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Formation of micro-wiring and the mechanism of laser direct writing using copper
nanoparticle
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The conductive micro-pattern formation on a flexible transparent poleer
film by laser processing using copper nanoparticles was studied. A wearable sensor based on the
resistance change of a copper micro-grid structure prepared on a polymer film during bending was
developed. The formation of a 3D conductive micro-structure using copper nanoparticles was studied
by using a new developed 3D laser direct writing machine. A conductive hybrid film was prepared by

laser sintering of a copper oxide nanoparticle-graphene oxide hybrid film, which was applied to an
infrared sensor and an antenna-type chemical sensor.



B X C—19, F—19—1, Zz2—19 (d®m)

1. WFZERRME LD 5

TR, TR F—RECREMEOBAEN S, X VBREAROIRW T vt 2N a[q27e 58t
SLHAFIZEONAIT 5N TCWD, BT A ARIEICBIT BIEFDOA ) RX—a OO0 E
M1iRxLz, 7V Ty Ry b= A%, KEBEEAM - K= kL F—HEA oG,
e LT, A7 =y MEEFRLE L TERRMENER SN TE 720, ZOEGMICIE. -
EAHERENE D IR - AR NA TV v BT MR E DR H 5, TV T v R’
fo=7 ZOAITEHICIESN, 79—V Y7Ly han=J A, ZLFT Tl b
DS A, BT I 7Ly hu=s A LCREREIN, [oT B2 EFT
NRAAZADA A=V D—D¢LIp>TWDb, 5%, 7V 7Ty Ry ba=7 A, 3D 7VJ
?4V7k@éL\H)IV&%DS?X&WAEﬁ#oTw<&%KEM6 Bl sz B0
T%. MID (Molded Interconnect Device., IEEIEEERSL) <2 3D L —H —HimwH iz i<
LDS (Laser Direct Structuring L —% —E#E#E(L) A 3D =L 7 hun=27 Aiié LT, &
E7o AW LN TS, TAHICBWTIE, TERIEICBITA2EZE T a2 2 V]
%ﬁ@ﬁ%\ﬁ%-ﬁwﬂ4iva\%i@%/ﬁﬂ%@% EMEtE Wz =y h T aE
Xf%élk\7%FVVXF%®%&7Dﬁx%%£tL&wﬁ/fV/F&§L7DtX
ThHZENEEE o TWND, ZuniE, ToT BRIz Is1T % 85 BH I B R opg s 1 7 L
DML L 72 = — X ~DRIGIT ﬁbtﬁit&ofmé

X REROR T A Ve y MEERLELET YTy Rem LY e =7 A,
W OBLERIF & LR &, < OB TONTE TS, A7 Y=y MET
. A7y by RIBEE U v MDD A > 7 ik 2 AR ICE S L CREE 23T
nbd, oG, BEOA 7 Ve NMET
131 pl LA F ORI OIS REECH D = L & , ,
EIA 7 R ATENEC & o TR sonted electronics

J: T}Z:Z?)) > T L/ i v \%‘%Eﬁj\ﬁgﬁg 71)§ % t) ZD k Inklij:rgpéirggg electronics

WO RERH T, COTD, G 50 um KL e esroe Beconics
TORM Y — 2 ORIIRETCH -T2, F — Laser direct writing

o, Arr¥=y METHEREND BT ——

J RIS 2 — %, #E%ICIT. @B MID (Molded Interconnect Device)

/ *l% E{K@f_&)@ﬁjﬁéﬂkﬁﬂiﬁ /f 4 ‘/ Laser direct structuring (LDS)
T f\%@ﬁj@/ri/ﬁﬁﬁi D %[yj<f:y)® _3Delectronics -
%@%;'ﬁ{gﬁi% %é\/u*’c% D N %@%ﬁ?f@i’-\:ﬁ Substrate-less

WA LTV, Sy~ afi [SS0NNN8801 2000 2010 2020
ML RAICT 572012, 8 (Ag) /KL
T 250°CHI#. 4 (AwT / kit T 350C 1 BT A ABER RSB 23EEDA /R

ﬁﬁ?&“ﬁ@kﬁﬁﬁiﬁi"\g“@% 0. —RAYZRESUE —var,
BEA A V235512, Bt-ar 0B
mﬁﬁﬂm%kﬁéo_@ioﬁm (@) (b)
7 vt AT, BB AR & V21 patterning by photolithography
l 1. %@fﬁﬁ?@ﬂ MmN HREE :ﬁ?f:g'mc\ hydrophobic
7L£O < < E)O ;ﬂ jd‘ LT%Z/? . substrate surface laser bean
L—Y =& Ag kit (SR v
e AFXxy o TDHZLILoT, % Inkjet head ‘j’ Ag nanoparticle
%EH Y 7Isua V/\/I/VC@(j?EJ ) / spin-coated film
BT S WTRE T 5 2 & & IR oo me @ Nano g ink
(ZHEBRIT TRl THEE LT\ e, A
YUYy MEE V’—ﬂ-#ﬁ%#ﬁ ‘? * laser sinteri

HYAD 7 1 2D ZK 2 (TR
Lz, S BOREROBIFEICHN T — =
TNTYS B + o oo

¥ .
27 (BERRY) 1R MEW Ag EA i ;Igl:r:;g using an electric-furmace :Z":';'rci;g’e\ organic solve

FRFPHOCONTE RN, OF o ]

Ag WHIBCHREI TOEA Ao D~ A I

7 L— g U NT NN AREDOR- 2 BRFIKTFA T ERNEA V=Y NS T 4
L2 TXTEBY . R/ kT v 7B LN — Y — B 7 () O Lk,

AT RNV Ty R

7 b= AFOBENRRD LN TWD, Lol $i%F kit A0y ) 7k
HaERIEICB T, OB LD S DNHEE 2> T b,

2. Lo HB

AWFFETlE, XV BREEAR ORI T 10 AR ATREAR M B HA I B DR AT b TV 5y
BEDORNT, i/ RTE WL ——Taty oItk oT, ZLRUTAEARY =
— A b~ b EE BN — R BEICERT D Z E R AR AT 2 L2 BN



LT, &R, FOFEEHVNC, 71X 7 by bua= A5, A, 3D L—H¥—
BT, F A7V R E AWTREEL Y — Bk & T3, R GSHZEZ DN T O
HEITo T,

3. WFgEo ik

L — - — B B Rl
HBIZHWERTWS
L—H =k E LT
i, UL A L= — a
¥ KON (CW) - L o
L—H—=2NH 50, ' :
F MO L —3—
R TITRBW
Tix, AL —H
— = HWESAITX
L—H =TT -
2> (JBEh) NER
HslroTLED
7=, CW L—%—% AW i=kit 217272,
CW L —#—¢& LTiX, 405 nm 7 /L— 31 F L
v KL —H— 445 nm 7 L— L —H—,
532 nm DPSS (Diode Pumped Solid State) L — % — (w
HEHW, L—Y—toxXy izl AT
~ v NicHi A2 b—Y —EEHE 21T 5 72 D E
LT, PCHIBBEEIAT—2% (K3) BLOH
NN ) AR v F—% (K 4) #BIELTZ, PCHIH
HEI AT —URICBWTIE, Lo X &2 HnT
L—YP—NEEN L CL—Y—EERRZITH O
T, L= —DEHAR Y F A X (100x %4 L
VAT 1p mAifg) O/ Z —=2 7 HA[EET
HDLEVORFEN L, ET, K 3ITRT LD 7,
PC #lfEICF 2 hifA v 27 OBAF » A a2— K
B [FRFIZAT 9 2 & O T 5 layer-by-layer 1%
TO 3D L — Y —EERGELEE 2 B 72 2B L CERICH W=, IR ) 2%y F—FEH0n
7o U— W —EEEEE, EAEEEOR W £-0 L XEHWS D, HimaiEREo T PC
HAE BB R 7 — RIS KIZ RN, HAR ) I TN LD EEAS Y VR ARETH D, §
WERREZ AN LT, 3D KE~D L —F—HENRFRETH D &V I RN H 5,

DC power
supply

tmetal
nanoparticl
ink tank

Stepping rnotion
tlotar controller

Drivers

3 PCHIMBABIAT — & Hv e b— W — B .

galvano mirror
laser

Depth of f %EZ
epth of focus < \D

A: wavelength
F: focal length
D: diameter

4 TN AFxF—BILPf-0 L X
& T o — [ R A

4, HFFEECE

(1) CuF 7RiFDL—YP— 2 T
W R E AWV y MNE
(2 X AIGHIEL AR B2 35\ T, Cu F /K .'
T O N2 — v TR LT IS5y o o, ©: o,
M OBERRNLETH D120, ZOWNFH |
Cu /R TFREPMBILLTLES &)
MEN > T-e 2D, KERE T A5
DO TEMEF IR TORER M THh T 5,
ZhicH LTl —Y =2 x ) 7, v
— P —WE%E ~A 7 e BURNIICT

laser beam laser beam

WD o2 IRREZDEmER T m
TATHLHID, BFEIZED Cu T/ hit
FHOBAENEZ D S50 E W) R4
AHLTWD, 2D, 22PN Th
HAEMED Cu MOELRR N2 — v ZTERT 2
ZEMAEETH T, LaL, i) ki
DORIBICIFENH O, $5F 7 A— bW A
AP Cu F RiFA 7 TPz
Thbl—HY—v &I TEEME Y
— U MR ENT DTk LT, R B+
~EEF ) A—FLD Cu FRiTFA D
T, B ERIOZER &2 BRI T 57290
WCE LSt E L 7> T LE S 120, R

oxygen diffusion

surface capping at the initial
through porous structure

stage of laser sintering

[0} 0,
O%O A fo
O\ (F LR
P 00swO
substrate ‘ substrate ‘

Cu nanoparticle
(several nm)

Cu nanoparticle
(several hundred nm)

5 Cu F/RFALI7DL—F =2 2Bl
LT RiAY A RO

TIXEEEIFON R o T, BIUEEDERIE, Vv—V—2 02U U VRO T ~ o A~



7 RV X B, Cuo, Cu,0 Xy ROTER S bR &
o, BRI R & S RIFLEMED BN Cu
T RLASRIZEBN T, BEEILRUC & D PR LTk
PR A FiEE LCE, KO hind 5+ kL
FHRETHIET, RrHOZERERD D
ENREZLND, 6 120X, KIFE2Y 5 nm HijE D
CuF /hiFA 27 ZHWT, 405 nm L — P —EH:
HENEIC XY, BHTZ LT AREKRY) =F L
FL7%L—hk (PET) 74 /VA FIZER LT- Cu
A ra Yy RRE— ER L, 2AHO Cu
~A a7y KREZ— 0%, Sk BEpuE
BlbERL, YT TN —F N 2D
RN ARECTH 7= (K 7).

(2)  Cu F/RiTZE MWz L — W — E

X B EM: 3D K

K 1R L&D BT A ARLERIFICEB T
DEHFDA ) X— 3 Y OFNND, 3 WICITELHR
SNTE LT A AT HEMNN S B EEIC D
EEZBND, Cut SR FERHW L— —E B
LA, K3 RT LR PCHIEIC LD A 23—
NI L xyz 3 B ENCL — Y — il A 7 e 7T A
FIMEZ L0 BB TRV IR LT 5 K 9 738l A Bl %
L, 3D EEMEMMAERICBE T 2 met 21T -7, X8
2%, CuF kA4 v 7 ZHViz 3D L—Y —E
HEEEIC X 5D, 3D EEMEMIE SRR 7 1 & 2
FREXMIR Uiz, CuF R4 v 7 B EIC L
— Y — B EE TR OISR Z TR LTz,
FOEZCuF IR AT A —"Fa—k L, L

R(0)

6 Cu J /hitA 7 &RV L —V— B
WEICX VR L Cu~A 2707 v R, Kk

—

78000
73000
68000

63000

58000

53000 1
48000 3 g

43000

38000

] 100 200 300 400 S00 600 700 800
Time (s)

— P —NoESEZ R LIy FEETL—H
—HiE 21T o2, THIC K- T, BHZEREEEA
THERE L, RIERD Cu A v 7 BRI CHRET 5 2
LI Lo C, 3RITZRZER 2 AT 5 3D EE MM
KO AZIT->1-, X 9121, Lo 7av 2T L
72 3D SABCIIAE SR O AT 7 PSS (SEM) B 2 78 L7z,
*72, K 10121%, CuF JhiAA > 7 @ 3D L—H —HiHE
TR L7z 3D fHEL AR D — B &2 7R L7z,

10 Cu F/RifA > 27 ® 3D L—F—Hliili Tk L 7= 3D Sl
DI

7
LA EPUEZE VY =T T T P —,

Cu~vA2mlYy F/R8—rOiliFIc

laser beam

spin-coating of
firstlayer

!

formation of staging
by laser sintering
(deep penetration)

!

spin-coating of
second layer

formaton of bridge
by laser sintering ;
(shallow penetration)

!

Removal of Cu
nanoparticles
by solution etching

!

Cu wiring
with a hollowstructure

1
(8 Cud /A >/ &H=3D L
— P £, 3D AR
RE AR e 2.




(3) BRLSHT /BT LRE Y 5 7 = DA 7Y RIED L— P — BT X 538 <
5= DI E T A RIS
1 ) RIFA 2 1%, REBGIC & B RN D
A 55 = k0D, BESASERLMAROT /K S

FORBIEETDN TG, F7-, ARROT /) (e S L S
BIFAITINA T, B—RROF MBS, Fiizichl e ﬂ;,;?,&: x

BEMPELE L TR ENTWA B2 T 7 = > (6GO)
%, 777 2 U BBEGAECEBRIN-BEEH
L, KREOBUEESIZOBELZA L, HETFICK
> CEHEBMORTARL 7 7 = (r60) L7252
e, FUET ALY hE=T ABNWTEE
PEREE 2 TERT D 72O OFRMELE L TR &N T
WD, T, BT/ my FL GO EDNATY Ne ) L .
v MREPRL, L= ) o 7S 008 g g w7

P

PERRE DTZ RS L OT A ZEHICBET DA ET ) oo 4050m L—W—t 2% v
oz, HILICHE, B/ vy FRIES T 72 pe s cu 500 ris—y,

oA T RIFEA~® 405nm L — % —J A
Xy TR ENT- Cu A N F—0 D
N BEMEE S A LTS, L— Y — IR
TSR DIZETTIZ L - T Cu DER S
BN, T < AR FAREE
PUROWPED BRI T, BESRITIRFEN
TFAETHEE, BIEMEIC X - TREEH A
EHRAELHFNGETLTIND Z ERMLINT
WAR, GO HET T, L—V—RREHIC
£ 5 rGo DA, BEHIDEITLE r GO D
HELDOT A 7 AR Z 0, X 11
WREND LD 7, SREEENAT Y v
REERERIND EEZ NS, ZDLH
TREBEMENA T R, BPUREELREL
a MIEFITREL (-1.18 %/°C), IR
WREAZAETH B —E L THEREL 72,
Fz, U —EEREECL S TAT Y
H—=F A LTADT T FHEE % PET 7 4 /L
L EIZERL, 7T kEe g —
LCO¥ERE, 2 NT—ITF T4 % —
FHWEU X —rna R AT MO
MOHRRIZE A K 1212 T X )7,
WEOFHEER~OBE RIS ENHER I

AReturn loss (dB)

60

-0l | 1 ! I |
35 4.0 45 5.0 55 6.0

Frequency (GHz)

12 B/ my R-Bb7 57 =g 7 ) v R
~OV—PF—EEHE TR LT AT v X7 VBT T
F YO 2 FEREMICE DY X —rm AART K
NERQ) 7K, (2) DMSO, (3)DMF, (4) A% /—1, (5)
TEFATE R, (6) =& /)=, (1) TR, 8) A
Fa AT Aa—L, (92-AF LT E ) —, (100 =F L
7EF—h, 1) FArxTr,(12) n~FHo

Teo ZOXD, ®RIBEH—R DT I MENLRLEEMNA T Y v RIEIL, TOROEIEH
BHIBT T 7B REDMIN S T BT BB REATBE & L Tl S %,



22 18 16 2

Cai Jinguang Lv Chao Aoyagi Eiji Ogawa Sayaka Watanabe Akira

10

Laser Direct Writing of a High-Performance All-Graphene Humidity Sensor Working in a Novel
Sensing Mode for Portable Electronics

2018

ACS Applied Materials & Interfaces

23987 23996

Dol
10.1021/acsami -8b07373

Watanabe Akira Cai Jinguang Ogawa Sayaka Aoyagi Eiji Ito Shun 10813

Laser direct writing using nanomaterials and device applications towards loT technology 2018

Proc. SPIE 10813, Advanced Laser Processing and Manufacturing 11 K-1-K-17
DOl

10.1117/12.2327081

Akira Watanabe, Jinguang Cai 10520

Akira Watanabe, Jinguang Cai, Laser direct writing of reduced graphene oxide micropatterns and 2018

sensor applications

Proc. SPIE 10520, Laser-based Micro- and Nanoprocessing XII p-1-P-8
DOl

10.1117/12.2288355

Watanabe Akira Cai Jinguang Ogawa Sayaka Aoyagi Eiji Ito Shun 31

Conductive Micropatterns Prepared by Laser-Induced Reduction of Graphene Oxide 2018

Journal of Photopolymer Science and Technology 447 450

DOl
10.2494/photopolymer.31.447




Cai Jinguang Watanabe Akira Lv Chao

30

Laser direct writing of carbon-based micro-supercapacitors and electronic devices

2018

Journal of Laser Applications

032603 032603

DOl
10.2351/1.5040648

Chao Lv, Cun Hu, Junhong Luo, Shuai Liu, Yan Qiao, Zhi Zhang, Jiangfeng Song, Yan Shi, Jinguang 9
Cai , and AkiraWatanabe
Recent Advances in Graphene-Based Humidity Sensors 2019
nanomaterials 422-1-422-42
DOl
10.3390/nan09030422
1
2019
26-33
DOl
J. Cai, C. Lv, A. Watanabe 7
High-performance all-solid-state flexible carbon/TiO2 micro-supercapacitors with photo- 2017
rechargeable capability
RSC Advances 415-422

DOl
10.1039/C6RA25136F




Akira Watanabe, Jinguang Cai 30
On Demand Process Based on Laser Direct Writing and the Sensor Application 2017
J. Photopolym. Sci. Technol. 341-343
DOI
10.2494/photopolymer.30.341
45
2017
627-631
DOI
Jinguang Cai, Chao Lv, and Akira Watanabe 10
Laser Direct Writing and Selective Metallization of Metallic Circuits for Integrated Wireless 2018
Devices
ACS Appl. Mater. Interfaces 915-924
DOI
10.1021/acsami . 7b16558
Akira Watanabe, Jinguang Cai N604
Laser Direct Writing of Reduced Graphene Oxide Microelectrodes and the Device Application 2017
2017 1CALEO Proc. 1-5

DOl




Jinguang Cai, Chao Lv, and Akira Watanabe N602
LASER DIRECT WRITING OF CARBON-BASED MICRO-SUPERCAPACITORS AND ELECTRONIC DEVICES 2017
2017 1CALEO Proc. 1-6
DOI
68
2017
857-863
DOI
Jinguang Cai, Chao Lv and Akira Watanabe 30
Laser direct writing of high-performance flexible all-solid-state carbon micro-supercapacitors 2016
for an on-chip self-powered photodetection system
Nano Energy 790-800
DOI
10.1016/j -nanoen.2016.09.017
Akira Watanabe, Jinguang Cai -
Laser Direct Writing of Conductive 3D Micropatterns Using Metal Nanoparticle Ink 2016
IEEE NANO 2016 697-698

DOl
10.1109/1CIT.2016.7474911




Akira Watanabe, Jinguang Cai 10092
Selective metallization based on laser direct writing and additive metallization process 2017
Proc. of SPIE Z-1-7-8
DOI
10.1117/12.2251167
2016
85 104-109
DOI
Jinguang Cai, Chao Lv, Akira Watanabe 7
Facile Preparation of Hierarchical Structures Using Crystallization Kinetics Driven Self- 2015

Assembly

ACS Appl. Mater. Interfaces

18697-18706

Dol
10.1021/acsami -5b05177

J. Cai, L.Chao, and A. Watanabe 4
Cost-effective fabrication of high-performance flexible all-solid-state carbon micro-super 2016
capacitors by blue-violet laser direct writing and further surface treatment

J. Mater. Chem. A 1671-1679

DOl
10.1039/C5TA09450J




Akira Watanabe, Jinguang Cai 97360
Formation of copper micropatterns by laser direct writing using copper nanoparticle ink 2016
Proc. SPIE 9736 1-10
DOI

10.1117/12.2211215

Jinguang Cai, Akira Watanabe 97361
Flexible carbon micro-supercapacitors prepared by laser direct writing 2016
Proc. SPIE 9736 1-10

DOl
doi:10.1117/12.2210837

33 8 15

loT

2018 5 MFD

2018

Akira Watanabe, Jinguang Cai

Device applications of laser direct-written reduced graphene oxide microelectrode

67

2018




37

2018

66

2019

Akira Watanabe, Jinguang Cai, Sayaka Ogawa, Eiji Aoyagi, and Shun Ito

Device applications of laser direct-written reduced graphene oxide microelectrode

The 35th International Conference of Photopolymer Science and Technology

2018

Akira Watanabe, Jinguang Cai, Sayaka Ogawa, Eiji Aoyagi, and Shun Ito

Laser direct writing of nanomaterials and device applications towards loT technology

SPIE Photonics Asia

2018




Jinguang Cai, Akira Watanabe, Chao Lv

Laser direct writing for energy storage and integrated wireless devices

SPIE Photonics Asia

2018

Akira Watanabe, Jinguang Cai, Sayaka Ogawa, Eiji Aoyagi, and Shun Ito

Laser reduced graphene oxide-based interdigitated electrode for sensor applications

SPIE Photonics West 2019

2019

Jinguang Cai, Chao Lv, and Akira Watanabe

Laser Direct Writing of Carbon-Based Micro-Supercapacitors and Electronic Devices

2017 1CALEO

2017

Akira Watanabe, Jinguang Cai

On Demand Process Based on Laser Direct Writing and the Sensor Application, The 34th International Conference of
Photopolymer Science and Technology

ICPST-34

2017




Akira Watanabe, Jinguang Cai

Laser Direct Writing of Reduced Graphene Oxide Microelectrodes and the Device Application

2017 1CALEO

2017

66

2017

66

2017

66

2017




36

2017

Akira Watanabe, Jinguang Cai

Laser direct writing of reduced graphene oxide micropatterns and sensor applications

SPIE Photonics West 2018

2018

Jinguang Cai, Akira Watanabe, Chao Lv

Laser direct writing for energy storage and integrated wireless devices

SPIE Photonics West 2018

2018

85

2016




Akira Watanabe, Jinguang Cai, Gang Qin, Lidan Fan

Formation of Copper Micro-Patterns on a Flexible Polymer Substrate via Laser Direct Writing Using Copper Nanoparticle and
the Application to a Sensor Device

65

2016

65

2016

35

2016

64

2017




Akira Watanabe, Jinguang Cai

Laser Direct Writing of Conductive 3D Micropatterns Using Metal Nanoparticle Ink

IEEE NANO 2016

2016

Akira Watanabe, Jinguang Cai

Selective metallization based on laser direct writing and additive metallization process

SPIE Photonics West 2017

2017

Cai Jinguang,Watanabe Akira

Carbon-based micro-supercapacitors prepared by direct CW laser writing

34

2015

Akira Watanabe, Gang Qin, Jinguang Cai

Laser Direct Writing on Copper Nanoparticle Film by LightScribe Technique

ICPST-32,Japan,Chiba

2015




Akira Watanabe, Jinguang Ca

Formation of copper micropatterns by laser direct writing using copper nanoparticle ink

SPIE Photonics West 2016

2016

Jinguang Cai, Akira Watanabe

Flexible carbon micro-supercapacitors prepared by laser direct writing

SPIE Photonics West 2016

2016

Akira Watanabe, Jinguang Cai,

Laser Direct Writing of Conductive Micropatterns Using Copper Nanoparticle Ink toward 3D Printing of Interconnection

2016 IEEE International Conference on Industrial Technology, 3D Printing in Mechatronics

2016

Akira Watanabel Jinguang Cai Gang Qin Lidan Fan

Formation of copper micro-patterns on a flexible polymer substrate via laser direct writing using copper nanoparticle and
the application to a sensor device

65

2016




Jinguang Cai, Akira Watanabe

Cost-effective fabrication of high-performance flexible all-solid-state carbon micro-supercapacitors byblue-violet laser
direct writin

65

2016

65

2016

85

2016

Jinguang Cai, Akira Watanabe 2018

Springer 28

Crystallization Kinetics-Induced Self-Assembly of Inorganic Element Blocks and the Surface-
Enhanced Raman Scattering Based on Ag Hierarchical Structures, In Yoshiki Chujo (Ed.) New
Polymeric Materials Based on Element-Blocks







