Mechanics & Industry 22, 12 (2021)
© D. Zhao et al., Hosted by EDP Sciences 2021
https://doi.org/10.1051 /meca,/2021008

Mechanics
fndustry

Available online at:
www.mechanics-industry.org

Effects of molecule force on free vibration for a micro
electromagnetic harmonic drive system

Dan Zhao'?, Lizhong Xul‘*, and Yuming Fu'

! Yanshan University, Mechanical engineering institute, Qinhuangdao 066004, PR China
% Hengshui University, Electromechanic research institute, Hengshui 053000, PR China

Received: 6 March 2020 / Accepted: 30 January 2021

Abstract. In this paper, a micro electromagnetic harmonic drive system is proposed. Considering Van der
Waals force, dynamics equation of the flexible ring for the micro drive system is deduced and resolved. Using the
equations, the effects of the molecule force on the natural frequencies and vibration modes of the drive system are
investigated. Results show that considering molecule force, natural frequencies of the flexible ring are reduced
and its vibration modes are changed. For lower order modes, smaller clearance between the flexible ring and
stator, smaller thickness of the flexible ring and larger radius of the flexible ring, the effects of the molecule force
on the natural frequencies and vibration modes are more obvious.
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1 Introduction

Electromagnetic harmonic drive is a kind of mechatronics
drive device combining rotating magnetic field with
harmonic drive. It is widely used in the driving mechanism
of machine tools and instruments, and is suitable for
submarine navigation, aerospace and transportation fields
[1-5].

Herdeg proposed the electromagnetic harmonic drive,
and successfully developed the experimental prototype of
the drive with external magnetic poles [6]. Janes developed
an electromagnetic harmonic drive system with built-in
electromagnetic winding, which is compact in structure
and can transmit more torque per unit space [7-9]. Rens
developed a new type of permanent magnet harmonic drive
prototype, which is suitable for the requirements of large
transmission ratio [10,11]. Tjahjowidodo proposed a
harmonic drive model using statistical measures of
variation and analyzed its reliability under different
conditions [12,13]. Reinhard investigated small harmonic
gear drive and developed the harmonic reducer with metal
gears which was used in robot driverfor semiconductor chip
packaging [14,15]. Jose designed harmonic drive with low
temperature magnetic superconductor to improve the
service life [16]. Chigira proposed a harmonic drive with a
stackable structure that is easy to assemble. By adjusting
the structure of the magnetic gear, the maximum transfer
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torque can be increased [17]. Based on studies of the
electromagnetic harmonic drive, Xu proposed an electro-
magnetic harmonic movable tooth drive system and
investigated its output torque [18-20]. Afanas’evcalculated
the electromagnetic moments of anelectromagnetic gear
reducer by the energy method [21]. Ando proposed a new
harmonic gear with stackable structure easy to assemble
and studied the effect of stack on the maximum transmit
torque by experiments [22]. Koji proposed a new magnetic
harmonic gear which has the stackable structure in which
the maximum transmission torque of the gear was
improved approximately 5.96 times and the torque density
was improved about 3.82 times [23]. Liu et al. investigated
eccentric harmonic magnetic gear and presented an
analytical method for predicting the distribution of
magnetic field in the air gap of harmonic gear [24]. Jing
proposed a new type of eccentric harmonic magnetic gear
and calculated corresponding magnetic field and static
torque with the finite element analysis [25]. With the
development of MEMS technology, the size of the driving
link is more and more limited, and the micron scale drive
technology is urgently needed [26].

Therefore, the Authors propose a micro electromagnet-
ic harmonic drive system. It has advantages such as small
volume, light weight, simple and compact structure, large
speed ratio and small inertia, etc. Stator components with
electrode segments and special piezoelectric ceramic
materials are not needed, which is more conducive to the
miniaturization.
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Fig. 1. An electromagnetic micro harmonic drive system. 1 Cover; 2 flexible ring; 3 stator. (a) Section diagram (b) 3D model.

(a) (b)
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Fig. 2. Electromagnetic and molecular forces on the flexible ring. (a) Flexible ring and stator (b) electromagnetic force (¢) molecular

force.

In the drive system, the electromagnetic force has a
decisive role for its operation behavior. However, with
further reducing the size of the system, the effect of
molecular force is becoming more and more significant. The
Van der Waals force is an important molecular force, will
significantly influence the dynamic performance of the
micro electromagnetic harmonic drive system.

In this paper, considering Van der Waals force,
dynamics equation of the flexible ring for the micro drive
system is deduced and resolved. Using the equations,
effects of the molecule force on the natural frequencies and
vibration modes of the drive system are investigated.
Results show that considering molecule force, natural
frequencies of the flexible ring are reduced and its vibration
modes are changed. The research is useful in design of the
dynamics performance for the micro electromagnetic
harmonic drive system.

2 Structure and operation principle

Figure 1 shows a micro electromagnetic harmonic drive
system. It consists of micro flexible ring and stator. When
the external magnetic field is applied sequentially, the
rotating magnetic field will cause the flexible wheel to
undergo periodic elastic deformation, thus driving the
associated supporting shaft to rotate.

Here, ris radius of the flexible ring, /is the length of the
flexible ring, t,is the clearance between the flexible ring and
stator. The stator material is no magnetic and the flexible
ring material is magnetic. The flexible ring under
electromagnetic force and molecule force is given in
Figure 2. In electromagnetic field, distributed electromag-
netic force occurs on the flexible ring. g, is electromagnetic
force per unit length. Meanwhile, molecule force occurs at
the angle range [— T %] .¢,3- is Van der Waals force per unit
length.

3 Static displacement of the flexible ring

The electromagnetic force per unit length on the flexible
wheel is

2 4l
= 47132/}“01%[ 1% cosf (1)
8(R] +a%)

re

where po —vacuum permeability, po=4m x 107N - A2
I —current in magnetic coil;
np —number of turns per unit length;
R; —magnetic coil radius;
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xp —distance from the flexible ring to the magnetic coil
plane;
¢ —position angle of the flexible ring.
Equation (1) can be simplified to

(2)

Qre = Gro COSO The coefficients of

2R conditions
where g, = 8 %H% 7
The van der Waals force per unit length is [27]
Al
4r3 = (3) Thus

67T(t() — UO)3

Where A is Hamaker constant, A =6.58 x 1072°.J

The total force per unit length on the flexible ring is
(4) To determine the
integral equation by

obtained

rs = Qe + qr3

The distribution of forces on the flexible wheel is as

do =

This load is expanded as a Fourier series

o0
qrs = 9o + qu cos kb
1

(6)

the series satisfy the following

See equation (7) below.

43
T

2 dr0
g

®)

coefficient ¢, multiply the above
cos kO, the following relation is

follows:
See equation (5) below. See equation (9) below.
2 4
nppoRyl o g T
Qs = Qpg COSO + @3 = I" cos6 + g, (——g ] g—)
’ P8R 4 a2)° s 1 4
T T T T
Qrs = Qo COSO (ZSQSE’_§§9§ _Z> .
nSuoRH 3 %4
e = — (0 COSO + @y = ——22L_T1?cosH+q, (—<9<—)
q qr0 4r3 8(R§—|—m%)3 qr3 4 4
/4 3n 4m 3
qrs = —quCOS@ (5 < % < Z,Z < 0 < 7)
2 il T
T 0 — —
/0 q + qu cos k@] do = /%I (gyo cos 0+ q,3)d6 + /EQ (g, cos 0)do
1 2 1
o 37
+ %)ﬂ? (=@, cosO + q,5)d0 + %-[4 (—g, cos 0)do (7)
4 2
37 E
+ 5712 (=0 COS@)d9+/ﬂ4 (g, cos 6)do
4 2

/g

q + qu cos k@] cos kOdf = /%T (g, cos 0 + q,3) cos kOdO +
- _Z
4

2
s

5

+ ﬁ)ﬂf (—g,9 cos 0 + q,3) cos kOdO + %_14

4
3

e

4

T

/

(=g, cos 0) cos kOdO + /

T
2 (g, cos ) cos kOdO

4

3

(—qg,¢ cos 0) cos kOdo (9)

2
Z
7'(4 (g, cos 0) cos kAdO

2
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In order to make the load symmetric with respect to the Write the solution of equation (13) as a series as follows
vertical axis and the horizontal axis, only take the
coefficient of the cosine series to be even, yields w— Z O cos kO (14)
k=2,4,6,-
. (k+Dr . (k—1)m
& = 2g,0 [T 9 4 ST 4 44,3 sink—n (k#1) Substituting equation (14) into equation (13) to obtain
b4 k+1 k-1 nk 4

(10) 5™ Cy(—H° + 2K — k)sinkd = —
k=2,4,6,- T k=246,

Equation (10) can be changed into following form

(k+1)m . (k-1m

24¢,0 | O3 Z sin sin
Qrs = + =+ 2q7‘0k 2 2 4Qr3 : k_ﬂ .
T 2 k=246, X . kol + 1 + . Sin 1 sin k6
L (k+Dm . (k-1)m
qu() sin 2 S 2 4q7‘3 . kﬂ' (15)
+ + sin— pcos kf
T k+1 k—1 7k 4

On both sides of equation (15), if the corresponding
(11)  terms of the same k value are equal, then

Substituting g¢,; into the dynamics equation of the

flexible wheel: C(k+D)7 . (k—1Dm
sin sin
Pu  FPu du ot ag., rpAdi 20,0k PR 2 +%sink—n
) b H s _ — (12) T kE+1 k-1 T 4
0> 00> 09 EI, 08 EI, 09 -t
Cr =7 2 _ 1)
This is a static solution, so the derivative of the z k(k - 1)
displacement with respect to time is zero, that is, (16)
0t /00 = 0, yields
Pu  _dPu  ou r So
—t+2—=+—-=- -
00 06° 00 Elw, s See equation (17) below.
ki (k+1)m ki (k—1)m Letting u, be equal to the average value of the
Sin sy k| . displacement u at the angle range [—Z < 6 < Z], using
X1 2q + +4q,35in — psin ko : : 4 4
70 kE+1 k—1 m3P Y equation (17), uy can be obtained
(13) See equation (18) below.
k+1 k—1 k
A (k— l)sin# + (k+ 1)sin% sinzn
= 24,9 + 4q,, ———— | cos kb (17)
Bl 575 (K — 1)3 k(K — 1)2
T
2 (4
=— do
4
k+1 k-1 k. (18)
gt (k— 1)sin# + (k+ 1)Sin% sinzﬂ .

= 2T ay
T[ZEII k:;l;},m 0 k(k2 _ 1)3 I{j2 (k‘2 . 1)2 4
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4 Solution of the dynamics equation
for flexible ring

4.1 Mode function

Let the radial displacement u of the flexible ring be
composed of static displacement uy and dynamic displace-
ment Ay

u=1ug+ Au (19)

The radial load ¢, is composed of static load ¢,, and
dynamic load Ag,

4 = ¢rs +Ag, (20)

Substituting equation (20) into equation (12), yields
0°Au
00°

*Au A rt ()Aqrir‘l,oAsdA_ﬂ
06 00  EI, 00 EI, 00

(21)

where At is the second derivative of the dynamic
displacement Aw with respect to time, F is the elastic
modulus of the flexible ring material, p is density of the
flexible ring, A, is the section area of the flexible ring, I, is
the cross section modulus of the flexible ring.

Equation (21) can be changed into following form

*Au rd
928U L Ay = A
e TAUT gL A

ripA

*Au
" FEI,

YL At

(22)

where Ag, is the dynamic load, Ag, = % Au, from equations

(1) and (3), the dynamic load can be determined by:
— Only considering electromagnetic force:

dq
re A ():0
du Ue

Ag,, = (23)

— Considering electromagnetic force and van der Waals
force:

— Only considering electromagnetic force:

*Au,
00*

0*Au, r

2 Au, = —
T A EIL,

pAsAlL, (25)

— Considering electromagnetic force and van der Waals
force:

See equation (26) below.

Letting
Au = ¢(0)q(t) (27)
Then
— Only considering electromagnetic force:
alt) oAt
I . (
From equation (28), it is given
q(t) +w’q(t) = 0 (29)
$(0) + 24L(6) + Q. (6) = 0 (30)

A4
where Q =1 — '01‘54—}7w2

T

Letting ¢, (9) = ¢*’ and substituting it into (30), yields

M2 +Q=0 (31)

The four eigen values can be obtained as follows

+v-14++/1—-—@Q and #xiy/1++/1—Q, and then the

mode function can be given by
¢e(9) = Bj cos k10 + By sin k16 + Bschks6 + Byshko0
(32)
where k1 = 1+ V1 —Q and ks =/ —-14++/1—-Q

The integral constants By(j=1, 2, 3, 4) and frequency
equation can be determined by symmetry and continuity

_ dg, B Al 7 conditions of the flexible ring.
Ay = du Aus = mAug (O sbs Z) — Considering electromagnetic force and van der Waals force:
- T (a)at 0 <6 < F
Ag3 =0 (Z <6< 5) In a same manner, following equation can be given
24 . 4 "
29 i) __ #0200 P oy
Substituting equations (23) and (24) into (22), the q(t) pAsr? 1(60)
dynamics equation of the micro electromagnetic harmonic } EI, 7%
drive system is as follows: where P =1 — m
04A’U,13 d Au13 T4 Al 7“4 b
42 Auys = Auys — A, Aii (0 <6< —)
0" 6 BT EL ot — o) BL T 4
(26)
0* Augs ?Augs r T T
2 At = ——— pAA (_ <0< _)
P + 302 + Augs EL P U23 15035
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From equation (33), it is obtained

¢ (0) + 2051 (6) + Reps (6) = 0 (34)

where R = P — %flwz
Letting ¢ (8) = ¢ and substituting it into (34),

yields

AM+2224+R=0 (35)
Thus, the mode function can be given as
¢51(0) = Ay cosmy6 + Az sinmi6 + Aschmof
—+ A4shm20 (36)

where m; = vV1++V1—-—R mo=+v-1+v1—R
(b)at? <6<z
In a same manner, following equation can be given

Q) _ o0+ 2660 +00) g
q(t) pAST L
E—Iz¢32( )
From equation (37), it is obtained
932 (6) + 26%52(6) + 59 (6) = 0 (38)

_ 1 _ pAst 2
where § =1 -

Letting ¢ss (0) = ¢*? and substituting it into (38), yields

M2+ 8=0 (39)

Thus, the mode function can be given as

$32(0) = As cosni6 + Agsinng 6 + Az chngf + Ag shngb
(40)

where ny = V1++V1—-—Sand no = v -1++v1-8.

The integral constants A,(j=1, 2, 3, 4, 5, 6, 7, 8) and
frequency equation can be determined by symmetry and
continuity conditions of the flexible ring.

=0 and 6 =%, so

¢ (0)g—o=0
'©) 7=0
T2
¢ (0)y_g =0 “
¢DO) 7=0
=3

— Only considering electromagnetic force:

Substituting equation (41) into (32), yields
See equation (42) below.

From equation (42), it can be known that By =0 and
B, =0, so equation (42) can be changed into following form

C.X,. =D, (43)

—k sin(glq) kQSh(gkz)
K sin(gkl) kgsh(gkz)

X.=[B, Bs]'D.=[0 0]

where

C. =

If there are non-zero solutions for equation (43), the
determinant of is zero, that is

&y sin(g/ﬁ) kQSh(gkz)
% sin(gkl) kgsh(gl@)

— Considering electromagnetic force and van der Waals
force:

=0 (44)

From continuity conditions of the flexible ring,

following relationship can be given at 6 =%

(
4.2 Natural frequencies ; Y (45)
$3,(0) = ¢35 (6
From symmetry and continuity conditions of the flexible @) @)
ring, both angle ¢ and tangent displacement v are zero at 51 (6) = 35 (0)
Bsoki + Byks =0
—Bukysin (S ki) + Boky cos(S k) + Bakash (ke ) + Bukach(Shy) = 0
(42)

—Byk? + Byk3 =0

. b b T g
Bk} sm<§ k1> — Byk? cos (§ kl) + nggsh(§ /cz) + Bukdch (5 kQ) =0
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Substituting equations (36) and (40) into (45), yields  following form
See equation (46) below. C1X1 =D (47)
where
From equation (46), it can be known that As=0
and A;=0, so equation (46) can be changed into See equation below.
Ale + A4m2 =0
—Asng sin (gnl) + Agnicos (gm) + Arngsh (gng) + Agngch(gnz) =0
7A2m? -+ A4m§’ = 0
Asnisin (2 Agnicos (= Amdsh Asnieh(Znz) =
5M7 SIn Enl — Agnjcos 5 =ni |+ 7n23 ng + gn2c =0
T b4 T T T
Ay cos () + Assin(Gm) + dyeh (Gma) + Aush (3 )—As (i)
1 COS 4m1 + Ay sin 4m1 + Asch 4m2 + Aysh 4m2 cos 4n1
—Ag sin(gnl) — Azch (an) - AgSh(%TLg) =0
(46)

—Aimy sin(% ml) + Aamy cos( 1) + A3m23h<%m2> + Aymoch (%mg)

) =0
Agm% sin( m1> —|—A3m2ch< mg) + A4m2$h<4 mg)
) — Agﬂ%Sh(%ng) =0

Aym3 sin(%ml) Asm3 cos( 1) + A3m23h( mg) + A4m26h(4 2)
1) -

ng) =0

+Asn; sin (g nl) — Agnq cos( n1> — Arnash (g nz) — Agnach (% N9

A1m1 005(4 m1> —

T

4
/1 5 o, (T

+Asn? COS(4 n1> + Agn?sin an) — Arnsch (an

—Asn? sin (Z nl) + Agn? cos( An3sh (g n2> — Agnich (%

. (T L b4
0 0 —nq sin (5 nl) 71 COS (5 n1> nosh (5 n2)
0 0 nd sin (g n1> —n$ cos (g nl) nysh (g ng)
T T T LT T
cos (Z ml) ch (Z m2> —cos (Z nl) —sin (Z nl) —ch an)

Cq

B

. (T . b4

—my Sin (Z ml) mg) ni Sll’l( 77,1) —nj COS (Z Tll) —’ngSh
4 b1 4

—m% cos (Z ml) (Z mz) nl) n% sin (Z nl) —n%ch

mo

m$ sin (g ml) mish (% ) —n3sin (Z nl) n3 cos (% nl)

[A

RN

mosh
mich n? cos (

|

/N N N

a1 &1 513
3
[\)
v

3
—nysh

X, = Ay A; As A As]'Di=[0 0 0 0 0 07

noch

3
nych

A/~
N I N
3 3
) )
~_ —

\
v
>

/N

=13
S

[\
N———

|
S
YN
»

|

S
N W

Q

> >

/N

NS IO = TN ]
3
Do
N———

S
)
N—

>
~~

3

)
~
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If there are non-zero solutions for equation (47), the
corresponding determinant is zero, that is

See equation (48) below.

Using equations (42) and (46), the constants B; and A;
of mode functions can be determined. Using equation. (44)
and (48), natural frequencies of the flexible ring can be
determined. Then, the primary mass M, of the first order

can be calculated by
P 2 /2 2
My = [ oigu @) ardo s [ plgu (o) arao (49
0

Multiplying ¢,(6) by M ;il/ 2, the normal mode function
of the flexible ring is obtained.

5 Effects of friction and air damping

Under the electromagnetic force, the flexible wheel after
deformation contacts with the outer ring stator at the angle
range [— /4, 7 /4]. Here, the friction force occurs. At other
angle range, the air damping force is applied to the flexible
wheel. Letting ¢; denote friction force per unit length on the
flexible wheel, ¢, denote damping force per unit length on
the flexible wheel.

From friction torque equation of the flexible wheel, the
friction force g;3considering electromagnetic force and Van
der Walls force can be given by

_ M(g0Y1 +2¢,3Ys)  ptonEL

This friction force is expanded as a Fourier series and
high order terms are neglected, the dynamic friction force
can be obtained

WAl

— A
27T(t0 — ’LLQ)

AQt3 = (51)

The air damping force ¢, per unit length on the flexible
wheel is [28]

nl®  ou

(to — u)’ ot 52)

q, =

where 1 is the air dynamic viscosity, n=1.86x 107"
N-S-m 2

This air damping force is expanded as a Fourier series
and high order terms are neglected, the dynamic air
damping force can be obtained

nl®  9Au

(t() _ Uo)?’? (53)

qQ =

Considering tangent friction force, the dynamics
equation (12) of the flexible wheel is changed into following
form

°Au PAu  0Au  r* [dAq, rip A, 0AL
—F2—=+—= +Agq, | — —
00 00 00  EI,\ 00 EI, 99
(54)

The forces on the flexible wheel include radial one

43
2Y3 4rtYs and tangent one, and the force distribution can be given by
uq,oY1 utomEI,
- 2Y,  4rty, TG (50) See equation (55) below.
. (T T /4 /4
0 0 -y sm(Em) Ny cos (§n1> nash (5712) nach (5”2)
. (T /g 14 b4
0 0 n3 sin (5 m) —n? cos (5 n1> n3sh (5 ng) nich (5 n2>
Gm)  lgm) —esGm)  —em(Gm)  —eh(gre)  —eh(Gm)
cos{ ;M1 ch{ ma cos| M1 sin{ 7 ch{m2 shi me
- (T T . (T b4 T T =0 (48)
—mg sm(zml) mzsh (ng) ny Sln(znl) —MN7 COS (an) —n28h <Zn2) _nQCh (Z n2>
T /4 b4 . (T T T
—m? cos (Z ml) mich <Z m2) n? cos (Z nl) n? sin (Z nl) —nich (Z nz) —nish an)
o . (T T o . (T . T /4 b4
m‘f sin (Z ml) mgsh (Z m2) —nf sin (Z nl) n‘f cos (Z n1> —ngsh (Z ng) —ngch (Z Tlg)
Al Al
Ag,, = —— Au, Ag, = M—4Aup (0 <6< Z)
27 (to — uo) 27 (ty — ug) 4
Ag - M oAw, Ac = 0 (z<9<g> 9
e (to — ug)* 0t = 4= T2
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Combining equation (54) with (55), yields

See equation (56) below.

Letting
Au = $(6)a(t) (57)
Substituting equation (57) into (56), yields:
See equation (58-a) and (58-b) below.
_ Al
where T = BT, 2n(ty )"
From equation (58-a), we know
O (0) + 20, (6) + Ugin(6) — uT9a(6) =0 (59)

4
WhereUzl—T—’]]g—}’"a)2

Letting ¢, (8) = ¢*’ and substituting it into (59), yields
AWH223 4+ UL —uT =0 (60)

The five eigenvalues can be obtained (ry, rp & ir3 and
14 £ ir5), and then the mode function can be given by

¢ (0) = Cren? + e"?(Cy cos 30 + C3 sinr36)

The four  eigenvalues can  be  obtained

(£vV-14+v1-V and +ivV1++v1-V), and then the
mode function can be given by
$,2(0) = Cg cos a16 + Crsinay0 + Cgchazf + Coshasf
(64)
where a1 = V14++V1—Vanday=v-1+v1-V
From symmetry and continuity conditions of the

flexible ring, both angle ¢, tangent displacement v and
shear force are zero at 6 = 0 and 6 = 7, so

¢’§71 (0)9:0 =0
Pp2(0)

0

From continuity conditions of the flexible ring,
following relationship can be given at 6 =7

+em9(Cy cosrs0 + Cy sinrs6) (61) 6,.(0) = 6,(0)
pl — ¥p2
From equation (58-b), we know / ,
(4) _
Byz (0) +2¢72(0) + Va(0) = 0 (62) $1(6) = ¢5(6) (66)
where V = 1 — 24 2 ®) ®)
Letting ¢, (8) = ¢*’ and substituting it into (62), yields 1 (0) = & (0)
(4) (4)
0) = 0
M 4224V =0 (63) 901 (0) = 92 0)
65Au1p 63Au1p 4 dAulp
06 06 00
4 A Auy, A ! pA 0Aly,
_ T l 46 Uip WAl 4Au1p _p s 0Aty, <0§0§z) (56)
Elx 27T(t0 — U()) a0 27‘[(t0 — UO) EI.Z‘ a0 4
64Aqu 62Aqu r ni® 0Auy, 7t . T b1
ot P TAM =T (to—w)® of EI pA. Ay (4 0= 2)
Q) __ #1(0) +200(0) + (1= T)gn(6) — uT9(6) (0<o<7) (55— 2)
q(t) pArt & L(0) - T4
EI, "
; 5 (6) +2¢.5(6) + ¢,5(0
at)  (to —up)’pA, a(t) PAT 4 2

EI,

¢p2 (9)



10 D. Zhao et al.: Mechanics & Industry 22, 12 (2021)

Substituting equations (61) and (64) into (65) and (66), Equation (67) can be changed into following form

yields
See equation (67) below. CX, =D, (68)

Cir1 +Corg + Csrg + Cyry + Csrs =0
LT T T T
—Ceoq sm(§a1) + Cra; cos(gal) + CgOlQSh(gO[Q) + Cgagch(gag) =0
017'? + Cy (r% — 37"27"%) + Cs (37"%7‘3 - 7‘%) + Cy (ri — 37"47‘%) + Cs (37‘27”5 — rg) =0
Ceod sin(gal> — Cra cos(gal) + C’g%sh( 052) + CgOZQCh( ) =0
o7, 7, 7, 7,
Cred ! + Ched ? cos(grg) + Csed 2Sin(%7'3) + Cyed ! cos(%m) + Csed 4Sin(%r5)

T Z T T
—Cs cos(zal) - Cy sm(zal) — CgCh(ZOlQ) — C’gSh(Zag) =0
LA T
Ciried ! + Ched ? (7’2 cos (%7“3) — 7y Sin(Z )) + Cie4 ? (’1“2 sin(%rg) -+ 13 COS (%7“3))
T T

—r —r
+Cyed ! (r4 cos (% 7'5) — 75 sin (Z )) + Csed ! <r4 sin (g 7‘5) + 75 cos (% 7'5))
+Csaq sin(%oq) — Croy cos(%al) — Cgagsh(%ag) — Cgagch(%oq) =0

T T

—r —r
Ciried gt Coed 2 ((T% —r}) cos (%7’3) — 21913 Sin(%T‘g))

T
.
+C4ed (( —r2 s1n( + 2197y cos( r3>>
T

)
+C4ezr4 (( ry— 7‘5 cos( ) 21Ty s1n( 7"5))
)

+C5eg 1"4 ((1"?1 —r? sm( + 21475 cos( r5>> (67)

—‘rCGOl% cos(%oq) + C7af sin(%al) - Cga2ch(za2) — Cg()l%Sh(%dg) =0
T s
Clri’ezrl + C'Qezr2 ((rg — 3r3r3) sin(%r;;) + (r3 — 3rar?) cos (%7’3))
T
—l—CgeZT2 ((r% — 3ror3) sin(%rg) + (3r3ry — 13) cos (%7‘3))
b4
+C4eZ " ((rg — 37“?17'5) sin (g 7“5) + (ri — 37"47“%) cos (g 7“5))
g

+C5ezr4 ((ri _ 3r4r§) sin(%%) + (31"37’5 - r%) cos (%7"5))

—C6a‘i’ sin(%al) + C7a:f cos(%al) - Cga‘;’sh(gag) - Cgagch(%ag

—
|
S

T T
Clr‘llezh + CQeZTQ ((47"27"3 4rirs) sm(Z 1"3) (r3 — 6r3r3 +13) cos (%1"3))
T
+CgeZT2 (( 67‘27"3 + 7"3) sin (Z 7"3) + (47"37“3 — 41"27“%) cos (%Tg))
g
+C4eZT4 ((47“47‘r 4r4rr) sm(Zm) + ( — 67“47% + 7 ) cos (g 7“5))
T
+C’5ezr4 (( — 6rirs + 7‘5) sin (Z 1"5) + (41"27"5 — 41“47”%) cos (%T{,))
—Caa"ll cos(%oq) - C’7o/11 sin(%al) — ng%Sh(%OﬂQ) — Cgagch(%m) =0



where

here
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T4 s
0 0
Hyz Hy
0 0
Hy; Hoy
H3z3; H3y
Hyy Hy
Hs3 Hsy
Hgz Hey

0

T
o1 COS (5011)

0

3 b4
—ajy cos( -y
2

»(5)
—sim| —-o
4 1

2 (T
af sin Zal

3

4
—a

14 m
ajy cos (Zal) —agsh(zag

sin (%0!1) —a%sh %012
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b/ . (T
Hyy = et ((ri — r3)sin <Z r5> + 21475 COS

b9 b/ T . (T T b/
Hy = et cos(zrg) ,Hoy = €12 Sln(z?“g) , Hog = €1’ cos (Zr5),

7. . (T
Hyy = et sm(77'5>,
4
3 2 2 3 3 2 2 3
Hyy =1y —3rory, Hig = 3ryrs — 1y, Hiz = vy — 3ryry, Hyy = 3ryrs — 15

X, =[C, C, C3 Cy C5 Cy C; Cs Col,

Di=[0 0 00000 0 0]

If there are non-zero solutions for equation (68), the frequencies of the flexible ring can be determined.

determinant is zero, that is Substituting the natural frequencies into following equation
See equation (69) below. wp = oV/1-2 (70)

Using equation (68), the constants C; of mode where (= o

ried Hg Hg Hes

Q
)

functions can be determined. Using equation (69), natural w(ty—uo)*pA; *
T re T3 T4 s 0 0 0 0
0000 0 cmsin(pe) meos(Gen) oosh(or) - oueh (o)
—asin(= o ol ol
o1 S 20’1 o1 COS 20[1 09S 20[2 a9C 26(2
’I““I) H11 H12 H13 H14 0 0 0 0
0 0 0 0 0 ol sm(zal) —a cos(zoq) adsh qu) agch(zag)
2 2 2 2
T
—r
64 ! H21 HQQ H23 H24 —COS(%OQ) —Sin(%ou) —Ch(%ag) —sh(%og)
b4
ol =0 (69)
T
ried | Hy Hyp Hy Hy 0l181n(%0l1) —051008(%011) —Ol28h(%a2) —otzch(%%)
b4
—r
r%e‘ll Hy Hyp Hys Hy a%cos %al) a%sin(gal) —a%ch(%oq) —a%sh %oa)
E14
—r
r‘i’e‘ll Hs, Hsy, Hs3 Hsy —a?sm(zoq) a%cos(%al) 70[%8’1(%(12) —adch %(}(2)
() i
4 4

=
=
|
Q
s
Q
o)
wn
/N
YIS
Q
S
N————

b/
4 4
—a sm(zal) —aysh

Q
¥
N—
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Table 1. Parameters of the system.
Parameters Values Parameters Values
N 200 Ry (mm) 10
ap (mm) 10 to (wm) 0.5
7 (mm) 1.4 [ (mm) 0.3
d (pm) 50 E (MPa) 95
Table 2. Changes of natural frequency with & (rad/s).
ty/um 0.4 0.5 0.7 0.8 1 2
W, 6986.3 6986.3 6986.3 6986.3 6986.3 6986.3
Order one w3 2328.7 4206.9 5688.3 6081.9 6554 6956.6
W, — W3 4657.6 2279.4 1298 904.4 432.3 29.7
. 34931.3 34931.3 34931.3 34931.3 34931.3 34931.3
Order two w3 31041.3 33379.2 34532.5 34698 34835.9 34925.3
w, — w3 3890 1552.1 398.8 233.3 95.4 6
W, 81506.3 81506.3 81506.3 81506.3 81506.3 81506.3
Order three w3 79937.4 80857.2 81336.5 81406.7 81465.5 81503.8
W, — w3 1568.9 649.1 169.8 99.6 40.8 2.5
W, 146711.4 146711.4 146711.4 146711.4 146711.4 146711.4
Order four w3 145823.2 146348 146616.9 146656 146688.7 146710
W, — W3 888.2 363.4 94.5 55.4 22.7 1.4
Table 3. Changes of natural frequency with r (rad/s).
r/mm 0.8 1 1.2 1.4 1.7
. 21395.4 13693.1 9509.1 6986.3 4738.1
Order one w3 19300.8 11149 6854.8 4206.9 949.9
W, — W3 2094.6 2544.1 2654.3 2279.4 3788.2
W, 106977.1 68465.3 47545.4 34931.3 23690.4
Order two w; 106478.2 67683.8 46414.4 33379.2 21352.4
W, — W3 498.9 781.5 1131 1552.1 2338
W, 249613.1 159752.4 110939.2 81506.3 55277.6
Order three w3 249399.9 159419.5 110460.8 80857.2 54328.3
W, — W3 213.2 332.9 478.4 649.1 949.3
W, 449303.7 287554.3 199690.5 146711.4 99499.8
Order four w; 449185.1 287369.1 199423.6 146348 98963.4
W, — W3 118.6 185.2 266.9 363.4 536.4

From equation (70), the effects of the air damping on

the natural frequencies can be given.

6 Results and discussion

Using equations given in this paper, the free vibration of
the micro electromagnetic harmonic drive system is
investigated. Parameters of the system are shown in Table 1.

Table 1 shows that the clearance between the flexible
ring and stator is 500 nm and the effects of the Van der
Walls force on the natural frequencies are quite significant
and should be considered. Tables 2—4 give the first four
orders of the natural frequencies and their changes along

with system parameters. Results show:

— Considering molecule force, the natural frequencies of the
flexible ring are decreased. With decreasing clearance
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Table 4. Changes of natural frequency with d (rad/s).

d/pm 30 40 50 80 100 150
w, 4191.8 5589 6986.3 11178 13972.5 20958.8
Order one w; 954.1 1863 4206.9 9182.3 12418.9 20157.8
w, — w; 3237.7 3726 2279.4 1995.7 1553.6 801
w, 20958.8 27945 34931.3 55890.1 69862.6 104793.9
Order two w; 16370.1 25477.4 33379.2 55291.8 69480.5 104624.3
w, — ws 4588.7 2467.6 1552.1 598.3 382.1 169.6
o, 48903.8 65205.1 81506.3 130410.1 163012.7 244519
Order three s 47146.6 64197.5 80857.2 130155.2 162849.4 244446.4
w, — ws 1757.2 1007.6 649.1 254.9 163.3 72.6
o, 88026.8 117369.1 146711.4 234738.2 293422.8 440134.2
Order four w; 87014.4 116800.9 146348 234596.4 293332 440093.9
w, — ws 1012.4 568.2 363.4 141.8 90.8 40.3

between the flexible ring and stator, the natural
frequencies of the flexible ring are decreased more
rapidly. This is due to the increased effects of
electromagnetic force and molecular force on the flexible
ring, resulting in the stiffness reduction of the coupling
system.

— As clearance between the flexible ring and stator is
relatively large (#, > 1pm), the decrease of the natural
frequencies of the flexible ring is not obvious. At
ty=1pm, the relative error between the first order of
the natural frequencies with and without considering
molecule force is equal to (w.w3)/w.=6.2%. At
fo=2 pm, the relative error is: (w,—w3)/w.=0.4%. At
to=0.8 wm, the relative error between natural frequen-
cies with and without considering molecule force is equal
t0: (we—w3)/we=12.9%. At tp=0.5 pm and ¢, = 0.4 pm,
the relative error between natural frequencies is equal to:
(we—w3)/we= 32.6%. (tp = 0.5 pm) and t(p=0.4 pm, and
(We—w3)/we = 66.7%.(to = 0.4pm).

— As the order number of the vibration modes increases,
effects of the molecule force on the natural frequencies of
the flexible ring becomes weak as well. For example, at
to=0.4 wm, the relative error between the second order of
the natural frequencies with and without considering
molecule force is reduced to be 11.1%; the relative error
between the third order of the natural frequencies is
reduced to be 1.9%; and the relative error between the
fourth order of the natural frequencies is reduced to be
0.6%.

— With increasing radius of the flexible ring, its natural
frequencies are decreased. For a relatively large radius of
the flexible ring, the relative error between the natural
frequencies with and without considering molecule force
becomes large. It shows that effects of the molecule force
on the natural frequencies of the flexible ring increases
with increasing radius of the flexible ring. As the order
number of the vibration modes increases, effects of the
molecule force on relationship between the natural
frequencies and radius of the flexible ring becomes weak.

At radius r=1.4mm decrease of the natural frequencies
caused by molecule force is 6.2% for mode one, 0.3% for
mode two, 0.05% for mode three, and 0.02% for mode 4.

— With increasing thickness of the flexible ring, the natural
frequencies of the flexible ring are increased. For a
relatively large thickness of the flexible ring, the relative
error between the natural frequencies with and without
considering molecule force becomes small. It shows that
effects of the molecule force on the natural frequencies of
the flexible ring decreases with increasing thickness of the
flexible ring. As the order number of the vibration modes
increases, effects of the molecule force on relationship
between the natural frequencies and thickness of the
flexible ring becomes weak. At thickness d=40mm,
decrease of the natural frequencies caused by molecule
force is 66.7% for mode one, 8.8% for mode two, 1.55% for
mode three, and 0.48% for mode 4.

In a word, in dynamics performance design of the drive
system, to determine its natural frequency accurately, the
effects of the molecule force on the natural frequencies
should be considered for smaller clearance between the
flexible ring and stator, smaller thickness of the flexible ring
and larger radius of the flexible ring.

Substituting above natural frequencies into equations
(32), (36) and (40), the first four orders of the vibration
modes can be obtained (see Fig. 3). It shows:

— As the molecule force is considered, for mode 1, at 6 =0
and 8=, the amplitudes of the flexible ring vibrations
decrease; at 0 =7/2 and 0 = 37/2, the amplitudes of the
flexible ring vibrations increase obviously. It is because
there is larger molecule force near =0 and 6 =7 than
other places.

— As the order number of the vibration modes increases,
effects of the molecule force on the vibration modes of the
flexible ring becomes weak as well. For mode 1, difference
between modes with and without molecule force is
0.8376; for mode 2, 3 and 4, the difference between modes
are 0.0464, 0.0168, and 0.0025, respectively.
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Fig. 3. Differences between modes with and without molecule force. (a) Mode 1 (b) mode 2 (¢) mode 3 (d) mode 4.

From mode analysis, it can be known that effects of the
molecule force on the vibration modes are obvious only for
modes 1 and 2. Here, for modes 1 and 2, effects of the
molecule force on relationship between the vibration modes
and other parameters are investigated (see Figs. 4-6).
Results show:

— As the clearance between the flexible ring and stator is
relatively small, effects of the molecule force on
vibration amplitudes of the flexible ring become more
obvious. At the clearance t)=0.4 pm, the difference
between the maximum vibration amplitudes for mode
one with and without considering molecule force is
2.287. At the clearance t,=0.5pm, f{H=1pm and
ty=2 pm, the difference between the maximum vibra-
tion amplitudes is 1.700, 0.164 and 0.008, respectively.
For mode two, the difference between the maximum
vibration amplitudes is 0.136 for t#,=0.4, 0.047 for,
0.0002 for #H=2 pm.

— As the radius r of the flexible ring increases (from 0.8 to
1.7mm), vibration amplitudes of the flexible ring
increase as well. Near §=m/2 and 6=3n/2, vibration
amplitudes of the flexible ring increase are increased more
obviously. Near 6 =n/2 and 60=3m/2, the difference
between the maximum vibration amplitudes with and

without considering molecule force is large as well. For
mode 1, the difference between the maximum vibration
amplitudes with and without considering molecule force
is 0.2861 at =0.8 mm, 0.69 at =1 mm, and 2.045 at
r=1.7 mm. For mode 2, the difference between the
maximum vibration amplitudes with and without
considering molecule force is 0.005 at r=0.8 mm,
0.012 at r=1 mm, and 0.112 at r=1.7 mm.

The results show that effects of the molecule force on
the maximum vibration amplitudes increases with increas-
ing the radius r of the flexible ring.

— As the thickness d of the flexible ring increases (from
30 pm to 150 pm), vibration amplitudes of the flexible
ring decrease. As the thickness d of the flexible ring
increases, effects of the molecule force on vibration
amplitudes of the flexible ring become weak. For mode 1,
the difference between the maximum vibration ampli-
tudes with and without considering molecule force is
2.509 at d=30pm, 1.7 at d=50pum, and 0.09547 at
d=150 pm. For mode 2, the difference between the
maximum vibration amplitudes with and without
considering molecule force is 0.3066 at d=30wm,
0.04698 at d=150pm, and 0.0056 at d=150um.
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Fig. 4. Vibration modes for different clearance . (a) Mode 1 (b) A¢ = ¢ — ¢3 for mode 1 (c) mode 2 (d) Ap = ¢, — ¢3 for mode 2.

270

It can be seen that effects of the molecule force on the
maximum vibration amplitudes increases with decreas-
ing the thickness d of the flexible ring and order number
of the modes.

Using equations (69) and (70), the effects of the friction
force and air damping on the natural frequencies are
investigated. The parameters of the drive system are shown
in Table 1. The effects of the friction force are given in
Tables 5-8. The effects of the damping are given in
Tables 9-12. Results show:

— When considering friction force, the natural frequencies
of the flexible ring are decreased. With increasing order
number of the modes, the effects of the friction force on
the natural frequencies reduce rapidly and the effects can
be neglected when the order number of the modes is
above 2.

— When the clearance between the flexible ring and stator
is decreased, the effects of the friction force on the natural
frequencies become more significant. When the radius of
the flexible ring is increased, the effects of the friction
force on the natural frequencies decrease.

s & Industry 22, 12 (2021)

2.5
2
1.5
1
0.5
0
-0.5

S
N

(d)

— When the thickness of the flexible ring increases, the
frequency difference (w3—w;) increases. This shows that
the effects of the friction force on the natural frequencies
become more significant for large thickness of the flexible
ring. When the current in the coils increases, the
frequency difference (ws—w;) decreases. This shows that
the effects of the friction force on the natural frequencies
reduce for large coil current.

— When considering air damping force, the natural
frequencies of the flexible ring are also decreased. With
increasing order number of the modes, the effects of the
air damping force on the natural frequencies reduce as
well.

— When the clearance between the flexible ring and stator is
decreased, the frequency difference (wi—w),) increases which
shows that the effects of the air damping force on the natural
frequencies increases with decreasing the clearance.

— When the radius of the flexible ring is increased, the
frequency difference (ws—w;) increases which shows that
the effects of the air damping force on the natural
frequencies increases with decreasing the radius.

— When the thickness of the flexible ring increases, the
frequency difference (w3—w;) decreases which shows that
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Table 5. Changes of natural frequency with ¢, with and without friction force (rad/s).

to/wm 0.3 0.4 0.5 0.6 0.8 1
ws 5711.9 6634.5 6848.1 6921 6966 6978.1
Order 1 w, 2328.7 2454.9 2372.4 2348.6 2334.8 2331.2
w; — o, 3383.2 4179.6 4475.7 4572.4 4631.2 4646.9
ws 34544.2 34855.3 34902.9 34918.1 34927.2 34929.6
Order 2 w, 34544.2 34855.3 34902.9 34918.1 34927.2 34929.6
w3 — o, 0 0 0 0 0 0
ws 81341.5 81473.8 81494.2 81500.7 81504.6 81505.6
Order 3 o, 81341.5 81473.8 81494.2 81500.7 81504.6 81505.6
w3 — o, 0 0 0 0 0 0

Table 6. Changes of natural frequency with r with and without friction force (rad/s).

r/mm 0.8 1 1.2 1.3 1.4 1.45
ws 21069.1 13163.8 8693.7 7094.5 5711.9 4988.4
Order 1 o, 7233.2 4744.6 3522.8 3288.4 2328.7 2170.9
ws — W, 13835.9 8419.2 5170.9 3806.1 3383.2 2817.5
ws 106910.4 68353.2 47356.4 40255.5 34544.2 32007.7
Order 2 w, 106910.4 68353.2 47356.4 40255.5 34544.2 32007.7
ws — o, 0 0 0 0 0 0
w3 249584.6 159704.4 110858.4 94418.5 81341.5 75745.5
Order 2 w; 249584.6 159704.4 110858.4 94418.5 81341.5 75745.5
w3 — o, 0 0 0 0 0 0

Table 7. Changes of natural frequency with d with and without friction force (rad/s).

d/pm 48 50 60 80 100 150
w; 5200.3 5711.9 7605.4 10774.3 13721.5 20849.6
Order 1 w, 2235.6 2328.7 3147.1 3862.0 4736.2 7019.0
ws — W, 2964.7 3383.2 4458.3 6912.3 8985.3 13830.6
ws 33002.9 34544.2 41734.4 55804.9 69811.1 104771.9
Order 2 w, 33002.9 34544.2 41734.4 55804.9 69811.1 104771.9
w3 — W, 0 0 0 0 0 0
ws 78020.4 81341.5 97729.3 130373.7 162990.6 244509.6
Order 3 w, 78020.4 81341.5 97729.3 130373.7 162990.6 244509.6
w3 — 0 0 0 0 0 0

Table 8. Changes of natural frequency with I with and without friction force (rad/s).

I/A 0.05 0.1 0.13 0.15 0.16
w3 5850.7 5711.9 5546.1 5347 5125.5
Order 1 Wy 2328.7 2328.7 2328.7 2328.7 2328.7
w3 — Wy 3522.0 3383.2 32174 3018.3 2796.8
w3 34608.2 34544.2 34456.1 34332.1 34171.1
Order 2 Wy 34608.2 34544.2 34456.1 34332.1 34171.1
w3 — Wy 0 0 0 0 0
w3 81368.6 81341.5 81304.2 81251.9 81184.4
Order 3 Wy 81368.6 81341.5 81304.2 81251.9 81184.4

w3 — Wy 0 0 0 0 0
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Table 9. Changes of natural frequency with ¢, with and without damping (rad/s).

to/ pm 0.3 0.4 0.5 0.6 0.8 1
o 2328.7 2454.9 2372.4 2348.6 2334.8 2331.2
Order 1 », 9312.4 2451.9 2371.2 9348.0 2334.6 2331.1
w; — Wy 16.3 3.0 1.2 0.6 0.2 0.1
Wy 34544.2 34855.3 34902.9 34918.1 34927.2 34929.6
Order 2 w, 34543.1 34855.1 34902.8 34918.1 34927.2 34929.6
w; — W, 1.1 0.2 0.1 0 0 0
o 81341.5 81473.8 81494.2 81500.7 81504.6 81505.6
Order 3 », 81341.0 81473.7 81494.2 81500.7 81504.6 81505.6
w; — W, 0.5 0.1 0 0 0 0
Table 10. Changes of natural frequency with r with and without damping (rad/s).
r/mm 0.8 1 1.2 1.3 14 1.45
w; 7233.2 4744.6 3522.8 3288.4 2328.7 2170.9
Order 1 , 7230.4 4740.0 3515.6 3279.5 2312.4 2147.4
w; — W, 2.8 4.6 7.2 8.9 16.3 23.5
Wy 106910.4 68353.2 47356.4 40255.5 34544.2 32007.7
Order 2 w, 106910.2 68352.9 47355.9 40254.8 34543.1 32006.1
0, — w, 0.2 0.3 0.5 0.7 1.1 1.6
w; 249584.6 159704.4 110858.4 94418.5 81341.5 75745.5
Order 3 wy 249584.5 159704.3 110858.2 94418.2 81341.0 75744.8
0 — o, 0.1 0.1 0.2 0.3 0.5 0.7
Table 11. Changes of natural frequency with d with and without damping (rad/s).
d/pm 48 50 60 80 100 150
Wy 2235.6 2328.7 3147.1 3862.0 4736.2 7019.0
Order 1 o, 9212.2 2312.4 3141.4 3859.8 4735.1 7018.7
w; — w, 23.4 16.3 5.7 2.2 1.1 0.3
W, 33002.9 34544.2 41734.4 55804.9 69811.1 104771.9
Order 2 w, 33001.3 34543.1 41734.0 55804.7 69811.0 104771.9
w; — w, 1.6 1.1 0.4 0.2 0.1 0
Wy 78020.4 81341.5 97729.3 130373.7 162990.6 244509.6
Order 3 w, 78019.7 81341.0 97729.1 130373.6 162990.6 244509.6
w; — W, 0.7 0.5 0.2 0.1 0 0
Table 12. Changes of natural frequency with I with and without damping (rad/s).
I/A 0.05 0.1 0.13 0.15 0.16
o 2328.6 2328.7 2328.7 2328.7 2328.7
Order 1 », 2315.0 2312.4 2308.6 2303.4 9296.6
w; — w, 13.6 16.3 20.1 25.3 32.1
w; 34608.2 34544.2 34456.1 34332.1 34171.1
Order 2 », 34607.3 34543.1 34454.8 34330.4 34168.9
w; — w, 0.9 1.1 1.3 1.7 2.2
w; 81368.6 81341.5 81304.2 81251.9 81184.4
Order 3 », 81368.2 81341.0 81303.6 81251.2 81183.5
w; — W, 0.4 0.5 0.6 0.7 0.9
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Fig. 5. Vibration modes for different radius r. (a) Mode 1 (b)

the effects of the air damping force on the natural
frequencies become weak for large thickness of the
flexible ring.

— When the current in the coils increases, the frequency
difference (w3 — ;) increases which shows that the

0(°)
(d)

A¢ = ¢, — ¢3 for mode 1 (c) mode 2 (d) Ap = ¢, — ¢5 for mode 2.

Table 13. Comparison of calculated and simulated
natural frequencies.

Order number Calculated (Hz) Simulated (Hz) Error (%)

effects of the air damping force on the natural frequencies 1 909.077 1095.1 16.99
increases for large coil current. 2 5497.88 9921.1 7.15
3 12945.9 13977 7.38

To illustrate the theoretical analysis, FEM software, 4 23335.93 25139 715

ANSYS, is used to simulate the dynamics performance of
the flexible ring. The simulating process is as follows:

— FEM model of the flexible ring is produced. The density, Using the FEM model, the natural frequencies of the

Young’s modulus and Poisson’s ratio of the flexible ring
material are set.

— At0=0and 6 = /2, the movement and rotation in other
directions of the flexible ring are restricted, only the
movement in radial direction is allowed.

— Calculated electromagnetic force and molecular force are
converted into the force per unit area applied to the
flexible ring. The electromagnetic force and molecular
force are 0.0785 and 0.2156 N/m? respectively. The
direction of the forces is radial to the outside of the
flexible wheel.

flexible wheel are obtained and compared with the
calculated ones (see Tab. 13). Table 13 show:

The calculated and simulated natural frequencies are in
good agreement with each other. The relative error
between them is below 17%. This illustrates theoretical
analysis of the paper.

7 Conclusions

In this paper, considering Van der Waals force, dynamics
equation of the flexible ring for the micro electromagnetic
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Fig. 6. Vibration modes for different thickness d. (a) Mode 1 (b) A¢ = ¢, — ¢3 for mode 1 (c) mode 2 (d) Ap = ¢, — ¢3 for mode 2.

harmonic drive system is proposed. Using the equations,

effects of the molecule force on the natural frequencies and

vibration modes of the drive system are investigated.

Results show:

— Considering molecule force, natural frequencies of the
flexible ring are reduced. For lower order modes, the
effects of the molecule force on the natural frequencies are
more obvious. For smaller clearance between the flexible
ring and stator, smaller thickness of the flexible ring and
larger radius of the flexible ring, the effects of the
molecule force on the natural frequencies are more
obvious.

— Considering molecule force, vibration modes of the
flexible ring are changed. At some positions, the
vibration amplitudes are decreased; at other positions,
the vibration amplitudes are increased. For lower order
modes, the effects of the molecule force on the vibration
modes are more obvious. For smaller clearance between
the flexible ring and stator, smaller thickness of the
flexible ring and larger radius of the flexible ring, the
effects of the molecule force on the vibration modes are
more obvious.

— When considering friction force and air damping

force, the natural frequencies of the flexible ring are
decreased.
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