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Development of a “High-Durability Precision Ball Screw”

T. Okubo

In precision positioning applications such as machine tools, ball screws are often replaced when they reach the end

of their precision life due to wear. NSK developed the “High-Durability Precision Ball Screw” using proprietary surface

processing technology to form abundant microscopic dimples on the raceway. These dimples have been confirmed to

improve oil film formation and suppress ball screw wear, thereby extending precision life and enabling high precision over the

long term.
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Proposal of a Design and Analysis Method to Ensure Quick
Response and Stability of Nonlinear Series Elastic

Actuators for Human-Assistive Robots

M. Hirao

IEEE (CEr#isFsa7215C. $EED [EEE ROBIO 2023 (C31s UTSsXZMER L CaE)

Nonlinear elastic series actuators (NSEA) have been studied in various joint applications for human-assistive robots as

actuators that do not interfere with free human movement and can provide large force support when needed. However, its

nonlinearity has made it difficult to design a controller that can both respond quickly and guarantee stability. In this article,

the describing function method is used to represent NSEA as a linear parameter variation (LPV) model, and it is shown that it

is possible to design a controller that can achieve both the above-mentioned quick-response and stability assurance.

1. FAHE
2. BEYEMERDERE
2.1 REMERDRE
2.2 FERACEMEERDERE
3. NSEE D5eihiR8£1

1. FAHE

FE, Ea—~<Y—0ORy b UFSoY3VF
ORY MIBVWTRHEENLET 7./ 0I—D—D&
TINTWVD. HICABEDYIBNFAEEERNELD
FPUARNORY RTlE, R CHRNSIEZEIRT
BIEHIC, POF2TI—FETY FO—SDARIFE
SN EETD.

B 7 OF 1T —% (SEA) &, #HERH
Y EEEROmSE UTHERET DI, ba—< Y
—ORy bV FS59 3V TIHLFBEINTVS .
SEA DERETTIE, #wp1 v E—5F A EH4EE
ZARTET DEMERDIERICEELLD. BIEHIEN
EOAVTSATUANEL DN, HiffsEEhises
5. TDfc, ERD SEA DL (&, LB SHHIML

4. ECIRBEIDFIHAZ~DERA %
4.1 NSEED¥MEY=alb—v3av
4.2 EClBIENE AUV EIREBUDE R
4.3 NSEA OHliHEEERET~DIEND
5. HEhHiE

IFERETITIE DTS,

B EDK DTSR MEICR D TEIERIIND b
L— A D%Z%iRTDce, INFTHREIMT D
FaT—% (VSA) PIFREZ SEA (NSEA) DR
NTEfz. VSAE, E—FFIcFEMISMIMTEER
BZMAIU Tt ZREIT D ENSELEDABT
bbb, FlEAE#EHL<ITSH?. —H, NSEAIF,
FRDIEDH X U THIMDZED DFAD K S IFEY)
PHEHRERDIED Y, VSA KD BHY Y TIVIgHE
W CAZRMINMZRITCESD. YV TIVTIVINT ML
B CIREHIM 2RI EZBRELT, N
FTE LD NSEA BMERSN, LS NTEC.

* IIMFRFEAL HASEEERTEYSY— BIESH

NSK Techwical Journal No. 697 (2025)



10

NSK

CNS5D NSEA ([C[E—EDFmhidd—r, 28
HH2. JLFRPEAZEALE NSEA (&, /8-
BEQFIF1TI—FERRTEDN, EATUVR
([CROCRIMEHEDETIVBEMES EDTENS
HIESEIIR<FEOTUED ¥ Y. ARTRLIEGE
Bl ERE LT, T—U—J0Ov IPANLES
AU NSEA IE, TDEEDEMIND SEEPERE
WEFEICKDH0BD Y 7. e, JAIUIEREE
R HHED T S & CIHRERIMSFHEZRIR UTc
NSEA (&, BIERHEOETIVEEFESVD, HEE
MESIEDOTULEDS?. B, BAVE—FIVR, 5
BEEAHE, BROSEIMED/IS R ZRIBOTRER
RIS 2O LVENM P I F 1 T—5
[ Eray SV

ANEDEEFEREER CHRTENd &%
&, PV RORwY hME, H70 Lo EREEEEIC
EDWTRE - DESINDOH—BRNTHD W 2.
ZDreH, ERESNTLD SEAD%EL(E, &R+
LT EHIEEEROERICEDNTERSI SN TS
LM U, NSEA [FIERESFIEZRDIc, BRESE
B COfEHNT - FRETHEE L.

FHRIE Y AT LDEIFTFED—DTH SECREH
&, RN BARBSERTFEELULTERLULY,
RV AT LDOEEZ#ENTIT DELFECHD
2 SSREAMIE, FOEBBUYPIIEN SR
LFEDOFR THRESIFTIEEEDTNDN Y, B
DHIBDED TIE, NSEA DEREHEHIfEDZsH DR
BB S AREEFTHONTLEL. ZTTEHARX T
(&, ECUREAFUEZ U NSEA DR MEL AT P
EEHI DWW D .

2. B MERDEEE

HMERF, ba—vr-0ORY MUY S5T3
VOV OIFAT—FDHIMEBEICKESFET DI
&, ZOEKICEDETCHRETINENDD.
AEIClE, FTUELEAONLIETFaL—23
VAR (POF1T—IHFEOES MNUIRIET
IEIREN CEDRFERED) (CED IFEHMUEEFRD
REFIEEBNTD . RIT, FEFEAUERER
I OBRDERBZRNT .

2.1 AEMERORE

B 11 1B Joo EBR D ZZSTEMESNIZTE
S OF 1 T—F%Zmd. CNODIElE A
BEODE—IFMERETE— AT MEFMEARDZX
El

NSK Technical Journal No. 697 (2025)

Tho(Tls Ths)
! I Elastic -
§ Tact PooElement N
\ uman
§ Dact : )

B1 [BEESNcBESsEEIF1T—YDHER
Fig. 1 The Schematic of the simplified series
elastic actuator

COETIVE, —REICABEDOBERFFTIF 21T —
FEOBEL®, ABOESE, VT LREER
ZEICT D EFBVEWVDIFIHENSED. HMHER
DI Keea D—TEDE;, FHEBRROENDNLD T 151
(1) TEED.

Tls = Thb = kxeae (1 )

Fle, B1 D7 0F 2TV AT LDEEHIE
N R(2)TERED

Jact 9 + Dact 0 + Thb = Tact (2)

L), XQ2) KD, POFaTI-IDAHNL
T T DNOHIINILD T FTORERES, TN (3)
TxED.

Thb (S) B kseal (S) B ksea
Tact (S) B Tact (S) B JactS2+ Doacts + ksea

€))

CDHE, YATLDTAVHEBBDDTFT
U= 3 VAR W E () TERIZENTED

ksea (4)

Wsat =
Jsea

XM BKRTXN @) KD, BREADMVI T o BK
OUFal—YaVEARB W BRRIEDHE G na
DERERRZRBNTIC (5) THIME ke ZRET D&
NCED.

Tmax
ksea = C()szatjvea =5 (5)
Omax



NSK

2.2 FFiRRzEEER (NSEE) DEET

NSEE O#lsN =R 2 [C7"9. B2 D NSEE &,
2ARDT7—LHR O ZHRDOICEHEEL, 5I5RIER
THRESNTWVWSD. —HA07—AF, BHmEEEZ
NTUCTE—YTERESN, BOI—7IE, HEpafEs (A=)

[CEFESNTLS. 2(CBNTC, [FDOEE I,
I (6) TEKHHND.
Is=+/R2+ r2—2Rrcos 6 (6)

(FROBERERD R, THdEE, Ty IDEAINS
BlERDERA Fo (&, Bl k. RS DB (7) TEX
8s.

Fv:ks{ls_ (R_I")} (7)

(FRDHZE n&£THE, NSEE DESINLD 1 1,
N(B)NSEIETED.

Rrsing _ nksRr (1_ (R—r)
Is VR2+r2—2Rrcosf

Tns= s )sin@

®

1L (8) &b, NSEE DM ks 1, 0 (9) DLDIC
BEIICIHUTCEIETHEVZD.

d‘L’nv(Q)

s () = (9)

COAEICHUIEBIMEDZE(EICKL DT, NSEE (&
REAIMERE B Cea—~NYA VIS0 3
HEED B ET DN Y, ZOIHRFIED S HIEER L
BEHOERMEFRICED UV, BRHEE CORETE
TR CTHD. LIFTIE, FEREEBENICERN
CTEDERBILERENFIATHDHEMBEHZHNT,
NSEE DREIREEE CHIFDHRET EM7ZRD.

3. NSEE D&z AL R

KEIC(E, SEREESEM 7 I F 1 T—5 DREIKE
AR 2T Icth, FFREHIEERDECNEEE
ZEHTD.

2
2(’; ) p_Rr cTBE T (B) Y

—UVERZRWC, 10 TKIIENTES.

2 RIS ER ORISR
Fig. 2 The Schematic of Nonlinear Stiffness
Elastic Element

Tns = nksﬂ a_*_102 93 (10)

IEFRIRICH S DIFKRIZ) \RDOEHZEM O D, 6
=Asin(W)DIETEREDETDE, TIFUTDT—

DI CRI CENTED.
a & ,
Tns (1) = 5 + Z (ancoswt +brsinwt) 11
n=1
T DEEYCHDENS, COIFRFERIFIRR

W CHDEMRETD. LIEHDT, an=0&0,
BEAMS a1 & b DHTEETDE ™,

s (f) = aicoswt + bisinwt (12)

E/

_ 1 _ 1
b= Vo+A4?+Acoswt b Vo+A4?—-Acoswt
ETDHE W (12) ROT—UIREa & b ld U

TOEDICIDBHTED.

1 T
ar=— ./: ns(t)coswtdwt

I’lkvﬂ 3
_/.7[ a+(A81ncut)2 (4sinwt)’coswtdwt
(13)
1 T
bi=— [ Tus(t)sinwtdot
"kﬁ _a  a*(butbn)
/ {Asm wt 2A\/+7AZ Y dowt
(14)

NSK Techwical Journal No. 697 (2025)

11



12

NSK

x = sinwt, dx=coswtdwtETDE,

nksﬁ sinz
sin—zx a+(A )2

(Ax)’dx=0 (15)

Z= eiot, cosa)t=%(z+%), da)t=—%dz ETbHE,

1 peir 2i
bidwt = dz
/ Al z2+2z /AQZ+I+1
1 ein
:_ng,i,, fi(2)dz
(16)
1 perm 2i
budwt = dz
/ Al im 72—z /AQZ—H—I—I

1 eir
=7 ~ faz)dz

e—in

(17)

RH016), XODICBWC, £ & 1 (FERD
B—DR=EI DD
DZEARHETRETH D 2.

{ fi@dz = 2riRes(fi- | 5 +1 +/Z )

= 2xiRes( fi, p1)
e 2md
= lim (z—p0) i) =~

Y XEAT
BHEELO(18), I(19)

(18)

Linear Element

f.j:fz(z)dz=27riRes(f2, /%%—1— %)

=2riRes( f2, p2)
. 27A
=lim (z=p2) f2(2) = 727
(19)
H(12) ~xL(19) KO, NSEE DEABILY 10 [F

10 (20) (SR I ECRBIEI N, (A) EAEZE[ O TKRI
EDEIRETCHDD.

2
Tns = I’lksﬂ{A‘i‘ 70‘(

1
—1)}sinwt
A \/1+§2
kﬁ{1+2a( ! 1)10=N:(4)0
= NKs 5 - =Nt
A2 Ji+ 4

(20)

PlEKD, B1(ITRUJE NSEE Z#MERE LT
HIPARTET OF 2T —F VAT Ll BIICRT
RO IR BEREFFREBERZRE I D T — N\ T
VAT LEUTKRIZENTED.

Nonlinear Element

Tact T K 0

3 2
JactS® + DaceS

a 1 . Thp
14+ —
a

B3 NSEADT—hN\wITURT KR

Fig. 3 Feedback system representation of NSEA

NSK Technical Journal No. 697 (2025)



NSK

4. EBBMOFEE~DERE R1 7T ars
41 NSEEOOYEY=al—vyav Table 1 Actuator Parameters

3B TEY UCEikBEED 515 5N 2 BRI ltems Units | Values
MDY ZNERT Sz, MATLAB/Simulink IR Actuator Inertia Jacx kgm? 0.005
ED Simscape 24/ JSUZEERULT, YEY =2 Damping Coefficient Dac Nmf(radjs) | 0.1
L—yavEaole. A1ERT1ICEDE, BHE Number of Tension Springs n — 4
REFHER, $2 ETHEN U NSEE IR Stiffness of Tension Springs k. | Nmm | 32
BN\ RXRBREUVCER L7 OF 2T -5 DYRY Length A mm 70
S2L—YavEFIERAICRL, ZOBMRSE Length ! mm__| 40

ZE5 (CRT. ®R1D/ISA-—FHIUES Ol

Motor Shaft

(1) D> EBR - R/WC O
Torque Input ¢

Output Shaft

f(x)=0 <2 2

MG

A
A\\\

K4 YEI=2L—Y3VETIL
Fig. 4 Physical Simulation Model

15 /
10

- 5
£
£ —
Z
= 0
&
o //

10 //

-15

-20 -15 -10 -5 0 5 10 15 20

Deflection Angle [deg]

5 NSEE ORIl
Fig. 5 Stiffness Characteristic of NSEE

NSK Techwical Journal No. 697 (2025) 13



NSK

FrEE, (4) &(5), B ITEDVT MUIIRIE
+ 15 Nm DB, YFal—y 3 VERED 15 Hz UL
FICED I EZBOTEEFENE. BB ITRIED,
AP OF1TI—FETIVOBIEIE, TchHBICH LT
RLICEBINTD. COIFFEMICKD, FEEEESR
"B Y DIERD SEA (CHART, B MEVXREIF D
VITSAT VAMELIED, BN EVXEEHIEH
HIRNIL<715D.

COYBETIVICIEZRE MUY T ZANL, HTD
NIV T ZERIT & T & CTRBBILDEBITZIT oI
BRAQTEIRIE & BRED ML o Z A UTcBaDYIE
VZalb—Y3aviERZEG6 (ICRY. B6acsE6Db
ZEHERITSHE, MUIREBARKEVEESVERET
REILCWLWDHTEN DD, B6cEE6dZEHET
5¢&, BUBRETCHOANNUIIRIBICEK D THA b
IWORBHORIED CEDh D, INIE FERRE ML
POFAT—FICHBVTIE, AF MUY DIRIEICIHU
THF2U—Y3aVERBNE(LT D EEZEHRLT
WD, FEINODERICIF, ASTIKDDBEVERE
DIRBIDNZFENTWV\D s, BREINERRTDIZHD
TAVERDDEDEUL. ZTTABTIE, AD
EORDERZ TEUL, I (21) (TRITBOEMEZ
BOWC ta St TCDT A GZETE L.

o JszTrhbz(t)dt
S a2 (1) dt 2V

AFINILD DiRIEZ £ 1[Nm] H'5 £ 15[Nm] ET
ZESET BRENEFUEZETUCERZET
([CR9. RIRUTck DI, EF0REIRENF ML I HRIEIC
KD TERIELTVZ. &z, RREBIMEDEEERED,
BEERSHZBADET AN 0dB IFERTRBL
TWdTEDDHDD.

4.2 FCuRBIEZE FAU e BIRESE T

RIS, MATLAB/Simulink ZHWC, 553 &8CE
B UM ZSTR3ID T+ — N\ IV RT
LOBERBINE# T 2T oflc. AY=X2L—>3>7T
(&, NSEE DA MLIIRIE AT ICHT DI (20)
WDANZMIRIE A ZEZR I DUNENDSD. LD L,
NSEE DMtz d = (8) ZRWC ML 1, D
SERRZMN B E[EFTERFRV. T TERY =2

—— 1 Nm —8—*£3Nm

20
10 g'%-"ﬁi:‘-“ —#—+5Nm —e—+7Nm
o — A A +9Nm +£11 Nm
-10 \ \ \ \ —o— 113 Nm—e—1+15Nm
T AV
3 30 N S
£ 40 \ =
© ~N
© -50 \\ —
760 -
70 \‘}
-80
5 10 15 20 25 30 85 40
Frequency [Hz]
K7 WYEBYZa1l—Y3VICKDERBINERITER

Fig. 7 Frequency Response Result by using
Physical Simulation

T 2 I

— 20 P = = =Input Torque || . = —noutT
= /\ l)\M Output Torque €1 N neut forque |
=z 10 v/ g H z _ - N7 ~D — Output Torque
% o P ! -\hﬂ g 0 PR -
o S\ o Se L -
N VAL 5 AP

; : V4

-30 -2

0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9 1.0
Time [s] Time [s]
(@a)=15 Nm, 2 Hz (b)£1 Nm, 2 Hz

40 72 W Yo 2 I
_. 30 I/\\ /\\ — = =Input Torque | — - = =Input Torque
§ 20 1<\ A\ ] Output 'Eorqu‘e il § 1 ;7N , \\ 7 Output Torque [ |
A DY S | 2720 N - VA SN R PR
2 N\ /[ N /[ N\ /[ N & N N\ A / \
2-10 = N\—, 2 , \ \ ’
S Y -1 \-/ S 4 ~ s N
- \ \/ \ a

-30

40 V V V -2

0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8
Time [s] Time [s]

(c)*=15 Nm, 12 Hz
K6 WEIV=1U—Y3avER
Fig. 6 Physical Simulation Results

14 NSK Technical Journal No. 697 (2025)

(d)*1 Nm, 12 Hz



NSK

L—>3>TlE B5hUH (6. 1, (0)) #HVT
UL THE, 10 EZa—bhy - STYUED
h5, R(22)ZBNT AZEE L. TTT, (6 1)
FANNLIIRIE A T ICREED I BEBOY Y TUY
AN

_ Tns (01) _Ar _ (Tn.v(ei) _Ar) (0[ + Hi 2) 2
(@) nksf(Bat02)0:>
(22)

A =0

K3DIATAIC, HFLEIREBEBREBO NLY
EAAUEBEDYZa—Y 3 VEROHHZE 8
[T . FICEBARDRSHPFEE LIRS, Y1 —
2 AVERFTRICEFE—RULED SR, IREIDHIDIC
BREUCERBEBHOEIHELL TS T ERDED

ATV DIRIEZ £ 1[Nm] 5 £ 15[Nm] & T
ZExE, B3 DYRAT LADEREICERIEZ B
UHERZR9 ([CRY. B7 BT DE, SouhE
HICKDIELIDIZ, BERIREEDZHET A~
BRIV ERbhd. MEBETILEERBEHRET
O EOIVOXABEHZLER UCERZER 2 (CRT.
BEANNUVIRBICBVWT, WEY=a2L—Y3vE
FILER3 DY AT LADOTEOZORBRBDED £
THzZUANTHD T EDD, KX TEH Ui
HFHEFHZEZRIECECLVDHEEZ S5ND.

BlEKD, EORBEUAIR, RHEDBEREERICSIT
BDIVART LDZEEZPRMICHS I CTDHDD, £
MTEXRTTDY AT LAWEEHDT TV AT LAND#E

30 T
. ~ = = =Inpu H
E fg N_D Ao —SSt;ut_D.F. i
= . ~ ——— Output_P.S.
é . \\ ﬂ/
£ VA

-30

05 0.6 0.7 0.8 0.9 1
Time [s]
(a)*=15 Nm, 2 Hz
40
A A -

_ 30 = = =Input M
£ 20 4\ \ Y 0 bE L
SRR S\ — N — S —
= b \ N7/ I\ W/ A It \ W/
g0 \ -7/ Y -//

0 \ // \ // \//

—40 V4 4 v

0.5 0.6 0.7 0.8
Time [s]
(c)£15 Nm, 12 Hz

K8 B EAVEYZa1lL— 3R

Fig. 8 Simulation Results with Describing Function

Torque [Nm]

Torque [Nm]

RICIFRFADSD D, SHELEMIEBDIILES. K
MBIEUA(E, ATEREO BB —EDY AT LISE
RUGEICRDMIRNTSHD, BRNEANESZR
DYRT LOEFIFHEETDH D

——*1Nm —=—=£3Nm
~#—-t5Nm —e—1t7Nm
10 DA +9Nm +11 Nm
N\ | |—e—+13 Nm—e—£15Nm

Gain [dB]

L LLy
o o1 O o1 oo

~— —

=

0 5 10 15 20 25 30 B85 40
Frequency [Hz]

9 EoEEEZ AW EREINE BITIER
Fig. 9 Frequency Response Analysis Result by
using Describing Function

|
N
o1

F2 YB3V EERBEHOTOIORERMTE
Table 2 Zero Crossing Frequency Comparison between
Physical Model and Describing Function [Hz]

Input Torque Amplitude [Nm]
1 £3 b +£7 £9 =11 +£13 £156

Physical

Model 9 13 15 17 19 21 21 22
Describing 13 15 17 19 20 21 22
Function
2
g = = =Input
! S Output_D.F.
0 Z ~ Output_P.S.
) "/
=2
0.5 0.6 0.7 0.8 0.9 1.0
Time [s]
(b)£1 Nm, 2 Hz
2
- = =Input
1 7N ;T -~ Output_D.F. []
/ N _— N ,, Output_P.S. Y
0 ‘\ N~ \ / N 7 x|
» N4 N_7 N_ s
-2
0.5 0.6 0.7 0.8
Time [s]

(d)E1 Nm, 12 Hz

NSK Techwical Journal No. 697 (2025)

15



NSK

4.3 NSEA O#lffIZzs5t~DENHD

CNET NSEA DHlIfIgsIE, TDEMED ST A
V2T I a—U Y THENEREINTERY Y. L
U, REROTA VAT I 21—V TR, REMH
DIRFEICEBN D o e 2. AR TR U sCukee
HDBAICLD, NSEA DOffHERRETNDHILT
JO—-FhaEsdsd. (200 B3 DS, X (23)
DiED NSEA [FHREI S A—5%E) (LPV) Y AT I
EULTETIUNEENS.

G (s A) - KN:(4)
’ JactS2+DactS+KNr (A) (23)

X (23) D LPV Y RT LI, SHAIRREE/ (S A=
A DB THBDICD, INSA—YEZH(TEINE]AETR
H coflflEREHTE L T2 2. MERDIERERICH
(T2 H coffilffizz(d, NHESRMEPIFRHIEICLOTE
T2/ (SA—IHEILENELEDNETH oI
B LPV Y RTATIRINSGXA=F ADUTZILT A I
BIGHEZ THD.

N(23)DLPV EFTIVZERTHELET, O/ b
I LPV AN—AD HooFEZHRAT D ENTE, 3
AT LEBDIFREE P AR UL CO/NA KT
HOIENS, FELEDD D fHZERETZRIBCED.
COETIVIE, SHICKRET «— NNy IBEE LT
EIUESN, BIRE LPV &Y L —AD—2J 0|
ARABT ENTES 2 2.

16 NSK Technical Journal No. 697 (2025)

5. HEHE

KRR ClE, BROORY hILR2CBEVWTCTEERLE
R CHBDIREEYHM 7 IF 1 T - =ZHN T DI
$HDY—ILELT, FEEdBIRIADA Rt 2R UTE.

R TR ONICERIVRSRZIREL I HI8HIC, &
MBFN S/ ONCRRZEYIE =21 U—2 3 VDG
RepwUiz, INSDIBRN'D, ECkBSRUADHIE
BN\OEAM 7RI HEMIE SN .

Oy ~OTHRIEWVNZ DIFFEETEMET I F 1
T—%1F, ORy bHREDKSICEHL, BFEOERE
CEDDNZERETD. ARCTIF, ORy hIRICH
(TDBADL S FEEDEMSZHRUVIEET D2
DU BIRLED A REtt 2R UTz.



NSK

SEXH

1) K. Kong, J. Bae, and M. Tomizuka, “A compact rotary series
elastic actuator for human assistive systems,” IEEE/ASME
transactions on mechatronics. vol. 17, no. 2, pp. 288-297.
2011.

2) Z. Li and S. Bai. "A novel revolute joint of variable stiffness
with reconfigurability,” Mechanism and Machine Theory. vol.
133, pp. 720-736. 2019.

3) N. Fahse. M. Millard, F. Kempter. S. Maier. M. Roller, and
J. Fehr, "Dynamic human body models in vehicle safety: An
overview, " GAMM-Mitteilungen, p. 202300007, 2023.

4) J. Austin, A. Schepelmann, and H. Geyer. “Control and

evaluation of series elastic actuators with nonlinear rubber

springs,” in 2015 IEEE/RSJ International Conference on

Intelligent Robots and Systems (IROS). IEEE. 2015, pp. 6563—

6568.

F. A. Rafeedi, J. H. Yoon. and D. Hong. “Design and control

of a novel compact nonlinear rotary magnetic sea (msea) for

practical robotic gripper implementation,” IEEE Robotics and

Automation Letters, vol. 6. no. 4, pp. 7643-7650. 2021.

Y. Zhu, Q. Wu, B. Chen, D. Xu, and Z. Shao. "Design and

evaluation of a novel torque-controllable variable stiffness

actuator with reconfigurability,” IEEE/ASME Transactions on

Mechatronics. vol. 27. no. 1. pp. 292-303. 2021.

H. J. Bidgoly. M. N. Ahmadabadi. and M. R. Zakerzadeh,

“Design and modeling of a compact rotational nonlinear spring.”

in 2016 IEEE/RSJ International Conference on Intelligent

Robots and Systems (IROS). IEEE. 2016, pp. 4356-4361.

|. Thorson and D. Caldwell, “A nonlinear series elastic actuator

for highly dynamic motions,” in 2011 IEEE/RSJ International

Conference on Intelligent Robots and Systems. IEEE., 2011,

pp. 390-394.

9) T. Chen, R. Casas. and P. S. Lum. “An elbow exoskeleton for
upper limb rehabilitation with series elastic actuator and cable-
driven differential. " IEEE Transactions on Robotics. vol. 35. no.
6. pp. 1464- 1474, 2019.

10) Y. Qian. S. Han. G. Aguirre-Ollinger. C. Fu, and H. Yu.
“Design. modeling. and control of a reconfigurable rotary series
elastic actuator with nonlinear stiffness for assistive robots,”
Mechatronics. vol. 86. p. 102872, 2022.

11) M. d. C. Sanchez-Villamanan. J. Gonzalez-Vargas, D. Torricelli,
J. C. " Moreno, and J. L. Pons, “Compliant lower limb
exoskeletons: a comprehensive review on mechanical design
principles, " Journal of neuroengineering and rehabilitation, vol.
16. no. 1. pp. 1-16. 2019.

12) D. A. Winter. Biomechanics and motor control of human
movement. John wiley & sons, 2009.

5

=

6

<

7

=

8

ot

13) J.-J. E. Slotine, W. Li, etal., Applied nonlinear control. Prentice
hall Englewood Cliffs, NJ. 1991, vol. 199, no. 1.

14) J. Gibson, E. d. Tada, J. Hill, and I. S, "Describing Function
Inversion: Theory and Computational Techniques, " Department
of Electrical and Computer Engineering Technical Reports. Dec.
1962. [Online]. Available: https://docs.lib.purdue.edu/ecetr/512

15) B. Kurkcu. C. Kasnakoglu, and M. O. Efe. "Disturbance/
uncertainty ~ estimator based integral sliding-mode control,”
|IEEE Transactions on Automatic Control, vol. 63, no. 11, pp.
3940-3947, 2018.

16) J. Prawin and A. R. M. Rao, ‘Damage detection in nonlinear
systems using an improved describing function approach with
limited instrumentation.” Nonlinear Dynamics. vol. 96. pp.
1447-1470, 2019.

17) D. W. Robinson. ‘Design and analysis of series elasticity
in closedloop actuator force control.” Ph.D. dissertation,
Massachusetts Institute of Technology. 2000.

18) H. Yu. S. Huang. G. Chen. Y. Pan. and Z. Guo. “Human-robot
interaction control of rehabilitation robots with series elastic
actuators,” IEEE Transactions on Robotics, vol. 31, no. 5, pp.
1089-1100, 2015.

19) W. M. Dos Santos. G. A. Caurin, and A. A. Siqueira, "Design
and control of an active knee orthosis driven by a rotary series
elastic actuator,” Control Engineering Practice, vol. 58, pp.
307-318. 2017.

20) I. ESL, Complex Analysis. Pearson Education India, 2012.

21) K.-H. Pho. ‘Improvements of the newton-raphson method.”

Journal of Computational and Applied Mathematics. vol. 408, p.

114106, 2022.

M. Albayrak, B. Kurkcu. and S. Ayasun, ‘Switching based

mimo robust autopilot design: A munition example,” in

2022 IEEE 13th International Conference on Mechanical and

Intelligent Manufacturing Technologies (ICMIMT). IEEE, 2022,

pp. 302-307.

23) Y. Han. Z. Xu. and H. Guo. "Robust predictive control of a

supercavitating vehicle based on time-delay characteristics

and parameter uncertainty,” Ocean Engineering. vol. 237, p.

109627, 2021.

B. Sereni. E. Assunc,ao. and M. Carvalho Minhoto Teixeira.

“‘New ~ gain-scheduled static output feedback controller

design strategy for stability and transient performance of LPV

systems,” IET Control Theory & Applications, vol. 14, no. 5,

pp. 717-725, 2020.

25) P. Apkarian, P. Gahinet. and G. Becker, “Self-scheduled
H o control of linear parameter-varying systems: a design
example, " Automatica, vol. 31, no. 9, pp. 1251-1261, 1995.

22

=

24

Z

NSK Techwical Journal No. 697 (2025)

17



NSK

EEEMEFIARER Y A7 LRAED

R

Development of Condition Monitoring System for Linear

Motion Machines

T. Miyasaka

The need for condition monitoring at production sites has increased due to the expected benefits, such as reduced

downtime, extended equipment life, increased productivity, and improved safety. Monitoring conditions in linear motion
machines requires diagnostic technology for both the entire system and the components within to make accurate

assessments even when operation patterns change.

Here, we introduce the development of a condition monitoring system that can be practically applied to monitor

conditions in not only rotating equipment, but also linear motion machines.
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Low Friction Tapered Roller Hub Unit Bearings for Electric

SUVs

M. Tanabe

Recent progress in vehicle electrification requires hub unit bearings to improve electric efficiency by lowering friction.

At the same time, reliability in the field is just as crucial as before. Tapered roller hub unit bearings used in heavier vehicles

like large SUVs need particularly high reliability as they tend to be used in more harsh environments. Friction reductions in

tapered roller hub unit bearings have been limited as they often conflict with reliability, but in response, NSK has developed

low-friction technologies that reduce friction in tapered roller hub unit bearings by 52%.
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Development of Plastic Materials for Reduction
Gears in Electric Power Steering Systems

H. Kiyota, T. Hiramoto, A. Kubota
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In recent years, automobiles have become heavier due to the spread of electric vehicles (EVs) and stronger automobile

structures for higher safety. At the same time, there is a need for higher power in electric power steering systems (EPS).

Though larger EPS can deliver higher power, this makes mounting difficult.
Plastic gears within the reduction gear can significantly reduce EPS size, but these are increasingly susceptible to

damage as they become more compact and EPS power increases.

Furthermore, peeling of plastic tooth surfaces is particularly problematic.

In response, the NSK Group has developed a compact, yet highly durable plastic gear by increasing the molecular weight

of polymer matrix (PA66) material to prevent peeling of the tooth surface. This makes it possible to provide even high-power

EPS with excellent mountability.
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Fig. 10 Plastic gear tooth surface damage from forward rotation fatigue test
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Improvement of Basic Dynamic Load Ratings for Rolling
Bearings Using Highly Accurate Life Prediction Technology

K. Oguma

NSK has developed the world's first method to accurately predict the life of rolling bearings made with steel based on

statistical data obtained by ultrasonic detection of the non-metallic inclusions within.

This development enables NSK to increase the basic dynamic load rating (C) of bearings up to twice their rolling contact

fatigue life, thereby helping advance carbon neutrality efforts by reducing the frequency of parts replacement/machine

maintenance and allowing for equipment downsizing.
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Fig. 1 Mechanism of flaking from non-metallic inclusion

48 NSK Technical Journal No. 697 (2025)

¢ ¢ AEBHEDEL
HEZRTD

Hseeh EHE

TRFEL-(FLD



NSK

3. EHW b EFZDHFMETESE

ISO ##& (1SO281 :2007) [CEHHNTWVDER
WNO#MZOEMFEALEICLDE, BERAEKRSD
Lo (B4I:10°[@ER) (&, ERENFHH 100 A0
EHBDELEDBFTECHLOIEAHERTEC &, #
2EE P BKrOFEFRM p ZAWVT, Lo = (C/P)P
DEfRZRI SN TWVD. CDOETEIIE,
Lundberg-Palmgren S I UTclF < BEEF IR
DR TRIEESN, 1940 ~ 1950 FLEICFE SN FHFdn
ABRERICE DS ERTHZZATLDDOD, RE
[CBVTORDEANLEN D #ZOHFMtEFAE
LT, LLAASINTLS

UDUIER S, BRDFEFamstERX CIIIFRBNEY
DU A ZPENFBICBKRETHENERIN TS D
9, ISO MEDFmeTEMEICK U TEBEDEND &
NEWEIXRBICEFBCTHD, BM2DKDIC, KE
<Rt LICRRELEDOTLD

—MAIC, MZEETET DERF, FRREDEHRZ
BHECTHEFDEBLCVD I EZHERL, (F<B
HEEDURIMEVEZZEET SN, ISO [CHID
TEFECHEBE U TGS, BRERZERZE ST
WD ENDD. TIEhE, BICREFMZT A AKX
bHREL, BHULIEREAREID OEREANY T
DE|MZMEESNCVDIEENDS. ERLRDELR
275, K LB RNEDEVERZEET S &
HHESRNIE, MRPENERISHEE T 2 TXR)LF—HH|
WCE, R ECA—RYZa— MI)VHR0ER
[CEBMTED.

99 b
90
°
ko) 50
°
b KT
B e O e
5 ETEEm
f
Life, h
E2 SO BEOFmEMBICHT DEBEDERDDIEN
=

Fig. 2 Actual rolling fatigue life compared with life
calculated by ISO standards

4. SEFEMZHELT SEMEESD Al
BIRDED, NN ERZOFEF@MERE I RIDE S
En@<HF5ULTHD, INZEENITRT TENHE
MAEREZBERT DF—RA Y hTHD. TDKDH
B=NH, NSKIFHBERFE UCRERIZ AWV TA
E UM pDOIFEBNMTEYPDARE S PEDTE T —
Y&, MIEALIRBZBVCMASERRBEROZ
DY=al—Ya VEERZDEIC, FFEBNTEY
ZRRRICUTEUD < BEFmZSBECTAT 1%
fiT7zEIL UTc.

RIZ, Micro-UT &E&f[TITTCBERFEICELDN
BRbEGEEBNEY) BT E, WEANFDEAS
ZEND AN LW Ea FARGMTIIC DWW CEERR T

4.1 NSK 7 U I F )LD EHERT - Micro-UT
HMROIFEBNEVOTMES LT, B3ITR
Utk SN FBEMBEZ AV CERBRICKDFE
B, TERDSIEASNTEE. TOFEF, NEYD
RKESPEZERENICEHOL TWDIZH, BER2EDE
S=RWHEHFEREUVCIERBICEMTH O/
—AT, HBMZOMREICHENTEHHEREANEL
CEP, FHAICHEBLRY Y —IBRENTEND, (&
<BEDTRICHAWVDINSA=YDEETIF, To&
FEAED ol IMAT BEEDEREESD Micro
A XDIFEBNEYHIRHETE, BDIEFIATIRE
TREEMBEELLED ofc. FI T, IEEBNEY
LANIL (Micro U4 X) OREZE&HETE, BEDI%
HICSEAR R BE RIMEMZFFE L, Micro-UT
EAMTTE.

—

P N\l

BREZIRE S e

fatRg (IR IA D

EEBEDBMIET
OEDUEDER

3 EROMELEREFHMmEDS
Fig. 3 Example conventional method to evaluate
material cleanliness

NSK Techwical Journal No. 697 (2025)



NSK

Micro-UT CTl&, B4 (CRUEKDIC,
mm XREIHE mm ZEDENZKEICANTEE
BREZITD. MR WIVSSEFEBNTEYZIRHET ©
BEREEAE, SNV TOHEFEREETH DI
0, BEREOEEENUSHDIEEBNTEYDEST
TERDIE
100 um

EAEFEDZ < DFER
HiFBE

REERT,
algelCiE o T

chnickb,

Fofe.

BEERHT

REMEE CIFRE DRI TH oIz,
RBDRESDIFEBNEYZ EEICRHT D EN
WERDITAEELR U TR
R CRIFEDFHENTRELTED, FFEBNMEVND S
mICBEADBEREDESWVRE T —5 DESH EIREE

4.2 SHEEEM TR

SEEREER(E, TmDEZOF < BEFmAIiL
BT TENTED. INF—MICHSNTULIED, Z
NZESTERICK O TRBELKHET DFERIGINET
[FEhofc. £ T, Micro-UT EiTDREFRE EALT
LT, Micro-UTICK>TESNBDIEEENMTEYD
RKESEEOHBET—FZEFRALT, F<BFmZET
BT DEATOBRREICHEDMBATE.

NSK TEA L TW S EMHEFEFED—DIC, U7
WV A 7 TO—FHHD. U7 ILTIZIL
VA7 7O-FEIFE, BRUTIV) ZBEKRUFEMIC
BIBEIDIET, ZORRDADS T UDRERZILT

BErEJO0—7J

\

(RIFSHSER E e

N
#1172 Z DE T KEICANTIRE

AIELIENS TO—T%E

Ik

) A

() BERO—EH S5

(x3-)

v

S

‘y//uT%

4 Micro-UT AiTDERAA A=

Fig. 4 Micro-UT method

50 NSK Technical Journal No. 697 (2025)



BICBATEWAS T UDAREZT IS U CFIED
LU, AZ2UDFRELNSY ) 1—Y 3/ EEEHT
EVWDFETHD.

OO EZOSEEHS M TAMICSITDIRR (U
L) OBKREULT, AIKRFEZBWVCMA SR
b“‘@é 1) 12).

RO LLLEASNTEZDIF, BRFEET DI
FENMEYZODLOZEZENICFHILEID ETHFE
Tholec. TDHEE, NMEYOHIRICEENERNES
<BFRNDIEP, MEYHR=-70U4 XTEDABD
[CHEET DICHIC, BEBEREODERERRIRETHD
CEREEN, EENFIRFIBRDEEE S Lo CLfe

ZI T, MEYZRUICALIRMEE UTRUNVE R
VN ZEERICS U, TORMAFHMERZITDF
EEEEUC. CORRFEZRAVCES, RUJILIR
DTy IBpZEERE UCETHNREL, TNHER
UCIF<BEICED. TDRER, BB ICRUEKDIC,
FEBNEYEEFFFSBENBIRIND. CNICK
D, KDY A XA PAENEADEZOD(F < BEICKX(F

HERTENICFHAE TS ENTREE ST

ETHIC, B6ICRUicKDIC, AIRBAEDICHE
49D N7%Z FEM (BREFRZE) ICK>TETL,
NENFERDSOFHIBIT o fc. BIEDIARICKD
FLBEEDDOATDE, THOERBETCHDIEN
H5NTWVD. £C T, THERZEENICHDOIRD
CEDTEDWIRNZI NS X—5 =LK R EZ B
WCHmZEEUC. WK FR-IE, EHELTR
gt XEPDZEZATHD, TNODFEZRERIC
M CEDIBIECHD. FHRDMAGFERICKI>THEDS
NicHFmT —51F, WAL RFREIC K o C—=EICEIE
TEDTERTD o

MAHEBDER, BRUMN =2 X 10°10)L
TRIEZCTH AT > TIVICBIFD A 7Z, &
HOERTREFREAKEERL, RBRTHA-B
ZRAWCEEBNEYZERICEUD G <BtHFmEtE
nZE8HU.

T ’ cyY
L=4 l:AKn—AKnth] (F)

TTT, TIFBEmDEEAD SR D HEICKS
CTIERAT 5B ARINZRLTHED, BZOASTE
HETENZHEEDEICHETES. HRDEBD
AKyEREEY A ZEBHICE D TREDI (S A~
THBICH, IFEBNMEVDREE EBARILTIDIE
EESTRHENB.

BRUEID=F2T

5 AILRbE7ZRAVTRES R
Fig. 5 Fatigue test using artificial defects

B6 XMEFOLODHDIY=aU—3/Ef
Fig. 6 Simulation and analysis of stress near
defect

NSK Techwical Journal No. 697 (2025)

51



NSK

5. SIEMEDORZ 3L (BXEEHEREEC D

E.L)

CNFETITHBARIZL S, Micro-UT ik o
TP FEBNEYDRE T — Y ZRET DT ENT
&, AR <BEEHEERICRATDI LT, M1
EREOFEEER LR <HMENEEENCTAT
BTENTED. TNSBDDEMEBHEDED
TEICRD, B7ITRULERSIC, MRE2EEE
BURF<MEDDOBREFTANTIESL L. 20D
R RETHEORENTMEEED.

Ffe. COBMZEBAT DT EICRD, —RIEH
ROFHEICALNSND/SA—Y | BABERE

2;’

10 éég

Z;’ zéé

1 /// ///

0_.A 7,
IS0 281 FEEHH FAME FHEH FAME
FRIE AR R

B7 SHEESH TN ZEDEHES
Fig. 7 Highly accurate life prediction powered by

= _ - N Micro-UT
ECERBHEICRET CEDTREEHo T, !
BHRICIF, ABEFEFMICK o> TRedicld < BtHan
DFAEE, ERETKDICETEBRDLEERICIA,
TlICREEXRZERBU CEAHTERETE C ZHHE L
BBEY. B8lF ZD—HIThd.
6206 RBE U BEBEU# NU306EM HBEBEUR] REUL#
ST A X [mm] d30 X D62 X B16 W2 A X [mm] d30 X D72 X B19
BAEEREFEC  IN] 19 500 21400 BAEERETEC (N 53 000 65 500
REMZEE P [N] 1755 TEEBSEE P IN] 7 950
BELELRE n  [min-1] 2000 RELERE N [min-1] 1500
SHEEIEFH D Leal  [hours] 11 431 15 109 SHEENEFH Leal  [hours] 6196 12 551
Fantt [%] 100 132 Fanlkt [%] 100 203
200 200
& e o
5 = of
> Iz
% % N \)Q
100 100
i iy
ita ita
0 0
ER R1T ek BT

K8 CREULARDFGm:IEL(RELIMZ. A #%)

Fig. 8 Calculated life after revisions of basic load ratings (deep groove ball bearings and cylindrical roller bearings)

52 NSK Technical Journal No. 697 (2025)




NSK

ARFEXMZERL. NSKREGLD D #HZDRE
T#% - 7F2TIWR - BECS#ME - AT\
DHMRICH LT, FVS5A4NYOTBED ClE%Z
—BWEILlc. Ffe, SEOAYOT ClE—FE]
[CEDETC, #3540 Ah500%Z U _21—7I)LL
BEBRZ—H L. TNICKD, BHFHZEED
FUBEHEMEZRMREBICEASERTEC Z2H
BERICIRE T & LD FREE S o T

6. HEHE

AR TIE, Micro-UT ERTIDTEBERFEEICK
DIFEENMEYREEME, BERNFDEZ LD
AN LW FRIEM ICDULTENT LTz

CNICKD, NSK#ZDEEHRMZRIRUICER
FEREE CZAHVNSCET, IERIDBRVIEL
BEGRE RIEZSD CENTED. TNICKDT, &
BRRFINFTEODRO LT NSK @z 7R < FH
ITRDCENTE, BHIAYTFTVADEEZZILUL T
WMOTENTED. Ffe, RLDDNSTFHTZ
EET D EDABEEED, #HMD/NEEICBHEBT
T, AIRILF— - EBEREPH—RYZ21—b3)
HEDRRICHHF SIS

SEXH

1) BERIRIVF—T 512 FEIRILF—(CET F RS (TRILF—
HE 2021), (2021), 29-52.

2) WEFE— BRI cZAROY—, No.405 (2021), 22-26.

3) BTFIER, WIBEE, =E% NSK Technical Journal, Vol.691 (2019).,
39-45.

4) gIESEFR - BRI ROY—, No.431 (2023), 12-14.

5) faf& & NSK Technical Journal, Vol.691 (2019), 13-18.

6) U—F AU 3> NSKTechnical Journal, Vol.691 (2019), 19-27

7) NSK EZE#AEN Do, CATNo0.1103 (2023). p.A258-A261

8) NSK JURAUU—R, KEFVRy o ZRIEHFHAE 285 (AWS-
TF ™) | ZBa% (2014 F4 B 4 H)

9) JII LR : Sanyo Technical Report, Vol.14, No1 (2007), 22-35.

10) FaskiE, EBHK ) ER SNR=8 BM—s5  HEAEEZRRM,
325, $565(1993). 441-443.

1) B4, IVRLE, MKRE | HEEHFRRXE. Vol.83. No.852
(2017), p.16-00585.

12) f8AH, /JVRshE, MUKA4E | BHAKMFRHXEE Vol.83. No.852
(2017), p.16-00584.

NSK Techwical Journal No. 697 (2025)

53



54

NSK

BAFRETICHTDEHD MR OREIEFIC
9 2 RERHIHAR

‘&

* = ik = Sy %k NV *
.. M. YAZID*, /JM® sbf&dt™, 184 7 HEH J¢E] LLMYAZID iR
An Experimental Study of Surface Damage on
Rolling Bearings in Low Lambda Conditions
[. 1. M. YAZID, H. Komata, S. Hashimoto, K. Ueda : .
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In order to better understand the occurrence of surface damage in low lambda, A, conditions, an experimental study was
conducted. The surface damage investigations have been made based on the relationship between A values and surface
roughness. In this study, the ball roughness, rotational speed, and oil viscosity were varied to obtain a specific A value which
ranges from 0.10 to 0.90. It was found that three different surface damage modes, namely wear, micro-pitting, and no damage
occurred depending on the ball roughness and A value. Morphological cross-sectional of each damage mode were observed,
and surface fatigue characteristics were identified. The experimental results have shown that surface fatigue, including plastic
flow thickness and crack angle, are related to contact conditions, which are influenced by surface roughness and oil film

thickness.
1. &8 3. BREER
2. BBRAE 3.1 REEEE—R
2.1 FRHEEE 3.2 XREEEDHER

2.2 EEH
2.3 HERINSXA—%, A

1. ®S

ImNDER(F, BE 10 FE TRELHRFTDHREE
ESZRS, IR MER, )b, BE(L, BERER
DERCEMTHD I EDD, HRAIEDEH CalL <A
WENTWVE " 7%, BREEICBVT, 2D
A ZEERT DD, WMROFonTADARIRCTH
3. WHD#ZR(EF, EUWVEERGERDMTOBE
THRITHRSN, EMEADLEONL, To75MHaE
ZFEREITSH. ULDULENRS, &mh0DES (RCF) FE,
HRDEEERFHZFETD. IEROMAICELD

4. {55m
EOTY WMZBEDOFLERILRCF CHD, —H

MIC RCF D EEERREICH S D #ZDOTFBEE—H
EEZAOND. #MRFamDTFAIICIE, RCF DETE,
ERERONABTHDHD, HOVWIKRECHHDE
WO TeBBANZALZERBIT D ENEETHD.
HSWDEAFRH TCHIS DEZ DR F Bz 5Hll(C
RIS EE IE(CHmZ TAIL CTEREZ/LEL,
HIEDFHLET DRICHBRBEEX IR TEDRD
[CTBDIEHICEETHD.

* J7RMMAFREFREY Y — H-HREEE
* % FRMFFEAL JOYVII M

NSK Technical Journal No. 697 (2025)



NSK

T, BEMOPEQ LZBENE LT, KDOEMED
EBEHANMBERASNDERDN DD, EAFH TN TOEHZ
BEICDWNT, L<DEDEINTND. EAFE
TCOMZBEHEHICRETDIERZHET DI
([C, BEANZ XL, KETIAF v, MREFE B
BEIRHEEHSLOBEICDNT, RH/EEIN
TW2. BIZIE, Baubet 501F, ITVIVADEE
BRDESHIC, BMEIY I VAAILTEBESINE
IS5V 0Yv T MNBCAMZRICOWTCHRZITo .
Baubet SDWERTIE, EvFI, EBERE X400
EwvFrIdEWND 3BEDESE— RBERINT
WD, BMERTIE, EvFUIvERENREUE—
AT, IXRDEEMICIFERNED, GO EMICFES
AN Z o ICEEa Ule I I VA AIUTIE, XA
o0 wF U IDEERSNZ. e, Vreek 5?1,
NAoOyF U IPEFOFMZFA LT, RCF
[CKDIBEZHLTZHIC, FHEEMBIEEZZEZ T
BIEDI I A A)DEGZEE UCER, MEES
MBI o0y F U ICEFEOEMICREZS
ABDEVOIERIGELRE. &8I, YA/70EvF Y
JEEREE, REEBEICBDVLWTEAETDOXNZXALT
Hdh, X470 vFIDOUNILHEEWNFEEFREF
PIFELIED B CUTE.

ANNBIOFERPRADN A 70O W F IR ER
CHEENFICEZRUARIE MICHHD.
Laine 5" &, YA 20O Y FVIRKRICT, BEE
BEIEARIBID 7 )LF )L F AU EgdEn (ZDDP) 7%=
AMUCEBE®RE, SIUEWEBSRZERUCES
DEFEEFZELRUIC. TOBR, ANFEHNEFEET
HEHEIDHFTIND—AT, ZMEHNEFEELIEN
CHEIP2RICETTDE, NA7O0EYF I
MBI ZRWEBE(ICFFREEL, \ERINTERUE
BCREFEAERELBTWTCEZRASHICURE. &
fz. Morales & Brizmer™ (&, ¥«(o0OEwF o
ZFRATDIEHIC, HHDHEE HE, INDE
HTCOERERIERET IV EER U, BODET
JUIFERERERBUVBEZRL, ERREDENE S
blc, NAoOEYFVIEBRA TS EZRU
fz. Morales Bl&, ¥4 270w F U IB KU,
ANEEUTH, BAFKHEORE CREUSDIEET
DD EZBASMCUE. IRD EEFEROmAD
XAOO0EYFUIEEBICHEL, INDERHMEVZ
EXA OO F U IBERKELED. EFE T

XDCRUTEMTSEEDIC, X708y FT
BEDETEEOTES. IBIC, RIIBTORBRERNS,
NA 2Oy FUIF, BERGEEMEORSTICHR
FIDREEFANZALTHDEDRINTE.

SHREES EKREMRSDHTH S NEIIH UTSEBK
BEIF, A O0OBYF U IDERICHERRIFT™ 7.
NMERSEA T B(CDONT, HEEEEEOEEIERNE
MedTEZERADE, XA 7OEYFVIHENT
BDEFREIND. L UBDS, EEDEEN, NE
EXA OO Y F U IJDORBOBEEFRZITSHET AN
(ZF7z5<. Morales-Espejel 5 L&D &, NE
PREALTWVWGERETY 70y F U IBRKISE
U, ZOREISICNBEIEA T D&, BFEDFEICELD
TRA2O0EYFVIE-ATSD. CNE Y1420
EywFUIEERED, NMEZFEETDEMFUEDTE
[CIWUT, BAEUCRETDIHTHS. BELNBEE
KEHESICLDEENERL, HEREESICDITH
B I)OBEEZREL, NA70EYFVIEE
RSB, BEELERTHD.

NRAOOE Y F VI PEROERICKET dRTFE
UC, REMESPEBRILCIITHESEKRERESEE, it
DER(SGEEUAESHD. FIZIE Vrcek 5
& 2MAERBREERLC, Y20y FUIH
KFRUOBEFEDRE(ICHT DBTDXEZRAELUC. BSOS
&, BUOMRIZEBEFEDOEDCET, IDEHLDYA
JO0YFUIEENRET S EZRR U — 7,
HONDUWMRIOBHFEDEE, &S UMD RE
INBDETRYA OOy F U IZ MR LIED D, E
FBREZSISRRCITEONDD. CDRRICELOT,
MHEIDBESDEVWVZEN L, HOKREZDDHZES
<D ECKDT, ¥A7OBYF U IEEZS
2IHELTENTEDEZBASHIC L. T,
BLIULEMEEUT, Vreek 59 13, BEBEHET
TOXRA 70O Y FUIBRUEEDREICHT DIE
SOFEEZERUL. EXEERg cOEVERRICSL
TlF, BMEEREENHETE UDRELUEWVNC EHE
KINfe. UL, RRLESAETODB S HEEREI(C
BWTlF, E2LWLWwWAoOEYFUIEERE A7
OFvFVIEER BEDERDHEWVNDELTDIE
SE—RDEELIE. INHO 3 DOEEE— RIE,
HEDELD 2 BEOKREBESDEEICKIDRET
5. BEIPEETHNE, #ZMOBRLDD, EY
HEUVERMDOFEIRDPEE CH D EfEmiTITTLD.

NSK Techwical Journal No. 697 (2025)

55



NSK

M EDEATMED S, KREMES, FEFl, BIhx
HEBEOERICKESFELTHED, BAFKHERTD
NAOOEY F U IBLUBRDAELEICERFREZ
BIBHLZTELTVD. LD ULENS, NMEEK
EES(CEDVeREEARG CONYA 708y F
IBLUBEFEDEMN, FHICNBEREEIICKDEE
BE—FDOZEIEICDWVT, N EDHTIFTIONT
WELW. AAFEOEMIE, NMEEEREHESOZELCE
AT DEXEHEBRROEHFZRDD L THS. KH
BERKROERAF, SHOWMROBGZFATSH LT
BYWCTHD.

2. RERIIE

T DEZOREEBEICE, HRLEERNEZ SN
S. WE, KEMES, BHEHEME O, IND,
BE, BE, HROEYE, INCEREEEOERE
LTEFSNS 0 "2 FMETIE, wE, OEmRE,
KEMASEE, HEREICEREZETD/(SAXA—F(C
BERUE. EmBEDOREES(E 825 ~830 HV, #
BEDOKREBES(E 730 ~ 735 HV OfFEC Uz, 1
[CRI L DFATA TR ERATR MRz HL
T, @O OEHEER (RCFAER) ZRiEL, EAZRMS
[CHBITDXREBERRZHRAELUC. SHBRFEZR
([ORY. ERHDOHME, OEEE, HmBifCBEEd
HSZHEBEL, NMezZEbT iz, AEREE(E 1960
N (&ANLVYEMEE 2.1 GPa)& UL, &85t 10 X
10° ElRY + ) ERZE = hE LTz,

56 NSK Technical Journal No. 697 (2025)

Rolling element (ball)

Upper ring
" :
J__,-f" | e
\f |
Lower ring
(a)
Axial load
Upper ring C_b Lubication oil

<
(
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\

Lower ring Housing
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B1 (a) ASAbE#RE (b) &@H0RES (RCF) AR
DIERE
Fig. 1 The illustration of the (a) thrust ball bearing
and (b) test rig for RCF test

&1 RCF&EBxM
Table 1 Operating parameters and conditions

Parameters Type / Conditions
Test bearing JIS-51305 (3 balls)
Material 100 Cr6

Axial load 1960 N (constant)

Rotational speed 200 to 2500 min™'

Surface roughness of

0.02 ~ 0.03 um
raceways

Ball roughness 0.00 ~ 0.60 um

Durasyn 162

Durasyn 164

Lubricant
vbricants Durasyn 166

Durasyn 170

*JIS — Japan International Standard
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BT CiTole.

2.2 HEH

INTDRERICBWNT, INEOS Oligomers #tH
SEESNIIFEADEmMRKRIEKR, RUPZILT 74
LT« > (PAO) EMZFER L. R2ITRIKDIC,
HEDELD ABEDT 15V PAO (a5
162, 7252164, 721522166, a5V
170) =Rz, FefTizn ') 12 50 30 THjE N TL)
BDERDIC, EFERLEA (AW) OfEEH] (EP) EEDR
ENE, bSARTAI)VLADEREEICKD, RET
FUBDRRICKESHFEREZDEEZOHND P,

Pretest

um pm
300 {F
250
200
150
100
50

0.0

0 100 200 300 400 500 600 700 800 um = NM

Roughness, Rg= 0.107 pm

0.0

0 100 200 300 400 500 600 700 800 um = NM

Roughness, Rg= 0.071 pm

2 (a) #%A1E (b) AHBREODEENADRE DT
Fig. 2 Surface analysis of the ball for (a) pre-test
and (b) post-test

#& 2 INEOS Oligomers #&587& M Durasyn ((RU LT 74 L7« > (PAO)) DEERAHR

Table 2 Specifications of the lubricant INEOS Durasyn Polyalphaolephins (PAO)
Durasyn PAO Number 162 164 166 170
Viscosity index 122 124 135 137
40 C Kinematic viscosity, ¢St [mm?/s] 5.5 17.2 31.0 62.9
100 C Kinematic viscosity, ¢St [mm?/s] 1.9 3.9 5.9 9.6
15 C Density, 00 [g/cm?] 0.797 0.818 0.827 0.836
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Fig. 3 The characteristics of Polyalphaolephins

(PAO) in terms of (a) temperature-viscosity

and (b) temperature-density relationships
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roughness  |(27) |34 (43) (45)
Material removal- | £ S ot e
i = . . : ..t ! .J L :}; I.-- 3 :
: R T
B by | &
o F - o b - | i
0.30 i o ia o SRS 200 m | 200 pm I 200 um|
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2 Material (em_oy_al__ .
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0.15 200 ym — 3 10200 pm || 0 Ll 200 ym 200 pm
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: =
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| s A& 7 .__\:__:
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B4 NEEEGEAESICEDVcREBEEOZEMREETE

Fig. 4 Optical micrograph of surface damage based on /A value and ball roughness
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&3 FHTEERRG
Table 3 Test condition

Roughness, Rq . Rotational | Minimum oil film
No.| Raceway Ball Lut;:cgnt, speed thickness, Lam/{) da, Failure mode
[um] [um] [min~"] hmin [um]

1. 0.050 0.117 162 110 0.01 0.04 Severe wear
2. 0.044 0.091 162 200 0.01 0.08 Mild wear
3. 0.042 0.136 162 500 0.02 0.11 Mild wear
4. 0.040 0.020 162 160 0.01 0.15 Mild wear
5. 0.032 0.097 162 500 0.02 0.15 Mild wear
6. 0.040 0.110 162 910 0.02 0.18 Mild wear
7. 0.030 0.101 162 1000 0.02 0.22 No damage
8. 0.026 0.075 162 1000 0.02 0.29 No damage
9. 0.032 0.043 162 700 0.02 0.35 No damage
10. 0.039 0.100 164 500 0.04 0.37 No damage
11. 0.034 0.015 162 500 0.02 0.41 No damage
12. 0.021 0.091 162 2 500 0.04 0.41 No damage
13. 0.024 0.043 162 1 000 0.02 0.50 No damage
14. 0.033 0.109 166 600 0.07 0.59 No damage
15. 0.025 0.097 164 1 000 0.07 0.65 No damage
16. 0.033 0.095 164 2 500 0.09 0.77 No damage
17. 0.025 0.102 166 1000 0.09 0.85 No damage
18. 0.035 0.243 162 200 0.01 0.03 Mild wear
19. 0.036 0.239 162 1 000 0.02 0.09 Mild wear
20. 0.050 0.238 164 450 0.04 0.15 Mild wear
21. 0.055 0.265 164 1000 0.06 0.21 Micro-pitting
22. 0.058 0.226 164 1500 0.07 0.30 Micro-pitting
23. 0.047 0.220 166 1000 0.09 0.40 Micro-pitting
24, 0.054 0.268 166 2 000 0.14 0.52 Micro-pitting
25. 0.053 0.212 170 800 0.13 0.61 No damage
26. 0.048 0.190 170 1100 0.16 0.84 No damage
27. 0.036 0.562 162 600 0.02 0.03 Severe wear
28. 0.033 0.429 164 250 0.02 0.04 Severe wear
29. 0.043 0.554 164 800 0.05 0.09 Micro-pitting
30. 0.057 0.443 164 700 0.04 0.10 Micro-pitting
31. 0.033 0.527 166 600 0.07 0.13 Micro-pitting
32. 0.026 0.511 166 800 0.10 0.15 Micro-pitting
33. 0.047 0.383 164 1000 0.06 0.15 Micro-pitting
34. 0.042 0.463 164 1500 0.07 0.15 Micro-pitting
35b. 0.045 0.358 164 1200 0.06 0.18 Micro-pitting
36. 0.023 0.456 166 1000 0.10 0.20 Micro-pitting
37. 0.051 0.359 166 800 0.08 0.23 Micro-pitting
38. 0.026 0.543 170 1000 0.15 0.28 Micro-pitting
39. 0.029 0.425 166 2 500 0.14 0.33 Micro-pitting
40. 0.031 0.596 170 2 000 0.22 0.36 Micro-pitting
41. 0.030 0.445 170 2 000 0.18 0.41 Micro-pitting
42. 0.035 0.473 170 2100 0.19 0.47 Micro-pitting
43. 0.032 0.449 170 2 300 0.20 0.49 Micro-pitting
44, 0.039 0.370 170 2100 0.19 0.60 Micro-pitting
45, 0.032 0.366 170 2 000 0.25 0.67 Micro-pitting
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Fig. 5 Surface damage map based on the relationship between /A and ball roughness
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Non-destructive Prognostics for Rolling Bearings by

Eddy Current Testing whe :
D. Kobayashi, K. Ono, M. Natori, H. Komata ‘ ‘
2EY NN

PHM Asia Pacific 2023 [C&r#isFs67215C. PROCEEDINGS OF THE ASIA PACIFIC CONFERENCE OF THE PHM
SOCIETY 2023. VOL.4, NO.1 (2023)[C35% U TR m X ZMR L CTHH

Rolling bearings, which are assembled into various industrial machinery, are regularly replaced after being used for a period
of time, even if they have not failed. It is important to predict failure of rolling bearings not only for safe operation of machineries
but also for resource conservation. The X-ray diffraction (XRD) is known as an effective method for estimating the remaining
useful life (RUL) of rolling bearings. However, it is a destructive approach sometimes requiring cutting bearing rings. Therefore,
non-destructive and simple diagnostic method for estimating RUL of rolling bearings using Eddy Current Testing (ECT) has been
developed by focusing on the experimental evidence that changes in microstructure of the steel cause changes in the magnetic
property. Rolling contact fatigue tests were conducted using several types of rolling bearings, and it was found that the ECT
measurement results on raceway surface show a determined behavior with fatigue progress. The tendency of changes did
not depend on bearing type, material or heat treatment. Additionally, measurement results by ECT were related to those by
XRD. Above experimental results suggest that ECT can be applied to estimate RUL of rolling bearings as a non-destructive and

simple method.
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Fig. 1 Schematic of ECT principle
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Table 1 Details of tested bearings

Bearing a b

Bearing No. 32017 22211
Tapered roller | Spherical roller

Type bearing bearing

Outer dia. 130 mm 100 mm

Inner dia. 85 mm 55 mm

Dynamic load 143 kN 149 kN

rating (Cr)

fe. &, SABRE=O—88E, SRR O HEREE

(ST UTe. CNOoEBRENZ 7B SED S UTc R2 MRBIURLIERMS

w5 L. XRD & ECT AEEs Emthm(cy LE Table 2 Material and heat treatment condition
fMEL7c. XRD & ECTRIENRIE, HIWI A% HT i i i
DO RS BEFRLCAMZONM CHD. FATERLT condition

%, (F<BAFEEULTOHVEZICOWVTIE, BEHE Material SUJ2 SUJ2 | SCraz20
3>TL'C Eﬁb\bﬁﬁ?ﬁ‘%ﬁ%ﬁ%%ﬁaﬁ ure. C@%Eﬁt[&" Quenching Through Through Carburizing
XRD OAEBEFNEEREDH TH D, HERHDE hardening | hardening
UCERAT 2 EHNTE. SRNSET Liciis(c Tempering | 5 06 | 170C 180
SVITIE, AREHRONEEORESE SR Lo e

BCEHODAEZERUIC. XRD [ClE, OUX—%

HAX20 mm®dDCr KeRZzFERLE. a 211 E

DXEEIFTOT7A)UD5, XILT U A D+

fiimg (Full Width at Half Maximum, FWHM) D&

ZHTEUZ. ECTICBWVWCIE, 228 CRUCERY

ERRDEHT, XRD AEEBUME CTREZTTD

fc.

®3 EODENAREM

Table 3 Conditions of RCF tests

Bearing No. 32017 22211
Bearing set A B C D
Tested Bearing. a a a b

HT condition i i i [
Radial load 61.5 kN 45.2 kN
Axial load 18.5 kN -
Rotating speed 1 500 min™

Testing time Within 1 500 h

Lubrication ISO-VG68 (contaminated) ISO-VG68
Calculated rating life (L) 185 h 592 h
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{EDfEEI(F, RCF (L5 BHEBEIEARIIFED
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Y voltage, V
)]

o A

-1.0*-
X voltage, V

AFWHM<0.5%)
0.5°<AFWHM<1.5°)
1.5°<AFWHM)
1.5°<AFWHM + Spalling)

O : Group 1
A Group I
M :Goup I
X : Group V

5 Bearing set D @ ECT AlIEHER
Fig.5 Change in ECT results of Bearing set D

a) 0.5°< AFWHM < 1.5°

6 N DENEERED Bearing set A DAZREHIFETH

b) 1.56°< AFWHM + Spalling

Fig. 6 Optical micrographs of raceway surface in Bearing set A after RCF testing
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HTF-SRM Model Ball Screws for High-Load Drives: High-Speed/Heat-Resistant Specification
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Table 1 Comparison of specifications for ball screws for high load drives

WERALAR

5 HTFEY

ERER IR
HTF-SRCEY

B - MR
HTF-SRMAY

S

=
o
e
o

R— IR
B2 Lish SEE

RUBOERTEN
BHSHICER

RUBOERTEN
ETSICIEHENITER

o EBMBEIOF1—T% RS R Z B ML FEMEIZEMIL

fEERERm BRI T B At IR =RITARICRTE =RITRARICIT

FBd-n B <70 000 <140 000~160 000 =200 000

REEREE/ . . . .

BEESEE 70TC/80°TC 70°C/80 T 90 °C/100 C
SRU. #2100 mm., U— K20 mm OiR—IL 3. =&

AUT, 660 mm/s MiEDHAIEEE1ED.
%1 d-nfE=2 dmm] XEEEE n[min ']

(2) MFABRSRDE L

EROBEFTHRBAR—/ILAQUICH LT, EHREE
BEZ 20 CotdtE, RRFERREE 290 T, B
RERE"?100 CZEERR L.

%2 BREEMRE EFERD R REE

%3 BREREERE 30 2EEOEANER

Q) EKmETET AR
HTF-SRCE T v hOAEADHBEDZ .
R—)LRQUETED DRFAEENNELLD.

R, BIHREREELPTUAEEE, SEE
DOE®E BRCHh—ILRUEFERTS 7 JUT—
U3 VIETD.

4, FEH

BEN S AR DR A L C AR B BT
BDIET, ERE 14 BOSEXDDEREELD. €
NICKD, EERE FZBNE U/ \ A U1 T)UEP,
TSRTF v OMHOHAEEREZ BN E UISER/E
([CEmID.

NSK Techwical Journal No. 697 (2025)

75



NSK

=]

B[ NSKUZFHA R™ NHEL NSE &fEghA I 3>
NSK Linear Guides™ Smooth Motion Specification for NH/NS Models
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High-Performance Bearings with Low Particle Emissions for Servomotors
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High-Reliability Main Shaft Bearings for Wind Turbines
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7th Generation Low-Friction Tapered Roller Bearings
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Locking Clutch: A Highly Efficient No-Electric Locking Mechanism
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