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Carbon fiber reinforced plastic (CFRP) has high strength and light weight. Thus,
it has the advantage of improving fuel efficiency. Because of its strength
compared to weight, this material is used to manufacture large parts such as
aircraft parts. In this paper, we study CFRP drilling and how to improve the
machining accuracy of robotic drilling without an additional driving system in
the robot's end-effector. Robotic drilling hole defects cause drilling force and
error displacement at the end-effector. To address this problem, the authors apply
real-time calibration on the drilling path based on drilling force signals from the
dynamometer. As a result, it has been confirmed that real-time path control is
effective for improving robotic drilling hole quality in CFRP specimens
compared to drilling without real-time path control.
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drilling accuracy'!
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Table 1 Work-piece specification

Polymer Matrix | Carbon Fiber Thickness | Manufacturing

Epoxy T1000 5.7 mm Auto-clave

: exit hole shape  (b) CNC : e

3.423 mm

2.981 mm

exit hole shape entrance hole shape

(c) Robot :
Fig. 6 Comparing of CNC & robot drilling hole about CFRP

(d) Robot :
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Fig. 7 Dynamometer setup for measuring drilling force
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Fig. 8 Measuring drilling force graph of CNC
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Fig. 9 Measuring drilling force graph of 6-axis robot
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Table 2 Drilling force of CNC & robot

Force Direction | Maximum Force (N) | Minimum Force (N)
X Axis CNC 19.6 -19.4
Y Axis CNC 132 -14.6
Z Axis CNC 102.3 49.8
X Axis Robot 8.4 -43.6
Y Axis Robot 8.7 -27.5
Z Axis Robot 101.9 48.7

Fig. 10 Robot & laser tracker experimental setup

Table 3 Specification of laser tracker (Radian)

Measurement Range (Linear) 100 m
System Resolution 0.1 um
System Angular Accuracy 3.5 um/m
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Laser tracker data (9000 rpm, 0.1 mm/rev)
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Fig. 11 Displacement of robot end effector during CFRP drilling

Laser tracker data (x,y axis error)
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Fig. 12 Displacement of robot end effector during CFRP drilling
about 1st hole processing
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Table 4 Maximum X-axis error displacement of end effector
by drilling condition

Feed 0.01 0.05 0.1
RPM mm/rev mm/rev mm/rev
3000 0.078 mm 0.094 mm 0.102 mm
6000 0.101 mm 0.234 mm 0.283 mm
9000 0.114 mm 0.188 mm 0.339 mm

Table 5 Maximum X-axis drilling force by drilling condition

Feed 0.01 0.05 0.1
RPM mm/rev mm/rev mm/rev
3000 -31.81 N -38.09 N -42.02 N
6000 -3432 N -81.90 N -91.88 N
9000 -39.08 N -85.30 N -113.46 N

Table 6. X-axis stiffness of end effector by drilling condition

Feed 0.01 0.05 0.1
RPM mm/rev mm/rev mnv/rev
3000 24.52 um/N | 24.68 um/N | 24.27 un/N
6000 29.43 um/N 28.57 um/N 30.80 um/N
9000 29.17 um/N | 22.04 um/N | 29.88 um/N

A2} EAHE A0 didd). 28 Beko] $ix|d w2} 7
A A7 GERATH B A g o] 7y YY9L 100 mm x
100 mm x 100 mm 2] FZFo 2 ZE AA] §3 2vo]~

Aol wlsf v 2 G ol il xAE. meb 944

Hstel] e A Wshs adskA] etk

33 A vlolHE v oE dare|Fel| A8 o|5(Gain)

S 25~30 unyN ¢ UlollA vHE A8 53 =&3199th 1
At HA 7 2090 25 umN & £5319 o] A= duElE
of 2835k

4. 7K8 E3 g2 93t YmelE HE

A X183 S B3l 7 A =2 Al AEHE T
Fal7) dgle] Eof 2R Fehio] 9% W7t BATIE A
RIE 4 9tk JEjx TS MZ <3| CFRP A1) &
7he Ao R EEHE AL FRISIh ofol thek s A Weke
2 7hE Fah 719k AT 2R AR B °HF4 olst A&
B d1EF) & AEet olg H83l] Y AE MEE Fig.
133} o] F+33131th.

A2 BA daeFe| 7l 7k A2 AARE Aol E 3l

6]
Staubli AfollA] Al Fsh= Alter T2 132 S-8314TE Alter =
2O 28 HI JTE BE Y 452 FAIsl] o] ZE

179

—e

it _“:‘

1/O Board

!i!

Robot End Effector

Dynamometer

Fig. 13 System setup of robot drilling real-time path control
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Fig. 14 Block diagram of robot drilling real-time path control
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3.210mm

3.825 mm

(a) Robot drilling hole shape of
not applied real-time force control algorithm

3.162 mm
3.398 mm

(b) Robot drilling hole shape of
applied real-time force control algorithm

Fig. 15 Comparing of applied/not applied real-time force control
algorithm
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Fig. 16 Comparing delamination factor of applied/not applied
real-time force control algorithm about 30 holes
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Table 7 Comparing of delamination factor: CNC, robots without
algorithm, robots with algorithm

- . Delamination factor| Delamination factor
Drilling machine .
(average) (maximum)
CNC 1.095 1.169
Robots without
1.14 1.192
algorithm ? o
Robots with algorithm 1.065 1.096
6. 22 I B% ol7 wy
ONC =29 7Hgel vlsh =2 13 7Hg 339l #24°)
7718 B A7]9) Aok | e o) ket A e Ay

I QlTk AR 7 HekE QI 25 2] oA} whAE
o|& Qlaf B EHRY| Ty 7|97t EolA 7k FEY AgE
YA I

B =M 2R 7 Al sk 23] gl
CNCe} 259 7hg Hols 34 9 vl BA4ai9int 49 71
8l FASE 2 2 glojA B Y] 4] M9E vlasto]
BEE 7H A BAEkE TH Fatet 2R 2] AsS Rlst
Aok 12l o] & As] A7 HRleE 2RO ARE Ty F
3F AE 7o R AXTF RASHE YagES ANSHTE

7Fs A2 AARE B ikte g FFEEA Y 7§t 4l
A As= do} 2R HARE AR FA o vgaioit. sl
G FS A83 2E UHy AAE ugE vHE dH
2718 Ax # olel CNC =817 71 27l v ’6‘}%1‘4

B ATE B8 2R M A 37sEAE 8% *‘/\l{}
BAo] CNC7}E3H vl 79 7H AdEg BT+
RIS o & vl E & 38 9483 7t fﬂ*%«l Al
ofol| AHrEE 2 71 AHe Ak 3, Ty AUER
SEE 5 Qs Wk AT

SHAITE 28 71 Al 7heEe] fiAjol met 25 EehRe] 914
7h gepA| o, 29 Sl W 717 o] HEH Wi
2o 27 9 713 zA0lgks Bk 9jx)o) wle} 7l AuEo)
oEA U gtk

F2E5o| A 73 SA i d7e A dEHdAY 28
} choFsiAl Za=a Qo™ siA|uk F2 AdE]ol Al <]
<+ 34 ”EH«I 7“Ur o9 e A5ES Holrld 54

ERERR

a4

I

J
(&)

=

ﬂll

=

]I

35
3

Kl

=Z 1

m[o

e} o

lﬂJb"ﬂ *4%?& a7ttt olg F

3o BE RoIA 71E 0AE Zo] 7hE RANE FAND 5



Journal of the Korean Society of Manufacturing Technology Engineers 27:3 (2018) 175~181

PE A7 o Aog o =g} Composite Material and Aluminium Stack, Composite Structures, 92:5
SlEo] =2 1 ohiet ¥d 59 UE 7k Aol Tk 1246-1255.
B3l BAso] o]d] tigt 28 71 AR AARE BAS 713, [4] Frommknecht, A., Kuehnle, J., Effenberger, I, Pidan, S., 2017,
7h AUEE A = ohE Tl A9 folske 371 & Multi-Sensor Measurement System for Robotic Drilling, Robotics and
B & 9l Aotk Computer-Integrated Manufacturing, 47 4-10.
[5] Olsson, T., Robertsson, A., Johansson, R., 2007, Flexible Force Control
s 7| for Accurate Low-Cost Robot Drilling, IEEE International Conference

on Robotics and Automation, 4770-4775.

[6] Slavkovic, N. R., Milutinovic, D. S., Kokotovic, B. M., Glavonjic, M.
M., Zivanovic, S. T., Ehmann, K. F., 2013, Cartesian Compliance
Identification and Analysis of an Articulated Machining Robot, US
FME Transactions, 41:2 84-95.

[7] Dumas, C., Caro, S., Gamier, S., Furet, B., 2011, Joint Stiffness
Identification of Six-Revolute Industrial Serial Robots, Robotics and
Computer-Integrated Manufacturing, 27 881-888.

[8] Chen, S. F., Kao, I., 2000, Conservative Congruence Transformation for
Joint and Cartesian Stiffness Matrices of Robotic Hands and Fingers,
The International Journal of Robotics Research, 19:9 835-847.

[9] Alici, G., Shirinzadeh, B., 2005, Enhanced Stiffness Modeling,
Identification and Characterization for Robot Manipulators, IEEE,
TRANSACTIONS ON ROBOTICS, 21:4 554-564.

£ A7 AT AR ZARKI S 1S AR Y dd
07 595U 10053248, HAE: EhAl-ESAl(CERP)
i Bt 1)

References

[1] Lee, B. E., Hyun, D. K., Shin, D. H., 2018, A Review of Forming
Performance Thermoplastic Composites in Aerospace Applications,
Transactions of Materials Processing, 27:1 60-65.

[2] Wang, X., Kwon, P. Y., Sturtevant, C., Lantrip, J., 2014, Comparative
Tool Wear Study Based on Drilling Experiments on CFRP/Ti Stack and
Its Individual Layers, Wear, 317:1 265-276.

[3] Zitoune, R., Krishnaraj, V., Collombet, ., 2010, Study of Drilling of

181



	6축 로봇을 활용한 탄소 섬유 강화 플라스틱(CFRP) 소재의 드릴링 가공 분석 및 실시간 경로 제어
	ABSTRACT
	1. 서론
	2. 로봇 CNC 드릴링 가공 비교
	3. 로봇 가공 오차 원인 분석
	4. 가공 품질 향상을 위한 알고리즘 적용
	5. 알고리즘 적용 실험 결과 확인 및 분석
	6. 결론 및 향후 연구 방향
	References


