.jpg Name: test16_2.jpg
< 1 >
Resolution: 900 x 900 Resolution: 900 x 900
5 b s 2 | 22 2,2 2 =2 =3
B 3- 5 Ncorr %% B2 2)¥& B % B2 u(+ )k 2
[4 Draw ROI = X

Drawing Options

+Rect - Rect
+ Ellipse - Ellipse
+ Poly - Poly
Clear
Zoom/Pan
Zoom Pan
Menu
Finish
Cancel

Add/Remove Region

Name: test16_1.jpg

ROI Preview

Bl 3- 6 ROI K
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4\ Set DIC Parameters

Subset Options
Subset Radius: 26
I
Subset Spacing: 2
‘(lir I »
lterative Solver Options
Diff Norm C/O: 1e-06

Iteration # C/O: 50

Multithreading Options

Num Threads 6

High Strain Analysis
D Enable Step Analysis

Seed Propagation

Auto Propagation

Step # 5

Discontinuous Analysis

[ subset Truncation
Menu
Finish
Cancel

Subset Radius and Spacing Preview

Subset Location

Name: test16_1 jpg

Subset:

@] 3- 7 Ncorr $-#c3k %_

4 Set Seeds

Seed Options
Seed(s) Set. 6 of 6

Menu
Finish

Cancel

Set Seeds

Select Region

Name: test16_1.jpg
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Set Seeds

Units options Line Preview

Units: mm
# of Units: 3|

Units/pixel : 0.0035621
Set Line

Load Calibration Image

Zoom/Pan

Zoom Pan

Menu
Finish

Cancel

Name: test16_2 jpg

=
et
o
K2
R
g
v
R
7:«:
N
%
g
3%

{4 Ncorr - handles_ncorr ’H‘ 7H %;é ‘H} 7‘1{1_%3 ﬁ"»

File Region of Interest Analysis Plot

Program State Reference Image
Reference Image
Current Image(s)
Region of Interest
DIC Parameters
DIC Analysis
Displacements
Strains

Region of Interest

Name: test15_1 jpg

Resolution: 900 x 900

A

<

-E‘l:\?,
/H}

Current Image(s)

A ER YR

Name: test15_3 jpg
Resolution: 900 x 900

Bl 3-10 i@ hMBmER TS F 5
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4\ Data Plot
File

I B

‘ Apply to All |

‘ Reset Defaults |

rLocal Plot Options ——

[ contour Plot

[ Mawmin markers

Transparency:

View Options

‘Lagranglan w7 ‘

Scalebar

Scale Bar Len: 67!

=

rScalebar Options

[v]Ares

rAxesOptions

=

‘Zoom/Pan

~U-displacements

Reference Name: test15_1.jpg
Current Name: test15_3 pg

Analysis type: regular

RG-DIC Radius: 16 | Subset Spacing: 1

Step Analysis® Disabled

RG-DIC Subset Truncation: Disabled
Image Correspondences: [0 2]
Units/pixels 1 pixels/pirels
Correlation Coefficient Cutoff- 1 5724

Radial Lens Distortion Coefficient” 0

Diffnorm Cutoff: 1e-06 | lteration Cutoff: 100 | Threads: 6

Max: -242 4797 pixels | Median: -247.3341 pixels | Min: -252.5482 pixels

-246

-246.5

-247

-247.5

-248

-248.5

-249

B 3-11
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Sed 23k AR RESHLH

AFEY AP F LA SR TEE KRG TE DA BITER P I

34

WE R RO RE o o R e R i R R RS SRR
BACEL 1R oo AR PR MCRE TR R et G e K M R T E R A X
R ACELIE (7R & LRI 0™ 3 0 10 & doie i 3B A 6 BOITIE (7 BLIRI e 2 89 38 o ) -
B BRI F R DM AR R BB R R e R el
EEER N R VT T EE EN-ENED IR AR CEE TN
PAew BN R O ERIE i et Fimanip o
41 FEHRJELEHKEINRZFENE

Ao R ) SR BB R R RCAR K ST Fr0r s F R ol o Ik
BACEL H B R Z BINAGEE AR BB MRS B E R R O BB S
LA T FR R
411 #3 el ragnic

B L Bl & 0 R SRR A R R T gAY 3§
FABE A LR A FLRBERY AL S TR R B 4

FER o B AP e PacFl 4 1 0 eh GBS A R B Bl A

M

¥
PRETRETRBAORINIF P A AR TR Bho XS Bk B3
A

TR AP e T Mt o B2 3T AR LB A BB 7§ X TIRFH

B m AR R E AL LS L E R o 42

A AT AP AL AF I ER T RF T hBEFH AL RF TG
il kB e > R AN TEE BE O RF O LSRR TH AR foT ko

AR RS AP A B ¥ g R E R H MR E
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HEREH #E A | &L
LEGO Brick 2x2 3003 8
LEGO Brick 2x6 2456 8
LEGO Brick 1x2 3004 4
LEGO Brick 1x4 3010 11
LEGO Brick 2x4 3001 10
LEGO Brick 1x16 3703 9
LEGO Plate 4x12 3029 2
LEGO Plate 4x4 3031 24
LEGO Plate 2x8 3034 2
LEGO Plate 6x6 3958 1
LEGO Tile 8x16 with bottom 90498 6
LEGO Base plate 48x48 11024 4

e igars (DIC) #5% > APR T 1 =257 FE T

-
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2 A4-28F K aET R R G
HEREH #E A | &L
LEGO Liftarm thick 1x11 32525 3
LEGO Liftarm thick 1x15 32278 1
LEGO Brick modified with channel 1x4 2653 8
LEGO Brick with axle hole 1x2 32064 1
LEGO Brick corner 1x2x2 2357 2
LEGO Brick 2x6 2456 3
LEGO Brick with holes 1x8 3702 5
LEGO Brick with holes 1x14 32018 2
LEGO Plate 6x12 3028 1
LEGO Plate 6x8 3036 2
LEGO Plate 4x8 3035 1
LEGO Plate 6x16 3027 1
LEGO Plate 2x4 3020 1
LEGO Plate modified with door rail 1x2 32028 2
LEGO Pin 3L 32054 5
LEGO Axle 1L with pin 43093 1
LEGO Axle 8L 3707 3
LEGO Technic bush 1/2 smooth 4265c 6
LEGO Technic bush 3713 6
3D printing gear for motor X 1
3D printing rack X 1
3D printing motor base X 1
Stepper motor 28BYJ-48 X 1
30

doi:10.6342/NTU202401842



412 #IMHKBLEERRT 0
AT R enE R R R BB L St B B AR A 5
WP o B8 L FRTRELXrRFHRTRIR AP HEY 3 8
- B

i#
SEEARCE TR R A

b

x
ETRS
E
o
=
&=
=
)j?&\
&
oy
ps
o
15;
[
i
=

e
R

R}

=
o 4
N
IS

& K& 5.625°¢n28BYJ-48 H it B E S L A F > BB S RIpHIAES e & 0 5

BEAET A AP F 0 T A PR - RATE SR 0 3D S B ok g U
i)

w L
S5

a4

SRS EN G T B

ﬁ;IJ °

e

L7 Al ABLPIEALY S @ HEAE D] S R E AP * Arduino
PR RT T ol R Rk R T T i 49 ABRE AP R

CEYF RS A RF TR FIRoF AR o Bl 4- 6 577

19, 0,0.0,0,0.6.0.0.6,0,0,. 0

s e es s TeURUTTTUYIUEB UL
(66,86 66 & \,\}CL., ‘t&%
KA

y
L&.,‘
B

31
doi:10.6342/NTU202401842



S
&
(98]
\“‘ﬁ
<l
e
a_
]
&1
B
&
1)
A
e
T
wh
T+
=
o)

HEREH #E A | &L
HefpArdd w5 X 1
Stepper motor 28BYJ-48 X 1
ULN2003 motor driver X 1
Arduino Micro X 2
HC-05 Bluetooth module X 2
Arduino Joystick X 1
Breadboard x 2
Jumper wire X 20
Power bank X 2
3D printing gear for motor X 1
3D printing motor base X 1
LEGO gear 40 tooth 3649 2
LEGO gear 20 tooth 32269 1
LEGO link chain 3711 40
LEGO axle 6L 3706 2
LEGO plate 8x16 92438 2
LEGO panel 1x4x3 60581 16
LEGO window 1x4x3 60594 8
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A4 B3 KB LT BRI R E

HEREH B AR | KL
Raspberry Pi 4 Model B X 1
Raspberry Pi Camera Module 3 with cable X 1
15.3mm Digital Video magnifying lens X 1
Micro HDMI to HDMI cable X 1
Power bank x 1
USB typeC cable X 1
Monitor x 1
Keyboard and mouse X 1
3D printing magnifying lens base X 1
650nm laser module X 1
Cylindrical lens X 1
LEGO Angular plate 1x2 - 2x2 99207 2
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1 @41 242 ) ER BT 0 xS 0 BRI -
2. W EFE Y L L2 Arduino S F AR FV A YL AR EA

Pl 4 T KR-E AT Z_ Arduino 3 {5 7 Joystick #1452 £ 5 & ¥ HT B
10 4% 0 x i 4ol 4- 15 4778 2 Arduino IDE A2 %3 E 0 & 5 2 & AUy
#1E L 2 Arduino A5 A BLE ~ £ IR o B 1S RITEA] H S R AR
PBEFEFES o

3. HHEIRAPSH R PARGRIIMFRAIF I pEL o T AR RS
Tt B R e § % - B FORTE R pE > § & L o] 4- 16 475 <0 raspi
HETEw o B LB TEFTRREE R BEFA TR 4B 4-17 2
2 Python $tff 4 B 425" > f AR enEge ~ ML % LT i o

4. BHRFEOR IR S o DREAPBRR A DF RO DY F R
Bodok AR RIR s BB A EF R ARYE  FRIBET LD
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MOTOR | Arduino 1.8.4 — O X
HE HE BB 15 HA

MOTOR

lude <SoftwareSerial.h> // 5|FBEfE=E A
#include <AccelStepper.h>

gL A 5 1R
SoftwareSerial BT(8, 9); // FEUH, S
AccelStepper myStepper(AccelStepper: :HALF4WIRE, 2. 4, 3, 5);

int val;

void .\C'.L.ﬂ() l
BT.heoin(9600);
myStepper. sctMaxSpeed (1000);

void loop() {

val = BT.read();

it (val = "1") {
myStepper. setSpeed(600);
myStepper. runSpeed();

}

it (val = "2") {

myStepper.setSpeed(-600);
myStepper. runSpeed();

! v

enuino Mic

Bl 4- 15 ¢ * Arduino IDE %3F B + @ #4420
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————  Raspberry Pi Software Configuration Tool (raspi-config) b——m"m—
Setup Options

1 Expand Filesystem Ensures that all of the SD card sto
2 Change User Password Change password for the default use
3 Enable Boot to Desktop/Scratch  Choose whether to boot into a deskt
4 Internationalisation Options Set up language and regional settin
5 Enable Camera Enable this Pi to work with the Ras
6 Add to Rastrack Add this Pi to the online Raspberry
7 Overclock Configure overclocking for your Pi
8 Advanced Options Configure advanced settings

9 About raspi-config Information about this configuratio

<Select> <Finish>

B 4- 16 i& ~ {5 % raspi 3K TF m E4p 8 i B A
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| Th Thonny - Mhomepi DO(G\Preview

Thonty/ ~ ihop
o
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il
* y o

New Load 33NE
QUG Previen | sty |

Stop Zoom Quit Support

190 LI0p A = 1w s
| 28 crop_y = 1258
21 crop width = 800

{235 crop height = 700

L3

‘3 10 B IR s jii

cmpisettings { i it g
| “ScalerCrep®: [crop.x, €rop.y, [crop width, crop height]
| picam2.set controls(crop settings)
} ¥ hosuieiing I f

2.set_contr fHoge! JUSI AFHORE NG S5 y MATSpeed”:) cont re
p!camz.setAcontruls({"Aande": AfModeEnum‘Maﬂual,
current_lens position = P

num. Fast}) |
icam2
Picam2.exposure mode = 'off:

«Camersa controls(’ LensPosition
‘ 35 picam2.shutter speed = 1000

ensPosition": 5})
]

5

861 to Unican devices /dev/nedias and 1sh devics
[0:36143.235735341] [1559] INFO Camera camera.cpp;1a2;

e P (@) 640x480-XBGREE8S (1) 840
[E:gsznxesizasvi] fave2] ,INCO RPT raspherrypi.cpp:aes Sensor: /base/soc/12comux
iotanensor format: 1536x864.-5866R16. 1x10 Selected unj : s

‘ Hsearee 15 o 2aC: tesex Unicam format: 1536x564.paan
top

RECAa ) T s

'8 configuring streams:

/izc@l/lmx?@a@la - Sele
s

Local Python 3 + /ust/bin/pythona

W) 4- 18 4 » 4p & B Fodp 4837 AR & 73 54 4 Sl
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