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Ultra-precision cutting of roll molds having two-directional wavy microstructures
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Abstract

The demand for functional films with surface microstructures is increasing in industry. Functional films with multi-directional
wavy components can be applied to fluid drag reduction in turbulent flow applications. In order to implement the high-
efficiency manufacturing of functional films, it is necessary to machine wavy microgrooves onto the surfaces of roll molds
first. The molds can then be used to imprint patterned films. However, the machining of complicated microgrooves with multi-
directional wavy components has never been reported so far. In this study, the authors propose a two-directional wavy
microgrooving process by introducing simultaneous reciprocating motions of a diamond cutting tool driven by a slow tool
servo. First, microgrooving experiments were conducted by oscillating the tool in two single directions, namely tangential and
normal directions of the surface, and the material removal mechanism in each experiment was investigated. In tangential
direction tool oscillation, burrs formed on the edge of the groove, which were suppressed by appropriately setting the oscillation
amplitude and the tool clearance angle. In normal direction oscillation, shear angle changed significantly with the groove depth,
which in turn influenced the groove surface roughness. By synthesizing the results of single-direction oscillation cutting, wavy
grooving was performed by reciprocating the tool in both directions simultaneously. As a result, two-directional wavy grooves
were successfully machined with form accuracy of 1.2 um P-V and surface roughness of 12.2 nm Ra. Then, the microgrooved
roll molds were used in ultraviolet resin imprinting tests to fabricate films with wavy microstructures. The wavy microstructures
were precisely transferred to the resin films with a transcription error of less than 0.7 pm P-V. The results of this study provide
a new approach to rapid manufacturing of functional films with wavy microstructures.
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BIEZ 4 VL, TAATLADNY 7 T4 b=y MIRESNDINFT A AL UTHEERTIRL < Hv
BNTWD GEE, 2010). ZDIENT, V7 Ly M7 VA EMEHEND, REII~A 7 8B A— FVAT—LO
7R ZEEINEE A L OKIFED 7 4 v L%, iz EoRmEE & L THWD 2 & CRiRBEEIRT 2K S
HWFFEDHED HAL TS (Gregory and Bharat, 2013) . fERMFT SN TE 72U 7 Ly MIEMAREREE D b DN
FEAETHST- (B8R, $7K, 2004, Hayder et al., 2015) 23, A DREIIFAET DS IXX 1 (Luoetal,
2015a) DL DI X W HEMERTER A L TR Y, EHRICHML SIS L0 bSO IR REEIEG UK 2 & o
(Zhang et al., 2011, Luo et al., 2015b) . [EHRD U 7' L > MIH A OFREAEE 2D THAMLT 5 2 & THRERL
TWDH, T ADREZD X IR TR EE b o oM oS 2 G s L TET b T 562 &
IZE > TE B8R om E2 IR S T2 (Griineberger et al., 2012, McClure, 2002). & 512, [EAAT 5 2 ik
Iy DPARZEA b OREE X EARC 1 Ry OFREEZ o) 7 Ly R R L TR EmWEHERI R E o L
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WESNTWD (MK, 2016, 2017). B A DELO GO BEOIFK 2B L ICHET 5 Z e nTEZA
DR RAMEEFZHT D EI2NB D LEZLND. Y AORBIHFET HIEESN OV A 1L, LI
K DENEERENDH O —ETIERWD, SITHFEICR T 2 HIEREO—F %X 2 12777 (Luoetal.,2015¢). =
DEAE SH 8 um, fEK) 50 um TH Y, FOWREICKTL5E S DI 016 725, &%J7Vyb@£ﬁ’
DX 7 E Ot um A — X —OEEN TR SN D, £ 2T, T A—H B SRITERER]

WEAT & R LA DR b DM IS % 7 4 L A FICTBEICERIET 2 FIEORHSIDRD STV 5

TS 2 b OREREMERIE 7 0 VA OAFEIZIE, EICu— AR E WS TN SIS, X 3
\RT & 9IS TE DB Z R EF SN ERANEAT 2 2 SO — /L DEERIC LV, FERRO v —/L &R m O M
REXEDNRIEFED 7 1 /b I IR T S5 (Yungetal., 2012) . fiE MRS S 5 To — /LMK R O
P ETERREE D 7 4 LV ACEBERMR E N D728, REIHE H O ViS22 & > u — /L &RIo RN T
NEECTHD. a—/LERIA~OMRIEEMN T CIx—a0c, okl g L OBRBESCREM I ORI &0
ST R TR B S X A YE Y RLEZ HWOEREDRIIN LALE E Sivd (Kongetal., 2012) . ERGEEIHI
IZ X o TR EZ N T2 57k e LT, Ar—>—H%—R (Slow Tool Servo: STS) FEHINZETF SN 5. L
LG, ZHE CIClE SNz e — BRI 2R RIEO BIEIIN TIZBE 4 2 WF981% 1 5oy DDk
RZZ b OMEIEICE EF 5 (Luetal, 2012a, Kong et al., 2016, Kurniawan et al., 2017) . £k 5 OFEIRZEA L % [R]
A S DRSSO I THNTHE S TOVZRW. 207, B—/LERIERH~OEERLY % b OIS O T B %
(BT B HF5EIT A< A D70,

Z ZCARMIETI, vV RIRmEII R LIEAZT 2 2 ARGy OPECIRZE L% [RIRFIC © ORI OB BIEIIN T2
ATz %%@SB#MMITiIE%m~w%ﬁ_ﬁLT1%ﬁﬁ_%ﬁéﬁ&ﬁgﬁﬂmm1%ﬁ5:&
T, 1 OB E SO EAER SN TE 72, 2 )y OBRREE & OMIN T2 FEBT 5720121, B
T2 2 WG A OIEBINFERHC AT 5 SN LERH DH. 22T, KA IRT X olce— &k ﬂféiﬁﬁ@%
2 Wi AN [RIRERIAET T2 2 & ASATRE R STSIZ K D, BHAST D 2 oy DPCIRZE(LZE & ORI LA 2T 5.
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(b) Cross-section
complex structures with meandering and height Fig.2 Measurement results of a sharkskin scale.

difference along the flow direction. (Luo et al., 2015a) (Luo et al., 2015c)

Fig.1 SEM image of sharkskin structure, showing
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Fig.3 Roll imprinting process using a roll mold to
directly replicate surface structures onto a polymer Fig.4 STS turning process using simultaneous two-axis tool
substrate in a continuous way. motion.

[DOI: 10.1299/transjsme.19-00105] © 2019 The Japan Society of Mechanical Engineers



Terabayashi and Yan, Transactions of the JSME (in Japanese), Vol.85, No.874 (2019)

AW TIE, ETEOET MK U CHmE BRI (Z Fm) & PRIk 2E 5 m (X J5m) Zh
ZAVL Gy DHOPIRIE A AT 5 2 FREAOWEIN TSR A T L, MEBREFEORHE & @0 T/ 37 A —X
Rt L7, RIS, m— L@k LT RRE 2 Ay OBIRZ L& [FIRE & YA BIRIEO I T a7 o 7. RIS,
AFEIC L 0 BYWE L T2 0 — A N T 7 4 L ASOEEGEBRZITV, SRS E O G 2 04 L7,

2. WMHRREEDET) VU ETRMBER

2 -1 HHERIEBEDER

PRI A D22 SN IRE T I OBTE IR & B R MOFRIBRIC X > TEZR SRS Wk £, 18,
ETARIC L > TIESH, BRIISURBIRET 5 2 EREETHD. BEFEHMOIRIZIRICOWNTIE, Hik
FIC k> C3FIAIC SN S,

5@)D & D127 ¢ /L AREITH L THEEDERR T IR Z © BIET L TV oG %2, BEIR S &
ERT 5. ZofEE, FRAFIEELZEZ TR A ET SR> TORIC—ETH D, BRI
BT R ay, TR 2 b D, TNENOBREREX LicE Lzt O %X 50)RT.
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(a) Tangential wavy structure with meandering. (b) Projection chart.

Fig.5 Film surface with tangential wavy structures.
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(a) Normal wavy structure with height difference. (b) Projection chart.
Fig.6 Film surface with normal wavy structures.
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(a) Combined wavy structure with meandering and height (b) Projection chart,

difference.
Fig.7 Film surface with combined wavy structures.
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WIZ, K 6@)D K N7 4 v AFKEITH U TEEDERST AR LA b BRI mikEE b oiE %,
RIS & ERT D, ZOMEY, HESEIREL L BWE RS EFHAICH > A E LT 5. £
7o, LEIRIC X0 2SR & SIS U TROE A b o8E, @IS U CoSEE & JE R 7 2858 2
b 0. IR XIER ARIEa, &R AR 7 b, 2R TN OMRE B EICE Lz b O %X 6(h)
W7

M 7Q@QDE DT, 7 4 NV AFREITH U TR BRI 17 & BT I [FRF R b A2 A L, R e mikos
ZHHARN LI T AL, EATRIES L ERT D, EAEIRESEIL, #6510 S BRI 2 SOEAR L
T2 BRIy % R OF R S Ch D . ARSI 3BT MiRRay, & BT MR, BRI iER,,
ERGTREERL 2D, TREhOBRERER FIcR L0 70)RT. KR TiEl, =1L, ThH0, #
B IRAEE IR & R D b DTN TN OEIR E R EDOKRE SERINT D Z LI2 L > TR
IREEREE R RBT H LN TED.

22 A—)LEBAOMMERENIORE

7 — LA RIFR I3 2 RIS T L7 2 EONM L LT OIEI TR X HHc BEORS £ T
BRAIZEDI, RIS PEREHEICEL 1| DOMENER LTk, YHI TR TIZERAEICHRIETS. TO%RBES
NIy FOLT2T 2B 5 2 & THY & O ROTEOUIFIBIAGAEIZEET 5. [FEkO TRV K
SNAHZ LT, —EOEYyTFELOEFININT.EIND.

STS JEHIZ L D2 ERIEN T ClE, TAEHOREiCH 25 C E#OMEIC X fitl Z fioEE) 2 [FHHIET 5 2 &
T, THZFHEICHIRE S22 BN L2175 . X812 3 flilRIREHIE 2 7= STS Aelic X 2 Ry Toofs
KX Zrmd. TR PR Zem c Bl LUIHISBtA S &, #EHEIA 23 1 [BliEd 2 IR S 13EHAS =D
STETEEINT 5. X9 OWEEIZRT L DI, RN, FEHWAEHEETELFR UERE L OMINEN BRSNS,
N-1J8 H oRm (FiR) & NJEB ORI R OZED, #HIM O 1 EERICS T 5 UEImEE & 720 810 <
FL LT END.

2 - 3 TEBBER

IR E LT, K10(@), (b), CVZsd & 5 Ao ek, ik, BMaskiEo 3HEE L. #£F
TIATERGET N T A — 2 & U TR AHRIE hy, IEBJ7HRIE by, BIRS d, E v Fp, ERIZ 65, HEETEFZIR
MEMT 2 TERRICE > TRIESN D . THA X ihids KON Z 5 s L72e2s SHHEIM BT 2 Z &2 &
S TERESINL SN D, BPITI3HEI R A0 2R8I 5T 208 LT D, BRI T )
IR h, 2 b H—EDIRS 2RI OIRIEN—E Th . IR &L EEERIET, ERTIRIE h & b7
TR S DR 72 2SS U T LRIRIR OS2 Tl b AR 27 5.

Aaxis spindle rotation
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Z-axis movement Fig.9 Cross-sectional view of R-shaped groove. The area

X-axis movement Workpiece

. . . between the previous tool path and the present tool path is
Fig.8 Wavy grooving process by synchronously controlling ) ) ) )
. the cutting area in one revolution of the workpiece.
three axes (C, X, and Z) of the machine tool.
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Wavy groove Wavy groove

Relative cutting Relative cutting

direction direction
Workpiece Workpiece
(@ Tangential wavy grooving with a wavy (b) Normal wavy grooving with a wavy amplitude
amplitude h; and a constant groove width. hx and a periodically changing groove width.

Relative cutting
direction

Workpiece

(c) Combined wavy grooving with wavy amplitudes h; and hx. Groove width changes periodically.
Fig.10 Design parameters of three types of wavy grooves.

BRI TAC WD T HEW A2 A K25 728, Bt [SIICE T 5 CHlifafE C(t) & X Bl & X(t), Z #hiniE Z(t) %
ML7v 77 A ETHRET S, THEWNT X o THEIEV RS X)) &, X e Z #OERECAST Xa (1), Zu (1)
ZRLADEDZ L TRESNS.

—AROWEEMNM LT 720D T EOBENE X, XEHPIZED THIDIAARZHE L TN 72—X1 &, &0 2EIE
THT7x2—R2, ERHENPOHEL W 7=2—X3D 32 Tbns. 7=2—X1 ¢ 3 TR CEE EAFC
HWETBENIT S, O oOMZ N LT MG Lt BIFMTAR T 5720, EHRTCOREDOYIY HZ %2179
Tl TAEEBICIREZ AL, BREGEEORINE 205D,

H AR OPRZEA Loy & B & Uiz & &, BRHIMBERMA EE o230 5 X e Z HhoHRZ L Xu (1), Zu (1)
%, MEEOEEOKEN ET2LH (1) DLHIcRIND.

X, (t) = hy cosné(t) (1)
Zy(t) = h,cosnb(t)
X D) ITRWT, BRI LOSE I TERRBRIRIE h=0 Th 2720, X G TERENIf G Shs
VY. — 5 CIERRERIE NN T O A TR AFAE L 72V 2D h, = 0 Th Y, Z fiiEIFEE S - E %
TEBIDOHEDNI T E NS . ABE BRI TOLE I THRITRIE h, AT AIRIE SO T B IEE S D720,
THRIZ X8l & Z oo i 5 I [RIRHCIRE) L 23 SINLMThoh D Z & L7 5.
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THEY F3 v Az Sm e —8 L, XoOBEETERIND. £ &% flumrev] & L7E5E, THED L
i (2) TRINS.

f6(®)

21 (2)

Xe(t) =

bz L ZEE 2, #1IARZINTTH70OIC0E L 725 THEWMNE, REHEI % ds[um], A KLRER
¥4 N[rpm]E LT (3) oXolckansd. 7=—X 1%, TEEY D X(t) & X BHOIRERLS Xu (D E L
BB TEIND., BREIDREEIZRZELZDOL, 7o—X2 & U THEIRN 1 R4 A T EED 28z
L, REIESY Xe Q) DOH % oW ZRR T 5. R D THAERN T 7 = — X 313 X #OIREIE /> X ()12 TH
0 Ry X ZWHET A TERIN, Z o T EEET Z SRERY Xo ()D& % 2. CHilid 0.1°%]4 T —[alix
H1= 0 OME% 3600 AU/ EI L TEAEHIE S5, AN TOBICIE, 1 AOEMLTAK T2 2812 Z
MEZE Yy TFOBEISEHZ LAY IKTZETNLETY. ZO%E, I L ICRIREILONFEIEZRET 5
ZELARETH D.

W

( X,(6) + X, (6) = hy cosnd(t) +fg—1(:) (t <]fl—1j,) Phase 1
d d
X(® = { Xu(®) = hycosno () (==t Phase 2
(3)
7] d
IkXW(t) — X¢(t) = hycosnB(t) — fz—f:) ( t> f—;]) Phase 3

Z(t) = Z,,(t) = h,cosnb(t)
C(t) = 0(t)

3. EBAXRBIUEE

3 -1 RRKEINITEER

7 — VAT T A~ OPLIRPRMEIN TI21% 4 4 (XZBC) [RIFEHI4E B Eh fh i 4% Nanoform X (AMETEK Precitech
Inc.f) ZfEH L7z, AMTHITY =7 F—& —BREOMmEEEEm 28 L, 0.016nm O 7 1 — Ky 7 53 fiRhe
oo, FEBRCIEXEL, z#h, CHhoo 3hFERFHIE 21T\, BENIEA Lies o7z, K 1L IS TEROHE %R
9. LRI, K12 12T — B8 0.1 mm OHER S A YEY KRS R0 Xl PATICRE L.
FERRI AR LITRT

Table 1 Machining condition.

Spindle | Workpiece Cutting parameters Values

C-axis | Depth of cut [um] 0~1
' Diamond tool

Spindle rotation rate [rpm] 5

Cutting speed [m/min] 0.79
Cutting tool
Tool material Single-crystal diamond
Nose radius [mm] 0.1
Rake angle [°] 0
i Clearance angle [°] 55
Fig.11 Experimental set up. The cutting tool was set at a position ~Cutting atmosphere Dry / Oil mist

orthogonal to the workpiece surface.
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Rake face

Flank face

50 um

Fig.12 SEM image of tool edge.

B 50 mm, £ 15 mm O7 /LI =0 AA4 AB0S6 HEAHEIM & LCTEM Lz, ainl& LT, JEME
HCEBEEIN T AT > 7. b 1R 72 0 OURARBEO K E ST » PEICEBIT 530 OB EE KIE
9 (Wuetal, 2017, Liuetal., 2018) 7=, ASEER CIIUIAALEA 1 um/rev (ZEXE L7z, YIHIIEA KR Z WA, Yl
AHBEEZDOL NS RETDZ LICL Y TR D AMEMH L, fAE0BRE X5 Z LA TE 5 (Yan
etal., 2009) .

STS FERNC & AT CIE—AIIC A B2 RVEMEES @ IE EIN TR D A 7 — TEEN RS E & OREZENAE L
5. ZOXIREEIIEE AT —UNE L ORREITBIEGRRZE (Followingerror) & FRXILS. A L7200 TR
T 275 MEBRICIWT, FEREER L O T 2 A — N in b3 7= T BB EIE 2 ) 7 V2 A 5T
FETHZENARETH D, Z I THOBMGAENRNENS. EOBRAI 1L, ROV 7Y v VK
BAEBET D & TEORHRRR CIThN D, RFEBRTITI 7Y o ZEH#L 2000 Hz, 37241 0.0005 F2fH
B OIS 2 50k L 7=, HIEITIN LR & [ USRI TIT 7228, THEMZ BLY (1T 22 W25 EER T T 72, Z0BA,
BIHHEII OB L 5B0EREZEITAE U, 72721, EBEOMTICEH T A UIHIRHUE, I TAGESRT OBXE) /)12
HARTHBTNENEB X BID Z D, ITTRFOIBNEGEE & ZEEHRRF O BIGRAIXIEE BT D L A2 LT,
AV RVEEEE A Srpm & L7c3E, IITH O THIBHERRZEIL 500 nm LR T o 7. 1IN CIEBIHIEE AN
USRORITF ORANTH L KT (PN, 2008) . ARFEBRCIINTIEEOMRZ B E L UGEDOIM T 217> 7.

TR X OYIHIFIZHEH S =000 < T OBIEI I TERRLE P Inspect S50 (FEI Company ) % A
7o N E 7= 1 O =TIk L — VB EE LEXT OLS4100 (Olympus Corporation %) % HWCHlllE L
7=, ARG THEF Talysurf CCI1000 (AMETEK Taylor Hobson Ltd.8Y) 4 FVNC, N HE Oy MER O RS
F ORI OREEIT-T-.

FTANTOREOHEMN TICB N TEIVIALE (1 pmirev) 12X > THFHHEINT 288 SI2& U C Ol Rk <
ICRE L 7o T HHIM D EFIO LA ZEI & IR S = 1 umlZ#ET 5 £ CIRERm ek & YEimE s —
45, 2 HUBOERSd > 1 um TOUHIERIY, OGS DIEWE IR SHHIA 1 [BEspT s
DIEWE IR A A LB & 72D, X BHRENC X 2 HRE S & b DU IR & A THIRIEIC SVl RS
DI X 2 GIHIEREO¥ERITIN 2 T X SRENC RS 5 UIHIEREOE® S AFET 5. K13 I TE ) — X8 r
UG A ORI 2 3, SRR O, TR SIS » CHFICINT 5. IRy &2 © ot
AT, TEEICX 2GRN TEESRS N E LAbSns. 22T, K (4) TEINDIH LA Ot
X o TAEBRICBIT 2UEIHEOZLIIN 14 D LY ITREND. P OURIIEEZRT 77 7 hbiERSd =1
um Z B E DN LT D8k 70300 5.

0.(t) = 2cos_1(1—@) (4)

r
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32 74 VLEERER

FRENZHRIEIN TG S iz o — VSR OERE, IMT.E8he— &8 E A0 CIEEBR AT, BIE7 «
IV BRI 2 O LTz, BB FEBROBAX ZX 15 (2”9, PET 7 4V AEER EICT 7 U VRERSMER AL,
g (PADICO Co., Ltd.#) %200 um OF S8A L, BUYE L 72 % © D v — L& o {3 1 2 HEfil
ST 395-410 nm DRI A 12 em ORRREED D BSTFE 79 cm? T 10 5 2 & T7 ¢ v A BITH
JIE 2 b S SRR & B L 7.

4 RBEREIUEER

4 - 1 BRRBURTBUIEI3RER

PRI PRIIC DN C, AT TS U 72 B RIRIEORME 217 5 72, Z #ilRIE h,= 40,80, 120 pm & L 7= B
INTFEBRE ZNEIUT T, BERRIDIRIEIN TR O XA —21%, £2IRT L IICHE L. TSR
11D SEM BIE2Ef% 2 [X 16 127”7, DT v VESICHRRX TE S 10.3um, 18 33.1pum FRE DY OFAENR R H i
7. RIEIC L D80 OF & LEOBEMEZ K 3I1TRT. RESKEWVIEERE RN NRE LI ENbD

140
120
~ 100
S
=
< 80
©
o
© 60
[o))
£
E
O
20
0
0 5 10 15 20 25
Groove depth d [um]
(a) Tangential wavy groove.
Fig.13 Schematic of tool nose radius r and cutting area A for a
R-shaped cutting tool. 140
120
N = 100
=
Machined roll mold < 8o
8
T 60
(o))
£
UV resin S %0
20
PET film 0
0 5 10 15 20 25
Groove depth d [um]
Wavy structures - UV light source (b) Normal/Combined wavy grooves.
Fig.15 Film imprinting experiment. Fig.14 Change of cutting area A with groove depth d.
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Z HRNE h, =80, 120 um T/NY 3584 L7c. AN U MBHE Th o 72 Z flllRIE h,= 120 um D & & D3 DK SEM

iR A X 17 12, =SonllERE R A2 18 1R, MEREID < T L LTHEHENTICH Lt s had 2 & ClE=
VEBICNY & UTHERE LAk F3Big s e, ZoRREE LT, THK mANEREICHSL L 7- /TRetENE 2 5
ns.

MEAT9 296 U C LIS X 2 b . X 19@) D X 5 (ZHEAT A EE A THIF M L 0 /N S UWLE Tk
T OFBEEZ T PRSI A TNT.END. —J5, K190)D K 5 ([THEDKEFT A B K & UMLE TIIAERY
RTEDEENREL 2570, TRRTmANERmCEAT 5. BT mIHAl L7 eIy <§°& LThE
ST, HLEND. ZORE, =y I L LTER-LIZEEZE 26N,

BRIRIE hy =40 um TIXIX] 20(@) D & 9 ICHEDIEITA L3 —4° ~4° O OfEZ#fI 2 b3 5720, THEKS
B 55° ZAHGTHYZME & DS EAl D 2 L ide o7z, FEOEELZZ P PiEEE /TN A TINLEN
722 ETRYOREDREDINT 21T H Z ENTE 7. FRIENE h,=80 um TIEIX 20(0) D L 5 IZHEDIEI T4 FE
73—8° ~8° DDA B2 kT 572, THIKIFMAD 55° %72 = OffacHEs’ kel - 7= 68k T
T & OBERDE UK TE S 1.2 um, 18 8.3 pm D/N U 384 Lz, BRiRAREE h, = 120 pm TIEX 20()D & 9
I DIEATA D —12° ~12° ORIOMEZEFHHIN (LT D72, KT & Ol Utk ik b <, &R
TS 103 um, 1 33.1 pm O/ 2384 L7,

Table 2 Experiment parameters for tangential wavy grooving.

Groove depth d [pum] 25 25 25
X axis amplitude hx [um] 0 0 0

Z axis amplitude h; [um] 40 80 120
Wavelength | [mm] 157 157 157
Number of waves n 100 100 100
Groove width [pum] 132 132 132

Cutting direction

Cutting direction 1 00 pm Cutting direction
D —

D — e TR ——————

(@) h.=40 ym (b) h =80 um (©) h: =120 um

Fig.16 SEM images of three types of tangential wavy grooves with different tool oscillation amplitudes. The
meandering angle of the groove is determined by the wavy amplitude. Burrs occurred significantly at h, = 80, 120

pm.

Table 3 Size of burr for each tangential wavy amplitude h..

Amplitude h; [um] 40 80 120
Burr height [um] — 1.2 10.3
Burr width [um] — 8.3 33.1
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T Ui OWE 7' 2 7 7 A V& EFH MO E AETHEHI L HE L, BEHE & ik U7 RGR =D
KA & e/ IMED 74779 PV (Peak tovalley) fEiZ 0.8 um &5 H Sz, ZOFEEN S, AT CIIICIRIEE

h, =40 pm 254 2N TAAETH Y, LUTF OMNL TIIsREeRIREI 21T = o0&t 42 v,

£7o, AEBGERD

O, MATAKL Y bRERETHOTEZMND ZEPLETH DL Z LIV

i

/ Burr width

1/ L /
Fig.17 SEM image of burr at tangential wave

amplitude h; =120 um.

Relative; rotation:
small

Rake face

Groove depth i

Groove width

(a) Relative rotation angle < Tool clearance angle
Tool flank face does not contact with groove surface.

Rake face

Flank face

Groove width

(b) Relative rotation angle > Tool clearance angle
Tool flank face contacts with groove surface.

Fig.19 Relative rotation of the tool. Corresponding to
the meandering angle of the groove, the tool has a
relative rotation angle.
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Fig.18 Three-dimensional topography of burrs at tangential
wave amplitude h; = 120 pm.

\/\/\

0.5 1 1.5 2 25 3

Cutting distance [mm]
(a) Tangential wave amplitude h; = 40 um.

0.5 1 1.5 2 25 3
Cutting distance [mm]
(b) Tangential wave amplitude h; = 80 wm.

N

N
SN/
\_

05 1 15 2 25 3
Cutting distance [mm]
(c) Tangential wave amplitude h; = 120 um.

Fig.20 Relation between relative rotation angle and tool clearance
angle (= £5.5°).
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4 - 2 ERBAKRUIHIEER

IERRCRIEIN TR /N T A — X 23 4 1T, IERERRIRIE he= 20 pm OERRERIEIN T2 T o 7o — L&
[H D SEM B2 41X 21 127, K X 0T v 28U ORWgEiZ b OVERIRIIES I T a7z, JBIRGR
72D PV AEIZ 0.2um TH o7z, IEFIRIRE T, THERIZ X 0iEE s o2 biaxhi U RS ERrc 2k L
TkY, ﬁﬁ%mﬁfiﬁﬁﬁf< HE ZATIHEEL RS 72 o TS, m—/L R E BT &= ik
PRIELZHOWT, BIHIF NI - TR m oW~ 1 7 7 A L EEREMN O OIRFRZE A K] 22 (123, IR ISk}
L C L HA AR téot INTBENT DS BV TIRFE AR L TV D Z &3 s S,

ERRCIRIEIN oI, R 5 TREESWEGEMCE T 5. 2o, THERF A ER O
LD /NS & & TERFE AR E ST 2 aTaerEnN S Y (Luetal, 2014) , T EIKFAERE D
BRIE D b RERMEE E DL HICTEARIRT 22 ENEETHD (Luetal,20120) . F72, TEHEZHOEIX
TN ERTFAOEEERL, T < WAOELIZUIHIREIC K& B2 5.2 528 AWAOE I E T 67
LEILND. FIT, BER LEES R L D550 AMAEZZNEIRD D Z ET, YR T EEED
ZALDCIHIRF AR E T B RET 5. SAMAL, BB T2 ZWoctil & 0E L7e3a, YIEIHIcHEH
énémb<¢Eé@&m&@@ﬁﬁi_;ofﬁﬁﬁé_eﬂféé(%m,m%).&%btﬂb<¢@m
%X 23@)I T, B < PITHEIRIR & FRRDIRE 2 Ef > TV D Z LD, X 23(b)TRT I~V D 4 SDOALES
BT S FEINOEANAZEHN Lz, K24 1280 < FEIHEDO—FERT. FOMRE, X251
#ia , TWA DN &IV TOREAWAITK 18 TRIRDEA L 52 L3 bnd. T <WALOE 1T
i,ﬁhﬁﬁﬁZ?f@®m&&~Tk%&ﬁ%&ot.¢<Vﬁﬂ—r®ﬁlfi,ﬁhﬁﬁ#l?k@&%m
TNERETHD. TEMNEREITH LT ES A LB TEAMARED L, #REIA OMBMSREN )N TP &
FCORFPIC R ATERER, THR LA CORRIREDHERIZONRN T eEZ NS, 2O &b, 7F
KRTEROREZIOBRGEENELZHE, TEITWAZRKES LD L TRIRREEZMZADLZENTED L
EZEzbN5.

Table 4 Experiment parameters for normal wavy grooving.

Groove depth d [um] 5-25
X axis amplitude hx [um] 20
Z axis amplitude h; [um] 0
Wavelength | [mm] 157
Number of waves n 100 . . ' '
Fig.21 SEM image of the normal wavy groove.
Groove width [pum] 62-132
25 150
Cutting direction
20 N 100
50 g
E 15 =
= f -
% 10 ;
o -50 L.B_
Measured profile
5 Fommn error 100
0 -150
0 0.3 0.6 0.9 1.2 1.5 1.8

Y axis [mm]
Fig.22 Cross sectional profile along the cutting direction. The form error increased in the area where the tool climbs upward.
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(@) SEM image of cutting chips. Fig.24 An example of chip thickness measurement.

Cutting direction Posture | Posture Il Posture llI Posture IV

Cutting width : Small Tool

~
—_—- |
Cutting width : Big e Groove surface
Cutting width : Small 7=
()]
2 20
&
(b) The shear angle was calculated fromthe chip g 15
(]
thickness at each of the four positions posture I &5
10
o IV. | [ Il v
Fig.23 Procedure for measuring chip thickness. Fig.25 The tool posture at posture | to IV and the shear

angle at each point. The shear angle decreases at posture |
where the tool climbs upwards.

4 - 3 WERIKBUIHIRER

AR AR h, = 40 pm, VEBRERIRIRIE he= 20 um OEERIRIEIN L2417 - 7o v —/ LK H O SEM B2 EI % % [X]
26 1T, FRE DTy DI ORWIEEE S OEGTENNLENT-Z ERbnd. EEERKETIE, L
AN E T T 2O L [RRH, RS OZBIZRE U CEIESEERIC (L LT 5. TIRREZE 1.2 um
P-V & 7p o7z,

A TIRTEDTCIRFAZE D BRI IR & IR T N EnO%E LI U CRVME S > 72 BIl & LT, B
T 5 2 ODEMEOTFEER DO — RN b 5 —HOME|THEL 52 -2 LR EZBND. 2T, {IROLIE|
IR 2 TAREMOIBIEGEZEIC X 2B G 5. )27 13, l0BIGRAEZFRRE S & BIORLIZH O
Ths. K 21@RTHRRERIEN T4, FEEE 1T O BN Z 04 Th 523, XHhDORRZEN & HAL
FIZEZR H > TENTN D, X 27(0) DIERRECRIEIN T.OBAICIE, (FEEE 21T 5 AT X oA TH 503 Z i
WCHRRENECTWD Z Enbd. X 27(C)DEEPCRIEIN LTI, BRE LTEIRIEO K E S OENND Z ifRE)
(CHERG % X BHREEA L W K& < Zp o 7ol B, HE T 0 OB & (2% L CHERT M oBh X 12 BT B avA Uiz
ZDOZENL, BETIRIEN T T 2 SOERE(LOMARO T ARG AZ L LTI LHEICEND &2 b b.
AT HE TSR IRIRIE 25 E T2 2 L TE 503, FRIRIE ISR 2 K& RBIGAEN TR SN D5
BlE, L7 s T A ETNAHEOHIEZITY 2 & CRKREZIHIT 2 Z EBANETHL EEZLND.
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4-4 BERREEZL OO—LERORE

BEOEEFFOr— L ATRONMTIZBWTIE, R5IRTREHMEZERA L, 50 SO TEREIT 7. 256
PRRARNE h, =40 um D 1 5 DAL & & S BHRIIRTE 50 5100 0 —/L &7 SERRIIRIRIE hy=20 pm @ 1 5y D2
b & OVERRECRIE 50 Fl D v — /L@ 2t 2 iy D2 L% RIRFC & DB AEIRTE 50 50w — L@ % 21
ZIUNT L7z, X 28 ICEAIRIENIN T &SNz e — &R oM &2~ BT e U CEimft B S 7= FHEs
DAY, FISBIZHECRE 50 FIIN TS T\ b,

PERRIIRIEAIN T &7 v — /L4500 SEM BIE2i 14 % [X] 2912, BERRIIRIEOIHIFH P S o810 < F°o
SEM g% X 29(0)\ g MARAMRIVY, T SERIC S U AN HE 5 2NTIEAT LI IAMEER S, IO
LR U —EDMEE ORI < FOVERR SN2, FnHe v < XL E Uiz AR 0 28 sg k4
DEEIAER S D (LM, 2013). X 29N iERMIOILKK LY, ENEBIXED /2 WBAFR £ A B D
ZEnbnD. v VEH EIONT S BERRIRIEIC OV T, BRSO 115 R 278 U7z = Roc R E R
Fa K 29d)2Rd. K ofdixa — VR3O fiirip sy 2 FEIAHIE L CERR STV,

AR T Sz v —/L 4810 SEM BIE2Ei1% 4 (X 30(a)i2, {EARIIRIEEIHIRECHEH S a8l < F°
SEM it %X 30(b)iZvd. T UERIC N BME IR S VRIENBIE SN, AL TERRICEY, mEn%k
BT U TIENZ b 2B 0 < P24 S 7z, K30 R TIERE ORI L 0, NGO E

400

E 300
TR
S
L
jzz Z-axis X-axis
Fig.26 SEM image of the combined wavy groove. ’ ' ’ ’ !
Time [s]
(a) Tangential wavy grooving.
Table 5 Parameters of wavy structures for roll molds. § 20
) ) 5 MAAAAAANAAAAAAAAAAAAANANAAAAAANA
Wavy shape Tangential ~ Normal ~ Combined !HHHHVHHHHHHHHHHHH
Groove depth % 20
25 5-25 5-25 L 300 ) .
d [um] 0 Z-axis X-axis
X axis amplitude 0 - 20 Time [s] .
hy [um] (b) Normal wavy grooving.
Z axis amplitude 400
40 0 40 — w0
ity E ‘ ‘ ‘ ﬂ
1.57 1.57 1.57 o
| [mm] 2 o)
0.22 0.22 0.22 5 !
p [mm] 0 Z-axis X-axis
Number of waves e 0 05 1 15 2 25 3 35 4
0 100 100 100 Time [s]
Groove widih (c) Combined wavy grooving.
132 62-132 62-132 ) ] _
[um] Fig.27 Following error. (a)(b) Following error occurs on the

axis that supposed to be stopped. (c) Phase shift occurs due to
following error.
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ez b o2 ENbD. FRHEED 138 E 2 H1E Uiz =R ERS L4 X 30(d)IR~d . IEm O 5
MWIREARENATEND.

2 [y DB ZA L 2R S S ARSI T & - m— LMo SEM Blggmifg 2K 31(a)l2, HEAawkike
HIFFZHEH S 58010 < 40> SEM if§ & X 31(b) 12T, = v VEBIC /N ) 3 38 BN T B0 BIgR S h,
INTEN7=3 L R Clagha b 0% E LIzt 0 < oV ERR SNz, X LR ITEREOIERK L Y, HoD
IRVEERE EFEAEE SN, EREOFREH ST 122nmRa Th-7-. BRSO = RTIARERS R4 X
LAY, HEATICIh» QGEEEAFEREZ LD, oD T AT RATEND.

4-5 74 VLEERER

T L7em— LT % IV C 7 4 L ARG FEBR AT - 1=, [4 32(@)I 5 EBRIC - TRUE L7277 1 L A DS
GHEZRd. 0—/VeRRE ECIHIEINTS SN ST D58 T ¢ /L L BICHEIRZE S IRSE D AT ST,
7 4 v AOFR TGO SEM BIEEEIE & = ROtEHAFE R A 32(b), (TR T. m— LSRN T E LRI A
SR U727 —FAROBPRIGESNN 7 4 VA BTSN TEY, 7 4 /L AOFRIREIREE X & TRiaedn
HDIRNREZFFSTND Z LB DND. BEHMEE OIRFRZED P-VAEIL 0.7pum TH Y, SAIECIRIEIE D& s
GAEE D R STz

(b) SEM image of
cutting chips.

04
03
02
01

m (d) 3D topography for 1 wavelength.

(a) SEM image of roll mold surface. (c) Enlarged SEM image.

Fig.29 Machined roll mold surface with tangential wavy grooves.
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(b) SEM image of
cutting chips.

04 02

e T o
—a () 3D topography for 1 wavelength.

(a) SEM image of roll mold surface. (c) Enlarged SEM image.

Fig.30 Machined roll mold surface with normal wavy grooves.

(b) SEM image of
cutting chips.

il

] (d) 3D topography for 1 wavelength.
(a) SEM image of roll mold surface. (c) Enlarged SEM image.

Fig.31 Machined roll mold surface with combined wavy grooves.

(a) Plastic film with wavy microstructure. (b) SEM image of transferred film surface.  (c) 3D topography for 1 wavelength.

Fig.32 Combined wavy grooves on the surface of the roll mold were transferred onto the film as arches.
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5 & B

BERZA b2 HER 70 &R TN IR & DA ERIELZ 0 — LV RETIN LT 2720, 2 DOiEshh4 [FRFHC
FEAEER) SH/28 BT 9 STS FEHNC X AN T 22K Uiz, #5510 L IERIT I ORI 1 5oy DRk & 2 sy
DEEPRIED 3O TAFER L, FNFNONTICEIT DR AR L2, FKEIEREEIN T2ME S vz
0—/LEET L U THWEIBEERZITV, 7 4 VA EICEE SN EORIRBE O 21T~ 72. LA T Ok
RMMEHID.

(1) HERHRIEIN TIZ R T, BEREEIRIE O T O A EEN THIKT A L 0 KEWIEAIE T B i oszfiic
Lo QT VEICHE 2 ) SRAET D, THIRFAZKRETHZ LT, N 206135 Z ENAHETHS.

(2) VERRECRIEIN TC1, MBI 2 THEBOZUITG U TEAMANLE#T5 2 LT, TERES
RS T A A 23D LY IR » 7o IREE =ML 5. IEREOFA TE HRAZEIIS U TTET <
WAZRELS LD ETRRRAEDE(NLAMZA D Z LINTES.

(3) EAMMKIEINTCIE, BT 5 2 SOEAMOTED S ALY 5.2 5 2 & TIBGAENE LS.
WA I SRR 4 5 K& ZRIBREGELEN TSN A BAE, L7127 T A L TANAZEDHIEZTT 9 2 & TRIRE
RIS D 2 ENLETHD.

(4) 12umP-V ORI L 122 nm Ra DREM S 2 L SEAHIREE 7V =7 A64: AI5056 o —/L#&
A ESINT 35 2 LicEkh L.

B) REITFERIENIN L EN e — a2 &M e U THWEERESERIC LV, BEIRZSES 26> 7 4 Vb %
VERLT % 2 LITHED LT, REHE & OICIRFAZEIZ 0.7 um PV TH Y, BRSSO b O @ RGN R S hur-.

Lt%, ARIFEIC X0 BUE SR RS 7 1 L A D b DT IRGURIREN - O EBRI 2 RGEZ ATV, K
W& FEARIRURIED R O XS BEIR A L S 5 Z LI Ko TS O fcilib 217> T <. E£7e, L7 m s
7 DAIEZAT 9 2 & TEMAe & X0 RIRZRZAL A D BIROMLIZOW T HRA DL FETH 5.
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