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Digital twin technology offers the advantage of monitoring the status of equipment, systems, and more in a virtual
environment, allowing validation through simulation. This technology has found numerous applications in the industrial
robotics field, driven by recent advancements in the manufacturing industry. Consequently, predicting machining quality
using digital twin technology is imperative for ensuring high-quality processed goods. In this study, we developed a digital
twin program based on a cutting-force physical model and created a performance enhancement module that allows the
visualization of material removal for user convenience. The predicted cutting forces from both conventional CNC and the
physical model demonstrate a high accuracy of within 2%. Within the digital twin environment, the error rate for the robotic
drilling process is 13.5%. Building upon this, we developed and validated a module for material removal visualization,
aiming to increase convenience for on-site operators.
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NOMENCLATURE w = Cutting Lip Length of Drill Bit
L 0 = The Angle between the Shear Area and the Resulting
A = Initial Yield Strength [MPa]
Force
B = H ing Modulus [MP ..
arcflemng odu' llls‘[ al . A = Friction Angle
¢ = Strain Rate Sensitivity Coefficient E* = Equivalent Young’s Modulus of the Workpiece
n = Hardening Coefficient .
Material
m = Thermal Softening Coefficient vy = Poisson’s Ratio of the Workpiece Material
€ = Plastic Strain fity = Instantaneous Feed Rate at the Chisel Edge
& = Reference Plastic Strain Rate [s] P,, = Plough Effective Cutting Force [N]
Ty = Temperature of the Material Pus: = Plough Effective Thrust Force [N]
Tyery = Melting Point of the Material F.,, = Indentation Force from the Chisel Edge [N]
T, = Material Initial Temperature Lopi = Length of the Chisel Edge
LB = Shear Length k.,; = Coefficient of the Chisel Edge
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QFRL MYTHI6]. B3], 7YY 97 Hohwo] i e
1% L FFIF Aol 7R 91X 9F Aol
Goalolct [17]. o4 22 S £ FANS AF}
Auk b TRt 9R2 8 B EAT =dY Aol
A3k 4 oleHIs

e ET:OHHL 23 abA2ge) 78t gel me
%S9 FHINY Bel nd & @ BRFOR APFORA

Level)ol A 5-E] Z2]7|0t ez 27 e 2Ra
o83 =Y 34 dde T8 2R 74 5 AK(Factor) =E

2 glat 7M mee Akt dRRe 25 QX 9 £
Aol e Bel mdo] A% UAQ £ o mde B
Pl BY FHOR AT UXY B TR A
F7bom M melel A Ed Bl o3t A2 A7 (Material

Removal)®] 7HA|2p7} 7hsdtes 5@ ZEModuleys 7H
gtk

UAE £90] o2 mES 9% 5Y A B WA
N 4|28 (Level 1)o4 CNC 74 =2 54 ge 4l

= o

_— = =
HolEE 7|We R 3= Qleh. WA 3 F4F ol ot
d2- AARS QA =8 datg o] WhAlsk= 1S Fig. 2
o] A AAd <2l Lip Regiont} Chisel Region JH o2 A

»or

iy

k1o o fu oo
my

51910, Lip Region> 577} li=(Cutting Width) 22}-¢1 4]
A gl (Orthogonal Cutting Model)® 7}43hH, Chisel

Region % %2 Indentationo]] &J3t A4l mdl2 714351},
229l ATHARLE Oxley 0|2 4418 7]vkoz ko

ulg} A4tz o g HIlkEQQt) Oxley ]2 P2 Johnson-cook

AE 2AAREL 0] 835}o], Flow StressS A4S} T}, Johnson-



June 2024 /461

Table 1 Values of each parameter in the Johnson-cook material
plasticity model

A [MPa] B[MPa] C n m Teir To
856.41 84026 0.111 0.8 0.663 1632 25

Chisel edge Drill point

angle

Point angle

Margin

Fig. 2 Geometry of a twist drill bit

Fig. 3 Cutting forces in shear plane model
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Table 2 Ti-6Al-4V mechanical properties

Length [mm] 103 x 103 x 30
Tensile strength yield [MPa] 1100
Elongation at break [%] 10
Modulus of elasticity [GPa] 114
Shear strength [MPa] 760
Melting point [°C] 1604-1660
Fooe=F. APy, Fyy=F 4Py )

Chisel Region %9 9] Indentation Force:= 3-2F=(Workpiece)
I A& oA Afe]&] o] E(Contact Theory)[20]0] whe} &
a9 = 4 Al 21].

Fchi = EK* §lchi (6)
B = £ ™
1-v,

6= kchif(t) (8)
Chisel Region %J2jo] ©]af s datel e Zelolut o
e watd, Edd) e ARgo] ek 2l e

3} o] Axtelcy.
Frotal—thrust = Fst+ Fchi+2 ' Fst ' COS(¢puint) (9)

A F82 FA)| Torqueol H|3H

ct. Eioﬂ FEFS MR = A2 9 UeF daY
of| 2t ALsh TAE Eflo] ‘?_‘333}93@}

GHDF HAFY o2 upgom odl CNC (DIXI 1200 Jig
Boring Machine)& 53] =27 A3 7,1]'36]—311:]—

e w2 T Ul Aot AR 54 7Y,
ArolEotoll 4 Bol AHBES Ti6AL4V7} AHGEGIT BT
EF AN AWH O AFEE HA 6 mmz 44
E9lon, TIAIN Z8% WC Drill (YG-1, DREAM DRILL
INOX DH452060)°0] 7}g-oll AR&-=|¢lt}. 235 (Spindle)] 3]
HEEl 2122 RPM, 0|4k (Feed Rate)e 169.77 mm/mins
% 10 mm 9] A e =85 Sk
ASo o]AHo| 2 Ti-6AL-4V

AollA FLstAl 8=
(22], B 714 2 A B ARARE Tables
S4H 22 Fig. 40f] A S i}

ol Qi ONC =994 5o e A4 Hlole} v,
2 Lip Region+Chisel Regiono] 2J5t 48 W 2|7 A|AF T
HAFE (F_mmr, N/mm’) HH5]S A 4kgic),

22 2XEESHO| st =2 29 2
28 2|E 3835t = FAHAH(Level 2)o4= Level 1
ONC =223} S90a Ti-6AL4V AlHo] A5 3lo0], AHg



462/ June 2024

T

600 — 800N w— |

800 ~ E

600 E
z
8

S 400 - -
w

200 s

0 T T T A
0 4 8 12 16

Time(sec)

Fig. 4 Cutting forces measured on CNC

Table 3 Drill technical details

Diameter [mm)] 6
Coolant supply Internal coolant supply
Coating TIALN-T63
Tool-sense of rotation Right hand
Point angle [°] 140
Cutting material Carbide

Fig. 5 Robot drilling process schematic
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Fig. 6 SIMSCAPE modeling

Fig. 7 Revolute joint of the robot
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Experimental data modal Final prediction modal

dB)

it

Fig. 8 Final predicted modal result

Table 4 Revolute joint stiffness values

[Nm/rad] K61 K62 K63
Arbitrary 1.4098¢6 0.400760e6  0.935280¢6
stiffness

Final stiffness 1.4098e6 0.06055¢e6 0.043e6
[Nm/rad] Ko4 K05 K06
Arbitrary 0.36¢6 0.37¢6 0.38¢6
stiffness

Final stiffhess 0.006¢e6 0.006¢e6 0.006e6
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Fig. 9 Comparison of cutting forces calculated through physical
model
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Fig. 11 Robotic drilling process cutting force compared by
experiment and digital twin
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Fig. 12 Conical simple model
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Fig. 13 Material removal volume calculation algorithm using drill
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