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If architects stop caring about technology, someone else will in their stead.

-MARIO CARPO
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[1]Thomas Bock and Thomas Linner. Construction Robots
Elementary Technologies and Single-Task Construction
Robots, 2016

1.1 WI7E DT

BIEIZE A EOFBUIEEAD T L >TESNTED, BRADIRHEAIC K> T
FIES LWEREDHIE BB —T5. i THG TR ADRNEIC XS I A D EF
T ESIC KB FHIDRIEHESN TV S, 2T THRY MC KB LA DDORE A
ERIRE LTEABN S, EMELFHIC B B0 ARy MEAREH O 2 FEICHED
HNTWV5%, BRY M ED K ITHERBIGITTALTE 72DOM 3 Thomas Bock&
Thomas Linner# CONSTRUCTION ROBOTS Elementary Technologies and
Single-Task Construction Robots-"ICZNE TON &, BUREZ ORISR E A FE
LLSIRENT VB, B LHSG THHEN T 2Ry FDOKN 3 Single-task
construction robots(B4 RSTCRs) EFHEN % Hi—1EICHH L LIa Ry FCH B,
PURICZ DSTCRsDRF L T 5725 9 %

Single-task construction robots (STCRs) were developed predominantly for
use on the construction site.~~The focus initially was on simple systems
in the form of STCRs that could execute a single, specific construction task
in a repetitive manner.The fact that STCRs were task specific made them,
on the one hand, highly flexible (they could be used along with conventional
work processes and did not require the whole site tobe structured and auto-
mated), but also represented a major weakness. The fact that in most cases
they were not integrated with upstream and downstream processes and the
need for safety measures because of the parallel execution of work tasks by
human workers in the area where the robots were operating often counte
balanced productivity gains.

(Single-task construction robots(UL FSTCRs)I& IR BIL TH V728
IR E N Tz ~WTIDIHWIZHRDIR UIT DN B RIE CTH— DERAEEEN ]
HEZZSTCRSD YV AT L2 MRS 2 2L TH > 7z, FIHSTCRsIF H— I
LU THD (ERD DAL LT 2 B E A B L i TR DRz
ITOREUI LD > T) = A TR ZNEB T TEH - Te, FIRIFEALDT—R
TILARD LiiE FRz2HffE T2 LidRv, FicaRy e ADH TV T
THTL T CE TR M 2R EL T BT D EFEED R ENS ENH >
72 (Thomas and Thomas, 2016, p. 34)

STCRslFHAZIRHE UTHER LT E T2, 1970FERITHFTRE 2 EIICTR Y.
FERE. BUT. EIF IR (RSEDRLICSMIL, 19804ED TRy N —LTIEE
I HEM PRy M EARDHARE NHABU & STCRsZH#E#E L UG 7z, Japan
Industrial Robot Assosiation(JIRA)**Ministry of Trade and Industry(MITI){&
HEL A7 LR conRy b7/ ad—R3E 2 N E LTRICRED
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- [ Involvement of R&D insti
[

fig.1.1.1:

BOELTHLDH DAL THREINT Wz, TOXIITHLEEEICET AL
PVEWCHERN R 2 & 725 LSTCRsIdFE I LT E 2 (fig.1.1.1), bkAZxN LELRE T
STCRsIFHWBNT WS, Hi TERR & UCIEEkEZ iy 20 Ry b, 2> 7V —+h
TRy MMig1.1.2), a2V —bhz2d mRy bfig.1.1.3), NEEE B
ISRV ElE T B ER Y Mfig1.1.4). XAV IRICHEZ Ry b (fig.1.1.5) A H

1970°s 1980°s 1990°s
I I
JARA Initiation & Concept > Surveys & Research
Waseda I
D . WASCOR1 WASCOR2 WASCOR3 WASCOR4
University I
Universityof - T - - I e
Tokyo [ R&Din Pr n > [ R&D Robot-Oriented Deslgn{
I
Moc Use of Mechatronics in Construction > R&D & Technology >
I
AlJ Surveys & Research
I
BCS Surveys & Research
1
ACTEC Surveys & Research in Robot Technology
I
JSCE Surveys, Research, & Training
I :
Conferences Scientific Conferences, Symposia, & Proceedings > IAARC/ISARC

Shimizu, Fujita, Obayashi, Taisei, Kajima, Takenaka, Maeda, etc.
[

Timeline showing activity of institutions participating activity in the development of STCRs

fig.1.1.2:
Mobile concrete distribution robot
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fig.1.1.3:
Mobile concrete distribution robot

BERELANLTHHENTOV S, INSIEERY MEEDOIE#S L)1 EZ1E LT

H—EZRICKHEL ., HAFFEDNDITAZEEMAB X SB0RY hTH %S,
BUERRICBUL TSNS X TEMUTETZSTCRSTH 20, £ <D

DWHOBURTERBREE L WA D LU NCSTCRsDBHRDRE 1259 %,

In most cases they are not integrated with other construction processes,which demands
safety measurements and hinders parallel execution of work tasks by human workers
in the area where STCRs are operated. As a result, productivity gains are often coun-
terbalanced. Above all, the setup of the robots on-site (equipment transport, task setup/
programming) is time consuming and demands skills that extend beyond those of
today’s construction workers. Furthermore, the relocation of the systems on-site is in
many cases complex and time consuming.

(ZLDE . STCRsBIFMD R T IR ALIE TN TR T DA
LZRMONERZERL, STCRIMEEFEN TV A B TABOEREHICES
TFEERAD DAATIAT R WG T ORRAFEIEZHRE NI, LD DTG
XZERY DYy 7w T @i ik 2RIy N Ty T TR T S 07) i
R 27 E L AR TN L DRe ) 2 A B BE ) 2 L LTz, EHIC
B COYAT LHELE T2 DM CR 2152 L7z,) (Thomas and
Thomas, 2016, p.5)

STCRsDRF & UTHEBONE LEE 2 —H L TIT 5 DT A {H—ERTLicEn

fig.1.1.4:
Mobile concrete distribution robot

fig.1.1.5:
Mobile concrete distribution robot
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IRHELTea Ry FOMEEZT T T RDEF B NS, TN I A OfE 1%
DITAEIEE ZTRY MIZ L BIFHEINZEODOMERDOIELED SR HT T L ha
Hk TR, NDITAZ B IR 20Ky Me 7% C LI AR &
ZS5T T LIRS, BRY FCULOTEZWVIRY MabTIROMEZE 2%
FTEREMENRNE S 25, ERBIROMERE UTHIOER T o AL e
NTWEVWIED T O AN E D STCICEOFE TR Y M EBHE LRI NXEb kR
WA, ZEDBEWD T BIGTIEAMEDIEENADIRLC 2 LICR2 BN
Vo TOXSHBURTEARBFIRIISTCRSICH %,

However, recent approaches show that major Japanese construction companies today

are returning more and more to single-task-like approaches.

(L UEDS S HDEGHARDEFR AL IO BT S O—F KT &
FIFE LT\ 3) (Thomas and Thomas, 2016, p. 6)

COEINTBUR, NDTTAZEEHZ S H—EEORY MR EFRTHD, IR
W MRS TIEOME « 71 VORFRIERENTO RV, HATOEREE >
TR BB B Ry MEAIE R 2RI 9IS, BT ONEH
LIBIRETH DL DNZL,

ZTTEIUERRY M5 TIIORE - THA VZREL, 791 W k& 1
DT R ARSI 7 AT 7 EHE TR NI DODMETHELELZLND, T
NTEHRY MRS AT 2H17 45— Th L Bbh s,
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1.2 BAERTE

BRI TR — LRy M Wz o A7 L0/ VTR b e LR )
BEDMB DR D BIEEVATLOIRENENT VD, RAYDT 1Yy VK
FTVY—FLUTER NI SC YA (fig 1.2.1)I37— LRy k& A5 5 AR
ZRWTH—RY T 7 A= 8 FICEZNF TS & TR Sl S S 72
AffEL Uiz, TOSCVAY TR ABOKE T TIIARRETH B, —EDRDHIEE
[EHERAER R OB EI 21T, TRy RCULD T ERWIE TSEEHI LTS,
[FRADOT T T LD20165ED/ VA (fig1.2.2) Tld 7 —LE ARy FOKR AT
TdH 27 —LOEZORIBUC X5 LHIFIOME 2 #4327 Ru— 7z {{
MUz, 2607 —L0Ry MilZe Ra—2 3 —R T 7 AN—7% 23 LT 5T
&T7—LRy FORIRHFL EOEX O/ RC VA v Or[fEM R R Uz, L
LRFO—2ThiiTd% FTOIDDOMEELTRa—2D NV NEWedhii—RY
T 7AN—IC 0I5k 1R 52 T E MRS BIERE Tl R o —2 W EAEREHT
WS N2 AR,

[2]Knippers ] et al., ICD/ITKE Research Pavilion 2012:

Coreless Filament Winding Based on the Morphological
fig.1.2.2: ICD/ITKE Research Pavilion 2016-17 (/&:5&KE 7V A3/l T FE) Principles of an Arthropod Exoskeleton,2015



7 =Ly b O THEPRORRRE Z ifH S50 )7i%E UT, Ml THEIPADILW
AR B/ SAVR Y FOFEE B THN T %, Maria Yabloninal &% Mobile
Robotic Fabrication Eco-System (fig.1.2.3)I3BE2 %% 25 DT ARy MAFTEDNL

EICTA V=252, ZOMZEROTRY MRS Y =255 L TIAY—%
ZAFELTER T D1 DDEEREY 2R LTz, THUCKDEEND B[RO HIFHNRE X
NV LT EMRE ENT, L LR E UTER S 37201306 DiR 1A
FH<HEL LTARERTH M E Ry OS5 2 BEZ HIRER T2 0 Eh D
BB TH %, Ayoub Lharchi & Yencheng LuiZ &% Collaborative robotic
winding for coreless fiberous structures (fig.1.2.4) Tl BRI OFEIC HEki
ENTTAY— 2Ry bA3HE) FICBEILOE ZRATN T & TS Z
RTXDMBRIRR Uz, CORETIRIRY M 55 e MBS DO
LB DB NUIZER T LGN ATHETH %, LA LMariaDiR % LRIC IR
I TREGEEDI R EBRDZEDNRETH S, ELLDRELVLIRDOHEMZ
FVHESRENTEHD, O DA A% TRERDIIRZ 2L TES, Hifl
AL TIEH 2D, MR R EZ BT & TR T A RHATE 0]
REMEZRE 5T 5,

iy,
I

[3]Maria Yablonina and Achim Menges, Towards the

Development of Fabrication Machine Species for Filament

Materials, 2018 fig.1.2.4: Collaborative robotic winding for coreless fiberous structures (/c:5¢& I, #7: /i T#F%)
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fig.1.2.6: ITECH M.Sc. 2017: Cyber Physical Macro Material (/2:/ifi T35, 47: 011 b it TR )

ETH®Institute for Dynamic Systems and Control®research project& UTIT
DN 7zBuilding Tensile Structures with Flying Machines (fig.1.2.5) Cid F2—
VL, RTLEDNS YAV —A L2 B S5 L THEZRBILz, B
(I BB LR LAQT D ZINA 2 T L TADBTBIEEDLE LT MiE 2 F
BT LICHIIUTce Fa—2DF XL — g VEIFEIZT Tld7a<, MiEnaEsan 5
LEMICRAL D Z2H5 e 8B T ETT DR DM Z 505 T ERLTEY, R
n—ORE SN ORI K BEEYORREM 2Bk LIc Ty 27 M T %,

ARy FOBEN SR UTHEZ B Z B TRWVICBHICELMRFIENZ S,

Miguel Aflalo, Jingcheng Chen, Behrooz Tahanzadehic &% Cyber Physical
Macro Material(fig.1.2.6)ld 9 CIcfE SN /e a> R—x >V M2 o —2ZHnWT
DL THAGDEZARICEZETES LWV IRETH S, IRy MR TR
Zfii TEE 5D T, Bl - fHMMEZ DA Z TRy Ml TEE5728, KO«
T UTABEDMERHR TV B0 TORNFH—ERIFHEL TV LW S RITHIRD
STCRSITIEVHISZ 2T 2 hN > —Hilifli 9% T & TR —OfE 2 BRI L
HELEETOVERTHARY FCLATEHAWVEZ 2B TETWELEZILNS,

[4]Federico Augugliaro, Ammar Mirjan, Fabio Gramazio,

Matthias Kohler, and Raffaello D’Andrea, Building Tensile

Structures with Flying Machines, 2013
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1.3 WH7EDHIY

AR D XS BRI ZE TR B 5150 Ry hESTCRs & LT 9%
DTEEL, BT AN S T ot A% —(KIIcie 2, K7 —LaRy k
RPN RY MW AT LORENENT VS, L L, /NMETsRy Rz F|
HUTRE TR Y F ORGSR B EEED RN E L TN, BR Y S ORTRELE)
ENRBIMAFLUTLE > THO B RICHHICENT 2 L1d 5 2500 (fig.1.3.1), £
TAWZRAEERY MCEXERED S LETOTHE A —FETITO VAT L
DIRRETRY FOFEERFTHIN, HBIRD X ISRy MOWEE & IZBI RO AR
NIRRT U OIS HTED B %,

fig.1.3.1: BHFERIZEDATATA X

KIMGETZT Tl R T O ADRRE TYA Y DREMLIER T80T 5,
T RAEMHES 2 L TT VY —)VERI, TYRIVT 7T ) r— 3 Onfig
HEIORTHTEZAROHMNETE, IOV RAERE NS TE TIDDRETS
SATLOPT—HLUTITAS LT, HDHIRIZS Tlad 7Y AEDHLR, 44
ARERBICN LTl CEAIPEDRREBITAS 2R Y,

Design STEP On site STEP

Geometry Structure Convert to Robot Final

Signal Operation Model

Design Analyzation

fig.1.3.20 AW TIRETH AT LT 0—
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1.4 W DFIEEMERL

HERTRY M X BB EMEDORGE L AT LOMEZHIFL TR Y FO
FFE L, B TR L CRER ATREZRIn-Situ AT L2 %9 %, CHUGHET
BRI OO TCREMIHRE R DT — RNy Zic KbaRy hOFRL— g
21128 DTH %, TNVKHBRY MV EIE L SN TGz B, T HBIICHE T
IBHIEMNTES,

DLEEBSE AR T A > - 7YY —)b - 1Ry MOHAIC 5 LUTT T Vb
S LS T— 1A TRERATRERR LIEZ IR T %,
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JFEICHIE, 2E CRBERMEDILEOREE ARX T ZORERICDONTINTT B,
IETIIME M2 T OMRE L LTOZE M2 AL, 2B TIE LI A X T r &
DIIZTT S,

4R HER TR Y S OBR ERGERITA SFE LRy FOBED T AT LTS
7SIV FNESTUELNBIBRER RN S,

S5EFATEE TOMAAZ V. BEROHERZFEIEZNANDNT I VSl L&
TIT A5 MM & LTin-Situ Y AT LZRE, TOFICDOWTRNS,

6FENE T VA T OHEMZHER U BRR G ERETRL— Y — 2 AE LT 7 Vi
E o

TET L EZHE A RIRE B2 N TH %DM & RE R 2RO %,
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fig.2.1.1: JEHEREO—KL

fig.2.1.2: fiti 1./51%

2.1 JEHE

2.1. 1Ry @)X L FERED %

e E A% LTEIHATHOIN R Y MVESGICE EZ2E TN TV B EZ
HE A, COMEZ T 27201y FORG ERERD — 1Ak LB >TV R
BeBEAMT N OHIGU MiERESZ TRy FORYEFHTHTETR
RIS S B b EEVa L M DEIHI & 57 T DHIRIC DA 5, (fig.2.1.1)

N

existing research This research

AFTEERY MC KA T 7 v 2z HiE 9 728, NEIDYT 172 Rl L 7zu,
Z DRy FORGIIFHICHAICRIETE S RLERLDEL, ZDH%ON
Ry FOMi TIC KD LZERENETEREREZLDET D, BANGRRELTHR
v F DRI, XenRy hORY;E AT LT TSR Y M KB ffihif
2 NOTEBI TR Bl LXK T2 rlREL I SR mAE D RIREM 2 R 90 AlisRis
IR IZATRENER D 20, 1Ry MVETLADSIED IS0, X7 LIEDRE
MHHRIRD XTHRAT O FlBEMIC THRE 21T,

AR OMEARIZ2DDFHFUALEN T D ENTES, IDHIFERY DR
THORIERDT T T4 2 THBIBAEEDHRY, 2D HIFEHITRINCE 4T
FTOREEDTENR BB TH S RO 7 1t AL Uiz i
RUIE, Refiorea Ry M2 D E2ED| RO F2ED MO RZ2H T

Build Scaffolding Robot is running on the Fiber and Scaffolding
scaffolding Minimal Surface
Structure
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AT o TORDMHIM L7380 AN NG R 252 S5, (fig.2.1.1)4h%
AR TSNS E TRRIETH B0, K28 2T T LIS DNGRE TLE
LTS DR R ATREL 755

KRy DO EEEZ %5 AT, TRy MOFEEEDED 28 72 th D > TEST
I HH LML B2k 5 LMLV EWVSRIED S >Tz, T DTz
OAWIETIRRARY FilFEZ KO BIFNZEDISE DI ZTDIIAETE TS
TEARICBRE T %, (fig.2.1.2)—AZE B2 <uRy FTHNE LT E< TRy k
DRI JT 2 28 809 2 0 EVR L 1 DOZEF TRy O TOET TEE)
MHETEEEEAEN%.

Joint Curve Intersection

VARV VN,

Rdou Ry OBEOHIRZSZ T i LAl e 2 a5, IREROREIE L 7%
D5 G2 M O LT RAA G DR 2B EICT B (fig.2.1.3), HAY MIEKRD
SEFROT) &5 OB FIERITHEMETH D HIFRICIRE SN T Wiz, ZD7o
A CIEHIFR TH O D —E X THIK T XS AHEMZ & DBending-activen 5
T YA V21T, Bending-activeld NG /72 FIFH LTSk & LT
R % C & TEM OB Z MG A RN L2079 Y OlRZ AT 5T &
MAREL 2% | FEIIEFIA(2.1.2)IC Tk B,

Section active Bending active Vector active

LA é k !
£

& N &

fig.2.1.3: ®Rw hOBE

fig.2.1.4: IGERAEIEDRE
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2.1.2  Bending-active IZDWT

ATAZ. 1.1 TR T K ICAIZE CIRERROIM Z M F 2 LI KO IEHT S
K Bending-activeZZ X RICT V1 > %2kt d %, NidBending-activeDEFK TH S,

; Bending-active & I&ZEHFIC LD TTA IEFRD i THM QM ZE IR IC & > TF
KENZHIFRCHITTI T2 L EFRE NS, [Knippers et al 2011: 134]

T H THERR SN TAGIEIE FZBRICIZ HE D2 T EDIROREEY TH 5 H A

R N . - . L o
o DU LU 17585 % . SRR T & 1 U B AT 132 DORKE, i
PRIRAE L SAMEIRRED D %, (fig.2.1.2.1) BPEIRARIZ /1D D 2T e o TARIC
NZ2HET EEMMNE LICE EDIEETH D, BRI 1728 LI e AT
STEFEZOREDT LART, MRS LISHOT HERRE UTHME D BB 2
LI 2 EZ2 R RS (fig.2.1.2.2)
Elostic €——> Plastic
PRIk =0 | i
® ! :
fig2.1.2.1: BtksatE i I
g : :
z | -
o 0 1 1
@ 1
& a0 : 1.7 x Design Pressure |
= : Local Failure Check :
E 280 I i 1
|.|=u:- 200 Design Pressure : 2.4 x Design Pre.lssure
— E ' ' Plastic Collapse Check
E=0 1 1 1
= 1 1 1
2 ! ! !
1 1 1
0 1 1 1
1 1 1
° 0 010203 04050607 080% 1 111213141516 17 18 1% 2 21 22 23 24 25
Normalized Design Pressure
fig.2.1.2.2: )50 Al
¥
> | _ Bending-activeldifilF b 2 /79 O TR L, EM DD 052 (R > TV 2 IR HE

TH5T LML ENTUVS, Bending- active& WS HiiICER I NIzDIE2011

FICKnipperlc KB 8D TH H0% MR OBMZIZICBI T 2 W58 DIELIZIFRICE
! {Euler publishes I &kD 17444 ICthe first completely characterised

family of Elastica curves based on variational techniques& UTHAfi DA

fig.2.1.2.3: the first completely characterised b E E,‘] et L?’:?ﬁ‘lﬁﬂ?ﬁﬁ@ Zﬁﬁb‘ﬁ_\‘éhfc ) @b\ﬂjﬁ}ié’hf W5 (f1g2 1. 2.3)0

family of Elastica curves based on variational techniques
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fig.2.1.2.4: Development of bending-active

ROEPNSHIE R SN TABEIR TR TOKBE TR A T b 23 FHc D0
2T MK S, Julian Lienhardic &HBending-active&WREEYNC R ENT
WE RN FELHHNTED, Behaviour based approach, Geometry based
approach, Integral approachic/¥iEN % & LTV 5(fig.2.1.2.4), Behaviour
based approachl&ZMORIT D52 F WD SRS SR NLT Y TRIOE KL T4
THY, U ZTDOTHDZEMICKE B ZIT 2L DODRENS, AT D
Mudhif houses(fig.2.1.2.4)1Z50004F R K D EERR TN T W& EN D, AN
I N Y ORBRCEE L, Z DH LICENZTNOMTEHM OISR A2 d TR
LTV COMIEFRIICIMAT Z8iE% HIEL TV 5, TDO—/7 TG L
L CBending-active W& A EN TV AH1& LTA T > DOYamut(fig.2.1.2.5) % F5
NB, THUIHHOBALERIRD T > S OHIRIIRRHYTH .| kit b7z e
FUCT BT THRBETRT SIFHEL T WS, TOTY NI TREERE N7 X
TV REED BV FOFPE K OMMEZ BRI L D DOEEL LTHILTZ,

HIFH BRI Y AV 22 LT3, 4 H TldBehaviour based approachz fi]

[6]:Julian Lienhard:Bending-Active Structures-Form-finding
strategies using elastic deformation

in static and kinetic systems and the structural potentials
therein

X/
L/ \J
w;’:—fﬁr’

==
= ‘
AT A 2 S

fig.2.1.2.6: Yamut
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fig.2.1.2.9: Polydome

fig.2.1.2.10: Bat-Wing-Sail Research Project
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WCREERR SN 72 fl & L TiEVo Trong Nghialc & %Water and Wind Café, Bamboo
Bar(fig.2.1.2.6) W5 N2, TOFMETENTZ HVKE WAV D F—LIROHKE
WHER I N T2, 50004EFTICHEEER TN /zMudhif houses & [Flf, FEOHNF )
MEREKROENMEREN TN S,

Geometry based approachidiitifEREZ HIEL L CHIFMZ S 2 ~y 7%
VRO TU—FF1ETd %, 1950 KD IR ST EASIE O A3 —HEill
R T 2 IVANDBIDA R E o Tz, UL LRI E N LIz a3 —
3 HEIMI R 2 T 5 T E KT, b — RN TH BT+ —LT 74 VT
A T ITEERORE N SIREZE A 9 T L TH -7, Multihalle Mannheim(-
fig.2.1.2.8) I&Frei OttoHIC K> TI9TAFICHIDTD R A/ DT> 2 )V LT
R ENIz, 7V ROBIRER D ETIVDAR T 2%  ERQTA), £ DART A
FRZE LITHET EN Tz, IR 20TDT F v MaRED T FATHD . %
NZML L2 e TIXTTHINE L%, LT VUG 23— g
YHENEREIPITEIC U TR o7 4y, EEOFRRNSIEEZEXHL72DTH
%o RMEEOGHIEZ FIFH U TR ENIAS 72 2L DE 51 DD & LTDan Badic
& Associés. Morges®Polydome(fig.2.1.2.9)h %1 511 %, Multihalle DX 5122
RITOIREETAM RO L AV —IRICERS N, FEARIEIRORMIKRICZ > Tl
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fig.2.1.2.14 ICD/ITKE Research Pavilion 2018
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fig.2.2.2: Common building materials with ratio of strength to stiffness structures.
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fig.2.4.1: Cable showing the effect of a
pre-tensioned cable bearing compression
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fig.3.1.2:Force-based approach
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fig.3.1.3: Perpendicular goal for Thrust Network Analysis
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fig.3.1.6: Axial behaviour of a bar element
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fig.3.1.8: Modelling of bending in a 3 DoF system
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Control Panel

Generation Size
Generation Count
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Crossover Probability

Mutation Probability

Vl1/m

Crossover Distribution Index
Mutation Distribution Index

Random Seed

Simulation Parameters

No. of Genes (Sliders)
No. of Values (Slider Values)
No. of Fitness Objectives

Size of Search Space

RunTime

@ Number of nulls: 0

50
100
5000

Current Solution / Generation 49/99
Number of Pareto Front Solutions 43
Eval. Time Per Solution 0:00
Estimated Time Remaining 0:0:0
Simulation Runtime 0:51:53
Dynamic Graphs Preferences
Dynamic Parallel Coordinate Plot
Dynamic Standard Deviation Graph
Dynamic Objective Space
Dynamic Pareto Front Solutions O
Minimize Rhino On Start
Snap Start Stop Reset

Before Simulation
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Moving on Rod
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Iteration of Robots
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fig.4.1.8: plot type-O1
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fig.4.1.9: plot type-02
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fig.4.1.10: plot type-03
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plot type-03
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fig.4.1.11: plot type-03
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fig.4.1.12: plot type-04

plot type-05
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fig.4.1.10: plot type-05
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fig4.1.13: Ay bOBX
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MUK, 1DICDE2DDE—X—ZHIHTESH5ZEE2DDE—X—FT
ANZHEHT D, FTANDAI G FiciZarduino) BIEEOFSR— 500
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I retist ioperalion N SOREALSugsss _

String readString, movement, distance; digitalWrite (5,LOW) ;
delay (5000) ;

void setup () }
{ if (movement == "2") {
Serial.begin(9600) ; digitalWrite (2,LOW) ;
digitalWrite (3,HIGH) ;
pinMode [(2, 0UTPUT) ; digitalWrite (4, LOW) ;
pinMode (3,0UTPUT) ; digitalWrite (5,HIGH);
pinMode (4,0UTPUT) ; delay (n2);
pinMode (5,0UTPUT) ; digitalWrite (2,LOW) ;
pinMode (6,0UTPUT) ; digitalWrite (3,LOW)
pinMode (7,0UTPUT) ; digitalWrite (4,LOW);
pinMode (8,0UTPUT) ; digitalWrite (5,LOW) ;
pinMode (9,0UTPUT) ; delay (5000) ;
}
} if (movement == "3") {
digitalWrite (2,LOW) ;
void loop() { digitalWrite (3,LOW) ;
digitalWrite (4,LOW)
while (Serial.available()) { digitalWrite (5,LOW) ;
delay(10); delay (1000) ;
if (Serial.available() >0) { }
char ¢ = Serial.read():;
readString += c; if (movement == 'G') {
} digitalWrite (6,HIGH);
} digitalWrite (7,LOW) ;
delay (1000) ;
if (readString.length() >0) { }
Serial.println(readString);
if (movement == 'H') {
movement = readString.substring(0,1); digitalWrite (6,LOW) ;
distance = readString.substring(1,5):; digitalWrite (7,HIGH) ;

delay (1000) ;
//Serial.println(sensorl); }
//Serial.println(sensor?2);

if (movement == 'I'") {
int nl; digitalWrite (6,LOW) ;
int n2; digitalWrite (7,LOW) ;
delay (1000) ;
char carrayl[6]; }
movement.toCharArray (carrayl, sizeof (carrayl)); if (movement == 'J'") {
nl = atoi(carrayl); digitalWrite (8,HIGH);
digitalWrite (9,LOW) ;
char carray2[6]: delay (1000) ;
distance.toCharArray (carray2, sizeof (carray2)): }
n2 = atoi (carray2);
if (movement == 'K') {
Serial.println(nl); digitalWrite (8,LOW) ;
Serial.println(n2); digitalWrite (9,HIGH);
delay (1000);
}
if (movement == "1") {
digitalWrite (2,HIGH); if (movement == 'L'") {
digitalWrite (3,LOW) ; digitalWrite (8,LOW) ;
digitalWrite (4,HIGH) ; digitalWrite (9,LOW);
digitalWrite (5,LOW) ; delay (1000) ;
delay(n2); }
digitalWrite (2,LOW) ;
digitalWrite (3,LOW) ; readString="";
digitalWrite (4,LOW) ; }

fig.4.2.12: arduinoIDE D I—F

45 101



-V
Optimization ’
A » f
; “a A _..,7“\€;\‘\“‘—'"A..
,: - N 1| \;\ M
4 \*\ ;"'F', \
' /,(3‘\ '
5 K2Engineering+Wa
LN
¥,
Scaning System

Geometry Analysis

-----------

ei

Preparatior

syiding System

DESIGN OF IN-SITU LIGHT STRUCTURE
WITH AUTONOMOUS ROBOT TRAVELING ON 3-DIMENSIONAL CURVED ROD

102



5% in-Situ A7 s

5.1 Y AT LOMHHHM 104

SE 103



Geometry Analysis

\l/

f\_/

OK

104

5.1 Y AT LD M

WH NG 2 R 2. FEERG TR L TH 5, AL TIERGTD S
TETO—ELET O AR IDAL—RICT STz8, G HKEL CHY Cf TA%]
AEZ A (DL Fin-Situ AT s EFER) 2R S 2, SAUC KO LE DVRFRI73a4,
iRl et AV a—2— TR LI BRE 2 BRI R I 5 T E M HIRS,
RV AT NIRRT = 7 AT 72 FAWTHBGICI UL Z OB >T ey
Rz TV < Guidance System(GS) & Z DiR7E = WL d % Error absorption
System(EAS)L 2 DD AT LTI BND, CD2DDV AT LGS L TH
Tl T2 XD LAIATH T EMAHERIn-Situs AT LMK T %,

<Guiding System(GS)Ic2LT>

AV 2—Z—THi LLIEWEIRZRELTZH & mAIDOFIHE LTy Rzl
FBHTENBIEE S, B FORIRIEH 5575 MICHIH 2R >TH D, K Tn
FTLFHUL, XMHTRLILELTEZNZ ANDFTTHIT ST LIFHLLY,
ZTTHSGTTOY FORIRZ RO 4 L SUFEICHE L9 2 72 Lalii#he s LTAR
2 VTGS Z MRS %, i L 3B CARZ R 2 CEMHRZDART AR 27
HAAZIZEDTINA A%z FHNTHIGIC U SN TR 2 tic B R 2 2 DT IRIC
FPRELTOL o PLEDT AT LIS KD, TN A E, i TEDBUGICTHHT
BN LR AT LOWERATRE T H ., (fig.5.1.1)

First Geometry Bending Rod with AR

fig.5.1.1: Guiding System (GS)H¥%E

DESIGN OF IN-SITU LIGHT STRUCTURE
WITH AUTONOMOUS ROBOT TRAVELING ON 3-DIMENSIONAL CURVED ROD



<Error absorption System(EAS)IZDULT>

RIRDGCSZ FIWTBIE TRy R 2 TIEREZ A s LTS, W UC LT BT
IREDMNTIZFRAENRET D, ZDRAZWINT BTDICEAV AT L2 % T %,
AF v TR DT E R LT DR Zgrasshopper ICHLDALS, 22T
3ETHRLILTCSOY R T L7z iV it 74 — 7 )V 2 F TR L G D
HB1y FOJGIRITH LTIRICRE 2R o727 —7 IV ODRD FINEZZHE L, ZDJE
ez OB IR E LIE T, ORI KD, B TIEESIEREE N Z
FLE, NCKBNE LA (Nt a—< VI —EMLR) 2 —7 )V DiR D ic X
STWINT BT LM TES(fig5.1.2)

Scaning Geometry Karamba+Wallacei

<in-Situ A7 LICDOWLT>

OGS, EAS2DZH ST, AL O—H U L7/ 0 A2 /#8595
A ZIN-Situ> AT LET B, TD2DDYATLOFKEICED . FIHAEIRN S
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Target Geometry

fig.5.1.2: Error absorption System (EAS))#f 2
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