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Abstract: Most of the multidegree-of-freedom ultrasonic motors (MDOF-USMs) use a spherical rotor,
and the design of the stator is restricted due to the use of the resonance mode. (1) Therefore, there is
almost impossible to freely design the overall shape, resulting in a complicated structure. (2) To solve
such an inconvenience, an MDOF-USM using a metal spherical stator was proposed. The vibration
mode rotation on the stator was designed by theoretical analysis of spherical vibration and finite
element method analysis. Multilayer piezoelectric actuators (MPAs) were embedded in the sphere to
excite the vibration mode. Cylindrical projections were attached to the surface of the stator to magnify
the vibration displacement and worked as the driving part. Their effects were evaluated using an
electronic circuit simulator method of performance analysis. (3) As a result, two types of vibration
mode rotation methods for the 3-DOF rotation were confirmed. It was also confirmed that the rotor
covering the outside stator rotates around three axes. However, tiny torque, low power factor, and
slow speed were obtained. (4) An MDOF-USM using a spherical stator was realized according to the
operating principle. However, since the cause of such a low performance is the excitation method of
the sphere and the rotor structure, research for improvement is required in the future.

Keywords: ultrasonic motor; spherical stator; outer rotor; vibration mode rotation; MDOF,; projection;
metal ball; spherical harmonic function

1. Introduction

An actuator system that realizes multi-degree of freedom (MDOF) movements by a
single device has been needed [1,2]. An MDOF system can be easily realized by combining
a single-degree of freedom (1-DOF) motor. However, such a system tends to be large,
heavy, and slightly complicated in control and structure, so assembly errors are a concern.
Therefore, MDOF actuators based on various principles have been researched. Especially,
the electromagnetic type and the piezoelectric type of an MDOF actuator have been studied
actively. MDOF electromagnetic motors (EMMs) have been realized using a principle
similar to the operating principle of single-axis EMMs by all the operating principles of
single-axis EMMSs. For example, DC servo motor type [3], synchronous type [4], induction
type [5], permanent magnet (PM) stepping type [6], and PM synchronous types [7,8], outer
rotor type [9]. Depending on the application, the electromagnetic-type MDOF actuator
may require a decelerator due to its low torque characteristic at high speeds. Such the
MDOF actuator system becomes complicated. In contrast, the piezoelectric-type MDOF
actuators, including the MDOF ultrasonic motor (USM), are expected to have advantages
of the 1-DOF type USM, such as high torque at a low speed, a self-holding force without
electric power, and noiseless due to a nonmagnetic operating principle [10]. Therefore, the
MDOF-USM is expected to be applied to humanoid robot’s joints [11,12], spacecraft [13,14],
and medical devices [15], i.e., fields where a compact multi-DOF actuator system is required.
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Some types of the MDOF-USM have been reported: the spherical USM using three-ring
stators which generate a traveling wave of bending mode [16], a rod-type MDOF-USM
using the degenerate mode of longitudinal vibration and bending vibration of cylindrical
stator [17-19], an annular disk type MDOF-USM using multiple vibration modes of annular
disk stator and its sandwich-type [20,21], a micro MDOF-USM [22,23], and other unique
types [24-26]. Most of the reported MDOF-USMs have the disadvantage of smaller torque
and output power than the 1-DOF type. One of the reasons may be that the effective contact
area between the rotor or slider and the stator becomes smaller in principle. However, an
MDOF-USM with relatively high torque has also been achieved [27]. However, the designs
of structure and vibration mode of stators of those MDOF-USMs are complicated. These
MDOF-USMs have a typical structure that rotates a sphere as a rotor. In general, the stators
of MDOEF-USMs have strict shape conditions due to the resonance mode design. Therefore,
as long as the rotor is spherical, there is almost no degree of freedom in designing the
overall shape. In other words, there are many design restrictions. Therefore, it is desirable
to devise MDOF-USM, which has a high degree of freedom in structural design.

The purpose of this study is to experimentally examine the possibility of MDOF-USM
using a metal spherical stator as part of the study to expand the design freedom of MDOF-
USM. There is a possibility that the limitation of the axis of rotation can be removed in
principle. The MDOF-USM using a metal spherical stator was dealt with in this paper.
The authors have proposed and realized the excitation and support of the spherical stator
in the case of 1-DOF in previous research [28]. The MDOF-USM using a piezoelectric
ceramic spherical-shell stator with a spherical rotor has been developed [29]. The in-plane
non-axisymmetric mode of the spherical shell has been utilized for this MDOF-USM, and
the method of realizing the spherical stator is different from ours. There are still few studies
on USM using spherical stators, and this study seems to be of academic and engineering
significance. This MDOF-USM using a spherical stator is expected to be applied to the joint
mechanism of humanoid robots and others. This type of MDOF-USM has two significant
advantages: (1) it is easy to design the vibration mode of a stator. In other words, ideally,
since the vibration mode of the sphere can be excited innumerably just by changing the
axis of symmetry, it is possible to easily realize the same rotation as the traveling-type USM
by combining the vibration modes of the same shape and innumerable rotation axes can be
configured; (2) the shape of a rotor can be designed more freely, and more materials can
be selected.

The excitation method and support method of the 1-DOF spherical stator were devised
in previous research [28]. Multilayered piezoelectric actuators (MPAs) were embedded
in a sphere to excite vibration. In this paper, we expand the 1-DOF spherical stator to
3-DOF. The vibration analysis of the spherical stator was performed using the equation of
motion and finite element analysis (FEA, COMSOL Multiphysics 5.2). We consider two
types of vibration mode rotation and the rotor driving method using cylindrical projections
(driving part) attached to the surface of the spherical stator. The dimension of these driving
projections is determined by FEA, and the effect of rotary force generation is evaluated by
analysis technique using the electromechanical equivalent circuit designed in an electric
circuit simulator [30]. Furthermore, from experiments of the prototype MDOF-USM using
the spherical stator, the vibration mode rotation and rotor rotation characteristics are
confirmed.

2. Operating Principle
2.1. Natural Vibration Mode of a Sphere

Consider the search for the natural vibration modes of a sphere suitable for a spherical
stator used in the MDOF-USM. The coordinate system is given in Figure 1.
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Figure 1. Sphere with radius r and definition of spherical coordinates. 6 is measured from the polar
axis (0 < 8 < 7), z. ¢ is measured in the x, y plane from the x-axis (0 < ¢ < 2m).

The equation of motion of an isotropic homogeneous elastic medium is expressed as

pol = (A+ )V (Veur) + V2,

5 0 5 10 5 _1 0 M
V =érg; + 35+ Corsing ags

where (&, é,8,) represent unit vectors in each of the coordinate directionsas shown in

Figure 1, u = (ur, Ug, uq,) is the displacement vector at point P, p is the density, and A and

u are the so-called Lamé parameters describing the elastic properties of the medium. u can

be decomposed by Helmholtz decomposition as
u=VU+V XA, ()

where the scalar potential U and the vector potential A. The first term represents a curl-free
component and is denoted by u;. The second term represents a divergence-free component
and expresses the shear displacement of the torsional vibration mode and other share modes.
In this paper, we mainly focus on the spheroidal mode with expansion and contraction of
a sphere and exclude the shear vibration mode, in which no volume deformation occurs.
Therefore, only #3 = VU is considered. In this case, Equation (1) becomes

% A+2u_,
ﬁU_TV U. 3)

Assuming that the angular frequency is w and the displacement changes in the form
of exp(iwt), by separating the time components, the Helmholtz equation is obtained as

V2U = —K°U, (4)

k:ﬂ, o= /M' (5)
¢ p

Equation (4) is expressed in spherical coordinates as

19 (,0U 1 0 (. ,0U 1 2%U _ ,
r287<r 81’>+rzsin989<8m989> + r2s1n29ﬁ = kU ©

where

The solution of Equation (6) is given by separation of variables:

U(r, 0, ¢) = R(r)©(6)®(¢). @)
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In general, the natural vibration mode of the free vibration of the anisotropic elastic
sphere can be obtained by giving the boundary condition that the stress at the surface of
the sphere is zero. However, the radial function R(r) does not express the shape of the
natural vibration mode. The angle functions @(0) and ®(¢) are combined into a single
function called the spherical harmonics Y/ (6, ¢ ) defined by [31,32]

Y70, ¢) = \/ e o (cos )™, ®)

where le (cos 0) is the associated Legendre function; , a positive integer; and m, a positive
integer or negative one. There is the relationship of Im| <1

The spherical harmonics can be visualized as an approximate shape of the natural
vibration mode of a sphere by nodal lines corresponding to lines of latitude and longitude
of the earth. I, m, and | — m indicate the total number of nodal lines, the number of
longitude lines, and the number of latitudes, respectively. By visualizing the real part of the
spherical harmonic function, we searched for the vibration modes suitable for the stator of
MDOF-USM. For [ = 2 and m = +1, the real part of Equation (8) is

3 /5
1 = —— —gi = i
Re [Yz (0, (p)} = —5\/ 22,5 20 cos @ = Uy sin 26 cos ¢. )

Figure 2a visualizes the sign and zero value of the phase in Equation (9) on a sphere.
It can be seen that there is one line each corresponding to the latitude and longitudinal
line. They appear by sin(26) and cos ¢ in Equation (9), respectively. In addition, to make
the vibration modes easier to understand, Figure 2b shows the deformations in the x-z
plane created from Equation (9). This figure is similar to the displacement diagram of the
non-axisymmetric vibration mode ((2, 1)) or ((2, 2)) of a disk [33]. Similarly, Figure 2c shows
the deformations in the plane perpendicular to the z-axis and is similar to the displacement
diagram of the non-axisymmetric vibration mode ((1, 1)) of a disk. These suggested
that a modal rotation type MDOF-USM could be realized when combined with the same
shape orthogonal modes [33]. Hence, the vibration modes with [ = 2 and m = +1 were
selected in this study. Figure 3a,b show vibration mode diagrams obtained by eigenmode
analysis of the sphere of arbitrary diameter with FEA. These modes are degenerate and
orthogonal to each other, called 12m1-mode and 12m1’-mode (see Supplementary Materials),
respectively [28]. Figure 3a corresponds to Figure 2b,c. This vibration mode is shaped like
a rugby ball, but the displacement in the y-axis is zero.

Sphere 4
é :
X

Nodal line =2
(b)

Figure 2. Visualization of spherical harmonics of [ = 2 and m = 1. (a) Displacement pattern for

spheroidal mode; (b) Deformation in xz-plane; (c) Deformation in plane perpendicular to the z-axis.
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(a) (b)

Figure 3. Vibration mode diagrams of the sphere simulated by FEA with [ =2 and m = 1. (a) 2m1-
mode; (b) Orthogonal mode, 12m1’-mode. Animation of a simulated vibration mode is available as

Supplementary Materials.

2.2. Vibration Mode Rotation
Figure 4a,b show images of vibration mode rotations of Type-A and Type-B, respectively.

Mode-rotation

/;3 CET—

Type-A Type-B

@ (b)
Figure 4. Images of mode-rotation of 12m1-mode. (a) Type-A: Rotation on xz-plane or yz-plane;
(b) Type-B: Precession around z-axis. Animations of simulated vibration mode rotations are available

as Supplementary Materials.

In the case of Type-A, the vibration mode rotation is generated by providing a time
phase difference of 90° to the excitation of degenerate modes 12m1-mode and 12m1’-mode.
The combined displacement components u, and ug are obtained from the two degenerate
modes a:12m1-mode and b:12m1’-mode in Figure 5a as

z c:12m1”’-mode
A al2ml-mode

-

(@) (b)
Figure 5. Analysis model of displacement form and generate vibration mode rotation. (a) Type-A:
Rotation on xz-plane or yz-plane; (b) Type-B: Precession around z-axis.
(a: I2Zm1-mode)
Uura = Uy sin(20) cos ¢- sin(wt)

) (10)
ug, = Upcos(260) cos ¢- sin(wt)
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(b: 12m1’-mode)
u,, = Uy sin(20 — 71/2) cos ¢- cos(wt)

(11)
ugy = Up cos(20 — 7/2) cos ¢- cos(wt),
where
U, = uO%jl(kr)
(k) (12)
Up = 2Up
and j;(kr) is a spherical Bessel function.
Hence
Uy = Upg + Uy = —Uy cos(20 + wt) cos ¢
Uy = g, + gy, = Ugsin(20 + wt) cos ¢ (13)

2 2
u Up —
(Urccr)sq)) +(Ugcos<p> =1

where ¢ # 7/2,371/2,i.e., except on the y-axis. Equation (13) shows that u, and uy rotate

in the 0 direction with angular speed 6=—w /2. This means the vibration mode rotation
occurs as the 12m1-mode shown in Figure 3a revolves around the y-axis. Moreover, an
elliptical motion displacement occurs on the surface of a sphere.

In the case of Type-B, the analysis is performed using Figure 5b in the same way
as Type-A. The 12m1”-mode, which is a 90° rotation of 12m1-mode around the z-axis, is
used. Giving 12m1-mode and 12m1’-mode a time phase difference of 90° causes vibration
mode rotation around the z-axis, such as the precession of 12m1-mode. The combined
displacement components u, and u, are obtained from the two degenerate modes a:12m1-
mode and c:12m1”-mode in Figure 5b as

(a: 2m1-mode)

g = Uy sin(20) cos ¢- sin(wt)

(14)
uga = Uy cos Osin @- sin(wt)
(c: 12m1”-mode)
uye = Uy sin(20) cos(¢ — w/2)- cos(wt) 15)
Uge = Uy cosBsin(¢ — 71/2)- cos(wt)
where
U, = UO%jl(kr)
4 (16)
U, = —2Up ).
Hence
Uy = Upg + Upe = U, sin(20) sin(¢p + wt)
Up = Ugpg + Upe = —Ugpcos b cos(¢ + wt) 17)

(et} +{me} =1
U, sin(26) Ugp cos 6 -
where 6 # 0, 71/2, 7t, that is, other than the poles and the equator. Equation (17) shows that
uy and u, rotate in the ¢ direction with angular speed ¢ = —w/2, and that an elliptical
displacement occurs on the surface of the sphere. Therefore, the vibration mode rotation
occurs as the 12m1-mode shown in Figure 3a precesses around the z-axis. In other words,
a traveling wave generates on the surface of the spherical stator in the same direction.
However, the vibration displacement distributes along the longitude line, which is the
smallest on the great circle around the axis of vibration mode rotation.

An elliptical displacement occurs at the contact surface between a rotor and the stator
when generating vibration mode rotations. The rotor is driven by a frictional force similar
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to a traveling-wave-type ultrasonic motor. Similarly, the vibration mode rotation can be
developed around an arbitrary axis by switching excitation points, and the MDOF-USM
can be realized.

3. Vibration Analysis
3.1. Stator Construction

It was confirmed that the 12m1-mode and its vibration mode rotation around a single
axis could be excited by multilayered piezoelectric actuators (MPAs) embedded in the spher-
ical stator [28]. To expand to 3-axis rotation, 24 MPAs were embedded in the sphere surface,
as shown in Figure 6. Each 8 MPAs are used for each axis rotation. 8 MPAs are arranged on
the great circle around each axis with the regular interval. The MPA (6 x 6 x 5 mm?) used
for the stator consisted of 60 laminated hard material type piezoceramic sheets polarized
in the thickness direction and has a capacitance of approximately 350 nF. Table 1 shows
the properties of piezoelectric ceramics using MPA. This material has high values in me-
chanical quality factor Qm, coupling factor Ks3, but the dielectric dispersion factor is low.
The hard material type piezoceramics generally endure a high-frequency drive due to low
loss compared to the soft material one. The MPAs were embedded in square holes into a
stainless steel SUS304 sphere 50.8 mm in diameter, and those were secured in the hole with
metal wedges [28].

FEA carried out the eigenvalue analysis and frequency domain analysis of the sim-
plified stator model. The model used for FEA was created with boundary conditions of
the free boundary, tetrahedral mesh, seven divisions in the radial direction, 40 divisions
in the circumferential direction, a maximum element size of 8.82 mm, and a minimum
element size of 1.65 mm. From these analysis results, the generations of 12m1-mode and
12m1’-mode were confirmed. The 3-axis vibration mode rotations of Type-A and Type-B
were obtained by providing a phase difference of 90° to the excitation of the two modes.

Table 1. Properties of piezoelectric ceramics used in MPA.

Density Mec.hanical Coupling Factor Piezoelectric Strain Young’s Modulus Rel.ati.ve. ) ]?ielf:ctric
Quality Factor Constant Permittivity Dissipation Factor
Kss das Y33 €33/ €0
kg/m3 - 1072 m/V 1010 N/m? - %
7600 0.69 315 6.5 1460 0.4

£

Expansion/contraction
direction

—>

Figure 6. Arrangement of 24 MPAs on the surface of the spherical stator.

3.2. Effect of Driving Projection

There are MPAs, metal wedges, and wirings on the surface of the spherical stator.
Therefore, it was difficult to extract a friction force directly from the surface of the stator for
rotor driving. The rotor driving by projections attached to the surface, as shown in Figure 7a,
was devised. This projection also had the role of expanding the lateral displacement by
the principle of the lever. The projection was made of stainless steel (JIS, SUS304) and
had a screw thread part fastened into the stator, as shown in Figure 7b. To determine the
dimension of the driving projection, the effect of the dimension of the driving projection
on the displacement was investigated by the FEA. As a result, the displacement trajectory
of the tip of the driving projections varied depending on the dimension. However, when
the length of the driving protrusion was around 5 mm, its diameter did not significantly
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affect the displacement of the spherical stator and driving projections. Therefore, first, the
diameter was set to the upper limit of 6 mm, which does not interfere with the arrangement
of the MPAs on the stator.

On the other hand, the length L of the driving projection made a difference in elliptical
displacement. Figure 8a shows the simulated elliptical displacement of L = 5 mm driving
projections. Their rotation directions were indicated by arrows in Figure 8a. Due to the
different rotational direction of the elliptical displacement of some of the projections, the
L =5 mm projection was not suitable for driving the rotor. However, when L= 4.5 mm or
less, all driving projections’ rotation direction of displacement was uniform. Accordingly,
to avoid the critical length of 4.5 mm for the driving projections, L = 4 mm was chosen with
a margin. Figure 8b shows the elliptical displacements of L = 4 mm driving projections.
Their rotations were in the same direction, although they were a little different in shape
and size.

projectionX 13

(a) (b)

Figure 7. Arrangement of driving projections on the spherical stator. (a) Appearance of model;
(b) Projection with screw thread.

48.60kHz L=5mm L"" 48 71kHz L=4mm

@) (b)
Figure 8. Displacement loci at driving projections. (a) Projection length L = 5 mm; (b) L = 4 mm.

4. Thrust Generation Analysis

We attempted to simulate the maximum thrust generated at each driving projection
numbered in Figure 9. This type of MDOF-USM was presumed as the analysis model
shown in Figure 10. The MDOF-USM comprises the rotor and the stator expressed by
two vibrators arranged at right angles. Each vibrator corresponds to a vertical component
and horizontal one of the vibrations at the driving projection. A preload is applied using
a spring between the vibrator and rotor. The rotor rotates owing to friction when the
stator is in contact with the rotor. The top of the stator, which corresponds to the tip of
driving projection here, undergoes nonlinear motion by the contact and separation with
the rotor. Such a model can be expressed and analyzed by the electromechanical equivalent
circuit [30]. Details are described in Appendix A.
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Figure 9. Driving projection number evaluated for each rotation axis.

Rotor

fl.
Stator
vibrator

Preload
(Fe)

Figure 10. Analysis model of USM for equivalent circuit.

The value of calculated maximum thrust, which may be different from the actual
value, is useful to grasp how driving projections contribute to generating rotation force.
Table 2 shows the contribution to the rotation of each driving projection to the rotation
from the simulation result of the generated maximum thrust. The contribution degree is
normalized with the largest value of calculated maximum thrust of the driving projection
on each rotation axis, expressed as a percentage. In the case of Type-A, the driving projec-
tions farthest from the axis of rotation, which correspond to 1(x) for x-axis rotation and
3(y, z) for z-axis rotation shown in Figure 9, respectively, had the contribution of 100%. In
contrast, the driving projection, 1(y, z), on the axis of z-axis rotation had no contribution
to the generation of z-axis rotation. However, although the driving projections 3(x) and
3(y, z) were on the axis of x- and y-axis rotations, they also contribute to rotation due to the
asymmetry of the driving projection arrangement with the x, y-axis. In the case of Type-B,
the driving projections farthest from the axis of rotation, which correspond were 1(x) for
x-axis rotation, 1(y, z) for y-axis rotation, and 3(y, z) for z-axis rotation, were no contribution
to each rotation generation. The contribution of driving projections, 2(x) and 2(y, z), were
the highest for all axis of rotation.

Table 2. Contribution of each driving projection.

Contribution of Driving Projection (%)

Mode Rotation Type Axis of Rotation
1(x), 1(y, 2) 2(x), 2(y, z) 3(x), 3(y, z)
_ X,y 100 98.1 83.7
Type-A z 0 88.6 100
] X,y 0 100 68.2
Type-B z 33.8 100 0

5. Performance Evaluation of MDOF-USM Using Spherical Stator
5.1. Construction of Prototype Spherical Stator

The prototype spherical stator was fabricated, as shown in Figure 11. The 24 MPAs
were embedded and secured in the hole with metal wedges, and 13 driving projections
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were attached to the surface of the stator. The tip of each driving projection had a spherical
surface for fitting to the rotor. The bottom of the stator was supported by the rod designed
to reduce the vibration suppression of the stator [28].

Figure 12 shows the definition of electrical ports exciting each vibration mode and
mode rotation. To excite the I2m1-mode or 12m1’-mode, four MPAs per mode were used
and constructed an electrical port. The four MPAs were arranged on the circumference
of the axial plane of the stator at equal intervals in the case of the spherical coordinate
centering at the center of the stator. Port A and Port B shown in Figure 12a, and Port C and
Port D shown in Figure 12b, were for x-axis and z-axis rotations by the mode rotation of
Type-A, respectively. Port E and Port F were constructed by MPAs arranged in great circles
of two different axial planes, as shown in Figure 12c. Those ports were used for x-axis
rotation by the mode rotation of Type-B. Port G and Port H shown in Figure 12e were used
for x-axis rotation by the mode rotation of Type B. Each electrical port for y-axis rotation
by Type-A and Type-B was also defined similarly as x-axis rotation, but it is omitted here
because it has the same characteristics as x-axis rotation.

The influence of the support rod on the vibration modes varies with each vibration.
There are also cases where the effect is unequal for two vibration modes used simultane-
ously. Since the support rod is located on the z-axis, the vibration modes with the z-axis
as the common symmetry axis are equally affected. Specifically, when z-axis rotation is
obtained by Type-A, the effect is equal and minimal. In the case of obtaining z-axis rotation
with Type-B, the influence is even but not small. In addition, for x-axis rotation, the effect is
expected to be large and uneven. The above is briefly summarized in Table 3. These states
were confirmed by measuring the vibration displacement using a laser Doppler vibrometer.

Figure 11. Prototype spherical stator with MPAs and driving projections.

Port A % Port B Port C %Port D

Figure 12. Definition of Port A to Port H for: (a) x-axis rotation by Type-A; (b) z-axis rotation by
Type-A; (c) x-axis rotation by Type-B; (d) z-axis rotation by Type-B.
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Table 3. Summary of electrical ports, rotation axis, and influence of support rod by mode rotation type.

Mode Rotation Type Rotation Axis Drive Port Influence of Support Rod
X A,B Large, Uneven
Type-A z C D Small, Even
X E F Large, Uneven
Type-B z G, H Not small, Even

5.2. Displacement Measurement

Figure 13 shows the displacement distributions measured at 30 Vp.p (offset 15 V)
applied into Port A to Port H. Although there were some differences in amplitude and
shape among the measured results, the 12m1-mode and 12m1’-mode excited by each port
were confirmed. From these results, when a time phase difference of 90° was given between
the ports of each pair, the vibration mode rotation around the three axes of Type-A and
that around the z-axis of Type-B were confirmed by the rotation of the ball bearing contact
with the surface of the stator. The resonance frequency of each mode was obtained by
measuring the frequency-admittance characteristics. The driving frequencies at those times
were 45,895 Hz for the x(y)-axis, 45,000 Hz for the z-axis in Type-A, and 47,688 Hz for
the z-axis in Type-B. However, we could not confirm the vibration mode rotation of x-
and y-axes of Type-B. The cause can be a large difference between the magnitudes of the
displacements of two vibration modes. This agreed with what was expected in Table 3 and
the previous section. However, although the vibration displacements of the excitations at
Port A and Port B were small, they were excited almost evenly, contrary to expectations.

The 12m1-mode excited by Port E was hardly influenced by the support rod connected
with the stator on the z-axis. In contrast, the displacement amplitude of the I2m1-mode
excited by Port F was easy to become small because the Port F was used for exciting the
12m1-mode of the stator and the bending vibration (B21-mode) of the support rod [28].
The frequency adjustment of the B21-mode of the support rod was inadequate, resulting
in a high mechanical impedance and consequently a weak excitation of the 12m1-mode.
Therefore, it was difficult to generate the vibration mode rotation around the x(y)-axis of
Type-B using the excitation by the combination of Port E and Port F. Hence, the x(y)-axis
rotation of Type-A and z-axis rotation of Type-B with large displacements were considered
to be suitable for rotor drive.

Displacement (pm)

Displacement (pum)

L,

--Port A ;'B"P()l”[ B o-Port C -&Port D
45,870 Hz 45,920 Hz 45,000 Hz 45,000 Hz

(a) (b)

Figure 13. Cont.
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Figure 13. Vertical displacement distributions of vibration modes of the stator excited by: (a) Port A
and Port B for Type-A; (b) Port C and Port D for Type-A; (c) Port E for Type-B; (d) Port F for Type-B;
(e) Port G for Type-B; (f) Port H for Type-B.

5.3. Characteristic of MDOF-USM Using Spherical Stator

Figure 14a shows the parts of the rotor for the spherical stator. The rotor was made
of PPS containing 40% glass fiber, consisting of three pieces of two lower parts and an
upper part. The lower parts were linked to each other by two springs. They sandwiched
the stator and gave a preload by two springs from the side, as shown in Figure 14b. In
addition, the lower parts were linked again with the upper part by springs, and they gave
the vertical preload to the stator. This structure enabled the preload adjustment from the
plural directions by tuning each spring.

Figure 15 shows the measurement results of the rotation speed of the prototype MDOE-
USM using the spherical stator, input power, and power factor during the operation. The
preload at this time was set to 0.49 N. The x(y)-axis rotation was generated at 45,750 Hz
by Port A and Port B for mode rotation of Type-A, and the z-axis rotation of Type B was
generated at 47,587 Hz by Port G and Port H. From these results, the maximum rotation
speed on x(y)-axis rotations of 4.23 rpm at 60 Vp.p and that on z-axis rotation of 4.62 rpm
at 55 Vp_p were obtained. The rotor speed was calculated by image processing the video
recording data. The output torque was too small to measure. However, much input
power was needed for mechanical and dielectric losses of MPAs and large friction loss
between the rotor and stator. Hence, the efficiency was infinitely close to zero. The power
factor was small for the large capacitance of MPAs. The capacitance of a single MPA was
approximately 350 nF, and since eight MPAs were used simultaneously, the total was
2.8 uF. This was a tremendous value and the main reason for the low power factor. In
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addition, the power factor increased slightly as the current and power increased. This
means that the losses increased.

The MDOF-USM using the metal spherical stator was realized first, but its performance
must be improved. It will be necessary to improve the power factor with inductors and
reduce the input current in the future.

3D-design

Photo

Lower rotor ~ Upper rotor

(@)

Upper rotor

Spring for preload X4 ]
AN

Spherical stator

v ¢v.\‘
Lower rotor
(b)

Figure 14. Prototype MDOF-USM using spherical stator. (a) Rotor parts; (b) Whole view, rotor
preload method, and assembly of three rotor parts.
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Figure 15. Rotation characteristics of prototype MDOF-USM using spherical stator. (a) Rotation
speed and input power on x(y)-axis rotation; (b) Input current and power factor on x(y)-axis rota-
tion; (c) Rotation speed and input power on z-axis rotation; (d) Input current and power factor on
z-axis rotation.

6. Summary and Conclusions
The results are summarized as follows:

e  The spherical stator extended for 3-DOF rotation was designed. Twenty-four MPAs
were embedded on the stator to excite three sets of combinations of I2m1-mode and its
orthogonal mode.

e  The surface of the stator could not be used for thrust output by friction force directly
because the surface was not smooth with obstacles such as MPAs, their fixture, and
their wiring. Hence, projections were arranged as driving parts on the spherical stator
to output thrust force. The shape of the driving projection was designed by FEA, and
its suitable dimension was clarified.

e By analyzing the electromechanical equivalent circuit of an ultrasonic actuator on ECS,
the contribution of each driving projection to each axis rotation was calculated in the
case of two types of vibration mode rotation, Type-A and Type-B.

e  The spherical stator was fabricated, and the 12m1-modes and its orthogonal modes
excited from each electrical port were confirmed. From the measurement results of
the vibration displacement, the vibration mode rotations of Type-A and Type-B were
suitable for x(y)-axis rotation and z-axis rotation, respectively.

e  The MDOF-USM using the metal spherical stator was made. The rotor formed from
three parts was devised for enfolding the stator and applying a preload from plural
directions. The rotations around three axes were confirmed. However, the measured
maximum rotation speed was low, and output torque was too small to measure,
although input power was too much.

The MDOEF-USM using a metal spherical stator was realized. In the future, for further
improving the performance, it is necessary to improve methods of excitation and mechan-
ical output through friction and the power factor improvement of the driving circuit. In
addition, for weight reduction, a spherical shell stator and a configuration using lightweight
elastic materials should be considered. In particular, a strong excitation method for spheres
should be studied since there are few reports on this subject.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/act11010027/s1, Figure S1: (a)l2m1-mode; Figure S2: (b)l2m1’-
mode; Figure S3: (a)Type-A_mode-rotation; Figure S4: (b)Type-B_mode-rotation.
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Appendix A

The analysis model shown in Figure 10 can be expressed and analyzed by the elec-

tromechanical equivalent circuit [30] shown in Figure A1. The equivalent circuit is drawn
using the symbols of electric and electronic circuit elements of the commercial electronic
circuit simulator (ECS, Myway Plus PSIM). A mechanical circuit is drawn by electronic and
electric elements in this circuit. Therefore, the voltage and electric current correspond to
the force and velocity, respectively. Each parameter used in equivalent circuit simulation is
shown in Table Al. The details about this equivalent circuit can be found in ref. [29]. The
analysis procedure to obtain the maximum trust is described below.

Firstly, the elliptical displacement of the tip of a numbering driving projection gener-

ated by each vibration mode rotation was simulated by FEA.

1.

Next, the terminals of the normal component and tangential component on the
equivalent circuit in Figure A1 were short-circuited to consider only stator without
any load.

The simulated elliptical displacement shown in Figure 8 was reproduced by the instan-
taneous value of charges at P and Q on the equivalent circuit. Circuit constants and
voltage sources were adjusted by trial-and-error until the reproduced displacement
was similar to the simulated one. The magnitude and the oblateness of the elliptical
displacement were reproduced by the magnitudes of input voltages of V;,;1 and V5,
and the tilt angle of the elliptical displacement was reproduced by the phase difference
of both input voltages. In addition, the values of equivalent circuit elements were
assumed so that the stator had high output mechanical impedance.

The terminal of the tangential component on the circuit was opened for generating
the maximum thrust, but the normal component circuit was terminated by serially
connected elements Dy, 1/Ky about the rotor. Because the stator had high output
mechanical impedance, the preload F can be set freely, and the influence on the stator
by the preload and the load was supposed to be negligibly small.

Finally, the transient analysis of the equivalent circuit was carried out on ECS, and then
the mean value of the generated maximum thrust in steady-state (fr) was calculated.

Table A1l. Parameters used in the calculation.

Symbol Mean Value

Vim Applied voltage 4~850 Vp_p
Vinz Applied voltage 3~530 Vp.p
theta Phase between Vi, and Vi, —90° or 90°
F. Preload 30V

A Force factor 575N/V

Cy Capacitance of vibrator 0.75 uF

Dy, Damping coefficient of vibrator 150 N-s/m
M, Mass of vibrator 8 x 1073 kg
K Stiffness of vibrator 93 x 10° N/m
Dp Damping coefficient of preload element 1.0 x 10° N-s/m
Mp Mass of preload element 0.2kg

Kp Spring constant of preload element 0.169 N/m
Kn Normal spring constant of contact surface 1.23 x 10° N/m
Dn Normal damping coefficient of contact surface 100 N-s/m
Mt Equivalent mass of rotor 049 kg

Kr Tangential spring constant of contact surface 1.23 x 101 N/m
D)oss Loss of rotor )

U Frictional coefficient 1

f Driving frequency 23.5 kHz
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Figure Al. An electromechanical equivalent circuit that can be analyzed by an electronic circuit
simulator created based on Reference [30].
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