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Performance Evaluation for Repair of Composite Maintenance Robot
Using Carbon Fiber Spray Method

Geun-Su Song*, Dae-Ham Cheon*, Jae-Youl Lee**, Kwang-Bok Shin*"

ABSTRACT: In this paper, a composite maintenance robot using carbon fiber spray method was developed that
automatically sprays mixture was created for repair to damaged areas to repair them. To develop a robot, a repair
process was developed in which a mixture of milled carbon fiber, epoxy resin, and hardener is sprayed and
consolidated on the damaged area. To automate the repair process, an EOAT based on a collaborative robot was
developed that can automatically suction and spray the mixture onto the damaged area. To evaluate the repair
performance of the robot, 0° and 90° unidirectional specimens were manufactured and tested in accordance with
ASTM D3039. Tests were performed on undamaged specimen, damaged specimen, and repaired specimen by a robot
after damaged. As a result of the specimen test, the tensile strength of the 0° and 90° specimens was recovered by 10%
and 90% after repair. Based on the test results, the repair performance of the developed composite maintenance robot

was verified.

ZE B =RoAe B Qe AE S &R A5 o2 EAPSko] Bapdts BAad R BAMS
B3 fRAEe 22E st 22 S 98] EAE S f-9t ol FA] 4] (Epoxy resin) W 7 3HA| 7t
23tE B4g 23S &R BEAR §l A3 7= Bedd S ekt o) &, At E BRaeg ol A
5312 919 9% 2 % (Collaborative robot) & 7| W02 B4 § ETE SR ] 4O F U ASHE
ahek#-7] (End of arm tool, EOAT)E 7 2tatsic}. el 23te] A5 7hS 918 23ka) QA E 1774 ASTM
D3039] ©]7151of 0° 9 90°elkeE Al A2 W AHE ST A HE £AEIA e AW, £ARE A, 1
23 &4 5 mto] o)) AP5ow maE Aol s el gich A7 Ak, 02} 90° Alo] o) 217t wak
oF 10%2} 90%2] QA7 312-go] BhelE|o] AulE Bkl g BANE By Mo 2ate] BpAE-S AEY

Key Words: Bt 5 733} E¢HA(Carbon fiber reinforced composite), w-AF3& 1 4=(Spray-type Repair), A5 3}
(Automation), &%= - (Collaborative robot), ¢1AFA| 3 (Tensile test)

1.4 2 QU3 A S Thopal SHE S Y X R 71 &S
a7} ol 2715t Qe ol @ 5.8 A 9

of ) Abel Hofol K FRBo|U AE AL 1T B3 o 2 AT Rolold 7| 2e] FIIILF A 5 HEA B
A Agol Z7SHRA A5 T BAH R0 A fARS Rofol A ALEF BPA WS N EES

Received 1 February 2024, received in revised form 23 February 2024, accepted 31 March 2024

*Department of Mechanical Engineering, Graduate School, Hanbat National University
**Interactive Robotics R&D Division, Korea Institute of Robotics & Technology Convergence
"Department of Mechanical Engineering, Hanbat National University, Corresponding author (E-mail: shin955@hanbat.ac.kr)



Repair Performance Evaluation of Composite Maintenance Robot Using Carbon Fiber Spray Method 77

o B4 AE 9 shig el A8st] e 23
B4 AT o] Fs] s E I o )& Bt
A fA| B4 oo A T g B Aol T2 Be
O B AES} Aol s S Qe o 1
o) et Aetstit BEA Bag 913 B o)
A SRS AFOR AT L AFoh 339 Ty
74 718 WA S AL ARG E oY AER

x%gal.g Hl—/\l og EﬁLxH E x].ig].oﬂ EH§_ 501% %
ABFYTHL. FHEEFUAT UL G B A
2l Wi RS B0 R @@6}—3— w24 A
sl 232 gstanH3

shAgt WA AEE By B st 23 9 AL
57 A AlFolvt AHSE =R o] o
A Al ARl 480l &7Fssith E3L 7)E
34 ARss 2Ry ARES & A7)9k B 7t
QI3 2hdAbe] s ol whet ARg-of Aefo] LAYst
EA7E EAR ol wAlEE siAsh] flsl
AF S5 g ol AloF WAl ofar AREE 4= e
W82 Q) By o] ANt 2 Rpe] g off Aok
A %% °§ HE=R 7|6re] 53 B AHEs) 25 7

kol 3
4 1m

2 rlr JlbL o b
(o]
il

°l °ﬂ = ?i:r“’ﬂ A Bpg EgEs S5 As
o= BAbstel Waehis Bad§ B
23 Ale) 25 7l
24 A D S T weg ERES S
A B AN BT AL o
BB A 5] A2 G
FRE MIOBE 7HoR Mg SaEe) §3 9
T 1% B AS AR mh A
23l Ubuntu 18.04 =FAA] 7142} ROS (Robot Operation
System) 1} Arduino IDE Z 2 732 Al8-35lo] P52 E 1}
YA AofRE FEstAc) A 220
= B7kel7] flal EEA AR 178 ASTM D30399]|
o A3}o] Toray(it)e] T700 32|32 1 (Prepreg) 2 A-&-3}
o] Ha1x) A=}k (Unidirectional) A|3H 0°9} 90°E A 2K}
o AR BRSO YoE EATIES 2AT T B 4
£3} 22 N Bas Saele] £AEIA S AIH, 24T
| A, 123 24 o & naE A ES AZet . o
S AIBS et AlBL et Ak oF 10%S) 90%
QY7 5G] 217} 0%} 90° Ao A BFelEo] 7]
ElAXG BAMY B3 S A H4 2H o] HEA

o pZ 1o Hof rit
.

ofN
ofs
o

2 ox
_cL

T ol AHEE Eokef Hpol R AlFd sl i 55
S AAsHA T Hpg Aol AFgE 2ok B FHL=
e LAY E3A AlF I 2= ofF S AlE E
& o Fuglol T&EHE AL HHEE Hed A
e st Hapol & AlEA 52 4% ol A2
ofof A FRACR £ A=Vt 87HA e &% 5
A AE R FEEOI Eﬂxi e A2 Fopoll A H5A
7t 88 AlEEY EeE BAAJ] A LR 5
Yste As HEE E’\*ﬂ & sk

A 5RE 7SR 7|E 594 B d A% Ve
== sty gadf EAE 59 Eesde N
ShTh Hapgd AES flal Aaret 7€ 594 2]
=2 A5 vl A Feere] g7 A B4 el
% TR 4]19] £AF K9] A7EL(Scarf) 713 $ B 5]
£ FAste] fshkes It 53 2hv|d o] E (Laminate)
w2k E Fol A A g S 3F 2 2] (Delamination) E+=
U2 (De-bonding)o]l sl & 7} o] % Ha-§ A& F

o 47 ey BT [51E
= Ve F wg Bk 93
UEe Fig. 25 42759

B3 sjure o5 &+
A, A& ae 442 3o

cy ]OI%}(Hand lay-up)} £l

ZrarsheiTt. Fig. 12 A
el e

Lreplct

A 271

AshA71

Aot oA =9

lm
—1u:
J;
Olr

ol
o
o

»

N o
By
I

ol
Sk
4 0

jaod
Jo

Repair material Base laminate

Fig. 1. Schematic of scarf patch repair [4]

o vacuum

syringe
[+— lubing

mmmuu composite sample  silicon wvacuum

after delamination  rubbar sealant tape

Fig. 2. Repair process of resin injection repair method [5]



78 Geun-Su Song, Dae-Ham Cheon, Jae-Youl Lee, Kwang-Bok Shin

Spraying

Manufacturing mixture
for repair

Nl
o'
ol 5 x|

Suctioning Cleaning

Spraying

Fig. 3. Repair process of carbon fiber spray type repair method

of AR A5 A ASHA 7] = 22 o] o] d(Spray
lay-up) A2} 7|&E2 skt

7|E H9A B Yl =
= 9 F2EY & Fol =d5 '

=
SHA| EEe 2ARE F A7 A o R A

Q13 By shx el Alet 2 =
2 &4 19) 2170 ujet chopgt Qo] o)
460k o B4 54, 19 3 Aok 2 Ee
Aoz YRSt B3t HAg B3 )
e E G EC L R e
: 92 zefstel vest AR ®
2 BAste] HpstES 37
A g A BE 2

g
HL
i
o
ot
o
>
L
-
s

4
o%’,

ol
S

~
z
ol
S

4> o (& ru{n 22 Mo i o
T
oH 1&- * A
O, X o O
40 i B e
ol X of

OE =\|i~,
o m_‘n; [}
_\2 ol
-
7
o
&3
g
W

LAy BAE BagAe) A8
212 915) Zheofol A ED2] 3 um 7] A
28 eadf 2TH T oAFAF)Y AL B eHE ol
ZA| D-200 =22} oA S ARSI Hapof] 2 &
gl gkl S mas)] §le 3D Zadew ALE ¥
A A|#H Q] Ad-5-A) %] (Fiber Volume Fraction, FVF)o]| u}
2 QUARE B4 QT[S Fiste] Bpg BB A
$AAEE o 18%2 AR g BE) 44
AAe Adks S8l A (D& ARSEATHTI.

it

V,= ﬁ%x 100(%) 1)
1 Ff e/ Fe

o

o714, Viz B8 SHE ARAAE, Wi B
dEol 23 Afed W B8 EfEof =239
2eF AsHA| o] S, o= H4g EFEC] =3E A/
Ui, 281 pi= B4g S3E] 28H A9k HEHA|
E3tES] droltt. pi= Metasan(fit)ol| 4] ASTM D445 )
2} 3742 4343k D-200 =29t H3A| EhEe] UE 1.2g/

&
P
e

i o

Table 1. Variables used to calculate FVF & weight ratio
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Fig. 5. Viscosity measurement of mixture for repair

Table 2. Viscosity measurement results of mixture for repair

Rpm Viscosity Unit
30 5,860.0
50 5,832.0
mPa.s
70 5,828.5
90 5,826.6

Table 3. Specifications of actuator

Gear ratio of linear actuator
Specification
1:100 1:210
Peak power 23N at 6mm/s 45N at 2.5mm/s
Stroke 30mm 100mm
Weight 34¢g 56g
Accuracy 0.2mm 0.3mm
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Table 4. Variables for equation and calculated force for spray

Symbol Variable Value unit
L Length of nozzle 0.008
m
r Inside radius of nozzle 0.001
M, Average viscosity of mixture 5.84 Pa.s
A, Inside area of cartridge 2.987E-4 m?
Q,  |Max flow rate of 1:100 actuator| 1.792E-6 y
m’/s
Q, Max flow rate of 1:210 actuator| 7.466E-7
AP, Change of pressure in nozzle 213.07
by 1:100 actuator
kPa
AP, Change of pressure in nozzle 88.78
by 1:210 actuator
F, Force for spraying mixture 63.63
by 1:100 actuator N
E Force for spraying mixture 26.51

by 1:210 actuator
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Table 5. Variables for calculating actual flow rate

Symbol Variable Value unit
Lo Density of mixture 1190 kg/m’
V., Volume of sprayed mixture | 2.338E-5 m’

t Total test time 29.2 sec
Q, Max flow rate of 1:210 actuator| 8.005E-7
Q Actual flow rate measured 7 466E-7 m?/s

from test

E, Difference between test 6.74 %
and theory flow rate
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Fig. 7. Compression test results of spraying mixture for repair
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Table 6. Specification of EOAT

Specification Value unit
Diameter of EOAT 110
mm
Length of EOAT 293
Weight of EOAT 0.93 kg
Max capacity of single spray 30 mL
Max flow rate of spray 8.005E-7 m®/s

>

4. =

!

M Es XS5 22 7

41 HERE 7|4 Ba XS5 22 W

A We AR o FALR B E AGH O 23 BE R
MI013S 7]9h0 2 G § BAR B34 B A58
5.2 stk Fig 9% AHHE 25:9] 3D CAD()S A
A AFo] $RH B AFR 2HS AMOR FEHE B
S S 87 (b)E ek

42 2% XS5 22 Holgd 75
AR BROR WG AP BETH AFHE T
A7) 919 @ER R AP ) Ao] AL P55

ik o1 913 Ubuntu 18.04 25714 514 ROSE 7]
whow o] A=Y N Ao T2l Moveitd A
FEO

gao] Wl Aofae o} Arduino IDE

[ (a) 3D cad of robot | | () Developed robot |

Fig. 9. Development of automatic repairing robot

Fig. 10. Control environment of robot



82 Geun-Su Song, Dae-Ham Cheon, Jae-Youl Lee, Kwang-Bok Shin

T2 IRL AN R WA Aol FEE SR
o} Fig 102 58 AloladS tehilct

5 S Hy XSzt 2R E4-dSETt

5.1 2o BAMSEIIS 2R AIH HE
W B A EE 2R RE S B 9

A A A 9 el WA Ll e s
o} wgs ol F B4 AT AE L TR A Ha

shi= Zlo] Wasitt. o2 ¢ Zi’: ZAAYo] a8
A Ae] At Rglel) 27k wH) 2 e ] e
o g} H oA F L B3 HagLo Hrlel /)& o
912 et & Aol A ASTM D3039 =37 <l
HAE 0] 0J7181e] Toray(it)o] T700 2] me) 12 A}
atol 09} 00" DU B ABE AN 015 A
ASol tha) EHo] £7IEE 5 2R Aol B
42 st aich o) AlZto] SE EHA e A,
S AT, Te3 e s SgRel ABEY]
A 49 s AABES vlawste] e 2yio] By

Fig 11 ET@%%‘% 1ol Azl 00 2 90 3
© UEFU o Table 7-&
2 tpehdich.

5.2 229 HExMEHIIE S| AlH 2
Al kg BAR B34 B4 ApEel 2ie) B
S B 1) AR B QA AlEEe] A

Fig. 11. Specimens for evaluating repair performance of robot

Table 7. Specification of specimens

Specimen
Specification unit
0°UD 90° UD
Ply number 9 17 -
Length 250 175

Thickness 1 2

mm
Damage area depth 0.5 1

Damage area diameter 6

Before repair

During repair

Fig. 13. Repair processes of 90° specimen using robot
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Fig. 14. Repaired specimens using robot
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Before test After test

During test

Fig. 16. Tensile test of repaired 0° specimen

Before test

After test

Before test

Fig. 18. Tensile test of repaired 90° specimen
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Table 8. Test results of 0° and 90° specimens

Tensile strength (MPa) CV (%)
Specimens
0°UD 90° UD 0°UD 90° UD
No damaged 2,432.02 45.35 6.08 7.53
Damaged 1,580.30 33.40 4.90 9.71
Repaired 1,691.83 47.05 5.04 4.12
< Tensile strength (MPa) >
3,000.00
2,500.00

2,000.00

1,500.00
1,000.00
500.00
0.00

0° UD specimen

® No damaged mDamaged = Repaired

Fig. 19. Comparison of 0° tensile strength
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60.00

50.00
40.00
30.00
20.00
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0.00

90° UD specimen

® No damaged ®Damaged = Repaired

Fig. 20. Comparison of 90° tensile strength
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