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Abstract: To address the limitations of continuous motion and complex drive structures in permanent mag-
net type diamagnetically levitated micro planar motors, this paper proposed a single-sided driven three-de-
gree-of-freedom (3-DOF) micro-actuator with a PM array. This design achieved a unified approach to
structural simplification and multi-DOF decoupled control. The system employed ultra-thin f{lexible print-
ed circuit (FPC) serpentine coils to generate an adjustable magnetic field via four independent current chan-
nels. Based on magnetic field analysis and an equivalent magnetic dipole model, a mathematical model be-
tween current and electromagnetic force was established, forming a 3-DOF open-loop decoupling control
method. Experimental results demonstrate stable 3-DOF motion covering a wide XY-plane area of 7

mm X7 mm, while maintaining good linearity throughout the range. The positioning accuracy achieves
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+8. 232 um and repeatability is ==5. 690 pm. By finely adjusting the driving current, the system achieves

a Z-axis resolution of 0. 95 um and a displacement adjustment range of approximately 23 pm. Compared to

conventional active magnetic levitation platforms, this structure reduces volume by more than an order of

magnitude, significantly lowers current requirements and manufacturing costs, and demonstrates excellent

potential for high-precision micro-positioning applications.

Key words: diamagnetic levitation technology; micro planar motors; ultra-thin FPC; harmonic analysis;

open-loop control
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Fig.1 Diamagnetic levitation planar motor
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Fig.2 Diamagnetic levitation micro planar motor's work-

ing principle
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Fig. 3 Diamagnetic levitation micro planar motor proto-

type
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Tab.1 Key parameters of the diamagnetic levitation micro planar motor

168 28 Kl
Size [, X[, X1, I mmX1mmX0.5mm
PM Magnetization strength 1.1X10° A/m
Mass 3.6 mg
PG sheet Size [, X1, X1, 30 mm X 30 mm 0.5 mm

Overall size [ X [ X1,
Conductor spacing
Stator .
Conductor width

Conductor thickness

48 mm X 48 mm X 0. 250 mm
1.414 mm
0. 154 mm
0.012 mm
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Fig.4 Simulation data of diamagnetic force vs. PM levi-

tation height with different PG thicknesses
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current directions
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Fig. 7 Periodic waveforms and first-order harmonics of unit-current magnetic fields generated by 2N segments of a single wire

FE LA b, A SCHE— 25 SR FH A A A AR
O G5 RURE AR [ 3], 52 90 H: A2 T A5 AR 1 R A 4 2
g 6 TR & ki E 6  TE PM SR —
B0 7 m'=4N,,m/7*,N,, /& PM D%, m /& PM
Wi m=M,A,M, & PM W E, AR PM#E
A, PM BT (a,y,20), I Z 0 0 35 W
PR R BE Oy 1) 1 A2 Ak, RPA - ¥ G 3 5 2 v P
I RESAARSE . B (6) AT 1

aB:v
F.=m (14)
dx
JdB,
Fo=—m'—". (15)
dx

Fra(12) A3 FUAK(14) (K (15)

F,=Kul, cos(2 )+KVIIV%m(2 I) (16)
p b

& 2nx
F.,=K,I, sin 7 — K1, cos 7 . (17)

F,
F,|= 0 0
FZ

2nx [ 2nx
K, cos() K, sm()
P P

FEL 1 W ke, o
IF,
dr

2n —K, Ilsm<2nx)2ﬂKﬂI)2cos(2nx) (18)
P b b b

b=

o Kﬂimbl\(zo) ’Kﬂ:m'bl,,.(zo)znjj
P P

TR Y Al 2 R U 6 I Y g B E R TR BT A
B U X b A E A LR L, Lo X PM RS 7= A 1 1
W F,,F., fMEERE £, k.,

BEF bR g AR EE A AT O FR A A
VU B A0 ST HL 3 1, Lo, Loy Lo 53 00 SE BN H bR 71 5
S R A ST B o MR O o, BER
WG F, F, FOR A RERIE b, ke, T 45 52 1 HY

?”t'-‘ I)l71y2’111’112/f§f‘§u H

0] 0
I,"‘]
2 2 )
K,,lcos(ny) K, Sin(ny) L. , (19)
P P I,

.| Z2nx 2nx .| 2my 2my L.
K,sm|{— | —K,cos|—| Kgsin|——| —K,cos|——
L P P P P /]
2rnx

. 27{1' I
K,sm|—| —K,cos|— 0 0 2
[/el}_ 2r p P I,

ky P . 27‘[y 271’_)) 11'1
0 0 K, sin| —=| K, cos|—— I
p P w2



55 8 1 gk B, AF L T HURG R TR I OR - T AR R 1261
oK, — m'b.(z,)2n K— m'b,(z,)2n B 4.2 TMNEBHIZIT )
P LI PM R B B 18 Z Bl 5 1) 1 1AM 2 B

STl X 5 230 L L ORE0 LL RE
4 IRy KA

4.1 EAEFEIT

52 PM B 51 B 78 XY F- T A Y TN i2
il 7 2t X (16) (X (17) g7 F i 47 & Ak
PR,y SRS L, Lo, L [, Z R R . %
JEAE VA 0F AL B PM S WL RE D) F L F, FH 1
WIEE &, &, T W06 2 T IR LY

Flr=xz)=0,k(z=2,)>0

.(21)
F(y=y)=0k(y=y.)>0
53 .
2 e
= +o,=2n+1)n,ne”z
; . (22)
T;yk‘f’go}‘:(Zn—’— l)n,nEZ
;H\:EP:¢.7»,¢.v%??ﬁj/iu‘l:9é/%:tan(spf):lvl/].vz’
2nx,
tan(g&v\,):Ll/Lzo /\*[ET‘M:H'LL%(? = 7;)1 ’(9}1:
S
P
1
= —tand,, (23)
I,
I
I’fl:*tan f,. (24)

x2

7 R (23) (3 (24) , A ST I LR
Jily FEL VA B

I),IZIQJ Sin (9[
I,=1, c9s 191’ (25)
I.=1,smn0,
I,=1,, cos 0,
?’ r’ .
;H\:EP:IT: k]‘?l — ko IETJ‘
! 4 Zmlblv o 4szm’b1;,- ! =
ST S N A R 1 I A R ) R o )

FVA A I A T8 i) B A o Bl M T = N S 3
Y 6] 354l R 3L I, L ARLSE 22 907, ik 57 P 1 3 7
X %32 sh, Wi i X ) Bl R L, Lo M A B 22
90°, il 57 ¥ i B ¥ Y fhig B, DL S B XY OF- T

183,

FEA] 5 % PM FE S AE Z 5 - 17 07 B AR AR =, Ak Bt
F132 J1 53 B # 57 =, 5 WK Sl L U 22 8] B S AR

ZIEAMAEEIN T ,PM IR TR
JE =, BB HURE 1 5 H ) Z A Y SE 2N

Fz)—G=0, (26)
ﬁ*mfffg 1 2 KO HLRE S

Elal’é‘lzﬂ%nF( )jﬁlﬁfézrék #,H> PM7E
2o FFFE & AR NS | 20 — 2| << 2o I, DK F (%)
WAL R AN R P R
Fz)~F,(z)+ kilzo—z.). (27)
— A R TR WL PG S B
HEFITFAENBEE T ZRNERR
F(z,)— G+ F.=0. (28)
KR 3. L/ rpBE A 9 R R B L 05X
(19) . (22) (K (25) K (26) . K2R AKX
(28) A 15

K., K,
zy:_ﬁlo.f_kidoloy—’_zo- (29)
3 Aok S I 3 5 U L, Ly L s Lo HO) MR EL

mmwwW*@m%@r‘#mw%m%M$@
7 & 2, LA SR Z 307 1] 9 1T A1 2 B
4.3 ITiEZESH

PM B3] XY TAEZS ] th FPC A 28 X3 &%
PG RAF S [a e . — 5T % 18 FPC 3% %44
N, AN 8 TR, 2N B EAR Y Bl T 4 AE B L R

%10+

bIT

-N-5 -N NS N+ -NHDS
X

P8 BRI Ar i 37 b, , 000 T IH— AL B 2 i it 28
Fig.8 6, and b. components of magnetic field per unit cur-

rent as a function of normalized position &



1262 err K TR

34 %

AR RS b, 0 WA — b AR AR 2 AR
O3 LB N4 5 ARG R TR SL R R
ZENESHITE 5% LA o N I ) 7 1 T 52 sl
FRERIEL/2—p), 2 (L/2—2p) 0 B—TF
1] % [& 2 <2 PM FE5 B3 T PG L J5ig shit, 3
W30 A W] R 3 PG % 2 1 DX 8k, % 1 1Y 32 313
MiE(L/2—p), = (L/2—p)t. BT HYTHE NE
TU L  X5F L L A S PR B /M

i1 A2 (30) AT, Z iz sl s LA AE B R 3L
] 2o, Hoih B R Ge 45 0 5 B T A e I ] e
Eo TN RZIRT PMEES S PG AR I 54
fob 7 & LB 2, +2,/2, B At PM BRI S PG
M B 24 415 B T 14 B R JE e B 2

25 LTk, PM 51 () T AEZS 8] 4 | +13. 586
mm, +13. 586 mm,0. 75~0. 795 mm{ .

5 AW EHE TR

501 IRRERRGRERE

KOg i T st s il RGEHER . PM FE 51 Bl
AT & 09 38 30 h A2 PLIE G 16 7 DA Fe e i Bk
i 2R AR AL BR R A A RO A L
S BT 25 B B T G A R . BT S I I
P A 2R AS TN #EAT R B R G 6 2R 5T 4k 3
PEAT B RS, I e rh B I R L R TE W] AR
o, 3o 20 5 SRR A S

K9 U BRI it 2R e AE
Fig.9 Prototype and test system

P10 2 8 38 sl i 7 on = % 1R 5
Bl F I R G RO /N A WF 5 R FH AR i T 4
50 B AL IR AR B AL A R E A
5 W 38 3 48 Tl AH ML (TRC-2232A6-01,

.
.
Magne

[ 77, 180 fps, 130 TR ) AR W2+ F 1 4 iz 3))
B 5 {0 B 3 £E 4% 848 (CHRocodile 2 SE, & [H ,
HFE0~300 um, 43P PER 3 nm) 1 T30 7 m 4M
8 e R BEE T 2, I XSV T A2 S RE AT AR

sensor

Aluminum foil : .
Dispersion
______ confocal
sensor

Pyrolytic graphite

Pyrolytic graphite Pyrolytic graphite
FPC EPC EPC

P10 Al 7 ks 7 A

Fig. 10 Measurement methods

5.2 MERFIE

Oy 36 E AT R A T O BB A IE A P T R T
B PM OB TE S o A0 BT 11 B, {3 AR %
PM i N J1 3547 2950, T BRURE A B0 PM ™ A /Y

T, AL PMAE TR S ARE T
R BT o AR PM o0 B PG AR Tl A9 TR B
PR B 2,—295 pm, 1] 18 PM 5 PG #g 2 8] 1 52 br 8]
B R 45 pm, iZ 45 R 5 B 405 AR — 3



5 8 ]

gk, S5 LT BTG E TR A GO T LSRR BT 1263

Pyrolytic graphite

11 PR S5 Fa 4 E

Fig. 11 Diamagnetic levitation experiment

5.3 HEWIEzhFRIE

YT T RT X, Y il HL A A [ A B A
CHA e PM BE S U X 3l 7 ) 1Y iz 3 R AE (& 10
(a) ME10(b)) o H e 10(a) R F W5 I 4 7
il F Tl A LT PM BE 51 2 7 39 47 18 32 3l &
PR AR JE 0t AR RS ABOR B2 Ak 08 i 3 I X 1
JEE 3 i A AL PO 4R RS B 5 P O KR T 7k
fift AR 2R AR A, 45 A W B R ST bR R R e, SE PR B
T XY Vs S0l 8 R BE AR S 800 E
i, [ 10(e) R o Rl £ 4% A% DU i 5 v, Al
JFH o I A 0 AR RSk X e B R L A
FH B 6 A 5 T A AR A B B S O R, TT AR 2 )
T N ENRE . B 12(a) 4 T 3 TR Bl
Jily B3 1,0 1 L R ASE AR Ak B i Rz i 2k 5 24 L, R T,
AL 58 B AN 23 6] J8 3 (0~ 1070) A fR i, B3
ik 7.07 mm, H S FRPUIE 5 #I0 W E & R —
.o E12(b) R e 5 mA K BRI,
4 B BR e 7 v, Bl e 2D iR 4 BE R 290 0. 36
pmo e BN B B 32 R TR T PM3E I iR
25 Te PG 10 J=) F WORURE B2 51 RS R i sh . ok
VAL 2R G0 00 8 0K B 5 1 42 8 S B AS iF 5 A
6] — HAn A7 8 kAT 2 1 R B8 2 0 1d ¢ H g
DS R GE Tt or A o K BT £8. 232

(a)8 | (b) —Raw data
‘ 1.5 Filter data
6
§_4 ‘g_ 1
= ‘ =
2 0.5

3 1
— Desired ‘
-~ Practical |

Bz 2n 4n 6n sx lox © ‘ ‘
e 02 4 6 8 10

M 12 X%z g &AL

Fig. 12 X-axis motion characterization

pm , B ALK B K B 5. 690 pm, 3 BF A F 5
mm/s. FEH A5 R RV Z A B ALE T T
A S B AT S ORGP i 5 S JF Ik )
7mm X7 mm KJLE XY [is5h.

B 13(a) /R T 04T 45 76 XY “F- 1 1) R AT /2
B REPE . IR LR 3 mm Y [ Bk R H AR,
W B FPC N 2 5K 8l o 3 R A Lo, 1o, 53 1)
H30.15 AFN0.2 A, B iz 3l i Wi R 0. 2 Hz,
WA 2l 52 A7 i 2 2 ) R F I R 5 A A, R
W E IR E] 4 mm/s, SEHT X H bR T R % 22 R
B, 5500 2 9K 3h 45 # AR B TSR U2 FPC
IK 3 25 K FE AR UE IR 2 ) AT B T, T 9K 2l HL O
e KRB 71% . B 12(b) JB/R T 81 1 1his 3hiR
2, T PG T /E 1 SO0 A3 78 35 4 IX S A7 7
—ERZEMER s, LR REH, DT REBR
FE S H ARPGE , HURE IR R ER R 22 8N L i8 Bl it
VAR, SC BB 7 AT N B R AT R E S B

He o
@ 3 (b) w2
2
” 1
0
£ n 0
--- Desired
-2 —Pratical
-3 ——Radial erry

x/mm 3n2
F13 XY TN R iz 3 J i 22
Fig. 13 Large-range motion within the XY plane and mo-

tion error

5.4 MESMEFNFRIE

PM BRI Z 3l 5 o] 932 3 SR AE R A T 4l
R AN L 8 () 7 1y €8 fc e A2 0 & 5 s, F 8
B A A% B R Sk T B o B TR B R LB
FST 6K A A% A 55 TR AN RS, T S B GROK 9 oy
HER B A

14(a)~FE 14(d) 7R T 1AMz 3 1R 45
Ro Bl 14(a) il 1T FEYI R Z AT R Rk i
45 0K B H O IR (B (0~0. 5 A) Rl 4K 15 i K&y 22
um N ITHE . 2 Z=5~22 um I, XF B A% 7
5 H AR AL A L B R4 2 Z<<5 pm B, i
oy B AR 2Pk . K 14(b) 2 3 T PM
W3 Z 4l % v B B 9K B0 F U 1, LA 15 mA P K i



M Mek g3 =) iy >
1264 e A LR %34 %
(a)2s o )25 e ©)15 (d)y5, -
20 Backward 207 —— Filered data —Raw data F-J-d
ackwar ‘p ig — Filered data
‘\i 15 g 15 : ;Hr g 10 E o
S 10 RRUNILY 3
5 5 "‘L_‘ —Raw data
‘LH‘\\’/:I 5 i 5 — Filered data
G0 01 02 03 04 05 00 20 40 60 10 15 20 50 55 60

t/s

K14 Z#hiizs g R Ak

Fig. 14 Motion Characterization of the Z-axis

Bt RN 8 U ) S A AR AR, R T PM R 5 422 fi
PGB Z W B mpyckizshd ., K 14
(c) B 14(d) Hy iz ik 7 v v A4~ 10 1 25 F B B
A3 5% 1 P B ARG 5 0 B PG RS . 7E 5~15
pm B H O AR DX RN 3l 78 X ) 25 BE 2o B o
YIS 24 0. 95 pm MRS 25 U IR (E , 2 B 1% X [A]

=R A e R =S SR = W A IR E i i e
H 4 25 2R AT, PGB TR R AR W £, AT W
AR TR B/ 18] B AR (Z<<5 pm) kB,
S HUIE SE B AR e A B KRB s e 2>
15 pm 9 DX ] &, B G Bl 585, X 0 ) S8 97 o JE 2B
NN

Fz2 HEEKIBIRITLE

Tab.2 Performance comparison

Z’—()'C Allen Hsu[zsj 1% H}éﬂ[ssi

FH RS 50 mm X 50 mm 288 mm X 288 mm 480 mm X480 mm X 4.5 mm
IR _ 9K Bl LR AR PR B (0. 25 A, 0.3 )
S 9K 2 #1372 1 FEl 5~400 mA ’ B KTl R L 15 A
Fom sk A,0.5A,0.7A)

. ENREE £8. 232 pm, I & E AL X, YEMFa&RZEN+0.161 mm/
S (R S 4 5 (A 29 100 nm

B +5.690 pum +0.102 m, Z#li +19 yum

B XY S0 KATHE , Z 67 5% 24 22 B XY 47/ 120 mm X 120 mm , Z #li & %
iz g he AP 32 2, 3 8~9 mm/s

pm, i 4~5 mm/s

B 2.5mm

WM 2 /7R, 5 A Ir ZAHLE A SO 4 H Y
PURE B F OB T L B RO AL R AR S
e b RE T R A AL RSB T 2 Aok
K % iz 3 5 B R B RAF ST, B R A
] BEFE K NG A ™A% BRI N 37 5
5.5 REHHFHE

PM [ % 52 1 01 5 s I3 & VR Y e
JE WL A A T AL E L Y A T S 8
KA, S BOF 07 E MR RS U PM
W51 13z gl i o - SR - BH R AT A A
WX, Y, Z#0 77 1015 827 J7 72 «

mi+c, &+ khax=Ff

m3y+c,yt+hky=f,,

miE+tcithkz=f
Horbom, i REARREAR RS () BT 3, ¢,y ey e R 53 5

(30)

HX,Y, ZH 0 ER L BBk, Ry, kR = A
ROMVEE L f o /o =l s o X, Y B e %2
KT 215 PG LR W A0, 1 Z il FE e
F2 A7 23 SR RN 5 PG AL IR TR AR S B
FT UL B3 Iy AL, IF g 100 mA B BR il
NS I 6T R G S BN A BT R R
ORI AL D S SR SR T XY
SR S5 R BT IR Bl S A X AR BT R I
X, YW PEMHEAERELE -, IR o, =
w,, = 35. 67 rad/s, X N B BHLJE LL Bl €, =&, =
0.09, FF W %N w,, = w,,= 55 rad/s; Z il A [fi

Hhiz 8l Iy 2 AL S S T N s S A e 22 e LA
Wi RN w,=w,=>55rad/s, L J& A

E.=0.06,FF ¥4 %N w,. = 30rad/s.



%8 B, T T A0 B  BLOR 1265
6 = # o AW IS 710 . AN BT B AT SOk R

AR SCHE H — o0 T ) B A Sk T R A R A0 1 BT
IR a7 6 . 1% S0 AR Mk B H S (FPC) 2
i b B e T 2 R, I 2R FH I % 7 Pl O AR L 8
BTG 37 s D M 5 PML g 2 A i A 57 R O -
TN R SEIX, Y, 28 = [ Rk s
P48 1 S BG BIE - & AT FRE S 7 mm X 7 mm K
Y XY 18 8, 8 AR B 8. 232 pm, R
7K B A 5. 690 pmo 3 a5 18 45 9K Bl H I A
V-6 Z8h 4 B35 0,95 pm, {0 B I 7 9 L 20 23
pmeo A AL GBI IR Sh 25 0, AR 7 8 Ak
PG R 1 — A B Y, B E T R G AR
5B R 5 U2 IR S S L, BT T SR B

S E WK

[1] SHICY, LUUD K, YANG Q M, et al. Recent
advances in nanorobotic manipulation inside scan-
ning electron microscopes [J]. Microsystems & Na-
noengineering, 2016, 2: 16024.

[2] MCCLINTOCK H, TEMEL F Z, DOSHI N, er
al. The milliDelta: a high-bandwidth, high-preci-
sion, millimeter-scale Delta robot [J]. Science Ro-
botics, 2018, 3(14): eaar3018.

[3] NOMURA T, SUZUKI R. Six-axis controlled
nanometer-order positioning stage for microfabrica-
tion[J]. Nanotechnology, 1992, 3(1): 21.

[4] ZHANG Y, ZUO T T, TANG Z, et al. Micro-
structures and properties of high-entropy alloys[J].
Progress in Materials Science, 2014, 61: 1-93.

[5] WANG F C. The development of a long-stroke pre-
cision positioning stage for micro fabrication by two-
photon polymerization[J]. Jowrnal of Laser Micro,
2016, 11(1): 1-12.

[6] GAO D L, DING W Q, NIETO-VESPERINAS
M, et al. Optical manipulation from the microscale
to the nanoscale: fundamentals, advances and pros-
pects [J]. Light: Science & Applications, 2017, 6
(9): €17039.

[7] MARZO A, SEAH S A, DRINKWATER B W,
et al. Holographic acoustic elements for manipula-
tion of levitated objects [J]. Nature Communica-
tions, 2015, 6: 8661.

[8] ANDRADE M A B, PEREZ N, ADAMOWSKI J

4 L G 8 TR AT 2% , B T FPC 1 fi] 16 3K 20 25 4
TE 4 35 PR RE RS E (Y W) I, I35 MR AR R i A . )5
ST X B TR S BT 9K B B EE BT R 3
RESIAS AL R & BT B = e 3h A b, DIk
JEE 55 P B 45 ] O ke 25 ()0, o A g 4
= mALAL BT R TT R G LA P RE

{EZTTHAER A .
R XM T, EI IR, T 2, @
% B AF ;

HEREIXME, R, T KRR,
MA TR, FEE %5,
*':&‘/f% :%5%‘,%3{/7}7})?a'€ﬁ*§ ,#;%4%;’)2‘?/‘}%‘0

C. Particle manipulation by a non-resonant acoustic
levitator [J]. Applied Physics Letters, 2015, 106:
014101.

[9] PELRINER, HSU A, WONG-FOY A, etal. Op-
timal control of diamagnetically levitated milli robots
using automated search patterns[C]. 2016 Interna-
tional Conference on Manipulation, Automation
and Robotics at Small Scales (MARSS). July 18-
22, 2016, Paris, France. IEEE, 2016: 1-6.

[10] WRONOSKY J B, SMITH T G, CRAIG M J,
et al. Wafer and reticle positioning system for the
extreme ultraviolet lithography engineering test
stand [J].
IV, 2000, 3997: 829-839.

[11] KIM W J, TRUMPER D L. High-precision mag-
netic levitation stage for photolithography[J]. Pre-
cision Engineering, 1998, 22(2): 66-77.

[12] THIER M, SAATHOF R, SINN A, et al. Six

degree of freedom vibration isolation platform for

Emerging Lithographic Technologies

in-line nano-metrology [J]. IFAC-PapersOnLine,
2016, 49(21): 149-156.

[13] VLAJIC N, DAVIS M, STAMBAUGH C.
Nanometer positional control using magnetic sus-
pension for vacuum-to-air mass metrology [J].
Journal of Dynamic Systems, Measurement, and
Control, 2018, 140 (12). DOI: 10.1115/
1. 4040504.

[14] KRAMER L, VAN DEN DOOL T, WITVOET
G. Demonstrator for nano-precision multi-agent

Magl.ev positioning platform for high throughput



1266

Pl

K TR

34 %

[15]

[16]

[17]

[18]

[20]

[21]

[22]

[23]

metrology [J]. IFAC— PapersOnLine, 2019, 52
(15): 471-476.

GAUTHIER-MANUEL B, GARNIER L.
opment of a magnetic levitation force microscope
[J]. Surface and Interface Analysis, 1999, 27(5/
6): 287-290.

HOLMES M, HOCKEN R, TRUMPER D. The

Devel-

long-range scanning stage: a novel platform for
scanned-probe microscopy [J]. Precision Engineer-
ing, 2000, 24(3): 191-209.

LIQ, KIMKS, RYDBERG A. Lateral force cali-

bration of an atomic force microscope with a dia-

[24]

[25]

magnetic levitation spring system [J]. Review of

Scientific Instruments, 2006, 77(6): 065105.
PELRINE R, WONG-FOY A, MCCOY B, e
al. Diamagnetically levitated robots: an approach
to massively parallel robotic systems with unusual
motion properties [C]. 2012 IEEE International
Conference on Robotics and Automation. May 14-
18, 2012, Saint Paul, MN, USA. 1IEEE, 2012:
739-744.

PELRINE R, HSU A. Magnetic Pick, Mechani-
cal place on small scales [C]. 2022 International
Conference on Manipulation, Automation and Ro-
botics at Small Scales (MARSS) , Toronto, ON,
Canada. IEEE, 2022:1-7.

PELRINE R, WONG-FOY A, HSU A, et al.
Self-assembly of milli-scale robotic manipulators: a
path to highly adaptive, robust automation systems
[C]. 2016 International Conference on Manipula-
tion, Automation and Robotics at Small Scales
(MARSS). July 18-22, 2016, Paris, France.
IEEE, 2016: 1-6.

PELRINE R, HSU A, WONG-FOY A. Meth-
ods and results for rotation of diamagnetic robots
using translational designs[C]. 2019 International
Conference on Manipulation, Automation and Ro-
botics ar Small Scales (MARSS). July 1-5, 2019,
Helsinki, Finland. 1TEEE, 2019: 1-6.

PELRINE R E. Room temperature, open-loop
levitation of microdevices using diamagnetic materi-
als[C]. IEEE Proceedings on Micro Electro Me-
chanical Systems, An Investigation of Micro Struc-
tures, Sensors, Actuators, Machines and Robots.
February 11-14, 1990, Napa Valley, CA, USA.
IEEE, 2002: 34-37.

VIKRANT K S, BISWAS P, REZA MOHEI-

[26]

[28]

[29]

[30]

[31]

MANI S O. A three-axis nanopositioner based on
near-field acoustic levitation and electromagnetic ac-
tuation [J]. Sensors and Actuators A: Physical,
2025, 394: 116894.

VIKRANT K S, NASRABADI H M, MOHEI-
MANI S O R. A novel actuator based on near-field
acoustic levitation and electromagnetic actuation
[C]. 2023 International Conference on Manipula-
tion, Automation and Robotics at Small Scales
(MARSS). October 9-13, 2023, Abu Dhabi,
United Arab Emirates. IEEE, 2023: 1-6.

HSU A, COWAN C, CHU W, e al. Automated
2D micro-assembly using diamagnetically levitated
milli-robots [C1. 2017 International Conference on
Manipulation, Automation and Robotics at Small
Scales (MARSS). July 17-21, 2017, Montreal,
QC, Canada. TEEE, 2017: 1-6.

HSU A, CHU W, COWAN C, et al. Diamagnet-
ically levitated Milli-robots for heterogeneous 3D
assembly [J]. Jowrnal of Micro-Bio Robotics,
2018, 14(1): 1-16.

HSU A, PELRINE R, DE GOUVEA PINTO
R, et al. Design of a novel lunar transportation sys-
tem (FLOAT) consisting of diamagnetically-levi-
tated robots on a flexible film track [C]. 2023
IEEE Aerospace Conference. March 4-11, 2023,
Big Sky, MT, USA. 1EEE, 2023: 1-20.

HSU A, ZHAO H H, GAUDREAULT M, et
al. Magnetic milli-robot swarm platform: a safety
barrier certificate enabled, low-cost test bed [J].
IEEE Robotics and Automation Letters, 2020, 5
(2): 2913-2920.

GAO Q H, YAN H, ZOU H X, et al. Magnetic
levitation using diamagnetism: Mechanism, appli-
cations and prospects [J]. Science China Techno-
logical Sciences, 2021, 64(1): 44-58.

NASR G, PETIT L., HAJJAR HAL, ez al. Mod-
eling and experimental validation of diamagnetic
levitation system [C]. 2024 International Confer-
ence on Manipulation, Automation and Robotics
(MARSS). July 1-5, 2024,
Delft, Netherlands. 1IEEE, 2024: 1-6.

HSU A, PELRINE R, DE GOUVEA PINTO

R, et al. 2D-compliant, diamagnetic levitating mi-

at Small Scales

cro-robots for operation on non-flat, non-clean
tracks [C 1. 2022 International Conference on Ma-

nipulation, Automation and Robotics at Small



5 8 ]

gk, S5 LT BTG E TR A GO T LSRR BT

1267

[33]

[34]

[36]

Scales (MARSS). July 25-29, 2022, Toronto,
ON, Canada. IEEE, 2022 1-7.

rhEd . AR RERE BRSO EIES &
BAF AT D] FBM KRN, 2016.

YE Z T. Research of Vibration Response Mecha-
nism and Outputcharacteristic on Micro-Vibration
Energy Harvester [D]. Zhengzhou: Zhengzhou
University, 2016. (in Chinese)

FURLANI E P. Permanent Magnet and Electro-
mechanical Devices [M]. Amsterdam: Elsevier,
2001.

KRISHNA R, JAYANTH G R. Design and de-
velopment of a planar nanopositioning system with
magnetic actuation [J]. Jowrnal of Micro and Bio
Robotics, 2025, 21(2): 13.

VIKRANT K S, DADKHAH D, REZA MOHEI-
MANI S O. Optimization of design parameters to
improve performance of a planar electromagnetic
actuator [J]. IEEE Transactions on Magnetics,
2024, 60(9) : 8000610.

LA R, I . KRG RO LA W) 2 SR S5 4 2 8
Wz Bk ], & 2 A Fa), 2017, 12

TEE T

% #(2000—), 5 IR TR
R S o8 3| Al [ DS E (IR = e
i B P AT #% o E-mail: ZhangH12

3@njust. edu. cn

MEERB(1989— ), B o m at A, 1
YRR AR AT 7 N RE AN
) 3 AR RN AN IR Bl

E-mail: zhichao. shi@njust. edu. cn

[38]

[39]

(1): 9-16.

NI'Y Y, SUN M. No-load magnetic field analysis
of a PM canned motor with different structure pa-
rameters of tooth tips[J]. Jouwrnal of Electrical En-
gineering, 2017, 12(1): 9-16. (in Chinese)
HALBACH K. Application of permanent magnets
in accelerators and electron storage rings[J]. Jour-
nal of Applied Physics, 1985, 57(8) : 3605-3608.
WA . N B b RS X R T e LG 4 )
FAasR D] BWIN: WK, 2020.

YANG X S. Research on Control System of 6-
DOF Magnetically Levitated Planar Motor with
Moving Magnets [D]. Shenzhen: Shenzhen Uni-
versity, 2020. (in Chinese)

IXE, MR, E5H, F. L EAMMELH
FHALE TSR] bF e,
2024, 32(11): 1713-1723.

WANG D Z, YANG M L, WANG F S, et al.
Design and simulation of stator for multi legged
miniature linear ultrasonic motor [J]. Opt. Preci-

sion Eng. , 2024, 32(11) : 1713-1723. (in Chi-

nese)

FAB(1988—) B VLI w1
+ L AR s, B
7 1) Sk S i O 2 i 1 R R BRI
il 3 B AR Rl IR B S . E-

mail: zw. zhu@njust. edu. cn



