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ABSTRACT

Disclosed is a piezoelectric inertial drive stage including a piezoelectric inertial
driver, a slider and a holder. The driver includes a mounting portion for the mounting on
the holder, a friction portion coupling to the slider, a flexure portion between the mounting
portion and friction portion, a piezoelectric element with a first end bonded to the mounting
portion and a second end bonded to a movement portion, the movement portion transferring

the motion of the piezoelectric element to the friction portion to drive the slider.

Date Recgue/Date Received 2020-12-21



COMPACT PIEZOELECTRIC INERTIAL DRIVE STAGE

FIELD OF THE INVENTION

[0001] This invention relates to a compact drive stage, and more particularly relates

to a compact piezoelectric inertial drive stage.

BACKGROUND

[0002] Based on inverse piezoelectric effect, piezoelectric actuators or motors
could transfer electrical field into mechanical strain or movement, which could be used in
some motion control applications. A simple piezoelectric actuator could be a piezoelectric
element, which could be a monolayer polarized piezoelectric material with electrodes.
Under a certain electrical field, the piezoelectric element could deform (expand, contract
or shear) in one direction, but the strain is typically lower than several parts per thousand,
which means the displacement of the moving part of most monolayer piezoelectric
elements with several millimeters’ dimension are limited to several microns. Then a
multilayer structured piezoelectric actuator, consisting of stacked piezoelectric layers
(mechanically in series) that are sandwiched between interdigitated electrodes (electrically
in parallel) is used to add up the deforming of each layer to achieve a displacement up to a
few hundred microns. But the strain still remains several parts per thousand according to
the mechanically bond in series. Furtherly, a mechanical amplifier with specified structure
is used to amplify the displacement of the piezoelectric actuator, but the amplified

displacement is still limited to several millimeters.

[0003] To get rid of the limited displacement and achieve a larger travel range, a
piezoelectric motor or called piezoelectric drive system has been developed with typically

a stator or called driver and a slider, which has a small movement in a cycle of the driver
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driven by a piezoelectric element and could accumulate small movements when repeating
this cycles many times to finally achieve large travel. The travel range of such a
piezoelectric motor is typically limited only by the travel range of the slider. Piezoelectric
inertial motor or called piezoelectric inertial drive stage is one kind of piezoelectric motor,
in which the piezoelectric element could be integrated into the stator or the slider. The
slider could achieve a small movement in a cycle of the driving of the piezoelectric element

due to the inertia of the masses of the components involved.

[0004] The documents US 20070241640 A1 (US 7535661 B2) and US 7462974
B2 describe the piezoelectric inertial driving actuator comprising a fixing member, a
moving piezo element, an oscillation substrate with spring, a moving body that is arranged
on the oscillation substrate and is moved by inertia with the substrate. These designs have

not introduced any special design on the spring.

[0005] The device in patent US8520327 B2 is a typical piezoelectric inertial motor
with piezoelectric element integrated in the stator or called “piezoelectric inertia driver.”
This piezoelectric inertia driver consists of a rigid body portion and a continuous, flexible
resilient member with a drive surface portion, an axially rigid portion and an S-shaped
resilient portion. This patent has mainly claimed the S-shaped resilient portion and has not

introduced any special design on the drive surface and the stiffness of drive portion.

[0006] The patent US 8593033 B2 describes a piezoelectric motor with multiple
piezoelectric elements as stator, to drive the slider by individually control of the multiple
piezoelectric elements. This patent does not have any flexure portion to enhance the

homing of the piezoelectric elements.

[0007] The device in patent US 20150076965 A1 (US 9312790 B2) is a typical
piezoelectric inertial motor with piezoelectric element integrated in the stator. This patent
has claimed a flexure portion consisting of a tapered spring having a first end with a first
width, a second end with a second width, and a turn portion with a turn width, wherein the

first width and the second width are smaller than the turn width, which is different from
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the S-shaped resilient portion in patent US 8520327 B2. This patent has also introduced a
friction pad on the drive surface and preload member but the stiffness of the flexure portion

is low and limits the driver’s performance.

[0008] The present application discloses a series of designs of the flexure portion
with high stiffness and compact structure in the piezoelectric inertial driver for the inertial
drive stage. The flexure portion is neither an S-shaped resilient portion nor similar to the
tapered spring in US 2015/0076965 A1l. The high stiffness flexure portion enables fast
response of the drive portion and high frequency operation of the cycle motion of the
piezoelectric elements, and finally enhances the travelling speed of the slider and axial

force generated by the friction.

[0009] Based on an embodiment of the present invention, the piezoelectric inertial
drive stage design has up to ~100mm/s speed and 10N axial pushing force, which are higher
than other commercial piezoelectric inertial drive stage products. Therefore, the device
according to embodiments of the present invention would be competitive and attractive in

the market of piezoelectric inertial drive stage.

SUMMARY

[0010] One embodiment of the present invention provides a piezoelectric inertial
drive stage, including: a holder; a slider supported by a holder, the slider traveling on a
smooth track with a travel range with respect to the holder; a piezoelectric inertial driver
coupled to the holder and operable to move the slider; the driver including: a mounting
portion to connect the driver to the holder; a friction portion configured to engage with the
slider; a movement portion with a first end connected to a piezoelectric element and a
second end connected to the friction portion; the piezoelectric element with a first end
bonded to the mounting portion and a second end bonded to the movement portion; and a

flexure portion with a first end connected to the mounting portion and a second end
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connected to the friction portion; wherein the flexure portion further includes a plurality of
connection rods with substantially parallel connections and separated by slots; wherein the
movement portion transferring a motion of the piezoelectric element to the friction portion
to drive the slider, wherein a ratio between a width of a slot and a width of a rod is in the

range from 0.4 to 15.

[0011] One embodiment of the present invention provides a piezoelectric inertial
driver, including: a mounting portion to connect the driver to a holder; a friction portion
configured to engage with a slider; a movement portion with a first end connected to a
piezoelectric element and a second end connected to the friction portion; the piezoelectric
element with a first end bonded to the mounting portion and a second end bonded to the
movement portion; and a flexure portion with a first end connected to the mounting portion
and a second end connected to the friction portion; wherein the flexure portion further
includes a plurality of connection rods with substantially parallel connections and separated
by slots; wherein the movement portion transferring a motion of the piezoelectric element
to the friction portion to drive the slider, wherein a ratio between a width of a slot and a

width of a rod is in the range from 0.4 to 15.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figure 1 is a piezoelectric inertial driver according to an embodiment of the

invention.

[0013] Figure 2 is a piezoelectric inertial driver according to another embodiment

of the invention.

[0014] Figure 3 is a piezoelectric inertial driver according to another embodiment

of the invention.

[0015] Figure 4 is a piezoelectric inertial driver according to another embodiment

of the invention.
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[0016] Figure 5 illustrates the operation of a piezoelectric inertial driving

mechanism.

[0017] Figure 6 illustrates the length of the connection rod in a piezoelectric inertial

driver according to an embodiment.

[0018] Figure 7 is a magnified view of a portion of the piezoelectric inertial driver

shown in Fig. 6.

[0019] Figure 8 illustrates the length of the connection rod in a piezoelectric inertial

driver according to another embodiment.

[0020] Figure 9 is a magnified view of a portion of the piezoelectric inertial driver

shown in Fig. 8.

[0021] Figure 10 is a piezoelectric inertial driver according to another embodiment

of the invention.

[0022] Figure 11 is a magnified view of a portion of the piezoelectric inertial driver

shown in Fig. 10.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0023] The description of illustrative embodiments according to principles of the
present invention is intended to be read in connection with the accompanying drawings,
which are to be considered part of the entire written description. In the description of
embodiments of the invention disclosed herein, any reference to direction or orientation is

merely intended for convenience of description and is not intended in any way to limit the

2%

scope of the present invention. Relative terms such as “lower,” “upper,” “horizontal,”

2% 2

“vertical,” “above,” “below,” “up,” “down,” “top” and “bottom” as well as derivative

2%

thereof (e.g., “horizontally,” “downwardly,” “upwardly,” etc.) should be construed to refer

to the orientation as then described or as shown in the drawing under discussion. These
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relative terms are for convenience of description only and do not require that the apparatus
be constructed or operated in a particular orientation unless explicitly indicated as such.
Terms such as “attached,” “affixed,” “connected,” “coupled,” “interconnected,” and
similar refer to a relationship wherein structures are secured or attached to one another
either directly or indirectly through intervening structures, as well as both movable or rigid
attachments or relationships, unless expressly described otherwise. Moreover, the features
and benefits of the invention are illustrated by reference to the exemplified embodiments.
Accordingly, the invention expressly should not be limited to such exemplary
embodiments illustrating some possible non-limiting combination of features that may
exist alone or in other combinations of features; the scope of the invention being defined

by the claims appended hereto.

[0024] This disclosure describes the best mode or modes of practicing the invention
as presently contemplated. This description is not intended to be understood in a limiting
sense, but provides an example of the invention presented solely for illustrative purposes
by reference to the accompanying drawings to advise one of ordinary skill in the art of the
advantages and construction of the invention. In the various views of the drawings, like

reference characters designate like or similar parts.

[0025] FIG. 5 illustrates the basic mechanism of piezoelectric inertial driving. As
shown in FIG. 5, the basic inertial driving system consists of three main parts: an actuator
(piezoelectric element), a rod (friction portion) and a mass (slider). In (A), the drive is at
the home position. In (B), under a slow ramp voltage, a piezoelectric element with one end
fixed and the opposite end pushing the friction portion to rub the slider moving forward
(this is the “stick” process). In (C), the voltage suddenly drops off, the piezoelectric
element, as well as the friction portion would suddenly get back to home position, and the
friction portion will “slip” backward with the slider (this is the “slip” process). The bottom
of FIG. 5 shows the deflection of the actuator as a function of time for a cycle of (A), (B)
and (C).
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[0026] Because of the inertia of the slider, the drawback during “slip” process will
be less than the forward travelling distance during “stick” process. Then the slider will
finally move forward a little after a “stick-slip” cycle. Repeat the cycles and the slider will
travel forward. For backward travelling, the cycle would turn conversely to “slip-stick”.
To enhance the contraction/homing of the piezoelectric element and friction portion, a
flexure/spring is usually used to push them back. Most recent designs, as well as an
embodiment of the present invention, mainly focus on the design of the flexure/spring parts

and the integrating with other essential parts.

[0027] In one embodiment, the piezoelectric inertial drive stage includes a
piezoelectric inertial driver, a slider which could be a linear rail, a bearing or something
has a smooth track and certain travel range, a holder that combines the stator and slider
together and other essential components. In our patent application, we mainly focus on the

design of the piezoelectric inertial driver.

[0028] A first embodiment of the driver is shown in FIG. 1 which illustrates a front
view of the piezoelectric inertial driver that includes a mounting portion 10, a piezoelectric
element 20, a flexure portion 30, a friction portion 35 and a movement portion 40. All the
portions except piezoelectric element 20 and friction portion 35 belong to a monolithic
structure that is made from a single piece of metal material such as steel, bronze, etc. to
keep high stiffness of the whole structure, achieve compact and cost effective design. The
mounting portion 10 has mounting holes 11 and 12 for mounting the driver on a holder and
this portion will be kept static during driving, which makes the whole driver work as a
stator. The portion 15 connects the mounting portion 10 and flexure portion 30. The point
16 under portion 15 is used to apply preload between the driver and slider. The flexure
portions 30 and 31 are several parallel connection rods with angle tolerance in the range
from —20 degrees to +20 degrees. The number of the rods, width of each individual rod and
space between two adjacent rods could be adjusted to obtain preferred stiffens of the flexure

portion. The portion 32 connects the flexure portion 31 and friction portion 35. The portion
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41 connects the movement portion 40 and friction portion 35. One of the moving surfaces
of the piezoelectric element 20 is bonded to an interface of mounting portion 10 via an
adhesive or other suitable attachable means. The other moving surface of the piezoelectric
element 20 is bonded to an interface of movement portion 40 via an adhesive or other
suitable attachable means. The friction portion can be made separately or together with the
flexure in one piece. In this embodiment the friction portion 35 is made from a wear-
resistant material such as ceramics, non-organic composites or covered by wear-resistant
coating such as polymers, non-organic composite coating, etc. to enhance the wear
resistance, stability and lifetime during long term operation and it is bonded to the portion

42 via an adhesive or other suitable attachable means.

[0029] For a movement cycle of the piezoelectric inertial driver, the piezoelectric
element 20 would expand under a certain electrical signal, push the movement portion 40
to move forward as mounting portion 10 is fixed. The portion 41 would transfer the
movement along its length direction from movement portion 40 to friction portion 35 and
flexure portion 30 and avoid the transferring of movement along other directions. Then the
friction portion 35 would stroke out and the flexure portion 30 would elastically deform
(elongation and bending for this embodiment). The stroking friction portion 35 would rub
against the slider, which is in well contact with the friction portion 35 and can travel
smoothly along or tangentially along the friction force direction. With a slow ramped
electrical field, the piezoelectric element 20 would drive the friction portion 35 to stick
with the slider and rub the slider to move forward by static friction; then the electric field
suddenly drops down to zero, the expanded piezoelectric element 20 and the deformed
flexure portion 30 would recover to home position quickly, which will make the friction
portion rub backward. The backward rubbing needs to be quick enough to make the friction
portion 35 slip from the slider, at the same time the slider would move backward a little by
the sliding friction. The backward slipping distance is smaller than the forward sticking

distance because of the inertia of the mass of the slider. Therefore a whole movement cycle
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of the piezoelectric inertial driver would end up with a small forward moving distance and
the mechanism is called “stick-slip” driving. On the other hand, to achieve a backward
travelling, the piezoelectric element 20 would firstly drive the friction portion 35 to slip
forward with the slider and then slowly recover home position to make the friction portion
35 stick backward with the slider and finally make the slider move backward a small
distance. The portion of the slider contacted with the friction portion 35 is made from a
wear-resistant material such as ceramics, metal with polymer or non-organic composite
coating etc. to enhance the wear resistance, stability and lifetime during long term operation
and it can be made separately and bonded to the slider via an adhesive or other suitable

attachable means or together with the slider in one piece.

[0030] The stroke distance of friction portion 35 and deformation strain depend on
the stiffness of the flexure portion 30. Thus through the adjustment of the number of the
connection rods in the flexure portion, width of each individual rod and space between two
adjacent rods, the stroke distance of the friction portion could be adjusted. With preferred
stiffness and stroke value, the driver could drive a slider with a linear rail to travel in both
forward and backward directions, or the driver could drive a slider with bearing to rotate

in both clockwise and anticlockwise directions.

[0031] When driving the piezoelectric inertial driver under high frequency, the
slider would travel with high speed and the “stick” is no more applicable and the driving
mechanism turns into a “slip-slip” mode. The high frequency driving needs high stiffness
flexure portion to enable fast response of the drive portion and high frequency operating of
the cycle motion of the piezoelectric elements. So in this embodiment, the stiffness of the
flexure portion 30 is designed and adjusted with high stiffness for high frequency

operation, to achieve high travelling speed and high axial force.

[0032] A front view of the driver according to a second embodiment is shown in
FIG2. Similar to the first embodiment, this piezoelectric inertial driver includes a

mounting portion 100 with two mounting holes 101 and 102, a piezoelectric element 120,
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a flexure portion 130, a friction portion 135 and a movement portion 140. The connection
and movement cycle is also similar as the previous embodiment. The differences are listed
as follows: the flexure portion 130 is horizontal and the angle between connection rods is
also an adjusting parameter to adjust the stiffness; the friction portion 135 is larger and has
two surfaces contacted with portion 142 for better mounting; the portion 132 for connecting
flexure portion 131 and friction portion 135 is thicker so that the whole structure has higher
stiffness. In the second embodiment, the stiffness of the flexure portion 130 is designed to
be higher than the first embodiment to achieve higher performance under high frequency

driving.

[0033] FIG. 3 shows a third embodiment, which combines two drives together.
This embodiment has a symmetrical structure with two mounting holes 201 and 202, two
piezoelectric elements 220 and 221, two movement portions 240 and 241 and one or two
friction portions as 250 and 251, sharing the flexure portions 230 and 231 in the middle. A
similar embodiment with one friction portion 350 is shown in FIG.4. The flexure portions
230 and 231 are kept horizontal with designed high stiffness for high frequency driving
and high performance. With two piezoelectric elements 220 and 221, the stiffness of the
whole driver is further enhanced, because piezoelectric ceramic materials normally have
higher stiffness than metal. Two piezoelectric elements 220 and 221 are connected to two
individual friction portions 250 and 251. To achieve the stiffness enhancement in the
working cycles, when one piezoelectric element expands, the other one would contract
simultaneously and vice versa. Also in this embodiment, the point 206 for preload applying
is set in the middle of the driver, which is to be used to apply an equally force to the driver,
and thus would achieve a stable speed and movement in both directions. The friction
portion 250 and 251 are also made from wear-resistant materials or covered by wear-
resistant coating to enhance the wear resistance, stability and lifetime during long term

operation.

-10 -
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[0034] In all the embodiments above, a flexure portion is designed with parallel
connected connection rods, with which the stiffness of the flexure portion could be adjusted
by changing the number of the connection rods, width of each individual rod, space
between two adjacent rods as well as the angle between the rods and the friction portion
stroke direction. With high stiffness, the piezoelectric inertial driver could achieve fast
response and high frequency driving for high speed traveling and high force output. With
relative low stiffness, the piezoelectric inertial driver would be more preferred for low

frequency, low speed driving.

[0035] Figs. 6 and 7 show the dimensional parameters in a piezoelectric inertial
driver according to an embodiment. Fig. 7 shows the details of the region bounded by the
dash box in Fig. 6. Figs. 8 and 9 show the dimensional parameters in a piezoelectric inertial
driver according to another embodiment. Fig. 9 shows the details of the region bounded by

the dash box in Fig. 8.

[0036] Note that increasing the slot width (B) would increase the stiffness of the
structure, while increasing the connection rod width (C) would increase the stiftness of the
structure. In one embodiment, the ratio between the slot width (B) and the connection rod
width (C) is in the range of 0.4 —2.5. Increasing the slot length (D) and the connection rod
length (A) would decrease the stiffness of the structure, while decreasing the slot length
and the connection rod length would increase the stiffness of the structure. In addition, the
stiffness of the structure can be raised when more connection rods are used. Note that the
stiffness of the structure would decrease when the ratio of connection rod length (A) to
connection rod width (C) is increased. In one embodiment, the ratio of connection rod
length (A) to connection rod width (C) is in the range of 10 — 16. Also, the stiftness of
the structure would decrease when the ratio of slot length (D) to slot width (B) is increased.

In one embodiment, the ratio of slot length (D) to slot width (B) is in the range of 10 — 16.

[0037] In one embodiment, various parts are consolidated into a single part to make

the device more compact. For example, as shown in Fig. 10, the movement portion 1040

-11 -
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has direct connections with the piezoelectric element 1020 and flexure portion 1030, and
the movement portion 1040 bonds directly with the friction portion 1050. In contrast to
Fig. 1, the connecting portions 41, 42 and 32 are no longer needed in the embodiment as

shown Fig. 10. Thus,

[0038] When energized under a certain electrical signal, the piezoelectric element
1020 would expand, and push the movement portion 1040 to move forward as mounting
portion 1010 is fixed. The movement portion 1040 would then move the friction portion
1050 and flexure portion 1030. Fig. 11 shows the details of the flexure portion 1030
according to one embodiment. One end of the flexure portion is connected to the
movement portion, and another end of the flexure portion is connected to the mounting
portion. The flexure portion 1030 includes several parallel connection rods 1031, 1032
with angle tolerance in the range from —20 degrees to +20 degrees. Note that increasing
the slot width (B) would increase the stability of the structure. In one embodiment, the
ratio between the slot width (B) and the connection rod width (C) is in the range of 2.5 —
15. Fig. 11 also shows the angle (0) the connection rod makes with a surface the mounting
portion that is parallel to the direction of the piezoelectric element expansion. Note that it
is not necessary that the connection rod connects to a surface of the mounting portion that
is parallel to the direction of movement of the piezoelectric element. The connection rod
may connect to any part of the mounting portion. In one embodiment, the angle ()
between the connection rod and the direction of movement of the piezoelectric element is
in the range of 0 — 90 degrees. Note that increasing the angle (0) between the connection
rod and the direction of movement of the piezoelectric element would decrease the stiffness

of the structure.

[0039] While the present invention has been described at some length and with
some particularity with respect to the several described embodiments, it is not intended that
it should be limited to any such particulars or embodiments or any particular embodiment,

but it is to be construed so as to provide the broadest possible interpretation in view of the

-12 -
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prior art and, therefore, to effectively encompass the intended scope of the invention.
Furthermore, the foregoing describes the invention in terms of embodiments foreseen by
the inventor for which an enabling description was available, notwithstanding that
insubstantial modifications of the invention, not presently foreseen, may nonetheless

represent equivalents thereto.

-13 -
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CLAIMS

1. A piezoelectric inertial drive stage, comprising:
a holder;
a slider supported by the holder, the slider traveling on a smooth track with a travel
range with respect to the holder;
a piezoelectric inertial driver coupled to the holder and operable to move the slider;
the driver comprising:
a mounting portion to connect the driver to the holder;
a friction portion configured to engage with the slider;
a movement portion with a first end connected to a piezoelectric element
and a second end connected to the friction portion;
a piezoelectric element with a first end bonded to the mounting portion and
a second end bonded to the movement portion; and
a flexure portion with a first end connected to the mounting portion and a
second end connected to the friction portion;
wherein the flexure portion further comprises a plurality of connection rods
with substantially parallel connections and separated by slots;
wherein the movement portion transferring a motion of the piezoelectric
element to the friction portion to drive the slider,
wherein a ratio between a width of a slot and a width of a rod is in the range

from 0.4 to 15.

2. The piezoelectric inertial drive stage of claim 1, wherein an angle tolerance between

any of the two rods or slots is in the range from —20 degrees to +20 degrees.

-14 -
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3. The piezoelectric inertial drive stage of claim 1, wherein a ratio between an

individual rod’s length and width is in the range from 10 to 16.

4. The piezoelectric inertial drive stage of claim 1, further comprising a friction

portion made from wear-resistant materials or covered by wear resistant coating.

5. The piezoelectric inertial drive stage of claim 1, further comprising a slider partly

or fully made from wear-resistant materials or covered by wear resistant coating.

6. The piezoelectric inertial drive stage of claim 1, wherein the motion of the
piezoelectric element comprises a cycle of contraction and expansion, a speed of

contraction being different from a speed of expansion.

7. The piezoelectric inertial drive stage of claim 1, wherein an angle between a rod
and a direction of the motion of the piezoelectric element is in the range from O to 90

degrees.

8. A piezoelectric inertial driver comprising:

a mounting portion to connect the driver to a holder;

a friction portion configured to engage with a slider;

a movement portion with a first end connected to a piezoelectric element and a
second end connected to the friction portion;

a piezoelectric element with a first end bonded to the mounting portion and a second
end bonded to the movement portion; and

a flexure portion with a first end connected to the mounting portion and a second

end connected to the friction portion;

-15 -
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wherein the flexure portion further comprises a plurality of connection rods with
substantially parallel connections and separated by slots;
wherein the movement portion transferring a motion of the piezoelectric
element to the friction portion to drive the slider,
wherein a ratio between a width of a slot and a width of a rod is in the range from

0.4 to 15.

9. The piezoelectric inertial driver of claim 8, wherein an angle tolerance between any

of the two rods or slots is in the range from —20 degrees to +20 degrees.

10.  The piezoelectric inertial driver of claim 8, wherein a ratio between an individual

rod’s length and width is in the range from 10 to 16.

1. The piezoelectric inertial driver of claim 8, further comprising a friction portion

made from wear-resistant materials or covered by wear resistant coating.

12. The piezoelectric inertial drive stage of claim 8, further comprising a slider partly

or fully made from wear-resistant materials or covered by wear resistant coating.
13.  The piezoelectric inertial driver of claim 8, wherein the motion of the piezoelectric
element comprises a cycle of contraction and expansion, a speed of contraction being

different from a speed of expansion.

14.  The piezoelectric inertial driver of claim 8, wherein an angle between a rod and a

direction of the motion of the piezoelectric element is in the range from 0 to 90 degrees.

-16 -
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