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Fig.1-1 GDP trends from 1980 to 2021 for the top 10 countries.
40
35
35 32
8 30
c
8
e 25
3
« 20
e 15
2 15
S
= 10
5 1 3 2 4 2
0 0 0 0
0 N - [l -
Japan America United France China Switzerland

Kingdom
m1989 m2021
Souse : in 1989 DIAMOND online / in 2021 companiesmarketcap.com
Fig.1-2 Summary of the top 50 countries by market capitalization among world

companies in 1989 and 2021.



T HVE—NY — IR AT HEENEIMUZ. —REICZDEENTLY —I%
FEhEL CZD I ST D728 LT, HATY IoT HffFE AN L@ 7o
FERBIITED IO o7z, SHI, TWEREIZB W TTUIINOHEMROEANICID, v
VAAETIVOEHNROOILTIY Y, 7 —2E0E A U AN EOTE 7LD
MRS Tng.

ZDOIDNTSERERZRIRILTH D B ARRFICHRIL T, IT HiliaEA LT f#E 5 O
ICEDRBEREEN D FS LT,

1.2 A\OMENSAT-BADREEEM DR

X 1-3 ICHAD N D HEBZ R, BERAICREREEZET T E 2 1L A
AR —F 2N AEL (A RIZBWTEWDD LR —7 — A035%Y), ZO®kiIAN
A —F 2 E A2 D, Wb DR E U T ECLREESN TS, HARDAFE
RN A (15-64 BOICE IR T5E 2060 4£121% 2021 FE LD T 228N RIS, A
A —F A E M2 S>OHDHLDEEZ LIS, ZIUTEY, A @E R e LN
TEE O/ N RIS TNVD. ZOREICHL, A ARBAFITEFELER S EFE %R
72 EDBERIZIV BN A OffElrRE, 65 7L LD E e ORBRCAF /LA FE R
(A PETRENC D IA T UL 22 2 E i L T, F2978 A 0 ORefRITE g ic s s
EOT, WHELHNE NG FE OB AR EGEVITOILTRY, FEMOBICldE T
FT LR AN BEFFO NBED AL TEIKZEARD LI TN,

REZE/RE OB RO ERIZIB WO I AN E &SRO LS. HA
DETFHMNE OBAFIIRFDO TF5 I TESEEMERAETHDLN, 2021
D AARREDORFAEEF RO T LFHOFAEITEIRD 15%I28H725 86796 44T
HY, THEESHMPRAEORIEZLIL 9710 4 THYVAFT 10 7 ANITHiF7Z7/20
12 &BIZ, 2O THHEM T 2RO EIXEOIDH LD, 20— J7 Tk k)
(ZRIRE 135 HRL T2, HIRAMEA S TIHRL CLEI VAR DFEET 5.

INHDOXI7RREICH LT, TR BhbENOERIET Y — ot 403K
HHITND.



140,000
120,000
100,000

80,000

60,000

Population [thousand]

40,000

20,000

0

O O N WO T O O N ITO O NOWITO O NWT O O© N O
N AN MO M IO O OMN~00000OO O dd N ANMT I WLW O

(2] o O o O O o O (o] o O O O o O O O O
L I e B B B B B I B B IR B o R o B I @ N I QN A N I o I QNI N I QN B o N I o N I QN A o\

m Under 14 years old 15-64 yearsold ~ m 65 years old and over
Souse : Population Estimates, Statistics Bureau, Ministry of Internal Affairs
and Communications

Fig.1-3Projected Population Change by Age Group in Japan
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Fig.1-4 Model of Smart Factory.
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Cutting process Polishing process

+ Holder vibration Cutting In-process information
* CNC information ...etc. + Partial polish condition change...etc.
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Monitoring of machining phenomena and optimization in each process
Fig.1-5 Conceptual diagram of this study. Detecting problem areas from in-process

data during cutting and changing the polishing method for these areas..
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EETHEREL RS> TWD. ZZTHW = VO EAIREEIE 20kHz T 10kHz 2
JEFCTORBIEE Of 3 f[HETHD. I RERBRE L CTRLZ % Xm A
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Detail of acceleration sensor
2 X acceleration sensor

PCDII,

Rotation center

X =rax; —axvy/2
Rm = (ax; + ax,)/2

Pa ™
y \
Rumt  Zm
P

X %1 Ym ) / s
Receiver [=====\

PC
Fig.2-1 Schematic of the wireless measurement tool holder system used

to measure vibration.

Table2-1 Machines information.

Name M S
Machine type a-D21MiB5 a-D14DSe
Manufacturer FANUC FANUC
Max speed [min™] 10000 20000
Adapter type BT30 BT30

ENOIEME VT N2 A LR, SIHERSTUT T —7 v RIZERE LTZ Kistler £t /
B/ 9129AA ZEFIL, 3 (v =07 v ZOE EHEE R X,Y,Z J5 1) O TN
EPUEE RS LT

INTHEBROFEMIZREL T, A7 =7 = RUVZEAMImEIEIIN T CIE, ¢6 D=2
RIVEHWT, THEER DI 528 L 3.3D LU ZERSEAT, il mblid
F* 8.162mm, YA Z 0.5mm (Z TN LA BT, EREEO YNy LT
B e P2 05 MARENINER L Xm ORI J7H (4 R, kb 2 AL, it 2 A
SR U CEA), BIERIRENINERE Rm ORI 5 17 O BRI B L O, 91817 1
CEN RO S AR 2-2 1T, Fe, B 22 ICAT T 2RIV T SERRICH
W2 HBED A7 B IOV ERSGAME 277

A=V RV KD EA EIF LTI, ¢4, 6,8 O 3 KDAR—/LT LRI
NVEFANT 5 i~ =2 7o 2l ~OIE LB EL T, ZEHLE 9D &L,
 EFR02mm ICTM LA EL /2. ERIFO 'Y N7 e TR AL R R
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Holder
/~ Endmill tool ™\

F

Fig.2-2 Setting and machining path of a square end mill.

Table2-2 Tool information and cutting condition in milling by a square end mill.

Tool information Cutting condition
Tool model TSC-EMA4S 6 (MISMI) Speed 3200~3575 rpm
Diametar 6 mm Feed 0.04 mm/tooth
Length(L/D) 20 mm(3.3D) Ap 8.162 mm
Num of edge 4 Ae 0.5 mm
Coolant Dry

B ANEEE Xm ORI 0 (NI DOxE AFRIZIE ), [EHEERENINEE Rm O %1 1)
DO RARAEA I LY, L5 EOIEIEY SRR & ST 1), thalk DT 7 OREfh LS
B 2-3 (2R3, AL M - (hif &I EARTHONT F230T SR20 O LEL
7. BRIk DY EERCB T AT 7 3R — L RV D S 6=0°, % 6=90°L 1L
TN T RO/ EZRE g U-, 72, # 2-3 IR — /LU RV L ERIZHWZ A
B DAY 7 BLOERSEMZ27RT.
223 RILF - EEZR DR FE

BB M IZ DWW TIRSE TS 29 C MR ORI Z 2T TWD72, KT
TEERE S DINIRBRZIBINL T, TH-A/L& « TR o BRIPE (8 5002 238
N7 IR FEBRIF O NEEE V3R EALE B L ONORE 2K 2-4 1277, iR
KD TRIIAZ T =RV ¢ 6 mm ZHEFFLIZ. JIEHE 2 X T RO e, &
VA, FHEORBIFAEIC A 1 EFTOFE 3 EPTCREL, MRAIEARVE feims Uiz, N
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Endmill tool
Xm
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Cutting edge

Cutting direction o
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Analysis 4 position

Convex Concave
90°
0

OO

Ball end mill is
the standard

Fig.2-3 Setting and machlmng path of a ball end mill.

Table2-3 Tool information and cutting condition in milling by a ball end mill.

Tool information Cutting condition
Tool model MP-2MB-2R/3R/4R |Speed 2000-6000 rpm
Diameter 4/6/8mm Feed 0.2 mm/tooth
Length(L/D) 72 mm (9D) Ap 0.2 mm
Num of edge 2 Coolant Dry

BhmI~yr=rr7vr2 Xthhme, YR 2 @IEELZ. D07/t
L7 A2 (0dB=1m/s*/N) Z&] 2-5 |2~ X 85 ISR L7 FR I 450Hz & 1330Hz
I =7 NEHIES =, 450Hz DY —2713 T B el O/ 2 COBLAMEIZSIL,
Fdhle R COMEN NS DALz, 20728, THRVZ RO T
REEZ NS, ZHUTKIL 1330Hz O —27TiL 3 AT ONEEIZ K EN RS
Mofe. ZDT=8, EEIEREAHITILEL TWab Bz b5, Hik M 128175
[FEFABRAE RO — 271X 530Hz & 1450Hz THY, £ T @O EAREEZRL Tz,
— 5, BBk S IZIB W T Y #l A IS hI#R 95 E, 510Hz, 1310Hz (2 [EA IREE B,
X & Y il A7 1) C I OB T 0 RGPS R T E Tz
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Spindle
Holder
Tool

Acceleration
sensor

Fig.2-4 Schematic diagram of hammering test.

% Standard acceleration : 1[m/s?/N]
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Fig.2-5 Relationship between accelerance and frequency

when hammering test is performed.
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2.3 ERERBFIUBER
2.3.1 FHMREEERHDEV IO

FEOMEREZ TEZR 35720, Mk M, S o TlihAZ2ds 3s MICBIF D EfbL s
TCMD Y¥JfHE, BELOELE AT LD Xm, Rm EEEZ TS LT, 22tz Br Cff
AL BT 1000min 735 10000min™! (B M)& 12000min (H#k S) THY, #-[a]
R EBUG T —Z OBMRZ R 2-6 |IZFED 7=, T —X T T, FiihE 4000min! T
30min DL EREAGERRSETOLES L=, TCMD E¥EE 75E, 4000min™ F3107)>
OISR ZEN AL, SHIZEBIERFEE TIXZOENKELBIKIERN b7, — 5,

MEHR RNV H AT A THRELIVZ Xm, FHES Rm EHEICB W T IR R
(2000mm1) TEINDZE D ENRBFIEC LI LN DT JRINEL T, bl
DT E-BREOENWAE Z LI, i EEEE 10000min FfioEH M Tl
20000min” EHHOERL S LHELL, TIENESREIA OO BT EL<, &<
(2 4000min™ LI _ECEDOEENPZE 2720 TCMD ERFE Lo T-b O EHERIS D,

20
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Spindle speed [min1]

M : Machine : S(Max 20000rpm spindle)
:Machine : M(Max 10000rpm spindle)

Fig.2-6 Relationship between Xm average, Rm average, TCMD average

o

and spindle speed in idle state.
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2.3.2 FEREEERHOENETI VRS LAITmTIAIE T

MR S 121D, EfhEHRE 3450min! BXTY, 3500min™! TOAZ/ 7T RIL
(XD BIHIIN LA FEfE L 7=eE 0, T—7 v X filiJ7 mOY)EI 1 Fx, TCMD {H,
Xm EOEED 1 ORI LOEImOEE T EAZR 2-7 (7. FilEEs
¥ 3450min™! TIXZEYIHIL TW223, 3500min™ TIZONONIREN DA U7z, Efif[a]
HA34 3500min I LRED Fx 1% FET fEMTL7- 45 R4 K 2-8 12777, 3450min™ JN
THFIZIZ720 > 72 439Hz,556H2,879Hz,1318Hz DB — 73 b077. 2.2.3 BiD MR
AREBROFER LIRS LS5 E, 439H2,556Hz IX T H L ZRERTHLHZEN TR
Sh, 879Hz I LT RV DU A BB IREN L O @ IRy DB IR T EE 2 B
%. 1318Hz 1 THEMR ol K O F AL RO B O OVIREN THHZEN TSN, Fx
BHEOCOVIRENEEIL TWDZEenbns. £z, OO A Uz F il Bl #5541
3500min™ Tl 3450min LEEEL, Xm OEKRY7E, TCMD OIRE(LLTT,
FHN D e KAE, fc/IMEDZE), Fx OIRTEOWTIHN EF L THDLIERNbND. 1
B S, M (2 Xm I, TCMD 4E1E, Fx JRIE 2 B85 212K 2-9 (27 vy hLT-.
B S I ZEE R M TR [EHE20D 3350min £330 VO IEEh 3420 C Fx
DOIRMED_EFHLTNDZENR DN, EHh iz & [FHERE O AR OE N D BN AT T
WAZED R TED. T THEE OMAGHOE T, RSO FOMHEBEBMRE
FHBIECRE A S~ T R B 2-10 (2R, MHEIREE MR T D2 637 0.8 3T
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Fig.2-7 Cutting surface photo and time variation of Xm, TCMD, and Fx

at spindle speeds 3450min! and 3500min’.
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Fig.2-8 FFT analysis result of Fx at spindle speeds 3450min™' and 3500min™.
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Fig.2-9 Relationship between Xm average, TCMD anplitude, Fx anplitude

and spindle speed.
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Btk M 128D ¢ 8 R— L= RIL&M L CEEhEIERE 3600min™ 5L
4000min™ (2 CrYEGIMININ THEEOR — /L= RV T SO A E 6 (2535 Fx O
BXO Xm 0/ F77%K 2-11 | R, ZZTMTAOAE 0 IERT AN TESO
FALDOBER ZRET D720, Nk ERD Fx ICEBT5. £ —AE#RO
TCMD #RIES HUAF L7220y, BfiayVNS<ERZBIN T HZLNTERD o7, FifhE]
#5250 3600min | LI ZE E T 4000min IR E THHAY, EHOH Xm 1 6=15°,
Fx 1% 60=30°LL_ LA CIE-CHIRIE N IME RIS 5. Fi- i TRFEFRIER Fx @
PRI EE~ Xm OENRE B <M H S TUW5. 4000min I TR & SERNCfi#AT 5
7o 6=15°(R Sedmfir), 45°, 75° (I ATT) O ZE FUE FAE2.5° O HFiFHD Fx %
FFT M L7k SR EE DI Ll O E T EAR] 2-12 12T, 0=15°TIZUIHI B IZD
OWIREN TSN T208, 0=45°F L% 75° Tl UIE] B ICOOREI N 5N, ik
KA Fx OFEEEITOTNE 2110Hz TH-oT-. FFEDOAEGIC Fx DIRIES
Xm O KEE R vy NU7zb 0% K 2-13 1T,

b 8 N— /LU RUEAR/V A i i % [ 8 S & U Te — Sl & Chs B oz &
T LU A, T OBEAIREEIT— AR THLDINS.

A% |EI

fn = 2112 | pA (2-2)

72720, An i n ROBRITES, LT THIEHUE, E ITHEIECRER, 1 13Wrim —
WE—AN, p (T, A 1 FBHECHD. 22T, TREMEMKREA, 1| KE—RD
EEEE B L =nD%64, A=nD%4, }1=1.875 L3 5L, (2-2)=U,

D |E
fi= 0.14L—2\/£ (2-3)

&72%. D=0.008 m, L=0.072 m, E=4.6x1011 Pa, p=14900 kg/m> L3 5&, £i=1200 Hz
SEHENS. MIYE O LD Fx @ FFT fATnB0n->7-m O OIREI AN AT 2L
SEFIRENLS=2100 HZ B[4 ThHo7-. RULIILTOIHIZ TENELEEHI-5E,
N T e oo [E A HRENE I LA AN RS20, TDERN R KK 2 BREEICARDIEN
HIBILTND 2. KROGAEBREHLES 9D ERVAAICRS, FEIN LRI L
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Fig.2-11 Relationship between Fx, Xm and 6 during convex machining
at 3600min™! and 4000min'.
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Fig.2-12 FFT analysis result ot Fx in 6=15deg, 45deg,

and 75deg during convex face machining.
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Fig.2-13 Relationship between Fx amplitude, Xm maximum value

and spindle speed when machining convex surfaces.
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Fig.2-14 Relationship between Fx, Xm and 6 during concave machining
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Fig.2-15 FFT analysis result of Fx in §=15deg, 45deg, and 75deg

during concave face machining.
28



200 20

150 | ¢4 concave 15 | ¢4 concave
100 5 10 Z
50 € 5 — d
— 0 o 0 —5deg
Z,200 50 15
© 150 | $6 concave S 15 | $6 concave €9
i = 30de
2 100 E 10 g
2 5 e 5 L= ~ 45deg
= 0 — 3 o = —60deg
£ 200 [$ 8 concave g 20 8 —75deg
150 15
100 < concave —85deg
10 =
—’/
50 h_’"‘/’\“—/,_ 5 — ’/‘//_
0
2000 3000 4000 5000 6000 2000 3000 4000 5000 6000
Spindle speed [min-] Spindle speed [min-1]

Fig.2-16 Relationship between Fx amplitude, Xm maximum value

and spindle speed when machining concave surfaces.
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Fig.2-17 Workpiece geometry and cutting conditions in the case study.
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Fig.2-18 Surface after test workpiece finish.
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Fig.2-19 Relationship between Xm and time during test workpiece finish machining.
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Table3-1 Machines information.

Machine type a-D21MiB5SADV
Manufacturer FANUC
Max speed[rpm] 10000
Adapter type BT30
/ Endmill tool \ Taol holder
Xm
Cuttmg edge

Cutting direction

L

Cutting condition

D(90° ~60° )
—S3600rpm / F1440mm/min \\
@(60° ~30° )
—.54800rpm / F1920mm/min e \
®)(30° ~0° ) \\\\‘ :
—,S6000rpm / F2400mm/min 1\ \

Fig.3-1 Setting, machining path, workpiece geometry

and cutting conditions in the case study.

Table3-2 Tool information and cutting condition in the case study.

Tool information Cutting condition
Tool model MP-2MB-4R Speed 3600-6000 rpm
Diameter 8 mm Feed 0.2 mm/tooth
Length(L/D) 72 mm (9D) Ap 0.2 mm
Num of edge 2 Coolant Dry
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Fig.3-2 Time variation due to acceleration/deceleration of spindle speed.
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Fig.3-3 Relationship between spindle speed and time

during spindle acceleration/deceleration.
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Fig.3-4 Relationship between feed rate and time

during feed axis acceleration/deceleration.
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Fig.3-5 Relationship between acceleration and time

during feed axis acceleration/deceleration.

41



EEEOXRVEE LR T DL, K 3-4, 3-5 DZEALA AB TIRINEENZ L H 48ms
AiT# CHEIBIIICZEALL THY, NIA—=ZI ST TR E N ZEL TNDHTENR
MR T T2, DRV 0 25 1000m/s?, 1000 2> 0 m/s? (22 L350, I B 234
48ms, At 96ms THRAIERNZ AL L TN -2 MBI TR E (L2 3 E TxA.
0<t<0.096 D Lx

8v(0)] = 2 % 2 (g)2

= 5208.3t2 (3-3)
t > 0.096Dr%

|Av(D)] =a(t—2xt0)+2x%xt02
0

= 1000t — 48 (3-4)
BRI, FEFREOROE KA FE T, EHEE DL EN—E ThiIx
O FE NIRRT — B L7 A2 LD o T,

333 HEEYVE—ETHOEEEYRERBELDIFHE

= [P i Hh o 05 0 3 A R RIS B A L ST R O REE R AL 0 720 |2 T i A s A
1000min! 7% 6000min” FT 1000min™ T ONERIE72030, RIUFAIL 7 CTREDHE
1Y 400mm/min 225 2400mm/min £ T 0.4mm/rev Z {2102 HA L7z, F-Hilia]fis
BEERE 2603 E O FERE A Z 7240 10000min!, 4000mm/min 23 1 &725591Z
HEAEL, B 3-6 (2R L7=. [AARIZ 5000min™ 25 10000min™ £THRL - &4 K] 3-
712, 10000min™' 2>% 5000min™ FCHEGEEL 72 L X% [X] 3-8 |2, 6000min™ 7>5 1000min
PECREEL 728 & %X 3-9 (R T. WIho7 T 78 ElhEdE 0 IIEGE D 5 A3 1260 #
FE DR LS FLBIAAL TR, ZIUCE->TAELS 1 NED OB T (R ik
ERENCEETHEB 2O, EMhEHEE L0 EEE O MBOHE D BIFRITE 3-6 H1 A,
X 3-9 1 D DI ZEW T EDHE DTS EISET DLV IR AR S EIC
ETHEELE, K 3-7 % B, 3-8 1 C OIHITED RHRE MR S EICE T DIV
DIESEICET DIIIN RNV ERHLEnbo ol 2 TEDBIGEET UL
T 5728, K 3-6 FITART IO THEIER IO NIBGE BAbE T HREM(A T SS)-#&
T 2RERI(LLF SE), 125033 FE O MEGHE 3B 469~ HREM (LA T FS) - #& 732 Rpf (LA
T FE)EL T, iz L 7=. SE-SS Z[Al#xfiZs SR, FE-FS 21503 FE 22 S ks
[, FS-SS ZNBLEBHIAREI DX A LT 7L, ENENFRS R E 7 oy
ML72b D% 3-10,3-11,3-12 [T~ T. 7 —F &M 212d 72> T, FUT L D80

42



Standard value

Standard value

1.2

0.25 SE
' 0.2 *
S 3
0.8 0.15 ¢' FEE
0.6 0.1
g A
0.4 0.05 1
3900 400 4100
y FS
Spindle speed=5/10000
LT e p p |
Table feed=F/4000
-0.2
500 2000 3500 5000 6500 8000
Time [ms]
Fig.3-6 Change in spindle speed and table feed during acceleration
from 1000 to 6000 min’!
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Fig.3-7 Change in spindle speed and table feed during acceleration
from 5000 to 10000 min!
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Fig.3-8 Change in spindle speed and table feed during deceleration
from 10000 to 5000 min™!
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Fig.3-9 Change in spindle speed and table feed during deceleration
from 6000 to 10000 min!
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Calculation (3-2)
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Fig.3-10 Relationship between FE-FS time and spindle speed command.
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Fig.3-11 Relationship between SE-SS time and spindle speed command.
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linear approximation
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15 p==& linear approximation
(Deceleration)
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©—=® Acceleration from 6000 to 10000 min-t Deceleration from 6000 to 1000 min-!

Fig.3-12 Relationship between FE-SS time and spindle speed command.

Z e, SEEIEGR R 3.3.1 S TR 728(3-1),(3-2) % FH WO R o0 722
ENNRGEHEZNZ U7 oy L7e2, BEZ 7000min™! T ETIX P TE. K0
FENNGE RN BIL C1E 3.3.2 HidkD, EOREVHEIZB W THE LT D803 A —
ETHIUTIER L —E THHZENONST-D T, SRS LI EHEE 7 ook
L7e. MBGESZ A LT 7 13 NNE RS - WOE R 2 N2 UKL TREOI 2T — 25 1 IRES
BITTERILZ, DLRICED, FiaEs e k0 E o M2 b2 R 3-13 DXHITE
T LT, TebbEESED EDO R —HES WA R THEIEELT, K 3-13 FIUTR
T IO 4 B DD x LU, SOICHFE x (X EMEHREEUSEE S, 250
HEHEZ F L, mfd x 2K 3-13 FITRT 2L CHEIDZZETHLND 1s Y
720 OTHIFE x DAL EAX 1ZLL FORXTRELENS.

Ax = W (3-5)

EEOEAREERHI AT T 1000min™ 272 L& 1s B720DX A LT HFE -
B BAx 7 0y NLTZODK] 3-14 ThH5. X 3-6 (Z7~L72 1000-6000min 22k
KD 1R ED DL EDOEEZ K 3-15 R 7. [X] 3-14, 3-15 IZBWTHAN A-E
FRICALENSRS LT —2 &%, Mz 358, 1EERED DN EWIREFIZ K
LB CODMIEFNEEAx DIENKELRDZEDNDND.

46



0.25 0.75

o 02 o 07
> >
© <
> >
o ©
= 0.15 = 0.65
i) i)
c c
S <
9 01 } ? 06 }
< - | g < - >
Time of change Time of change
0.05 0.55
0 50 100 150 0 50 100 150
Time [ms] Time [ms]
Fig.3-13 Delay time model for simultaneous spindle speed
and table feed commands.
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Fig.3-14 Relationship between spindle speed and Ax per second

at spindle speed change command.
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Fig.3-17 Xm values during sphere finishing process operations XY-plane color plot.
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Fig.3-18 Spindle speed XY plane color plot during vibration suppression study.
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Fig.3-19 Change over time in spindle speed and feed rate in area O
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during the vibration suppression study.
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Fig.3-20 Change over time in spindle speed and feed rate in area @

during the vibration suppression study.
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Fig.3-21 Photograph of surface after sphere finishing process
after the vibration suppression study.
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Fig.3-22 Xm values during sphere finishing process operations XY-plane color plot
during the vibration suppression study.
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Machining with a wireless tool holder Polishing with a cooperative robot considering
and monitoring servo information information by internal and external sensors

Target areas are determined
from in-process data
during machining.
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Partial surface problem Polishing time is adjusted according
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Fig.4-1  Conceptual diagram of this study. Detecting problem areas from in-process

data during cutting and changing the polishing method for these areas.
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(@) Schematic of vibration detection and (b) Schematic diagram of a cooperative
CNC communication with wireless tool robot-based polishing system and wireless
holder system. vibration detection system.

Fig.4-2 Schematic diagram of the product used in this study.
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Table 4-1 List of sensors simultaneously acquired by the robot systemacquired.

Number Name Model Manufacturer | Position Remarks
. Inside the Systemvariable :
! Force sensor CR-TIAIL FANUC robot $DCSS_CLLB[1].$FS_FORCE[1]-[3]
Wireless Vibration Yamamoto Metal | Robot
2 Monitoring System - Under development
(Prototype for robots) Technos Co., Ltd Hand
Infrared temperature Robot .
3 P FT-H10 KEYENCE Thermopile type
sensor Hand
. Robot . .
4 Displacement sensor | IL-S100 KEYENCE Hand Laser triangulation type
Near air
5 Flow sensor FD-A250 KEYENCE input Thermal type
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Fig.4-3  Responsiveness of the force sensors built into the collaborative robot. It can
be seen that S1, S2, and S3 are highly sensitive to X, Y, and Z directions.
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Fig.4-4  Layout during wheel surface ~ Fig.4-5 Images taken during verification

temperature verification. using a thermography camera.
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Table 4-2 Polishing conditions during temperature verification.

Polishing tool {GCME-614 (YANASE)
Particle size |#400 Rubber grindstone

Diameter 6 mm Ap 5mm
Length 25 mm Ae 0-0.6 mm
70
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Fig.4-6 Time transition of grinding wheel surface temperature.
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Fig.4-7 Relationship between radial depth of cut and air micro grinder rotation speed.
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Table 4-3 Machining center used during the cutting process.

CNC internal information acquired.

Machine type a-D21MiB5ADV

Manufacturer FANUC
Max speed[min™] 10000
Adapter type BT30

Picture
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e detect;?n direction measurement tool | \~
nd poin m holder system ‘
] , o LI (Machining model) g

120mm

P e

Workpiece =

Fig.4-8 Image during cutting process. The direction of vibration detection relative

to the cutting edge is also shown.

Table 4-4 Machining conditions when finishing by cutting.

Cutting tool WXL-2D-DE-6(OSG)

Spindle speed {3200 rpm  |Feed 320 mm/min
Diameter |6 mm Ap 5mm
Length 20 mm Ae 0.05 mm

Table 4-5 Processing conditions for robot polishing.

Polishing tool | GCME-614 (YANASE)

Particle size #400 Rubber grindstone

Diameter |6 mm Ap 5mm
Length 25 mm Ae 0.2 mm

64



Reversal point | X Z
AN YT | Workpiece | Rotary
o S - Wheel

Acceleration

detection direction Displacement

Near :+

Yy W4

120mm

N
A
H |
|
------- - Odd path | ¢ 1
. |
<« - — :Even path f RozZm @ Far: -
N
H RORM # N\ Infrared
H temperature
y sensor

\@

Start point

Workpiece

Displacement

Sensing point for
sensor

temperature and displacement

Side Number (For data linkage)

2mm
(Command value)

Wireless Vibration
Monitoring System
(Prototype for robots)

—] .
| FANUCICR-TIAL

Air micro grinder

Force sensor ) iy =
Infrared temperature (Inside the robot) .
sensor

i ‘A
3
e

y -
- ©=
y Rotary wheel
Displacement Koi
sensor : Workpiece
Fig.4-9  Schematic diagram of the direction of motion during robot polishing.The

direction of motion, the direction of sensor detection, and the measurement

position for data link are shown.
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Fig.4-16 Relationship between the number of polishes per side number and the

surface temperature of the grinding wheel.
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Fig.4-21 Relationship between number of polishes and surface roughness for each

side number.
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Table 4-6 List of sensors used in this paper and their effects, etc.

Operation | Number Name measurement object Effect, error detection, etc.
1 Wireless tool Holder vibration Processed surface condition
Cutting holder System
process
2 CNC information Process position Detection position
1 Robot controller information Process position, Detection posmo_n, Forcr of pollshmg
Internal Force Sensor Tool consumption, Tool deflection
Wireless Vibration
2 Monitoring System End-effector vibration Vibration of air microgrinder
(Prototype for robots)
Polishing 3 Infrared temperature sensor Grinding wheel Polishing workload
process surface temperature
4 Displacement sensor Tool location Tool consumption, Tool deflection
5 Flow sensor Air flow rate Rotation of air microgrinder
=4O
4.5 5w
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77




EDHERRFN OWNE D I B G H, ERLEEERELY B L RE =47
AT I, FRARIEE 2 COMAREIRET=4, BV COBRAENE=
2RIV EEY TCOZT~vAral T4 X —D T iiEt=F L L e NbE
S RTEMEICBIT DM TR GZER L. ZhLORRELUTIZEED .

1)

(@)

(3)

(4)

INAIET —7 D RUUAlE S TR AE U D)ok Bh o2& b4, BARL:
HERLHERE T BARNA S AT LTIV T NEA LT 7 HRETHY, FOIRENE
NFEHE LRI L TWDIEN DT, TDOFRKEAH LR TEERITIE, Y4
ML DA T AT =2 HSEREMIZ THIL, (L EFEEEEOREY)
72[E N 2 ESGE T AT T VA CTROLFIEEZHNDLZET, 437200 Lig
ROYEE BB TELAIRBMA R T2 TET.

B ARy MBS TOD N EOER A H O TRIZhH DRy MNER D /&
CERICE VLT, TREBRESCH I bR BRI CELREL /5280
HIAL, SHIZEIZeA v L —a BiEOE L ATRE THY, BEZEIEO L EL
B EEELICAENIE A TELIEN D)o Tz,

T~ AT TA L —CENEELFTTHIRG BN A WD
ZHIFAERT, IRERL YRV T NAALT=HN T HIE TR H EFV
EOMTRE ZRICELAREMENH D LN btz B Tbidisa
DEEFESC T E IS 72 A0 BN ARE CThHLZ N b o7, 'Y
UTNBALET=LY 7T HIET, LSO OEBN L =T /T4
— DB TR T TCEHIEN DT, Fn, EOELD=T T4
VB — OB THT I Lo e ARy N O AR IREN IR T =4 AT AT
DAL TR DOEE N @b b7,

T AT TS —E VI ER AR hTOEZICE W THA v L —s
VENMERZE AL, Ry hOBFIT—Z Vs EIREE B L7 U LR
2% E L CR G2 E R N 2R E T 528 T, /MEIRA THAT LR TAELD
TRV TREOEIE H 2EEL, B REBEmESHLI LN TELHIEND
Mol

78



S 30

4-1)JF D ARKER, fEAT ST, “ToT B O pEE A R v b EE A FH?, B AR YR
2428, Vol.37, No.8 (2019), pp.690-693.

4-2) = B =, kAL B aRy b AT BB W EZABIE A RO R, A
ArRy hEEEE, Vol34,No10(2016), pp. 676-679.

43RG, AAH ST, ORI, BEERE, TR —, "R LY AT L
AWz RV TR O TENERIREDOBZ L2, H AR S S5 SCE, Vol.8l,
No.826 (2015), DOI:10.1299/transjsme. 15-00046.

4-4) NG, TP, AAJRUR, VEmRRRaL, vail B, <knae b TIEREIC RO Y
JUIMTAZ BT 2098 1 #)”, K% L5758, Vol.66, No.11(2000), pp. 1792-1796.

4-5) [N, IAHSE, FraiEmg, e, il — =0 RULRINToA
7 e AR E BB AR SO BIFPESE TRIZIT DNE B LOWNT £
BAGOHEA DEEL, B AR T3 4, Vol.88, No.913 (2022), DOI:
10.1299/transjsme.22-00091.

4-6)F1) 13- =B, FEIapesst, ARZedn, MmN, SHEE, EE R, v =
7 AT DEAEREA v — 2 a AR BT 0287, K P25, Vol.68,
No.7(2002), pp. 923-927

ANVRIFHEZ, MR —BE, B, BB, K BELGE, &)IMER, AHIE, “oh
S PC OB ANIZLAPEEM R hOIRERHERE”, B AR NEREE,
Vol.37, No.5(2019), pp. 419-426.

4-)Eta e tst, FIIR—, TSR, FAREK, WIMAR, fChAR—/LRlhy
VHNT AT S EEAY R VA RS LT TR LD~ A 7R UL
LA 7= BRI IE,  H AR 7 23 5m SC2E, Vol.83, No.850(2017), p. 17-00052.

4R E, I8 =, Kk, »7)—7 7 —RFENCB TS EREB LN TR
SHFEIEERE OFRE, K L 555E, Vol. 45, No.533 (1979), pp. 599-606.

4102 RETF, —4FFES, FRARRSEL, [WHE—RS, “@REEEEO MR
AR BEMLICEET OISR (55 3 #)”, Fa% L5265, Vol. 58, No.12(1992), pp.
2037-2043

79



lrh-5:|'!'l:

=
b EEIEI<T o oL EaRybD

B —RAERIERD CAM &1t

5.1 #&

# 1 B THIR2LIL, IFEOREELY T IoT (Internet of Things) (2 5-5< D7
N5 L NCET 25, 370bbliix st Hcka /T re=200—RN
R OTE AN B3 DI JEBHFE D348 2 HE LRV D0H Y, ZHUT LM T &
WAFEHT I THATO=—X7e o> TE TN,

BN T.oo B2 IR T 28T B Wit~y =r 722 Bl WS T
WDIEHR T B A LA | OB (E REE BAH L7 1oT XS DE=FY 7T AT LD
IR ENTE TS YD 5 2 BCIXZOHRIGHEL Ty =072 2D
FHECEVENFE OWRREZ WL & OB 822X TLZ. 3 3 BEIZBW T CAM T
H1END CL OFEAERICHESE, SRRV A Y AT DB ELNDIEHRE TVERR D
CNC WNEMERA R A S, BHE IR OR — L= R B InThoiESEh
=HTHIETLY, FEBRIPECRE N O R GMET T EON ECIER) &b
LZO0VVIREN OE=4% BBULL T, ZOUGEICA THHL R T IENTE. —F
THNTEAIZHE B 358, TAEEM O SRR EIZIVIARE 5 iz ~—2E LTz E
BRI TEAR 2V L L CTETCWD. 2D THAAL L T RICEAEBERA LT
THAEHSNTETHAR, FAIROR— Lo RULERERL TY — 27 LR L,
BAERPETRT V2D, CUVIREREDM LR 7 AR AT TN EWNI TR E
L5,

FICEFE AR Y MTRD HNDOIZ R BN ERIEZ1 Thel, B3 71T Th
DWPLBRET=FI T, DT —F a7 4—R A\ 7L AFREEIETA2ZEEZ 251
TN 3D, F7=, 2013 ETPEE M Ry MR D I7 822 A BB 55 150 40 4
FEATHEZED T IE | 12EY, BEML ATALEEH Ry R CEH W EaR
Y RDEAPHEATND. LU S, BEOBGIZIEWTOIEMRIEENZL, 7

80



— 2L TERY, BEMEDREHLWEWORIER D722, — B LT, BHE IR OB
ZEENDHY, FEEHARY OIS HEL TELOBMEF] NIV TEZN, —R
DG S0 HERLBEHEREZ BAH L T ToT 3t Cldzpn o7z,

INHORBEICKLT, BIE TS 2 B THET LI TR OREZ W OfF HIZ
HILSXARNDG, A ELMZR 8 AIEY — 7Ol N T2 LRI LIEO A 7 atk
AIZE DI LAEH (NC DB T — VEEEE RIS T DML 2T WD OPRE D K
TEORFERA) & T, % RO @Ry oY —RNEE SRS 7203500
TR E BBULT 072035 TRERM 10T BOWHAY AT LOF A RTZ
ENTEZ. LnLZen b, fiE CIEEMZR I TICHEIG L7 DA THY, UIHIZEITD
[FIIRE 5 BN T~ O IRy NEZEIEO R, SOIITEE T O EIRE
IZOWTEHRMILANDOELEL L TE TR, EAMICGRERD 7. TZTA
BT, A= U T L —RBIRER L TZT — 7126 L COR F kI L D8 2P & Mk
L7z, — RIS 5 filin TAZHR W T CAM 2B H IS5 CL AR R R Thdb, Z D)
TRICHDE, BARRYIZIZIEIRE 5 @hiflE o BIEIN LRI I D HERR AL 2 S 2T L
DOIREE R E TIERK CNC 82 BEL, 2O HE% TRERD8HIIN T %
DI =2 UER 3 DT THERA LB ARy b A7 M KDEE I T A~D
RERAT. ZOBE, YIHIRFOA > T e A RE) T — 2% TRy NEEENMED ik
WAbZ LML, BEEEDA L T o' AT — &0 i 70 BE X S DR & i L7
UKD, TRMZT —Z TEWE T35 T | 2 EB LT, SHIZEGALED)
BANLAZ DR S B ITKT L CThE EARFEN A F2 M L 72D TENHDFEMIZDOUNT
SUIRaVY

52 0T ML LT ORT LEMIEN
5.2.1 EHRILE Y AT LE CNC NEMERDERE A%

5-1@)IZHEMIN TR DE=2 V7V AT AOBME X Z /R~ d. fiEETHW
T RNV E VAT MR TR B EEMU-. SRBENALELT, AT CIEEY-1
A BT30 EH#H/ N D~ =0 7 X TRAEL T, AETIEE#I A X BT40
DOHRID~ = 7B ZOARNANIT 1 S5 AN E 2 S BRI E 2
Ze [B1HE H L) PR 7 T 46 PR BECIEIR AT R D [E1HR (FEHR) 7 MR EE A T 589
(ZZEHRRIZ 4 DELE L. K2 P OIEE av, ax 1EIX 5-1(a)l2r T REIO AT
+DREAEZALTRY, HEFHMEL T Xm 1 E(an-axn)/2 THRENINEEE D725 RIS

31



2.Wireless Vibration AID converter . .

Monitoring System j Detail of acceleration sensor

Tool Holder | Micro-
\ Detail of acceleration sensor Averaging circuit

| controller | ROXm=(ax;-ax,)/2
AD (

RoRm=
X /2 #
_converter m= (axl %) (ax,+ax,)/2
Micro-

<controller Rm=

,:> (ax1+axz)/z N
Amplifier
Transmitter azz
Air micro grinder RoZm
aYI ? F \ =(az,-az,)/2
7\

\ 4 x acceleratlon sensors  /

4.Flow sensor

Averaging Filter .

circuit .

4 x acceleratlon Sensors

[ ]

A Y *lil
. ' : ittt ) ;
, wCOI’mECTIOH: 3 Wireless : =

/ : CNC device In-process surface L,c,qurle,c}'.qqf 3 5 Ar compressor
\ quality information < 3. |nfrarea """ .\ Cooperative
,‘ (Cutting vibration information) ¥ temperature r\_ 4 Robot

wired sensor = = Robot controller
Machine connection
I <= = .
Wired 1.Force sensor
External PC External PC | connection | (inside the cooperative robot)

(@  Schematic of vibration detection and

(b) Schematic diagram of a cooperative
CNC communication with wireless tool robot-based polishing system and wireless

holder system. vibration detection system.
Fig.5-1 Schematic diagram of the product used in this study.

JVECES. F7o, Bl A MZ77T Rm OIRENINEE L, (a1t+a2)/2 OINFEEE
[CEVE I TED. Le3oTCREEH M, [BlEE 1 FOF 2 mOIREINEE OE=
HZINFRECTHD. MHE B Y HEHE L TRY, TOEAEENEKIT 31kHz THD. &
D, HhEES, A/D ZBHEE, ~ A /nas b —J 8 L OER LS AR E L=, BbE
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Table 5-1 List of sensors simultaneously acquired by the robot systemacquired.
Number Name Model Manufacturer Position Remarks

Inside the System variable :
robot | $DCSS_CLLB[1].$FS_FORCE[1]-[3]

1 Force sensor CR-7iA/L FANUC

Wireless vibration Yamamoto Metal

2 monitoring system - Technos Co.. Ltd Robot Hand Under development
(Prototype for robots) B

3 '”frarezgﬁgferat“re FT-H10 | KEYENCE |Robot Hand Thermopile type

4 Flow sensor FD-A250 | KEYENCE Ni?]apruilr Thermal type
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Fig.5-2 Workpiece machining direction and machining atmosphere.

Table 5-3 Machine and cutting conditions used for machining.

Machine model NMV5000 DCG
Manufacturer DMG moriseiki
Max spindle speed 20000 min™* |
Adapter type BBT40 ‘1}
Number of axes 5 g

\
Cutting model GS4TN7.5-37.5R-TH3 (MOLDINO) Image
Particle size R37.5 barrel tool
Number of tooth |4 Length{52 mm
Diameter 7.5 mm 0 15 deg
Spindle speed 4000 mint  |Ap  |1.0mm
Feed 800 mm/s  |Ae [0.1mm
Coolant Oil (External lubrication)
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Fig.5-3 Workpiece machining direction and robot atmosphere.

Table 5-3 Roughing and finishing tools used for polishing.

Grindstone model  |G3511 (Nihon Seimitsu Kikai Kosaku) Image
Particle size #60 vitrified grindstone @13
Number of cycles |2 Shape | Taper cone

Diameter Max 13mm |P 0.1 mm

Length 30 mm Ae |0.08 mm

Feed 80 mm/s 0 15 deg

Range 14 mm(Z+=-18 / Z-=-32)

Grindstone model |GCMH-125 (Yanase Co., Ltd.)

Particle size #80 rubber grindstone

Number of cycles |3 Shape |Bullet-shaped

Diameter Max 12mm |P 0.4 mm

Length 32 mm Ae |0.2mm

Feed 80 mm/s 0 15 deg

Range 48 mm(Z+=4 | Z-=-44)
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(@) Surface photo. (b)  Color plot of RMS value of Xm on 3DCAD.
Fig.5-4 Image of surface condition after machining.
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Fig.5-5 Waveform of Xm during cutting for areas 1-3.
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Fig.5-6 FFT transform at 0.1 s of Xm during cutting for areas 1-3.
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Fig.5-7 Average of the RMS values of Xm for each Z-level.
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(a) Rough Polishing; (b) Finish Polishing
(2 round trips) ! (3 round trips)
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Fig.5-8  Relationship between the number of round trips, Fx, flow rate, RoXm,

and temperature in (a) rough polishing and (b) finish polishing.
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(@ Running down motion only. (b)  Running up motion only.

Fig.5-9  Color plot of FZ in finish polishing for N=0-0.5.
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Fig.5-10 Color plot of Fx, air flow rate, RoXm, and temperature
in finish polishing for N=0-0.5.
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Machining Rough Polish Finish Polish
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Fig.5-12 Atmosphere and schematic diagram of specularity measurement.
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(a) After image processing (b) line profile
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Fig.5-13 Specularity measurement results

(a) after image processing and (b) line profile.
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Fig.5-14 Contrast difference in specularity measurement.
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