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Autonomous robots and human-robot collaboration in

construction: A review

ZHANG Yuting’, CUI Han?, CHEN Jiayu’
(1. School of Civil Engineering, Tsinghua University, Beijing 100084, P. R. China; 2. College of Civil Engineering,
Tongji University, Shanghai 200092, P. R. China)

Abstract: As a typical labor-intensive sector, the construction industry heavily relies on human workers.
However, the current construction industry has to confront challenging issues of labor shortages and safety
management. Using construction robots can effectively solve these problems and increase automation in project
execution and management. Recent studies have reported that future intelligent construction methods will rely
on long-term highly cooperative production models involving human-robot collaboration. This paper
systematically reviews the foundational technologies and research frontiers of construction robotics, traces the
developmental trajectory of next-generation intelligent construction robots, and identifies four typical human-
robot collaboration modes through analysis of construction site characteristics: operator-controlled mode
emphasizing human-led real-time interaction, commander-execution mode achieving automated execution of

high-risk tasks through remote instructions, collaborative assistant mode combining machine efficiency with
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human flexibility, and human augmentation mode enhancing worker capabilities through exoskeleton robotics.

The study further highlights current technical challenges including insufficient environmental adaptability,

communication instability, and cross-platform collaboration difficulties, while suggesting priority research

directions for future development in this field.

Keywords: construction robots; human-robot collaboration; intelligent construction; automation

HE R R R B R
BT 10 4F R B H0 A B (R R RR S0 K E =
20224 , F MOl N BGE 22 4 4R 0D A7 Ml {8 R 2R
S 6 4F T BENY, d HUM TP g A e e R U B R
Ao IRRAT M e BTG A 2 o e 25 A v R
2B 1o R ok 119 g Tk A o A 0 O - D e A
HHE KR EAES . RSN R S R
Tl A B[R] A 8 B 7 5T SRUPL A% A B =
B AU S TN SE I e B A AR, BE
i W 5 4 v SR 9 [ Bl Ak R BE ALK T HE B 4R
AL B A R T E A B i e g SR 7 Bh ) Rk
FH A b Fh i1 ) 8, [ Bk g ARG it 122 4 = e &
G5 S W RN /297 15/ i /N (T8
BLas AW K 52 2% AT A B i, 22 4 1 R 552 B AL
By i 3 N HL H A SUHL A N BRI R B
S W RE 7 % i S AN G A 2 e L7 A 5T T M Y A
45 40 A0 B S5 R PR A Al B I T AR R S A F
AT B A i TAT 557 [, @ 5 T T 2 fh e %
Z iR, A AL AR 2L BRI [ B fe
JE R R DLSE 2 BURIE TN 51 i N TR AR
1, oA o S SR il T B 1 Bl e R s A 3 g R
AHLEME B ARl A

EF LT BB B S LA S AL AR AN H AT
R A9 SR LI A5 3 A A D TR S B R A
it , M AN () A9 ) AR R B R AR A B T T
S 3 1 Sl o R G AL B X BIL A A 4 A
LT B PHE TR REE LA A S ABLEMEROR
A A2 S0l F9 EFH Bk A8, I Xk AR A 1o i O T A F 5
Jria AR T

1 EHFNFIAXERAEAM

AU T A B A AR R M R
AR PR EE 8l 2578 A A B A5 HF A, X SRR R4 L
i NP HET FUEE A e il R PR o PR, i SR 2%
NGRS (Y B2 e BT RIS AR === b/ 1N
B ES AR K AF R A B S i A PLAS
H AR E LR
1.1 REBRMAMEMBEAR

BB A 7 BR AR TE A N T B
T G0 T BL A 38 3 Ik 25 R R B R A T )

S b Ar R RE T, R B s AL N S BLiE S LR A A
F AR EAL . B AT TR S L& A8 AL 1 R
(1) 3 B ARAT 4 5K 0E 1 & 4t (global positioning sys-
tem, GPS) i 58 4F (ultra-wideband , UWB) (UL H
5 PRI B 5T (inertial measurement unit, IMU)
FAL oG A% SR 2% 4 . S 2 A7 M 25 &1 (simultaneous
localization and mapping , SLAM ) J&— Fh 1] L[] A 52
I B ML A N A8 5 R B 1l 14 0 BRI AR iy
BL e A TE A PR B v o) £ HUA% R 2845 S, ) A A
S5 b P[] B, AN T T B S AT B R . B
A e 1 O 1k BRI (4 W AL G Ak 38 55 B 2§ A0 e B
AR, SLAM B 20 %2 Ji& R ot SLAM H L e
SLAM $ R, If 43 Akt 2 Fh A A 58, ik >4 1l #2
LA N E L) RN AR, B — R IR AR Y
B R AR AT A ME DLW B AR PR B R Y 6 K B A
5 oK, R 4 8 o R0, 2 A% IR Bl G 1 B
BLAS N BB R T oYY T EZE B m .
i AT R (IMU O T I8 RlE BB S LA N E
B 75 5, AT 5 IR B — A% SRR 2 2 ALK BE AR A ] L, I
W IE AR IR T 0 ) R iR 2210 KL K
flvG E LTI IR 1R .

5 — @& AT M AR b, S 2% B T H S A R S
BLA I 2055 800 e o7 R 8 K Pk ik . — 7 i,
A S0 T b P S H TS R A ) S RN 2 T AN
WA MBI AR 5 —J7 H, g 50 T PR 58 b i K
B S OGRS R o4 B 5 AR iR Y
PERE . X TR A AL AR N TE N A AR 2 1
il A PR RStk DS B AN RS TR A IR
R R A B2 AL RS Y B S P R BR
S AL RS, LA AT 2 A& R 2 5
AW BIEE ST, N B HL R A AR R AT
A5 LI e 5 2% B0 55 b D A8 D SRR S 0 o g
Ab, SLAM B M T BF 55 RR AR (9 £ Pk i B B
it T R AR E T b B A Ry RN 2 A N B B A AR
b, G 1 ST ORE b I R A . X R K
SR AL A% N LA S TR B AR AR B RE ), BEBS AE
PS5 AR I [ 2l 8 e ] 0% A R AE R DA X
AN E MEAS Bl R e iR 25 . ILAN BT 455 TG
BEME A, BRI TCEEENFES A
FH AL R R M, e fa) 22 AHAL 22 305k A 45, DU



% 54 RF4E,E  E A LAMNSEFRGE 25
®1 HosEREREEMFTE
Table 1 Partial multi-sensor fusion positioning method
B A 5 RS Y Wt 22
UWB
YANLA| “r\]uﬁ+"‘~§7‘ Y B3 % \‘% B2 gA
WA IR A ;?g[ﬁ) T ARSI A 3R A2 EN B RAE<C0.196 7 m, A1 E=<<0. 042 6 m
IMU .
LRI A JE 8 R 2R 2 8 i vk Rl BLRR TR IMU B8 |, T 52 4
Ui VISR eyl E s K TF
WOLTR I =4 {7 F<<0. 05 m, i JF<<2°
T R — A WO A R e
UWB
MU B R IR 29 S5 4 GPS/IMU K% W UWB/IMU - EH %5
GPS , BRI 22 4 0. 676 14 m, iR 2% 4 0. 305 03
o AR DL I LR D s m R e
BRI ORI R R IMU SR B A 0o
N1/ A= = I LRI g H TN AR LS 2 (=] £z foe 2 N - »p =) M=} o o
WO A 50 [ L 25 B 4 R =N BARENMIRZENO0. 031 m, ek fi ik RiRZE N 1. 19
UWB
MU AP RR/R 2P B LA UWB, B IMU F B,
IR = g 1 a N E EPSY
B _ EN O bRAEZERSE X F N 0.071 7 m, Y J5 [N 0. 099 5
%w; BRI 5 A MO " " o
¥ B2

77 Dl S T IR NG {1 VA A 1 /(T 5 = W o
Wi-Fi i o #% FEe A SUAE R 18 5 5 08, Pl g A il
1k o3 BT ) e A RN B) A5 5 5 R BB 3k AR L D
Aili B AR (7 B AR AT RIS TG 2R AU (radio
frequency identification, RFID) % %& 7 & 51 T b %
(B 5 o7 B, 0 SCEEAE B T s AL I A B AL
NG RFID ] 12 #% 352 JOPR 45 14 58 J32 ml i ] 22, LU
S AR 7 B, T, A 7 A T R
e A RH A I k| BRI B i R A T M Y o L
D 2 o R A B R 2 R ) i ok Bl 2 R R 3 R g, D
A SR AN 5] T A5 (4 RS A A7, BV R A 2 A i
B GE , JUHR 2 B AL B A5 5 S B
b5 S /N1 A1 108 O (R 1 f i R S/ L D)
[F] Bof B B2 22 A s S HL A8 N 0 B, 38 i T4
W B S T A R TR B Bl g N DA S B B2 TR
i i AT 55 40 T R %A B A5 M o
1.2 EEHMIHEAR

Ry AR it T B B AL g A B A s s FL A
RE 1, Bl —E LI ARG s 3, 3 A
TR R A BT U A AR . iz B R R 4
Shy AR LR AV R o B AR R B TE S B sh AL
i N AE 20558 b 1] v B R s DA R 38 ¢ A R A B
o, FLR 1 FE O A ) AR R R R R 3 B AR R )
Ko BRI L FEAQRE AR SBEH
e WORE SR A Jm S B AR R AR AR N
vk B OES . RE T AR, Bk
) A6 R T 52 2 AR B 5 b B sh AL A N Al 1 Bl B
SO T AR AL B B b 2 — 2 B AR L AR N
RE 1% DR b 1 5 e 4 iz sh B H bR 5 shis 24
18 it T A B SR A BUAL & A TE AR S5 X 2R

55 AR Ak A R o 9, Mugarza 252056 F Bk
DA AL NSl E RS LG FIE T
NI REA NN AE 4 R BB AE T AR 5
s S0 A DL B A2 I S5 B Al 8 00 308 5 A0

AL AR TAEG R 2 e BT E W W
Wil 37 1 AT Jy (%) 38 R e A% RN A 358w wE L S0 1) B A
B DR, B SHL A T S A W AR I AN i S gy
)5 R R T S PRI [ b 26 Y B R ), O L T B A
Wy 25 AU 5 AN [R) ) B AR R0 R g DA S Bk A il
) e 2 H o B, o Of A HLAE B o f v 1 22 4
P, S0 21 40 S5 VI T R N A3 S A ik 4R DA AR
PPV A 5 IR R R ok ORI B S AU I S % A
AT YRR Ty vk 38 X L AR A LGS 3 1 B A
e A B AR N AL S B 3R 0 1) R XU o 3 AR O BF SR
Fd B A ] AR {E S 8L A (building information
modeling , BIM ) & Bt T 38 5% o f9 JLAT {5 B, , F H:
BEE A 20 STALAS AT 59 SLAM R 48, LLSE R
HIAB TR A E A, W Zhao 54 H 1Y 3 T
BIM () @S HL a8 AW IR AL R 48l 2 T 45 Bl &
W 2% 1 B e T G AR 2R G ST T b A R 8RR AE
i )RR AR DG BC A B AR R R IE R RS
BIM # & 21 (4 JLA] FE SUAR B DG, B e Al 1
SUHLER AN TE BIM i A6 A5 47 & . F LS
BIM # 7 i b 6] 3 3 A AR 48 R AR UK
W T R TU AR e i A B T 4 R B AR R R R K
FOREAR T ALER N A A AR G R Y T RE A IR A
FE 4 J) A7 O S A 22 IR R 3l A 0 1 1 51 A
(R 420 8 S5 B v T HLAS N iB B i 21k

BT AR R S B A AN, NG LA
WA EANWRE B . X L Bl 25 28 b fif 15 190 5 FL R0 Y



26 T RE xm % RP E )

% 47 %

A T R B R A%, BEOR A SR AIL AR N B B HL R
ZA G0 W20 L 4% v B B S B PR RN S T . TR
S0 b ) B T 2% RSB R T A R 2% AR AN R Y S
i BERTY YUEE I A B TR e
Z% ) TR 38 0 T 38 B B A M B L R S D) RE Y
ML N T B UL L Z R I R E AT
A 3B B RN T AT I S I 4 B R B £ s Bl B
X, W AT AT . A, T ESUE TR
BEN T2REZ ER—ia EN T b R
REAF7E Z A Bl AR T . X se L A 278
B2 it T 25 (8] AT AT 55 43 E NS s R DAk
B AR T P AL JE 3t X HIL AR N FR G G B R R
fEdeth TR S mER,
1.3 #=HIFNE RS

HEFUHLEE N — M H ] RN 5K Bl R AL AR R
SRR, BRI RE MWK RE T £ A I E 15
A 1 UK Zh 72 Ge 4k it S MUK R Ge 3 Ak 8h 0, LK 8h 3L
ST A R A T4 o 7R % AR B R K
B 11 R AT AR AN BT AR UL RS N PN 5 A0 AR B
BAER BB B R . B 1 @RS A
ARG MNA NS TAERFE .

PLES AR

SN o K >

SEW ol K WY ->S

< HURZSE
%5 x5

E1 BHRNSARGFEARSIERE

Fig. 1 Construction robot system composition and workflow
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Fig.3 Keyword frequency trends in construction robots
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Table 3 Autonomy levels for construction robots
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Fig. 4 Examples of construction robots
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Fig. 5 Evolution of human-robot collaboration in

construction
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Fig. 7 Underwater inspection robot system for large

diameter and long headrace tunnel
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o N BT St o 0] 2 RS BT Ol M 55 2 e, LA £
TENAE A I ] B9 0 2 7 rp A R IR B, O R
# B I B A s Ak DR AR X R ARG

S S R SR Y 57 3 AR Bl R TN
AF B4 e S A 08 9 A1 B B BIL A N B B A
B8 M Ry A2 S TN 97 3 . SR, 2 90
Jith T3 B B U R o S A R Y TN Y
(B AR W w1 (AL g AR E A R B A 32 B
2 ) R R R RN BE 7, LA £ BE A v O G 5 TN
e, I 5 T AW A RSIMERRFR L . Wi, 5
V5 R S e 110 0 T T R RE R i R G
T A0 Ren SFTRE X BOAM E# HL AR RS A R
7ol 19 2 A5 5 A AT 55 4 0 B AL S A
il i, PR 2 T A 2 I A UL PAD A T Ak A A
i 50 FEAR T MR B S BILAS A =2 18] 4 I R
DRZE R T I A R 3 T 5
THB AR TGS toh, e R HLAR
N PR A R W D BB T LA SN R B TN A B
AR, B Ak NG BE A B R 3 Y A BR

[ 3
4 AW ER) & BEL et

4.1 ANMESZEHNHMLL

TEN S SIS A B UMEAE 55 b, il i i S %)
5 A AL AT LA v AL A A R A ) T RE
J3e 4 Chen &84 Hy T — Bl 5 AE 8RG8 23 AT
ML By 7R AT 9 e 3 ok B2 (POMDP) #5284 A L) 4 Wy
N HLER N B AT, IR 8 B AF AT AP P L%
NBIAT A, AR T A I R B . Wang S5 1 T
— i 2 T LB R B LR AT AR AR
e, LLSEBL LRI 8 {5 o 7R 1% R G TAERE K
TR TN S A S5 RS AR MR BL
Ao N ) 7R HH X AR 225 [ A JR R A TR 20 A AL
iZ 2l WA R IR S AT P B AR A, B R T
Unity3D & #151 %7 & M HTC Vive S 2 3k 3%
o, B T AR IR T KRS R
U 37 5%, A A SR N LSS — W A =2 B 15
AL R AT

73— 05 T AR AR T T S AL A A e
Ty, @SR AT LAGE 2 4% 2 1 g A8 AR ) i
N 28 1 A BRSO U oz 3, LA T i ARG
PEAK A B9 1, I 06 ez Bl A 4% i o B o e
SHL & 0 B o5 A P4 TE 5 P o e SR, S IR B iz
By ML A K Rl I i B i T A B T 3R
SIRE ST I3 T I8 AU 7 5 A E
SRR AL B TR 5 BT, SE BU AL AR A Ta) A AR Y



32 AR5 xR F RO E L

% 47 %

.
o7

A R /N B u S MW N R X L £ R
A 2R B A%, X H 0 I R R A A AR B A
PRI, A7 Bl T 2 — 20 X el 0 TN A B Y 9 55 7
BE R N TR 2 2 S AT A AT, DA E T
A R e T Sl A0 2 1T A Liu SRR T
L O 5 TN AL N Z B g 1 — AR L
PR AC JAL 38 JH 1% R 4038 ik n) R A A% i S AR AR
TN Bl A S, O R B S AL AR A48 2, LS
PR ML N A R4 o R4 AR 5 AR a7
SR SN NG SR (= QI TN K i S
DA S s 8 4 HC AR il T AT 55 oh i R 3,

2 LB A B i R0 S R M 2 i SR LA AR
e T 3k e 8 AL 38 B AL A A AT R OG U B ot
A #& 15 75 Ab B (natural language processing, NLP)
FHHLEE A X A 2R 5 18 4 (0 LA e ), i Re
HER NPT TN 1 k48 4, I 48 UL o TR0
H ik 58 2 45 R G2, AL A N B8 08 3 3 145 TE 531 R f
AR AR R B TN AR RS 2 R A O
BRI S R BHR AR AR . X T
I I 92 I Y AR AR B 1 A AR SR A R TR AL A
N8 AR R e In] @, i AL s A0 AT i gy A i
A O N TN B R AR A T 9 A Y il e i 4
oK PR TN BT LB R R . R 3 AR R
PEMEF- &, AL NS T H k& RS
UEEHSE oIS I/ O N (B4
4.2 HMBAEBRS ANHEEE

A T T 2R R 2, Bk 2 TR 2 ik
Jit T B BUAL & A BE 65 HE AT 09 ARl Rl 2SR T
YER A B, 20L& N MR i T RT LARG 20 2L 4544 19
FRUEPE B #H Tl Ak g 26 SR e, i, 7E
AT M 3G b T 3 R, G B 2 Pl g A D R AR
ATt R T EN R FE LA A Z LI
(EET L RPN 1 N/ DA o A ST S 0
T R N Mg — 6 F & RoBIM, 1 & 807 28
A A ARSI RE LA S B 0L IR S sh A
ZHARARADEEFEYEREE T ENRE K,
Zhang S TF KT — AW Z AL 4 A 3D T Ep
HEZLFNAE - &, i 2 Hlae ATE AR IR T k17
H 089 3D FTER , I i N gt SAT 55 FBL A N BCE (19
AL RIS B R AT R AR T g Al AT
VE

SRIM , P 5 2 LA AN 09 8 AT, Z P
(952 % TAE PR B i — 20 18 K 1 it T3 3 1Y) 7 3
JE o RS AL A N5 N BB 9 S DL R
EHARLE G 00582 AHLPME SR ROk & e
A% O o R B A& S B S 8 D Re 0y 2 Pl 4%

i
fiE

I o

>

NUMEST- & X FEAL S A ] A HEE
O B FUROBOT #L#% At i
Fafex it S@EmeE, IJFEN AR ’OA
] 5 ) 2 K RV ML g A SE L 2 Rl T2, LS
BT A PR L ARk PSS IR T
FT8% BIM 5 @ 5L 4 A 2 8] 0 45 B R A, 8 H BIM
A AT R TR B EE SR AL A AR i FE A R AE B
Ui K AL A N GE i A% 2R AR SRR AR B 2 UE B
3 32 BIM S 30 AT A AL, 45 4 1 0 390 52 4 AR B 40 7
LA N TAEN =, LSC I 58 g @ s pLlas A9 A
MLAE H. . RSB ET BIM RIS N BB S A
PLIMER B &5, 1 e 0 JF & BIM 5 #5018 A2
() A 4 2 11, 1 O BIML RE 5 48 iUML 28 N W ERAE 5
1 BT B IF K AT 55 46 A A T B0HE T & B AL
N o 38 2 BT A 0 38 A B, SEBLAN R LR A
I F Gt 2 18] ) JC 4 B0 58 0 P46 A A6 33 . I L 38
i SEH BIM A B 5 4L 2% A A% IR £ 80 19 52 i W] 25
FEH A R R N S B b TR S A — Bt . e
A HE ST SCR WSRO L RO i T LR IR
FIAG IRAR B, S 45 3 A5 TR PR .

5 BREERE

A HUL &5 N B B AT 7E B2 i 2 SR T A
2y A K - 7 T EAT B OR T ), TR RE A 3 R R
T HME TR A Sk R R Ak T AL B
Brie. RAECERE 7 — RIBEFUR B aEE 5
BLAS A5 B 7 i SR 0 7F 2 R0z A 4 T
I AR 22 PR A8 LA b, oK R AHL R B4 BIF 5 7T
FEERF LT ILA 0

D TR TT RN T, ZRET
Mo — i T3 AR B IR AT 55 A S5 R A R
i o AR OR N B X B 20 T T 2 i — 2B W B Rl
FH 23 18] B BE A SRAL & A, DA TIDRE B 22 640 T T4
Fahit.

2) Bl A5 0 R A SR ML A e T 3 3 S Y
JRy TN I3 22, e SR T R — 20 O S B A Y e
HEE A6,y TR H A 5 A A AL
B B At R A R L St (2 S T B Y A% T
LR TR P O RE 8 24 N X AR B 4% Bl R K

3) i FUAL A A AL B 5 £ A B R Bk £ AR T
FEAM TS AL HLB 55 2 A 2 B, b B K
I 51 SE S B BT TS R, 58 0 AT AS [6) 22 B
(e | R NP S| I VT L o N A e
SEAT B AN B G HIL ], B i LR RE AL KT

4) g 3 o7 A SUAL & AR AHL B 12 AR 69 05



% 54

KT, F AL AN R R 33

i E— A0 BB B BIASE 25  TL E  A A BILA
P58 BN BOR R RIE G T, B R PR b
R RE A

AR LB A B A A9 R R AN A SR BR Tt T
FESCROTE I e SV DNV UL AN U R el o
SOl Tl e i % 8, I 58 se b Bt e e 2 4y,
e ] 4 gl Hl 42 A= i SR T B ) B AR R

5% 3k

(1] ®xwge, EER, &%, 4. 2022 F #HL & RS 5Fr

[J]. TCARAE B2 4R, 2023, 37(1): 1-6.
ZHAO F, WANG Y W, JIN L, et al. Statistics
analysis of China’s construction industry development in
2022 [J]. Journal of Engineering Management, 2023, 37
(1): 1-6. (in Chinese)

(2] BRoN, 225, ORAEOR, &5 . e SUME T HLER AWk R[],
SRS TR 2R, 2022, 39(4): 58-70.

CHEN C, LI X, QIU Z Q, et al. Research progress of
construction robots [J]. Journal of Architecture and Civil
Engineering, 2022, 39(4): 58-70. (in Chinese)

(3] A fhaE, EMR . ST R EE e E PR &5 8 R

[J]. #HMLTr, 2022, 43(5): 10-16.
NIU W R, WANG B W. Enlightenment of international
experience on the development of intelligent construction
[J]. Construction Economy, 2022, 43(5): 10-16. (in
Chinese)

[4] L1Y M R. An economic analysis on automated construc-
tion safety: Internet of things, artificial intelligence and
3D printing [M]. Singapore: Springer, 2018

[5] HAN C S. “Human-robot cooperation technology” an
ideal midway solution heading toward the future of robot-
ics and automation in construction [C]//Proceedings of
the International Symposium on Automation and Robot-
ics in Construction (IAARC), 28th International Sympo-
sium on Automation and Robotics in Construction
(ISARC 2011). June 29-July 2, 2011. Seoul, Korea. In-
ternational Association for Automation and Robotics in
Construction (IAARC), 2011: 13-18.

[6 ] MELENBRINK N, WERFEL J, MENGES A. On-
site autonomous construction robots: Towards unsuper-
vised building [J]. Automation in Construction, 2020,
119: 103312.

[7] JUNG K, CHU B, HONG D. Robot-based construc-
tion automation: An application to steel beam assembly
(Part 1) [J]. Automation in Construction, 2013, 32:
62-79.

[8] MA X Y, MAO C, LIU G W. Can robots replace
human beings? —Assessment on the developmental
potential of construction robot [J]. Journal of Building
Engineering, 2022, 56: 104727.

[9] E—i, M. E45H B8 T 58 S bl A% A€ LLAF 98 2558
(J]. MUK 5%, 2021, 49(8): 176-181.

WANG Y B, LIU J. Overview of mobile robots localiza-
tion in unstructured environments [J]. Machine Tool &.
Hydraulics, 2021, 49(8): 176-181. (in Chinese)

[10] w3, A . JET 2AL R B 3% 2 pL s A (58
EAIET]. A S SRR, 2023(3): 295-300.

GAO Q, BAIJ N. Research on mobile robot positioning
algorithm based on multi-sensor fusion [J]. Automation
&. Instrumentation, 2023(3): 295-300. (in Chinese)

[11] B, B, &Y. 25 R Bs & %= W E G 7
L) TEBUR 2R (A R B R, 2023, 51(3): 47-54.
DUAN J J, JIANG D, ZHAN Z M. Indoor positioning
method based on multi-sensor data fusion [J]. Journal of
Jianghan University (Natural Science Edition), 2023, 51
(3): 47-54. (in Chinese)

[12] SRARER, BRARSR, RAEFM . —FEOLE B SWER S M

[ 20 5 i Je st P e (U], 1R R 515 B4k, 2022(12):
5-8.
ZHANG Y R, QIAN Y S, SONG C L. A synchronous
positioning and mapping algorithm based on laser radar
and vision fusion [J]. Information Technology and Infor-
matization, 2022(12): 5-8. (in Chinese)

(13] xU&tl, = Em, EH, & . BaPLas A= NI LD

e A I g 0] Wl iE L A Sk, 2022, 44(4): 83-
88, 105.
LIU H M, LI G L, DONG X, et al. Research on
seamless switching indoor-outdoor positioning of mobile
robot [J]. Manufacturing Automation, 2022, 44(4): 83-
88, 105. (in Chinese)

[14] SRVLHF, JEV-I5, BREE . 35T 3200 DL it 3 2 4% S 85 B die

S 1 AGV R AL SEIT]. 2 m K22 4 (A AR 2
J2), 2023, 45(5): 1015-1021.
ZHANG J Q, FAN P Q, CHEN Y. Accurate location
of AGV based on subjective Bayesian multi-sensor data
fusion [J]. Journal of Yunnan University (Natural Scienc-
es Edition), 2023, 45(5): 1015-1021. (in Chinese)

[15] skA55e, WM 4, RIEX . T L2EREGMEHARNE

W S HLas NE R s [T M I8 as SRS, 2021, 40
(8): 53-56.
ZHANG S L, TAN X Q, WU Q W. Indoor mobile ro-
bot localization based on multi-sensor fusion technology
[J]. Transducer and Microsystem Technologies, 2021,
40(8): 53-56. (in Chinese)

[16] MA Y T, WANG B B, PEI S Y, et al. An indoor
localization method based on AOA and PDOA using
virtual stations in multipath and NLOS environments for
passive UHF RFID [J]. IEEE Access, 2018, 6: 31772-
31782.

[17] LIANG W C, WANG Y Q, WU Z A, et al. Indoor

region localization with asynchronous sensing data: A



34

T KRE5x3 £ FROPE

% 47 %

[18]

[19]

[21]

[23]

Bayesian probabilistic model [J]. IEEE Sensors Journal,
2018, 18(24): 10174-10182.

MONTASER A, MOSELHI O. RFID indoor location
identification for construction projects [J]. Automation in
Construction, 2014, 39: 167-179.

ER/AR . B R S L g A Bh 25 B R Ty ik LT, A
FHARAQH, 2022(8): 185-188.

QIU S L. Dynamic obstacle avoidance trajectory plan-
ning method for autonomous mobile robot [J]. Scientific
and Technological Innovation, 2022(8): 185-188. (in Chi-
nese)

MUGARZA I, MUGARZA J C. A coloured petri Net-
and D* lite-based traffic controller for automated guided
vehicles [J]. Electronics, 2021, 10(18): 2235.

FRLLG, e, MUK, A AHLIE I A2 5N B e T
BLMR 2 4m A7 R I T]. EAR DR 44, 2022, 55
(5): 107-115, 128.

GUOHL, MAL, YEXT, etal. A decision-making
method for safe operation of intelligent construction ma-
chinery within the context of human-machine approach-
ing interaction [J]. China Civil Engineering Journal,
2022, 55(5): 107-115, 128. (in Chinese)

MOURA M S, RIZZO C, SERRANO D. BIM-based
localization and mapping for mobile robots in construc-
tion [C]//2021 IEEE International Conference on Auton-
omous Robot Systems and Competitions (ICARSC).
April 28-29, 2021, Santa Maria da Feira, Portugal.
IEEE, 2021: 12-18.

ZHAO X G, CHEAH C C. BIM-based indoor mobile
robot initialization for construction automation using
object detection [J]. Automation in Construction, 2023,
146: 104647.

FEL, R, A, 5T BIM AN ANA
F B AR R R Bk e o (T AL TR S N, 2020,
56(17): 224-230.

WANG F, LI T J, LIU J Y,

autonomous path planning and obstacle avoidance of

et al. Research on
building robot based on BIM [J]. Computer Engineering
and Applications, 2020, 56(17): 224-230. (in Chinese)
KRS, RE2= I RV . R 0 A0 A i O ik i
FUAME BEFT EE ML 2 N R G T [T]. Pk AN F AR 5 R
I, 2022(2): 26-30.

LIUF Y, XIONG X S, YUE C T. Research on intelli-
gent grinding robot system for building exterior wall
based on hybrid control method of force and position [J].
Robot Technique and Application, 2022(2): 26-30. (in
Chinese)
ANDREEN D,

Emergent structures assembled by large swarms of

JENNING P, NAPP N, et al

simple robots [C]//ACADIA proceedings, Proceedings

of the 36th Annual Conference of the Association for

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Computer Aided Design in Architecture (ACADIA).
October 27-29, 2016. Ann Arbor (Michigan), USA.
ACADIA, 2016: 54-61.

KNEPPER R A, LAYTON T, ROMANISHIN J, et
al. IkeaBot:
furniture assembly system [C]//2013 IEEE International

An autonomous multi-robot coordinated

Conference on Robotics and Automation. May 6-10,
2013, Karlsruhe, Germany. IEEE, 2013: 855-862.
STROUPE A, OKON A, ROBINSON M, et al. Sus-
tainable cooperative robotic technologies for human and
robotic outpost infrastructure construction and mainte-
nance [J]. Autonomous Robots, 2006, 20(2): 113-123.
STEWART R L, RUSSELL R A. A distributed feed-
back mechanism to regulate wall construction by a robot-
ic swarm [J]. Adaptive Behavior, 2006, 14(1): 21-51.
NAPP N, NAGPAL R. Distributed amorphous ramp
construction in unstructured environments [J]. Robotica,
2014, 32(2): 279-290.

BT, 22 A, BB . ZHIPLEG NEBERENR
HERT]. il 525k, 2010, 25(3): 327-332, 338.

REN X P, CAI Z X, CHEN A B. Current research in
multi-mobile robots communication system [J]. Control
and Decision, 2010, 25(3): 327-332, 338. (in Chinese)
XFT &, B, AR, AF BT 0 LUK A B T8 it
OB RIREE S H0 R 8 5 R e mF o (0], Bkl i (s
), 2017, 37(11): 1396-1403.

LIU S L, GENG W, CUI L Z, et al. Study of
automatic monitoring system of environment parameters
of tunnel construction ventilation based on industrial
Ethernet [J]. Tunnel Construction, 2017, 37(11): 1396-
1403. (in Chinese)

JAMUNA M, VIJAYA PRAKASH A M. A study of
communication protocols for Internet of Things (IoT) de-
vices: Review [C]//Atlantis Highlights in Computer Sci-
ences, Proceedings of the 3rd International Conference
on Integrated Intelligent Computing Communication &.
Security (ICTIC 2021). May 7-8, 2021. Bangalore, In-
dia. Paris, France: Atlantis Press, 2021.

LI'Y M, LIU C L. Integrating field data and 3D simula-
tion for tower crane activity monitoring and alarming [J].
Automation in Construction, 2012, 27: 111-119.
SHAKED T, BAR-SINAI K 1., SPRECHER A.
Adaptive robotic stone carving: Method, tools, and ex-
periments [J]. Automation in Construction, 2021, 129:
103809.

CHOI'Y S, ANDERSON C D, GLASS J D, etal. La-
ser pointers and a touch screen: intuitive interfaces for au-
tonomous mobile manipulation for the motor impaired
[C]//Proceedings of the 10th ACM
SIGACCESS conference on Computers and Accessibili-
ty. Halifax Nova Scotia Canada. ACM, 2008: 225-232.

International



% 54 KF4, F A RANWAEAT A 27k 35
[37] BENJAMIN L, SASCHA D. Interfacing the human/ nologies of robot perception and control and its intelli-

[41]

[43]

[44]

machine [J].
2023, 24(3): 425-443.
WANG X, VEERAMANI D, ZHU Z H. Wearable

Distinktion: Journal of Social Theory,

sensors-based hand gesture recognition for human-robot
collaboration in construction [J]. IEEE Sensors Journal,
2023, 23(1): 495-505.

BONARINI A. Communication in human-robot interac-
tion [J]. Current Robotics Reports, 2020, 1(4): 279-285.
LIU Y Z, HABIBNEZHAD M, JEBELLI H. Brain-
computer interface for hands-free teleoperation of con-
struction robots [J]. Automation in Construction, 2021,
123: 103523.

TRYEA , TE/NAR, BRI, AT ] AR L R A A 45
PL# AW 52 (7). #2450 T, 2021, 43(10): 2170-2172,
2176.

ZHANG Y N, WANG X L., CHEN Z, et al. Research
on masonry robot for on-site working environment [J].
Building Construction, 2021, 43(10): 2170-2172, 2176.
(in Chinese)

EE®H, MR, R, H TR B RS+
i THARD] TR AR SHEF, 2023, 30(4): 16-18, 41.
WANG L L, YINJ, LIZ Q, et al. Concrete construc-
tion technology based on intelligent robot [J]. Guang-
dong Architecture Civil Engineering, 2023, 30(4): 16-
18, 41. (in Chinese)

KHOSHNEVIS B. Automated construction by contour
crafting-related robotics and information technologies [J].
Automation in Construction, 2004, 13(1): 5-19.
CHOJW, LEEJH, KIMY S, etal. An analysis mod-
el for wind resistance performance of automated exterior
wall painting robots in apartment buildings [J]. KSCE
Journal of Civil Engineering, 2014, 18(4): 909-919.

EVA 2 RS L T L AT 45 3R e B Y g ik
[J]. 5 A 3k, 2017, 39(1): 88-91.

LYU D D, ZHENG S. A summary of researches on
open-architecture control systems for industrial robots
[J]. Electrical Automation, 2017, 39(1): 88-91. (in
Chinese)

AR, SRR, AREE . A SUE B AL (BIM)E 2250 A
Ak RALES AR S R S ] AT RS
B AR, 2021, 38(6): 150-157, 177.

ZHANG J L, LUO H B, XU J. Research and
application of building information modeling (BIM) in
construction automation and robotics [J]. Journal of Civil
Engineering and Management, 2021, 38(6): 150-157,
177. (in Chinese)
EEY A INRI TN -3 /i
AR K H A H
494-513.
WANG Y N, JIANG Y M, JIANG J,

8 HLA R ] oG R
il [T]. A sk i, 2023, 49(3):

et al. Key tech-

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

gent manufacturing applications [J]. Acta Automatica Si-
nica, 2023, 49(3)- 494-513. (in Chinese)

KAKA, BA5 . HLas N2 RS REHAE HOR B Y 2534
[l. ﬁ%ﬁﬂlﬂ%'ﬁffi?, 2023, 17(4): 792-809.

ZHANG Q J,

modal intelligent robotic manipulation [J]. Journal of

LYU Q. Research progresses of multi-

Frontiers of Computer Science and Technology, 2023,
17(4): 792-809. (in Chinese)

GAWEL A, BLUM H, PANKERT I, et al. A fully-
integrated sensing and control system for high-accuracy
mobile robotic building construction [C]//2019 TEEE/
RSJ International Conference on Intelligent Robots and
Systems (IROS). November 3-8, 2019, Macau, China.
TIEEE, 2019: 2300-2307.

BEER J M, FISK A D, ROGERS W A. Toward a
framework for levels of robot autonomy in human-robot
Journal of Human-Robot Interaction,
2014, 3(2): 74-99.

A, 4 Ule, SEBELT . A Sk HLAS A AE R TR
B T]. 3 T AR (P 3E30), 2021, 50(20): 118-121.
ZHAO P, JIN C L., GUO X H. Application of automat-

interaction [J].

ic measuring robot in construction engineering [J]. Con-
struction Technology, 2021, 50(20): 118-121. (in Chi-
nese)

SKREE, UM B B IRALE AR RG] AL
BF S, 2009(4): 199-201.

ZHANG X, WEN H X. Design of control system for
autonomous robotic excavator [J]. Machinery Design &.
Manufacture, 2009(4): 199-201. (in Chinese)

A SCAR L T B W B Y A it L W L s N B R F
FE[I]. B2 4, 2022, 53(8): 112-119.

FU W J. Research on wellbore construction safety
monitoring robot technology based on negative pressure
adsorption [J]. Safety in Coal Mines, 2022, 53(8): 112-
119. (in Chinese)
NEUDECKER S, BRUNS C, GERBERS R, et al. A
new robotic spray technology for generative manufactur-
ing of complex concrete structures without formwork [J].
Procedia CIRP, 2016, 43: 333-338.

HE R, KE, F L AETWE S ALl 8 A
FIAR U E A2 [T]. Tk B R | 2022, 45(11): 35-44.
DONG G L, ZHANG L, XIN S. Target recognition
and location of steel bar binding robot based on deep
[J]. Electronic Measurement
2022, 45(11): 35-44. (in Chinese)

LIS, ZHOU X H, CHENG G Z, et al. A scheme of

learning Technology,

installing ALLC wall panels based on autonomous mobile
robot [J]. Journal of Building Engineering, 2024, 94:
109991.

LEE Y S, KIM SH, GIL M S, et al. The study on the



36 E R B R LR FROP E ) %47 %
integrated control system for curtain wall building facade [68] ZHANG X N, BAKIS N, LUKINS T C, et al. Auto-
cleaning robot [J]. Automation in Construction, 2018, mating progress measurement of construction projects
94: 39-46. [J]. Automation in Construction, 2009, 18(3): 294-301.

(58] W ¢, JA EEA, EAART . B A8 A IR 8 1 RE N HL T [69] ILYAS M, KHAW HY, SELVARAJN M, et al. Ro-
P B HR 50 HI[T). HLAR T 2440, 2022, 58(18): bot-assisted object detection for construction automation:
279-291. Data and information-driven approach [J]. IEEE/ASME
YANG G, ZHOU H Y, WANG B C. Digital twin- Transactions on Mechatronics, 2021, 26(6): 2845-2856.
driven smart human-machine collaboration: Theory, [70] Z5H:, sksr T, SR, 25 —Fp /NS I % 5 B R IS TS L
enabling technologies and applications [J]. Journal of N IF o 0] VLM R 54 B, 2023, 36(3):
Mechanical Engineering, 2022, 58(18): 279-291. (in 74-76.

Chinese) 1L1Z, ZHANG L N, CHI M, et al. Research on a small

[59] AJOUDANI A, ZANCHETTIN A M, IVALDI S, et suction cup curtain wall cleaning robot [J]. Construction
al. Progress and prospects of the human-robot collabora- Machinery Technology &. Management, 2023, 36(3):
tion [J]. Autonomous Robots, 2018, 42(5): 957-975. 74-76. (in Chinese)

[60] LEES Y, LEEK Y, LEE S H, et al. Human-robot co- (7] 76 303, sk, FLOEME, 5 K P B i HLE Ay
operation control for installing heavy construction materi- ST HUMAE TIT %, 2023, 38(2): 110-112.
als [J]. Autonomous Robots, 2007, 22(3): 305-319. ZUO Y H, ZHANG K, KONG X Y, et al. Design and

(611 ALME , w5 #F il . I AR JE AT BLA% N B 38 3t L4 research of underwater pipeline cleaning robot [J].
A[T] @ FE T, 2021, 43(7): 1253-1255. Mechanical Management and Development, 2023, 38
DU P, GAO Q S. Robot automatic welding technology (2): 110-112. (in Chinese)
for large section box steel column [J]. Building Construc- [72] 4B, FEHR, BS54 SRIRPLES Mt TAF9E [T]. i 1T
tion, 2021, 43(7): 1253-1255. (in Chinese) HACPEEI), 2023, 52(11): 22-26.

[62] JUNG K, CHU B, BAE K, et al. Development of auto- XIAO W S, ZHUANG R, TANG W S. Construction
mation system for steel construction based on robotic research of plastering robots [J]. Construction Technolo-
crane [C]//2008 International Conference on Smart Man- gy, 2023, 52(11): 22-26. (in Chinese)
ufacturing Application. April 9-11, 2008, Goyangi, [73] BROSQUE C, GALBALLY E, CHEN Y X, et al.
Korea (South). IEEE, 2008: 486-489. Collaborative welding and joint sealing robots with

[63] GONZALEZ DE SANTOS P, ESTREMERA 17, haptic feedback [C]// 38th International Symposium on
JIMENEZ M A, et al. Manipulators help out with Automation and Robotics in Construction (ISARC
plaster panels in construction [J]. Industrial Robot, 2021), 2021 Proceedings of the 38th ISARC, Dubai,
2003, 30(6): 508-514. UAE, 2021: 1-8.

[64] LEES Y, LEE Y S, PARK B S, et al. MFR (Multi- [74] MARCHESCHI S, SALSEDO F, FONTANA M, et
purpose Field Robot) for installing construction materials al. Body Extender: Whole body exoskeleton for human
[J]. Autonomous Robots, 2007, 22(3): 265-280. power augmentation [C]//2011 IEEE International

[65] Bkl PREEAR, Fiif, & KREBRKIIKERAKT Conference on Robotics and Automation. May 9-13,
ol IREINES P E i NIRRT SN2 QS P 2 2011, Shanghai, China. IEEE, 2011: 611-616.

W), 2023, 63(7): 1015-1031. [75] YU H, CHOITS, HAN K L, et al. Development of a
CHEN Y C, CHEN J J, WANG H R, et al. Key upper-limb exoskeleton robot for refractory construction
technology of underwater inspection robot system for [J]. Control Engineering Practice, 2018, 72: 104-113.

large diameter and long headrace tunnel [J]. Journal of [76] REN B, LUO X R, LI H, et al. Gait trajectory-based
Tsinghua University (Science and Technology), 2023, interactive controller for lower limb exoskeletons for
63(7): 1015-1031. (in Chinese) construction workers [J]. Computer-Aided Civil and

[66] EKANAYAKE B, WONG JK W, FINI A AF, etal. Infrastructure Engineering, 2022, 37(5): 558-572.
Computer vision-based interior construction progress [77] YU H, CHOI TS, HAN K L, et al. Development of a
monitoring: A literature review and future research stand-alone powered exoskeleton robot suit in steel
directions [J]. Automation in Construction, 2021, 127: manufacturing [J]. ISIJ International, 2015, 55(12):
103705. 2609-2617.

[67] ALAMI R. On human models for collaborative robots [78] LIU L, YANG H W, HAN G X, et al. A hand pres-

[C]//2013 International Conference on Collaboration
Technologies and Systems (CTS), May 20-24, 2013,
San Diego, CA, USA. IEEE, 2013: 191-194.

sure sensing device for cable construction that can adjust
exoskeleton assistance in real time [C]//2023 5th Inter-

national Conference on Robotics, Intelligent Control and



% 54

KT, F AL AN R R 37

[81]

Artificial Intelligence (RICAI). December 1-3, 2023,
Hangzhou, China. IEEE, 2023: 565-571.

ZHANG M, XU R, WU H T, et al. Human-robot
collaboration for on-site construction [J]. Automation in
Construction, 2023, 150: 104812.

CHEN M, NIKOLAIDIS S, SOH H, et al. Planning
with trust for human-robot collaboration [C]//Proceed-
ings of the 2018 ACM/IEEE International Conference
on Human-Robot Interaction. Chicago IL. USA. ACM,
2018.

WANG X, LIANG C J, MENASSA C C, et al. Inter-
active and immersive process-level digital twin for collab-
orative human-robot construction work [J]. Journal of
Computing in Civil Engineering, 2021, 35(6): 04021023.
SO, PR, T, A BT R 0L S 0 N 4 AL R
PR ACHE T A5 RG] #H R %S TR¥4M,
2022, 39(4): 108-116.

HUIJZ, FAN B H, DING K, et al. Simulation system
of steel bridge prefabricated construction based on virtual
reality [J]. Journal of Architecture and Civil Engineering,
2022, 39(4): 108-116. (in Chinese)

KIM J, CHI S, AHN C R. Hybrid kinematic-visual
sensing approach for activity recognition of construction
equipment [J]. Journal of Building Engineering, 2021,
44:102709.

LINARES-GARCIA D A, ROOFIGARI-ESFAHAN
N, PRATT K, et al. Voice-based intelligent virtual
agents (VIVA) to support construction worker productiv-
ity [J]. Automation in Construction, 2022, 143: 104554.
LIU Y Z, HABIBNEZHAD M, JEBELLI H. Brain-

wave-driven human-robot collaboration in construction

(86]

[87]

(88]

[89]

[90]

[J]. Automation in Construction, 2021, 124: 103556.
CANTRELL R, TALAMADUPULA K,
SCHERMERHORN P, et al. Tell me when and why to
do 1t!: Run-time planner model updates via natural
language instruction [C]// HRI’12: Proceedings of the
Seventh Annual ACM/IEEE International Conference
on Human-Robot Interaction, 2012: 471-478.

BRRAE, XURLC, X A8, A5 R ) X Al o £ R
) 58 AR T T S o R [T, SR AR 24, 2020, 41(1):
100-112.

LITIJ, LIUY X, LIUJY, et al. Real-time perception
of operational intention based on arrayed tactile sensors
[J]. Chinese Journal of Scientific Instrument, 2020, 41
(1): 100-112. (in Chinese)

ZHANG K T, CHERMPRAYONG P, XIAO F, et al.
Aerial additive manufacturing with multiple autonomous
robots [J]. Nature, 2022, 609, 709-717.

FHe, BT, REFIR B ) Sh s U IR A R AL AR N 2 i
- f5: FUROBOT % 7 8 it # 0 #t J [T]). A0 3,
2022(6): 24-28.

YUANF, LUM, ZHU W R. A platform towards shar-
ing and collaborating construction robot: The develop-
ment of digital construction software of furobot [J]. Con-
temporary Architecture, 2022(6): 24-28. (in Chinese)
VAHA P, HEIKKILA T, KILPELAINEN P, et al.
Extending automation of building construction-Survey on
potential sensor technologies and robotic applications [J].

Automation in Construction, 2013, 36: 168-178.

(%3 T H%)



