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1 
STEPPING FLEXURES 

2 
STATEMENT OF INVENTION 

ORIGIN OF THE INVENTION The general purpose of the invention is to establish a supe- 
rior actuator architecture. 

The invention described herein was made by an employee 5 It is an object of this invention to overcome the problems, 
of the United States Government, and may be manufactured drawbacks and limitations of known actuators, by providing 
and used by or for the Government for governmental pur- an actuator designed and operated in accordance with a novel 
poses without the payment of any royalties thereon or there- architecture. 
for. According to an aspect of the invention, the actuator archi- 

10 tecture can be based on a construct of multiple flat layers, so 
TECHNICAL FIELD that actuators built according to plan may be easily con- 

structed, for example, either by MEMS (micro electrome- 
The invention relates to the field of actuators, and in Par- chanical systems) techniques or (at the micro level) by shop 

ticular to high precision micro actuators. wire EDM (Electric Discharge Machining) techniques. 

BACKGROUND OF THE INVENTION 
15 According to an aspect of the invention, the actuator has 

inherent advantages in operations requiring slow speed, high 
forceltorque gain output and precision positioning, for 

Various actuators are known. The term actuator as used example, 
herein refers to a device that converts electrical energy into According to an aspect of the invention, the actuator is 
mechanical motion, in particular, for moving a load. For 20 axially stiff and will hold position with power off. 
example, so-called "inch worms" are known actuators. Inch 

According to an aspect of the invention, the actuator is able 
worm actuators come in many forms and variations, includ- to perform in a superior manner over a wide range of tem- 
ing piezoelectric, magnetostrictive, electromagnetic, and 

peratures, in particular, from room temperature to the tem- 
shaped memory alloy, for example. 

peratures encountered in outer space, i.e., cryogenic tempera- However, piezoelectriclelectrostrictive "inch worms" have 25 
tures. 

difficulties with their clamps, both in reaching their clamp 
races and in the excessive voltage required to drive these According an the the is very 

clamps, They also have problems dueto reducedpiezoelectric and robust so that performance is consistent and 

motion at the low temperatures such as are encountered in 
outer space operations, for example. Magnetostrictive "inch 30 According to an aspect of the invention, the actuator builds 

also have difficulties with their clamps in reaching on materials that either have been tested in outer space, or are 

their races, n e i r  performance does not degrade in low straight forward in terms of outer space qualification, in a very 

peratures but, they are, unacceptably large and bulky due to cost-effective manner. 

their coils and mechanical preload structure. Electromagnetic According to an m~bodiment of the invention, an actuator 
"inch worms" are also large and bulky, typically do not hold 35 for moving a loadcom~rises a frame forming aracebetween 
position with power off and have trouble holding with their two surfaces thereof; at least two elements joined together by 
clamps, ynch wormsm in general, also typically have diffi- at least one flexible member, the elements and the at least one 
culties with -glitchesm as they grasp and release during steps, flexible member being disposed between the two surfaces of 

~ ~ t ~ r i ~ ~ d  screws are known actuators, ~h~~~ come in the frame that forms a race, one of the elements further joined 
many forms and variations including piezoelectric, from trav- 40 to the load by a portion of the at least one flexible member, 
cling wave and oscillatory, to one way drives, such as pico- whereinwhen an element comes into contact with a surface of 
motors, ~h~~~ also include electromagnetic motors driving the frame it will stick thereto absent a repelling force; and 
screws through a speed reducing transmission, and the elec- moving means disposed to selectively attract or repel a cor- 
tromagnetic equivalent of picomotors. responding element towards or away from one or the other of 

However, piezoelectriclelectrostrictive motorized screws 45 the two surfaces of the frame that forms the race; whereby the 
have problems associated with poor performance of the actuator effects movement of the load in a direction towards 
piezoelectriclelectrostrictive materials in the cold tempera- 0' away from the elements, by changing a position of at least 
tures of outer space operations, for example. The electromag- One of the elements on a surface of the frame that forms the 
netic equivalent of motorized screws has the problem of race. 
achieving precise, repeatable very small steps. The small 50 According to an embodiment of the invention, the at least 
stroke of the piezo crystal helps in this respect. Electromag- two elements comprise at least two magnets, and the moving 
netic motorized screws also tend to be large due to the wind- means comprises a plurality of coil pairs disposed to attract or 
ings. repel a corresponding magnet towards or away from one or 

Voice coils are also known actuators. However, voice coils the other of the two surfaces of the frame that form the race, 
typically do not hold position with power off, they are 55 such that the corresponding element comes into contact with 
relatively large and bulky. the respective surface of the frame and sticks thereto, or 

Linear electromagnetic motors are also known actuators. Separates out of contact with the respective surface of the 
However, linear electromagnetic motors typically do not hold frame. 
position with power off. According to an embodiment of the invention, the at least 

Direct expansiodcontraction piezoelectriclelectrostrictive 60 one flexible member comprises at least one flexible, non- 
actuators (very short stroke) are also known actuators. How- magnetic spring steel or aluminum material in the form of a 
ever, these actuators typically do not have sufficient cumula- sheet or tape, for example. 
tive stroke and are limited in their cold temperature perfor- According to an embodiment of the invention, the at least 
mance. one flexible member further comprises at least one pivot link. 

Therefore, a need exists for an improved actuator that 65 According to an embodiment of the invention, the at least 
overcomes the problems, drawbacks and limitations of the one flexible member comprises at least one pivot link dis- 
known actuators, such as those mentioned above. posed between the at least two elements. 



US 7,504,921 B2 
3 4 

According to an embodiment of the invention, the at least any surface of the frame, i.e., moving away from one surface 
one flexible member comprises at least one pivot link dis- and towards another surface of the frame. 
posed between the at least one of the at least two elements and ~ ~ ~ ~ ~ d i ~ ~  to an embodiment ofthe invention, of 
the load. the moving means, each of the elements can be moved inde- 

According to an embodiment of the invention, the at least 5 pendently between the surfaces of the frame forming a race 
two elements further comprise respective keepers for holding and assume a new position thereon, the new position assumed 
the respective magnets therebetween. by an element after moving between the surfaces of the frame 

According to an embodiment of the invention, the keepers forming a race being dependent on at least the position on the 
comprise a soft ferromagnetic material. surfaces of the frame forming the race of another of the 

According to an embodiment of the invention, each coil of 10 elements to which the moved element is joined, the length of 
the plurality of coil pairs comprises a coil of wire wrapped the at least one flexible member joining the respective ele- 
around a coil housing having a generally rectangular shape in ments, and the state of another element to which it is joined. 
cross-section with slightly r~unded edges (so as not to kink According to an embodiment of the invention, activation of 
the wire), an axis of the coil housing extending in a direction the moving means, each ofthe elements can be moved inde- 
perpendicular to the direction of travel of the load. l5 pendently along one of the surfaces of the frame forming a 

According to an embodiment of the invention, magnets are race and assume a new position thereon, the new position 
permanent magnets having respective north and south poles, assumed by an element after moving along the frame surface 
the permanent magnets extend between their respective north being dependent on at least the position on a surface of the 
and south poles in a direction parallel to the plane of the frame forming the race of another of the elements to which the 
surfaces of the frame forming the race and parallel to the 20 moved element is joined, the length of the at least one flexible 
direction of travel of the load, the respective north poles of member joining the respective elements, the state of the ele- 
each of the magnets are not all oriented in the same direction, ment being moved, and the state of the other element to which 
and the respective south poles of each of the magnets are not it is joined. 
all oriented in the same direction, and each coil of the plurality ~ ~ ~ ~ ~ d i ~ ~  to an embodiment of the invention, an element 

pairs a wire a 25 will remain in full frictional contact with and therefore stuck 
housing having a generally rectangular shape in cross-section to a surface ofthe frame in a relatively immovable condition 
with slightly rounded edges, an axis of the coil housing after de-activation of the moving means, 
extends in a direction parallel to the direction of travel of the 

According to an embodiment of the invention, the at least load. 
30 one flexible member is joined to the load at a point approxi- 

According to an embodiment of the invention, the elements mately mid-way between the two race surfaces formed by the 
each have a definite thickness extending in the direction per- frame, 
pendicular to the plane of the surfaces of the frame forming 
the race, and wherein the surfaces of the frame forming a race According to an embodiment of the invention, an actuator 
have a separation distance at least approximately a a frame and a plurality current can~ing  
sandths of an inch greater than the thickness of each of the 35 wire coils, the slide being movable within the frame in a 

elements. stepping manner by selective activation of the coils. The slide 
comprises at least a first and a second contact element, each According to an embodiment of the invention, the at least 
contact element having at least one permanent magnet dis- 

one flexible member comprises two parallel flexures. 
posed between respective keepers, each contact element hav- 

According to an embodiment of the invention, the two 40 ing a thickness, and at least one flexible member having a first 
parallel flexures have a rung member extending joining the contact elements to each other, and having 
between the two flexures where the flexures extend to join a second portion for joining one of the contact elements to the 

the parallel flexures sandwich- load by a second portion of the at least one flexible member, 
ing the elements therebetween. The frame comprises a first race surface and a second race 

an the the 45 surface, separated by a distance greater than the contact ele- 
parallel flexures having a respective composite material dis- ments thickness, the contact elements and the at least one 
posed between the two flexures at least in areas where the flexible member being disposed between the race surfaces. 
flexures extend to join respective elements together, the par- ~ h ,  race surfaces are  compose^ of a material to which an 
allel flexures disposed to sandwich the elements therebe- element will stick once put into contact therewith. The 
tween. 50 rality of coils comprises at least a first and second set of coils, 

According to an embodiment of the invention, the two each set of coils comprising a first coil disposed adjacent the 
parallel flexures having a respective composite material dis- first race surface, and a second coil disposed adjacent the 
~osedbetweenthetwo flexures throughout, the flexures with second race surface, a respective first coil for moving a cor- 
composite extending to Join respective elements together at responding contact element towards or away from the first 
corresponding first surfaces thereof. 55 race surface to contact or separate from the first race surface 

According to an embodiment of the invention, the two when activated, and a respective second coil for moving a 
parallel flexures extending between the respective elements at corresponding contact element towards or away from the 
an angle with respect to the frame surfaces. second race surface to contact or separate from the second 

According to an embodiment of the invention, each of the race surface when activated, the coils thereby being able to 
elements can assume one of at least three states with respect 60 move their corresponding contact element along or between 
to the surfaces of the frame that forms a race, the at least three respective first and second race surfaces. Each coil of the coil 
states being controlled by themoving means, the at least three sets can be individually selectively activated. The load is 
states comprising in full frictional contact with and therefore selectively movable a determinable step distance towards or 
stuck to a surface of the frame in a relatively immovable away from the contact elements, by changing position 
condition, in contact with a surface of the frame but in a 65 between or along race surfaces of at least the contact element 
relatively movable condition, i.e., near levitated away from which is joined to the load by the second portion of the at least 
contact with a surface of the frame, and out of contact with one flexible member, by selective coil activation. Further, a 
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contact element will remain stuck to a surface of the frame in thereto by virtue of remnant forces in the respective coil core 
a relatively immovable condition after-de-activation of the even after the respective coil is de-energized. 
moving means. According to an embodiment of the invention, the moving 

According to an embodiment of the invention, the load is means comprises first and second pancake wound coils and 
selectively movable a determinable step distance towards or 5 first and second split magnets, the first coil and the first split 
away from the contact elements, by changing position magnet being disposed on one side of the movable element 
between or along race surfaces of that contact element which adjacent a first of the surfaces of the frame that forms a race, 
is joined to the load by the second portion of the at least one the second coil and the split second magnet being disposed on 
flexible member, and changing position between or along another side of the movable element adjacent a second of the 
race surfaces of another contact element which is joined to l o  surfaces of the frame that forms a race, the coils and split 
that contact element by the first portion of the at least one magnets thus disposed to rotate and attract the movable ele- 
flexible member, by selective coil activation. Selective coil ment towards one or the other of the two surfaces of the frame 
activation, as used herein, includes for example selectively that form the race, by completion of a magnetic flux circuit 
adjusting the timing between coil activations, andor the through the movable element when a respective coil is ener- 
sequence of coil activations, to determine an electronically 1s gized, such that the corresponding element comes into con- 
timed step size. tact with the respective surface of the frame and sticks thereto 

According to an embodiment of the invention, the at least by virtue of remnant forces in the respective coil core even 
two elements comprise at least two movable members made after the respective coil is de-energized. 
of a material permeable to magnetic flux and the moving According to an embodiment of the invention, the magnets 
means comprises a plurality of coil and magnet pairs, dis- 20 arepermanentthinmagnets havingrespectivenorthandsouth 
posed to attract a corresponding element towards one or the poles oriented in a direction perpendicular to the planes the 
other of the two surfaces of the frame that form the race, by race surfaces, and the keepers comprise symmetric wrap- 
completion of a magnetic flux circuit through the correspond- around keepers having insulators at ends thereof oriented to 
ing element when a respective coil is energized, such that the extend perpendicular to the planes of the race surfaces. 
corresponding element comes into contact with the respective 25 According to an embodiment of the invention, the magnets 
surface of the frame and sticks thereto by virtue of remnant arepermanent thinmagnets havingrespectivenorthandsouth 
forces in the respective coil core even after the respective coil poles oriented in a direction parallel to the planes of the race 
is de-energized. surfaces. 

According to an embodiment of the invention, a rotary According to an embodiment of the invention, the magnets 
actuator comprises a frame forming a circular race between 30 are permanent thinmagnets havingrespectivenorthand south 
two surfaces thereof, a movable element coupled to at least poles oriented in a direction perpendicular to the planes of the 
one flexible member, the element and the at least one flexible race surfaces. 
member being disposed between the two surfaces of the According to an embodiment of the invention, each coil of 
frame that forms a race, the element coupled to the load by a the plurality of coil sets comprises a coil of wire wrapped 
portion of the at least one flexible member, wherein when the 35 around a coil housing having an axis which extends in a 
element comes into contact with a surface of the frame it will direction perpendicular to the planes of the race surfaces. 
stick thereto absent a repelling force, and moving means According to an embodiment of the invention, the keepers 
disposed to rotate the movable element by selectively attract- comprise asymmetric wrap-around keepers having insulators 
ing the movable element towards one or the other of the two at ends thereof oriented to extend perpendicular to the plane 
surfaces of the frame that forms the race. The moving means 40 of the surfaces of the frame forming the race. 
comprises first and second pancake wound coils and first and According to an embodiment of the invention, a method of 
second magnets, the first coil and the first magnet being moving a load by selective activation of the moving means, 
disposed on one side of the movable element adjacent a first comprises moving the first element from the first surface of 
of the surfaces of the frame that forms a race, the second coil the frame to the second surface of the frame without moving 
and the second magnet being disposed on another side of the 45 the second element, the path traveled by the first element 
movable element adjacent a second of the surfaces of the thereby defining an arc, wherein the distance separating the 
frame that forms a race, the coils and magnets thus disposed first and second elements in a direction away from the load 
to rotate and attract the movable element towards one or the parallel to the first and second surfaces of the frame is less 
other of the two surfaces of the frame that form the race, by than the fixed length of the first portion of the at least one 
completion of a magnetic flux circuit through the movable 50 flexible member, wherein the load is moved in a direction 
element when a respective coil is energized, such that the parallel to the first and second surfaces of the frame towards 
corresponding element comes into contact with the respective the elements. 
surface of the frame and sticks thereto by virtue of remnant According to an embodiment of the invention, the method 
forces in the respective coil core even after the respective coil further comprises moving the second element from the first 
is de-energized. 55 surface of the frame to the second surface of the frame with- 

According to an embodiment of the invention, the moving out moving the first element, the path traveled by the second 
means comprises first and second pancake wound coils, the element thereby defining an arc, wherein the distance sepa- 
first coil being disposed on one side of the movable element rating the first and second elements in a direction away from 
adjacent a first of the surfaces of the frame that forms a race, the load parallel to the first and second surfaces of the frame 
the second coil being disposed on another side of the movable 60 is again equal to the fixed length of the first portion of the at 
element adjacent a second of the surfaces of the frame that least one flexible member, and moving the first element from 
forms a race, the coils thus disposed to rotate and attract the the second surface of the frame to the first surface of the frame 
movable element towards one or the other of the two surfaces without moving the second element, the path traveled by the 
of the frame that form the race, by completion of a magnetic first element thereby defining an arc, wherein the distance 
flux circuit through the movable element when a respective 65 separating the first and second elements in a direction away 
coil is energized, such that the corresponding element comes from the load parallel to the first and second surfaces of the 
into contact with the respective surface of the frame and sticks frame is less than the fixed length of the first portion of the at 
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least one flexible member, wherein the load is again moved in According to an embodiment of the invention, an actuator 
a direction parallel to the first and second surfaces of the for moving a load has a frame forming a race between first and 
frame towards the elements. second parallel surfaces thereof, first, second and third ele- 

According to an embodiment of the invention, the method ments, and at least one flexible member. The first element and 
further comprises sequentially repeating the moving steps 5 the second element are joined together by a first portion of the 
until the load has been moved a desired distance with respect at least one flexible member, and the second element and the 
to an initial position in a direction parallel to the first and third element are joined together by a second portion of the at 
second surfaces of the frame towards the elements. least one flexible member. The elements and the at least one 

According to an embodiment of the invention, a method of flexible member are disposed between the first and second 
moving a load by selective activation of moving means com- l o  surfaces of the frame that form a race. The first element is 
prises moving the first element from the first surface of the joined to the load by a third portion of the at least one flexible 
frame to full frictional contact with the second surface of the member. The first, second and thirdportions ofthe at least one 
frame without moving the second element out of full fric- flexible member each have a respective fixed length. When an 
tional contact with the first surface of the frame, the path element comes into contact with a surface of the frame it will 
traveled by the first element thereby defining an arc, wherein 1s stick thereto absent a repelling force. The actuator also has 
the distance separating the first and second elements in a moving means disposed to selectively attract or repel a cor- 
direction away from the load parallel to the first and second responding element towards or away from one or the other of 
surfaces of the frame is less than the fixed length of the first the first and second surfaces of the frame that form the race. 
portion of the at least one flexible member, wherein the load Assuming the first, second and third elements are in an initial 
is pulled in a direction parallel to the first and second surfaces 20 position in contact with and stuck to the first surface of the 
of the frame towards the elements, performing a micro-step frame that forms a race, separation distances between the 
by precisely reducing the frictional contact between each of respective elements in a direction away from the load parallel 
the elements and their respective frame surfaces for a deter- to the first and second surfaces being the respective fixed 
mined time duration controlled by activation of the moving lengths of the respective portions of the at least one flexible 
means, thereby letting the load pull the elements back a small 25 member, a method of moving a load by selective activation of 
distance in a direction away from the elements parallel to the the moving means includes moving the third element from the 
first and second surfaces of the frame, and restoring full first surface of the frame to the second surface of the frame 
frictional contact between each of the elements and their without moving the first or the second elements, the path 
respective frame surfaces. traveled by the third element thereby defining an arc, whereby 

According to an embodiment of the invention, a method of 30 the distance separating the second and third elements in a 
moving a load by selective activation of the moving means, direction away from the load parallel to the first and second 
comprises moving the second element from the first surface surfaces of the frame is less than the fixed length of the second 
of the frame to full frictional contact with the second surface portion of the at least one flexible member; moving the sec- 
of the frame without moving the first element out of full ond element from the first surface of the frame to the second 
frictional contact with the first surface of the frame, the path 35 surface of the frame without moving the first or the third 
traveled by the second element thereby defining an arc, elements, the path traveled by the second element thereby 
wherein the distance separating the first and second elements defining an arc, whereby the distance separating the first and 
in a direction away from the load parallel to the first and second elements in a direction away from the load parallel to 
second surfaces of the frame is less than the fixed length of the the first and second surfaces of the frame is less than the fixed 
first portion of the at least one flexible member, and moving 40 length of the first portion of the at least one flexible member; 
the first element from the first surface of the frame to full and moving the first element from the first surface of the 
frictional contact with the second surface of the frame, and frame to the second surface of the frame without moving the 
before the first element has come into full frictional contact second or third elements, the path traveled by the first element 
with the second surface of the frame: precisely reducing the thereby defining an arc, wherein the distance separating the 
frictional contact between the second element and the second 45 first and second elements in a direction away from the load 
surface of the frame for a determined time duration controlled parallel to the first and second surfaces of the frame is again 
by activation of the moving means, thereby allowing the load equal to the fixed length of the first portion of the at least one 
and the moving of the first element between the first and flexible member. Thus, the load is moved in a direction par- 
second surfaces of the frame to push the second element back allel to the first and second surfaces of the frame away from 
a small distance in a direction away from the load parallel to 50 the elements. 
the first and second surfaces of the frame, and then restoring According to an embodiment of the invention, where the 
full frictional contact of the second element with the second moving means can exert a partial-repelling force on an ele- 
surface of the frame, the path traveled by the first element ment which is sufficient to allow the element to move along a 
thereby defining an arc, wherein after the completion of the surface of the frame in response to an external force, a method 
moving of the first element to the second surface, the distance 55 of moving a load by selective activation of the moving means, 
separating the first and second elements in a direction away includes exerting a partial-repelling force on the third element 
from the load parallel to the first and second surfaces of the while moving the second element from the first surface of the 
frame is again equal to the fixed length of the first portion of frame to the second surface of the frame without moving the 
the at least one flexible member, wherein the load is pushed in first element, the path traveled by the second element thereby 
a direction parallel to the first and second surfaces of the 60 defining an arc, whereby the distance separating the second 
frame away from the elements. and third elements, and the distance separating the second and 

According to an embodiment of the invention, curved sur- first elements, in a direction away from the load parallel to the 
faces for contacting the respective race surfaces of the frame first and second surfaces of the frame is less than the fixed 
are provided on the keepers. length of the first portion of the at least one flexible member, 

According to an embodiment of the invention, wherein the 65 and whereby the third element is moved a distance along the 
at least one flexible member comprises a single central flex- first surface of the frame; and exerting a partial-repelling 
ible member. force on the first element while moving the second element 
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from the second surface of the frame to the first surface of the rally and indefinitely holding position with power off; an 
frame without moving the third element, the path traveled by operation range from room temperature to cryogenic tem- 
the second element thereby defining an arc, whereby the peratures with no significant fall off in performance; and no 
distance separating the second and third elements, and the exotic andlor special materials, such as piezoelectrics and 
distance separating the second and first elements, in a direc- 5 magnetostrictives, are required. 
tion away from the load parallel to the first and second sur- Advantages of embodiments of the present invention over 
faces of the frame again equal to the fixed length of the first "motorized screws" include a more direct and simple con- 
portion of the at least one flexible member. Thus, the load is struction and operation than motorized screws; the ability to 
moved in a direction parallel to the first and second surfaces more easily be miniaturized due to having fewer parts; being 
of the frame away from the elements. 10 more easily constructed using MEMS (micro electrome- 

Actuators made according to the above aspects and objects chanical systems) techniques because construction architec- 
of the invention are contemplated t~ have a variety of uses. ture comprises a series of plates; and having more precise 
These uses include, but are not limited to, for example, a operation by elimination of the "rattle" and clearances of 
series of micro actuators and active structures in space craft interfaces between motor and screw and nut, for 
and science instruments having unprecedented accuracy and 15 ~d~~~~~~~ of embodiments of the present invention over 
precision, and which workboth in the cryogenic temperatures work ice include holding position with power off; pro- 
of outer space and at room temperatures during test and viding more force in a more compact package; and superior- 
development; medical and manufacturing clean room opera- ity in slow speed operations, for example, 
tions which require ultra precision, control and reliability; to Advantages of embodiments of the present invention over 
replace hydraulics and pneumatics with equivalent electrical 20 "linear motors,, include more force in a more pack- 
drives of kinds and configurations; and from age; a simpler construction; more precise steps; holding posi- 
aerospace precision positioning actuators to many different tion with power off; and not requiring bearings, for example. 
types of low speed, high torqueiforce and ultra compact 
actuators which hold position with power off. Advantages of embodiments of the present invention over 

Actuators according to embodiments of the present inven- 25 "direct expansionicontraction piezoelectricielectrostrictive 

tion would be useful in aircraftimissilesireentry space craft actuators" include a long stroke capability; holding position 
applications, including flap and aileron movement, landing more with power and requiring mate- 

gear movement, wind and fuselage local to rials such piezoelectricielectrostrictive or magnetostrictive 

enable enhanced aerodynamics. materials, for example. 

Actuators according to the present invention would be 30 These and and advantages 

in automobile applications, including brakes, -drive by embodiments of the invention will become apparent from the 

wire" shifting, odds and ends such as windows, power seats, set forth - 
mirror adjustments, sun roof movement, power jacks, etc. 

Actuators according to the vresent invention would be BRIEF DESCRIPTION OF DRAWINGS - 
useful in machine shop applications, including automated 35 

flexible fixtures, changing, adjusting and holdingireleasing FIGS. l a  and l b  illustrate end and top views of a linear 
tools, precision moving stages of numerically controlled stepping flexure according to an exemplary embodiment of 
machine tools, adjusting and precision positioning work the present invention. 
pieces, vibration control, safety braking, as well as odds and FIGS. 2a illustrates a partial cut-away view of the embodi- 
ends, such as opening doors and lids. 40 ment according to FIG. 1,  and FIG. 2b illustrates a section of 

Actuators according to the present invention would be FIG. 2a, taken along line A-A, according to an exemplary 
useful in medical applications and clean roomichip manufac- embodiment of the invention. 
turing, including precision, miniature robots to assistiper- FIGS, 3a-c illustrates top, side and end views of a slide 
form surgery, micro position probes, precision miniature according to the exemplary embodiment of the invention of 
robots to move and position wafers and the tools which oper- 45 FIG, 1 ,  
ate On them, and precision positioning stages FIGS, 4a-e illustrate basic fornard motion flexure step- 
for and for manufacturing. ping, (macro-stepping) as a sequence of five steps, according 

Actuators according to the present invention establish a to the exemplary embodiment of the invention of FIG, 
new and more effective architecture for MEMS (micro elec- 
tromechanical systems) actuators. In this regard, an actuator 50 

FIG. 5 illustrates basic step size as the amount the flexure 

according to an embodiment of the invention, is constructed shortens in the length-wise direction when bending. 

in a series offlat layers, converting up and down vibration into FIGS. 6a-6e illustrate several flexure alternative arrange- 

precision fornard motion, holding position with power off, ments of flexures according to alternative embodiments of the 

thus being simple, and driving with exceptional force invention, in particular: FIG. 6a illustrates parallel flexures; 

fication due to "flexure" transmission. 55 FIG. 6 b  illustrates parallel flexures bending; FIG. 6c illus- 

~ ~ ~ h ~ ~ ,  such an actuator is under control at all times, and trates ladder flexures bending; FIG. 6d illustrates composite 

does not require bearings, l-he above properties make an parallel flexures bending; and FIG. 6e illustrates offset com- 

actuator according to an embodiment of the invention suitable posite parallel flexures. 

to MEMS (micro electromechanical systems) actuator appli- FIGS. 7a-d  illustrate several long-stroke parallel flexure 
cations. 60 alternative arrangements according to alternative embodi- 

Actuators according to embodiments of the present inven- ments of the invention, in particular: FIG. 7 a  illustrates long 
tion have many over known actuators, In particu- stroke bent flexures; FIG. 7 b  illustrates ladder long stroke 
lar, advantages of embodiments of the present invention over bent flexures; FIG. 7 c  illustrates composite long stroke bent 
so-called "inch worms" include, for example, the ability to flexures; and FIG. 7 d  illustrates flat ladder long stroke flex- 
handle relatively large gaps in the clamping system with ease 65 ures. 
and no force droop; very simple and robust construction; FIGS. 8a-d illustrate various views of an alternative 
performing precision, with highly repeatable step sizes; natu- embodiment of the invention referred to as the "side winder" 
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magnified by a factor of four, in particular, FIG. 8a is a side In this exemplary embodiment, each stepper 102 com- 
sectional view, FIG. 8 b  is a top view, FIG. 8c is a back view, prises at least one magnetic element, in this case, a pair of 
and FIG. 8d is an end view. permanent magnets 108a and 108b, with respective separate 

FIGS. 9a-d illustrate "flexures only" alternative embodi- and individual keepers 110a, l l O b  and 110c, 110d, preferably 
ments of the invention, in particular, FIG. 9a illustrates a 5 made of a soft ferromagnetic material attached to the poles of 
two-coil simple moving element embodiment, FIG. 9 b  illus- eachrespective magnet 108a,b. In this embodiment, a flexible 
trates a two coil simple linearlrotary element, FIG. 9c illus- member 112 comprising a flexible tape or sheet of flexible 
trates a split moving element, and FIG. 9d illustrates a varia- material, for example, also referred to herein as a "flexure," is 
tion with split magnets and split elements. provided sandwiched between the magnet pairs 108a,b, and 

FIG. 10 illustrates another "flexure only" actuator accord- l o  extending between the stepping elements 102. The flexible 
ing to an alternative embodiment of the invention having split tape or "flexure" 112 further extends beyond the stepping 
magnets and a single element. elements 102 and attaches to a load (not shown) to be moved. 

FIGS. l l a - c  illustrate thin magnetic circuit alternative The flexible member may incorporate one or more pivot links 
embodiments according to the invention, in particular, FIG. as will be explained further below. 
l l a  illustrates a wrap-around keepers embodiment, FIG. l l b  1s ~ ~ ~ ~ ~ i ~ ~ ~ t ~  with an implementation of this embodiment 
illustrates a "side motion" embodiment, and FIG. l l c  illus- have shownthat there is a tendency to demagnetization ofthe 
trates an asymmetric keepers embodiment. permanent magnets 108. One way to overcome this tendency 

FIGS. 12a-b illustrate split thin magnet circuit alternative would be to make the flexible member (flexure) 112 of a 
m~bodiments according to the invention, in particular, FIG. ferrous material, for example. Alternatively, a modification of 
12a illustrates a single active pole pair embodiment, and FIG. 20 this exemplary illustrated embodiment couldbe implemented 
12b illustrates a remnance switch embodiment. having two flexible members (flexures) 112, disposed to 

FIG. 13 illustrates another split thin magnet circuit sandwich the magnets 108 therebetween, as is described later 
embodiment according to the invention, in particular, a single herein with respect to FIGS, 16-18, 
split flux return circuit embodiment. Depending on the specific requirements of an implemen- 

l4  the sequence for a three 
25 tation, if the material the flexible member is made from does 

ment alternative embodiment according to the invention. not provide enough flexibility for a particular application, for 
l5 a three-e1ement flexure, drivelclamp example, the flexible member may incorporate at least one 

system according to an embodiment of the invention. pivot link about which it can pivot, relieving some or all of the 
16, l7 and a linear flexure flexing force put on it by the positioning/movement of a 

according to an embodiment of the present inven- 30 respective element or elements, The at least one pivot link 
tion where the center flexure of FIGS. 1, 2 and 3 ,  has been may be disposed at any location, i,e, between the at 
replaced with top and bottom flexures. least two elements, andor the at least one pivot link may be 

DETAILED DESCRIPTION OF THE INVENTION 
disposed between an element and the load, for example-. As 
would be apparent to one skilled in the art, a pivot link may be 

35 disposed in any location where pivoting is advantageous or 
The invention will now be described in more detail by way 

may be required for a particular application. A respective of example with reference to the embodiment(s) shown in the 
pivot link could be provided at each respective point where 

accompanying figures. It should be kept in mind that the 
the flexible member meets an element, or only at some point following described embodiments are only presented by way 
along the flexible member between respective elements, such 

of example and should not be construed as necessarily limit- 40 
as at the mid-point, for example. 

ing the inventive concept to any particular physical configu- 
ration. Some of the factors that may determine whether or not to 

A first embodiment of a linear flexure stepper is illustrated pivot links in a particular may the 
in FIGS. 1,  2 and 3 .  In particular, FIGS. la  and l b  illustrate possible effects ofrepeated bending, e.g. metal fatigue, onthe 
magnified end and top views, and FIG, lc  illustrates an exem- 45 operational lifetime of the flexible member if no pivot links 

plary actual size of a linear stepping flexure according to an are used; the potential added expense and 

exemplary embodiment of the present invention, FIG, za manufacture of pivot linkage, since one desired aspect of the 

illustrates a partial cut-away view ofthe embodiment accord- invention is that the actuator architecture be based on a con- 

ing to FIG. 1,  and FIG. 2b illustrates a section of FIG. 2a, flat layers; and the requirement for pivot 

taken along line A-A, according to an exemplary embodiment 50 linkage lubrication, for 
of the invention. FIGS. 3a-c illustrate top, side and end views Besides forming the race with surfaces 106a-d, the frame 
of a slide according to the exemplary embodiment of the 104 supports coils 115 which operate as moving means to 
invention of FIG. l . A  stepping sequence for this embodiment effect the movement of the stepper elements 102, as will be 
is illustrated in FIG. 4.  This device may also be referred to described below. The coils can be selectively activated to 
herein as a "tape crawler". 55 achieve the desired step size and thereby the load movement 

With reference to FIGS. la  and l b ,  an exemplary embodi- distance. This selective coil activation, as used herein, 
merit of the invention is shown magnified by a factor of four includes for example selectively adjusting the timing between 
in an end view in FIG. la and in a top view in FIG. l b .  FIG. coil activation(s), andor the sequence of coil activation(s), to 
l c  shows actual top, side and end sizes contemplated for a determine an electronic all^ timed step size. 
typical implementation of this embodiment. 60 In the illustrated exemplary embodiment of FIGS. 1-3, 

As can be seen from FIGS. l a  and l b ,  this exemplary there are provided two pairs of coils 115, one pair of coils 115 
embodiment comprises a pair of flexure steppers or "slides" for each stepper element 102. With reference to FIG. l a ,  the 
102, which may also be referred to as "contact elements" frame 104 supports coil housings 114, one for each coil 115 
herein, in a housing or "frame" 104 having surfaces 106a- (in this embodiment-four coils, therefore, four coil hous- 
106d forming a race along which the slides 102a and 102b 65 ings). As mentioned above, in this exemplary embodiment, 
step. The flexure steppers or "slides" 102 are also illustrated the four coils 115a-d can be activated (energized) indepen- 
in FIG. 3.  dently to achieve the stepping movement desired. 
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As can be best seen in FIG. 1 a, the stepping elements 102 process, slide 2 has moved slightly closer to slide 1 in the 

are disposed within the frame, separated by some distance, horizontal direction. The load continues to be held in the same 
referred to as a "gap," from the frame 104. As indicated, the position by slide 1 at this time. 
gap between the stepper elements 102 and the surfaces 106 of In FIG. 4c, slide 1 is now switched to the bottom race and 
the frame forming the race is approximately 0.002 to 0.005 5 the flexure portion 112a between slides 1 and 2 straightens 
inches, for example. This dimension is mathematically out (no bending angle). In the process, slide 1 moves slightly 
related to the step size, as will be explained in detail below. forward (left) closer to the initial position of the load. At the 
However, this dimension may be varied without departing same time, the flexure angle between the load and slide 1, 
from the scope and spirit of the invention. The dimension of switches from +(I to -4. Since cos(+$)=cos(-$), the load 
the gap is fundamentally a matter of design choice, dependent l o  moves precisely ahead (to the left) a distance equal to the 
on the dimensions of the other structures, the selection of movement of slide 1 in that direction. While slide 1 is switch- 
materials, and the particular configurations of an implemen- ing from the top frame race to the bottom frame race, the load 
tation, which are chosen to provide efficient and reliable and slide 1 are prevented from moving backwards (to the 
operation, and thus are subject to some range of variation, as right) by friction between slide 2 and the bottom race which 
would be understood by one skilled in the art. 15 holds slide 1 firmly in place. 

The gap size used in an experimental implementation was In FIG. 4d, slide 2 is switched from the bottom race to the 
0.010 inches, and it should be understood that this dimension top race and, again, the flexure between slides 1 and 2 is bent 
is subject to some variation depending on design criteria and at an angle 24, and slide 2 moves slightly closer to slide 1 in 
practical requirements, as would be apparent to one skilled in the horizontal direction. 
the art. and such variation is considered to be within the snirit 20 In FIG. 4e. slide 1 is switched from the bottom race to the 
and scope of the invention described herein. top race and the flexure angle between slides 1 and 2 goes to 

In this embodiment, the frame 104 is preferably a soft zero (the flexure 112a straightens out). Again, the flexure 
ferromagnetic material such as Hiperco 50A. The keepers angle between the load and slide 1 switches sign, from +(I  to 
110 are preferably also made of a soft ferromagnetic material. -4, and since cos(+$)=cos(-$), the load moves precisely 

The flexible member 112, tape or flexure, is preferably a 25 ahead (to the left) again a distance equal to the movement of 
relatively thin, non-magnetic material, for example, a sheet or slide 1 in this direction (horizontal). Again, while slide 1 is 
tape of flexible, non-magnetic spring steel or aluminum, and switching from the top frame race to the bottom frame race, 
should be able to withstand repeated bending without failure the loadis heldfrommoving backwards (towards the right) by 
due to metal fatigue, for example. As mentioned above, if friction between slide 2 and the bottom race. Slide 1 moves 
advantageous in this regard for a particular application, pivot 30 slightly closer to the previous position of the load (to the left), 
links may be incorporated in the flexible member 112. and the load moves ahead with it. 

The coils 115 comprise anumber ofwindings, for example, This sequence of steps, referred to as forward "macro step- 
20 turns of 0.030 inch diameter wire on a coil having a length ping" herein, can be repeated as many times as necessary to 
of 0.625 inches carrying an activation current of approxi- achieve a relatively long cumulative stroke forward stepping 
mately 100 milliamps. The magnets may be made of a high- 35 motion. 
performance magnetic material, for example, neodemium For reverse motion macro stepping, the actuator would be 
boron iron or samarium cobalt. controlled to follow the same steps of FIG. 4, except in 

The operation of the first embodiment of a linear stepping reverse order from FIG. 4e, that is, first the movement of FIG. 
flexure will now be explained with reference to FIG. 4. FIGS. 4d, then of FIG. 4c (resulting in a small step backwards-to 
4a-e show basic forward motion flexure stepping (macro- 40 the right), followed by the movements of FIGS. 4b and 4a, 
stepping) as a sequence of five steps, reading from top (4a) to (resulting in another small step backwards) and a return to 
bottom (4e). In these figures the actuator is shown in simpli- initial conditions with both slides 1 and 2 on the top races. 
fied block diagram form, the slides illustrated as blocks This reverse sequence can be repeated as many times as 
labeled "1" and "2," with the flexure shown as a line running necessary to provide cumulative backward (to the right) step- 
horizontally between these blocks, from block 1 to the load 45 ping a desired distance. 
(not shown). It is further noted that, as should be apparent from the 

Initially in this example, as shown in FIG. 4a, the perma- above discussion, when the slides 1 and 2 are initially on the 
nent magnets of the two slides 1 and 2 are attracted to the top same respective side of the races, i.e., both on the top race or 
race of the frame, and slides 1 and 2 are firmly fixed in both the bottom race, and the slide 1 closest to the load is 
vosition as shown. In this condition. the flexure vortion 112a 50 moved between races while the other slide 2 is held in vosi- 
between the two permanent magnets of the slides 1 and 2 is tion, this results in a change in horizontal position of slide 1 
straight (zero degrees bend), and the flexure portion 112b backwards (to the right). The load will likewise move a cor- 
between the load (not shown) and the permanent magnet of responding distance backward (to the right) in the horizontal 
the slide 1 nearest the load, is at some angle 4. The coils (not direction. Therefore, a single macro step backwards (to the 
shown) need not be energized at this stage of the operation, 55 right) requires only the operation of FIGS. 4e-4d or 4c-4b, for 
and the frictional forces generated between the permanent example. 
magnet of the slide 1 nearest the load (left-hand side of the On the other hand, if the slides are initially on opposite 
figure) and the frame, prevent the slide from moving. This, sides of the races, movement of the slide 1 closest to the load 
along with the relative stiffness of the flexure portion 112b will result in a change in the horizontal position in the forward 
against further bending or stretching, therefore, holds the load 60 (to the left) direction, and load will likewise move a corre- 
in position some horizontal distance from the slides 1 and 2. sponding distance forward (to the left) in the horizontal direc- 

Next referring to FIG. 4b, the slide 2 is switched to the tion. Therefore, in this circumstance, a single macro step 
bottom race of the frame by activation of at least one of the forward (to the left) requires only the operation of FIGS. 
associated coils (not shown) for the slide 2, overcoming the 4b-4c, or FIGS. 4d-4e, for example. 
force holding the slide 2 to the upper race of the frame. After 65 According to the invention, the flexures bend precisely the 
this action, the flexure section 112a between slides 1 and 2, is same amount each time the slides are moved. Also, when one 
bent to some angle 241 (as can be seen in FIG. 4b.). In the slide is being moved between races the other slide does not 
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From the Flexure Bending Illustration of FIG. 5, and con- 

sidering equations (1.6) and (1.7) immediately above, the 
Slope at the Flexure Null Point is: 

change position (slip or slide) on its race. Further, neither 
slide changes position on its race between steps. Therefore, 
the individual steps are very precise, and repeatable. 

An advantage of the invention is that the actuator holds 
position with power off. In the above-described embodiment, 5 

permanent magnets are used in the slides. Since permanent 
magnet systems are inherently unstable, and since they are 
essentially flux sources that can easily exert relatively large 
magnetic forces across relatively large gaps, each slide con- 
taining permanent magnets will come to rest against a frame 10 

race, and will hold position securely with power off. 

And: 

Basic stepping motion supporting calculations are pro- 
vided below in association with the flexure bending illus- 
trated in FIG. 5. 

From the flexure bending illustration of FIG. 5, where: l5 

Or, in an equivalent form: 

AL=Step Size 
L=Flexure Length 
0=Flexure Maximum Bend Angle (at Null Point) 
R=Radius of Flexure Arc 20 

The basic Step Size AL is the amount the Flexure shortens ~ ~ ~ d i ~ ~  to: 
when it bends 0 as shown in the flexure bending illustration of 
FIG. 5. 

THUS: 

At Flexure Null Point: For a given Gap and a given Flexure Length, L, we calcu- 
30 late 0. 

For a given 0 and the given L, we calculate AL (Step Size). 
(1.2) 

EXAMPLE 

Substituting equation (1.1) into equation (1.2), we get: Let: L=%6 in.; Gap=0.003 in. 

Rearranging terms, 
0=8.250022 (E-1) deg. Or 1.439900 (E-2) Radians 

(1.4) 45 

A = - (  i n ) l  - - "71 = -l0.?999l(E-6 in.) 

Which simplifies to: 

50 ALl0.4 (E-6) in.=no. of microsteps required=27. 

(1.5) Flexure drive mechanical advantage will now be math- 
ematically examined. 

55 
From Beer, Ferdinand P., and Johnston, Jr., E. Russell, d(Gap) = MA 

Mechanics of Materials, Copyright 1981, McGraw-Hill, Inc., 
- 

(AL) 
ISBN 0-07-004284-5 (Appendix D. page 598) we have: 

diGau) 

P L ~  
Slope = Tan(0) = - - 

2EI 
And 

P L ~  
Gap = -- 

3EI 
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Resulting in normal forces: 

2 Sin(0) 
--L-(0) 

Gap - 3 Cos(0) 
- 

AL -L(0 - Sin(0)) 

d (num) 
- = Z(Sin(0) + SCos(0)) 

d(0) 

d (denom) 
= 3(Cos(0) - BSin(0) - cos2(0) + sin2(0)) 

d (0) 

d2  (num) 
= 2(cos(e) + cos(e) - esin(0)) 

d2  (0) 

= 2(2Cos(O) - SSin(0)) 

d2  (denom) -Sin(@ - Sin(0) - OCos(0) + 
= 3[ 

d2  (0) 2Cos(B)Sin(O) + 2Sin(B)Cos(O) 1 
= 3[-2Sin(0) - OCos(0) + 4Sin(O)Cos(B)] 

d2  (nurn) 

d2(0) = MA(0) 
d2 idenomi 

2 
= 3.491040 Ibf. 

(2'6) 
Which, in turn, leads to holding (friction) forces: 

10 

(2.7) ps=l; FFF3.491040 Ibf. (3.4) 

ps=0.5; FF=1.745520 Ibf. 
(2.8) 

15 Using high performance magnetic materials (such as Hiperco 
50A), B=1.6 Tesla can be used. Using this material in equa- 
tions (3.1) (3.2) above, we get: 

(2.9) 

(2.10) F = 39.78874N 

= 8.944906 Ibf 

'2 
(2.11) 

Resulting in: 

[2Cos(0) - OSin(0)l 30 ps=0.5; F+.972453 Ibf. 
[4Sin(O)Cos(B) - 2Sin(0) - Kos(0)I 

4 1 Flexure Parasitic Bending Force Losses: 
As 0 + 0; MA(0) = - - + m 

3[oI  

EXAMPLE 
5 

From Example in Step Size Calculations above 

40 
0=8.250022 (E-1) deg. Or 1.439900 (E-2) rad. (Worst Case 

Situation) P = 0.6144000 ~ b f  

L=%6 in. 
MA=(%) [1.99958511.439354 (E-2)]=92.61495 

Note: actuator is limited by Frictional Holding Force, Its' 45 
F1exureBuckling 531-535, Beer, FerdinandP., and 

Drive is always stronger than its holding force. Johnston, Jr., E. Russell, Mechanics of Materials, Copyright 

Holding Force (see, Hayt, William h. Jr., Engineering Elec- 981, McGraw-Hill, Inc.> ISBN 0-07-004284-5): 

tromagnetics, FourthEdition, Copyright 1981, McGraw-Hill, 
Inc., ISBN 0-07-027395-2 (p. p. 327 Magnetic Force equa- 

ir2 EI (5.31 tion). 50 PCR = - 
L: 

55 LE - (5.51 
= Effective Slenderness Ratio 

R 

(Note: Area dimensions in equation 3.1, are taken from FIG. 1 5  (5.61 
1 example). R~ = [ E ] ( i ) ( ~ . ~ l ~ 1 3  

5 
; R = 2.88675 1(E - 3)in. 

60 ( s ) ( o . ~ l ~ )  

65 
E=10 (E6) psi (aluminum); 37 (E3) psiyield strength(6061- 
T-6 aluminum) 
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attempting to micro-step to 0.4 (E-6) in. resolution. The pas- 
sive technique operates by, for example, stepping 1 step too 

1 5  
I = 12(8)(0.010)3 (5.8) far, and then perform a single micro-step backwards by pre- 

cisely, both in amount and in time duration, reducing the 
= 5.208333(E - 8)(in.14; 5 friction between each of the slides 1 and 2 and their races, 

5 
thereby letting the load push the two slides back an infinitesi- 

L.5 - (16) mal, but precise and repeatable amount. At the end of this 
- 
R 2.886751(E - 3) micro-step time duration, the slides 1 and 2 will return to 

= 108.2532 being fixed to the top races, albeit one micro-step back. 
l o  This process can be repeated until an ultra-precision posi- 

PCR = 52.63789 lbf; (5.91, (5.10) tion is achieved. The precision and resolution of this tech- 
ucR = 8.422059 Ksi (allowable) nique depends on: (1) the load pushing back as a linear spring 

P - 10 lbf throughout the micro-stepping range; (2) the friction being 
- -  
A -  5 controlled precisely; and (3) the time duration of the micro- 

( i ) ( O . ~ l ~ )  15 step being controlled precisely. 
= 1.6 Ksi max(expected with 211 safety factor) Regarding (I), with total travel of 12 (E-6), routine contact 

between actuator and load has an equivalent spring interface 
that is linear across this minuscule range. In addition, there 

Current requirement calculations (see: Product Descrip- are already known force actuators, such as those used by 
tion E3i-0chure by Carpenter Technology Corporation, Car- 20 NASA, that have a precision spring interface with their load 
penter Steel Division, U.S. Service Center 1-800-654-6543. that is deliberately designed to provide this precision spring 
Hiperco Alloy 50A qualities and characteristics are described interface many times more than the 12 (13-6) inch micro- 
in this Brochure starting on Electronic Alloys 7; Hayt, Will- ,tepping range, 
iam H. Jr., Engineering Electromagnetics, Fourth Edition, Regarding (2), the coils in the races can be actuated so as to 
Copyright 1981, McGraw-Hill, Inc., ISBN 0-07-027395-2 25 make the slides just barely adhere to their races. This, in turn, 
(P. 252 Solenoid equation, and P. 327 Magnetic Force equa- reduces the normal forces (and the friction) to a tiny amount. 
tion). The slides are, in effect, semi-magnetic bearings and slide 

very easily and predictably. The variations in the static coef- 
ficient of friction are inconsequential. 

NI 
B = popR - (Solenoid Equation) (6.1) 30 Regarding (3), the time duration of this semi-magnetic 

L bearing action is very precise, repeatable and has great reso- 
Choose: 

lution, especially in view of the small coil inductances 

pR = 10,00O(Hiperco 50A) (6.2) involved. 
po = 47r(E - 7) Active Micro-Stepping will now be discussed with refer- 

B = 1.6 Telsa 35 ence to FIG. 4b, the diagram, which is second from the top. In 

2.5 meters (from fig. 1 Sketch) FIG. 4b, slide 1 is stuck to the top race and slide 2 is stuck to 
L(Coi1 Length) = 

(4)(40) the bottom race. If slide 2 is now placed into a semi-levitation 
mode, and slide 1 is driven down towards the bottom race, 

47r(E - 7)(10,00O)NI 
1.6 = 

(6.3) slide 2 is driven backwards. However, this is only done for a 
2.5 40 fraction of a second, the duration of a micro-step, as the - 
160 semi-levitation condition of slide 2 is quickly stopped by 

NI = 1.989437 Ampere Turns (6.4) controlling its race coil current. Meanwhile, slide 1 continues 

Choose wire diameter= 0.030 in., to the bottom race and then is immediately sent back to the top 
race, where the situation shown in FIG. 4b, second diagram 

2.5 
= 20.83333 Turns; Say 20 (6.5) 45 from the top is resumed, except that the slides and the load 

(4)(0.030) have relocated 1 micro-step to the left. This process can be 

1.989437 (6,6) 
repeated as many times as necessary to achieve a desired 

I =  - 
20 position with respect to initial positions. 

= 100 millimps In summary, the above-described embodiment of the 
50 invention is a general stepping flexure configuration, com- 

prising two bi-stable contact elements or slides, bi-stable in 
Micro-stepping according to an embodiment of the inven- the sense that each can assume a position either up or down as 

tion will now be described. For ultra-precision positioning, shown in FIGS. 4 .  The above-described general magnetic 
micro-stepping can be done within each of the (already pre- stepping flexure configuration includes the two bi-stable con- 
cise) macro step sizes described above with reference to 55 tact elements, which each preferably comprise permanent 
FIGS. 4a-e. There are many ways to perform micro-stepping magnets with soft ferromagnetic keepers. These permanent 
with stepping flexures according to the invention, and this magnet "pistons" are positioned, one behind the other with 
brief discussion is limited to introducing the subject and respect to a load, and are joined to each other by at least one 
describing two micro-stepping techniques. One of these tech- tape-like flexible member. The permanent magnet contact 
niques described below is passive and the other active. 60 elements are, in turn, positioned behind a load with the mag- 

Passive Micro-Stepping will be discussed first. Referring netic contact element nearest the loadbeingjoinedto that load 
to FIG. 4a, the top-most diagram, it is noted that both slides 1 by a second flexure portion and attached to that load at a point 
and 2 are fixed to the top race, the flexure 112a connecting mid-way between the races of a frame. This is in contrast to 
them is straight, and the flexure 112b connecting the load to so-called "inch worm" actuators which have two clamping 
the nearest slide 1 is nearly straight (less than 1 degree). 65 members and an expansionidrive member. These permanent 

As noted in the example above (after equations 1.1 to 1.1 I), magnet contact elements, with flexures, are also positioned 
a full step is on the order of 12 (E-6) inches and we are inside the frame which performs the dual functions of (1) 
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providing the magnetic circuits which direct the movements hit and leave the race surfaces with no tilting angle and, hence, 
of the permanent magnets; and (2) providing the raceihousing minimal frictional scrubbing losses and repeatability errors. 
which physically constrainsipositions the actuator moving On the other hand, since two flexures are involved, either the 
members. parasitic force losses are doubled, or the size (thickness or 

Also described above were basic stepping flexure locomo- 5 width or length) of the flexures must be adjusted. 
tiodmovement techniques, involving sequenced up and FIG. 6c shows a ladder flexure in action (bending). In this 
down motion of the bi-stable contact elements, which results alternative embodiment, the flexure thickness can be reduced 
in precision one way direction of movement of the load and of to compensate and even improve parasitic bending forces 
the actuator. The at least one flexible member (flexure) join- with no loss of strength in buckling. The bending configura- 
ing the contact elements to each other serves to both convert l o  tion shows two sets of S-shaped curves, above and below each 
the sequenced up and down motions of the contact elements other, separated by the ladder rung. This arrangement is com- 
into one way directional movement of the load with precise, pliant in parasitic bending, but tough and rigidincompression 
highly repeatable step sizes, and also serves to provide drive and buckling. 
force multiplication (mechanical advantage). The bi-stable FIG, 6d shows the -ladder rungm of the alternative embodi- 
contact elements or  iston tons" both Power the flexures and 15 ment in FIG. 6c, replaced by a composite substance (labeled 
provide the necessary holdingireaction force, i.e., the friction y - 0 ~ ~ " )  that is relatively in bending and in shear 
between frame and contact elements. BY contrast, in a so- deformation. However, the composite material is attached to 
called ''inch worm" actuator, clamps provide the holding the flexures with an adhesive such that the parallel flexures are 
forces and a separate driveiextender provides the drive. The constrained in buckling, the area of the flexure-composite 
coils inside the frame control the movements of magnetic 20 attachment is very large, the composite material can 
contact elements. be relatively soft in compression and tension and still prevent 

Regarding nmvement of the load, macro and micro step- buckling. An example of a suitable composite material is a 
ping were described. Passive and active micro-stepping of the carbon fiber composite, 
flexure actuators both involve using precision control of FIG, 6e shows a pair of flexures, but both are 
actuator friction hold (semi-levitation) to provide micro step- 25 positioned over the top of the magnet and the load,  hi^ 
ping. alternate embodiment arrangement performs like the primary 

It will be apparent to one skilled in the art that the manner embodiment. However, this alternative embodiment may be 
making and using the has been less expensive. Although FIG. 6e shows the two parallel 

adequately disclosed in the above-written description of the flexures with a composite material in between, alternatively 
preferred embodiment taken together with the drawings. 3° the flexure could be comprised of a ladder configuration, i.e. 

It will be understood that the above described preferred parallel flexures with a rung instead of the composite material 
embodiment of the present invention are susceptible to vari- as in FIG, ( j c ,  h o t h e r  alternative is a single tape flexure, such 
ous modifications, changes, and adaptations, and the same are as in the primary embodiment,  hi^ alternative embodiment 
intended to be comprehended within the meaning and range is, essentially, the primary embodiment with an offset of the 
of equivalents of the appended claims. 35 flexure to the top of the magnetic elements. When two parallel 

Some alternate embodiments will now be described. Alter- flexures are used, both would preferably be fixed to each of 
nate flexure embodiments will be described first, followed by the magnets and to the load. Of course, it should be apparent 
a description of alternate actuator configurations. This, in to one skilled in the art that more than two parallel flexures 
turn, will be followed by a series of flexure-only actuators could be used, and such a modification is considered to be 
(where at least the magnets are stationary) and a series of thin 40 within the scope and spirit of the invention, 
magnet circuits. Then three flexures Opera- Bent flexures arrangements are illustrated in FIGS, 7a-c, 
tion, in particular, a sequence, is described. while FIG, 7d achieves the "bentm effect by using two sets of 

flexure preferred are in flexure segments, the sets being offset by respective 
FIGS. 6a-e and 7a-d. This discussion will be divided into two ladder rungs between the magnetic contact elements, The 
parts, One discussing unbent flexures and One describing bent 45 general purpose of using these bent flexure arrangements is to 
flexures. First a discussion of unbent flexures. These alternate achieve an increase in stroke length and actuator speed, This, 
flexure are intended provide easy flexing of course, means reduced drive force and reduced precision 
while being very strong in buckling. positioning as tradeoffs. Since holding force is the limiting 

FIGS. 6a-e show sideviews of a series of alternate embodi- factor, the practical tradeoffs are between speed and preci- 
ments in which the flexures are "normally" unbent, i.e. they 50 sion, The increase in step size is dramatic, e,g, one or more 
are parallel with the magnet surfaces when the flex- orders of magnitude, depending on offset angle, and is 
ure mechanism is in a relaxed condition. roughly defined by the following equation: 

FIG. 6a shows a first alternative embodiment in its relaxed 
condition and FIG. 6b shows this alternative embodiment in 
action (flexures bending) in its race, in particular, with the 55 

right-most magnetic element stuck to the top of the race, the [ ( T ) ( ; ) ( ~ ~ ( ~ f f  set angle)?] + ~ l ~ o s ( o f f  set angle) 
L, - , - 

left-most magnetic element stuck to the bottom of the race, 
and the load located midway between the top and bottom of 
the race at the far left of the drawings. The arrangements in FIGS. 7a-c parallel their counterparts 

In FIGS. 6a and 6b, two parallel flexures are used, one on 60 in FIGS. 6a-c, except with an offset angle (a bend) when 
top of the magnets and one below the magnets. Both flexures inactive. FIG. 7d is a variation of FIG. 7a, in which an offset 
bend in an S-shaped curve, as described in the analysis above, pair of parallel flexures is approximated by the arrangement 
and the step size is the same as described above for the shown in FIG. 7d to simplify eventual MEMS (micro elec- 
primary embodiment. However, this flexure arrangement tromechanical systems) construction. 
may be simpler and less expensive to construct than the pri- 65 In these bent flexure alternative embodiments of FIGS. 7 ,  
mary embodiment. This alternative may also have the added the offset angle may tend to make the flexures somewhat more 
advantage of constraining the magnetic elements so that they vulnerable to buckling. However, this danger is mitigated by 
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keeping the offset angle minimized by the natural bending FIG. 9d extends the arrangement of FIG. 9c by using two 
constraints imposed by the small gaps used, e.g. on the order split magnets. This allows thinmagnets to be usedto perform 
of 0.003 inches, and by the tendency of the magnets to fail in with a force comparable to thick magnets. 
holding long before buckling forces assert themselves. FIG. 10 varies the arrangement of FIG. 9d to simplify the 

A -side winderm stepping flexures alternative embodiment 5 flexure element but, at the price of complicating the magnet 
is illustrated in FIGS. 8a-d, and will now be described. This and flux bypass arrangement. Here split magnets are used 
arrangement is, essentially, similar to the primary embodi- above and below the flexure-only moving element, with 
merit illustrated in FIGS, 1, 2, and 3,  but having the coil respective pancake coils sandwiched between its respective 
windings, the magnets and keepers rotated 90 degrees with magnet and the flexure-only moving element. If current is 
respect to the sides of the frame. In the primary embodiment, 10 applied to the bottom coil in the direction out of the Page, the 
each coil axis extended across the frame, i.e. perpendicular to element goes down and sticks. 
the direction of movement of the load, whereas in this alter- Thin magnet circuit alternative embodiments will now be 
native embodiment, each coil axis extends in the direction discussed, with reference to thin magnet circuits illustrated in 
down the frame, i,e, to the direction ofmovement of FIGS. l l a - c ,  and split thin magnet circuits illustrated in 
the load. This may have an advantage of simplified construc- 15 FIGS. 12 and 13. 
tion, and may be easier to make compact, which can be FIG. l l a  Shows a single thin magnet arrangement with 
advantageous in applications where stroke is limited, and wrap-around keepers. As shown in FIG. l l a ,  the flux from the 

where small size and large force to size ratios are desired. magnetnorth~oletravels fromlefttorighttowardsoneoftwo 

Flexure-only actuators are illustrated in FIGS, 9 and 10, gaps and bottom On the right). If the upper 

and will now be discussed, The theme in this family 20 blocks the upper flux return, the flux will travel down the right 

of stepping flexures is that the permanent magnets andor hand side wrap-around, jump the lower right hand gap, travel 

(ideally) the coils, do not move. Rather, the stepping flexures from 'ght to left through the lower flux return, across the 

in these arrangements move (when a magnetic circuit is lower left hand gap, and from left to right the 

in order to provide a path for completing the mag- south pole where it completes the magnetic circuit. With the 
netic circuit, as will be explained below. ~h~~~ arrangements 25 flux jumping across the two lower gaps, the magnet is pulled 
have the advantages of simplicity, compactness andhigh step- down. When the lower flux is the flux jumps 

ping rate (dueto low mass and inertia) andare advantageously the upper two gaps and the magnet is pulled up. Insu- 

employed where these characteristics are desirable, The lators, as shown, are at both sides Of the magnet. 

arrangements in FIGS, 9 may be rotary or linear elements, In the arrangement according to no 

depending on how the coils are arranged. 30 keepers are used. In this arrangement, flux returns, and their 
coils, and gaps, are on the left and right hand sides of the 

9a shows a two two magnet, simp1e moving figure. Accordingly, the magnet motion is to the left or to the 
flexure element arrangement. In this arrangement, it can be right, 
seen that the magnets are not disposed in the moving part of FIG, l l c  shows an arrangement having asymmetric keep- 
the actuator, but are above and the moving 35 ers, essentially a combination of FIGS, l la  and lib, in which 
part. If the flux bypass On the top is by the magnet can be selectively driven up or down. In this 
activation of its electromagnetic coil, the flexure only element configuration, the two gaps and their forces are either both on 
in the center of the figure will move upwards to contact the the left (magnet up) or both on the right (magnet down), In 
upper race surface to provide the flux from the upper magnet instances where this force arrangement makes the actuator 
a path to its magnetic circuit' This accom~lished, 40 kinematics unstable, flux insulator elements can be added as 
the upper can be turned Off and the flexure Only shown in the figure in the upper left and the lower right, 

remain in place against the upper race surface. h o t h e r  way to correct this is addressed in FIGS, 12, using 
This is because of remnance forces in the upper coil core split thin magnet circuits, 

upper magnet flux, as 'pposed to remace forces FIG, 1za illustrates an arrangement having a single active 
in the flexure Only upper magnet fluxes. 45 pole pair, This arrangement uses wrap-around lower flux 
Throughout this process, the lower is because returns, along with split thin magnets, to emulate the actions 
its flux is its magnetic flux. When the lower and perfomance of the FIG, 1 embodiment, but with 
magnet's coil is activated, the lower magnet flux circuit is what may be cheaper and simpler thin magnets, 

and it looks to its magnetic circuit FIG, 12b illustrates an arrangement referred to as a rem- 
attracting the flexure Only in the 

Of the figure 50 nance switch, In this arrangement, the wrap-around lower 
downward. This, in turn, forces the flux from the upper mag- flux return is replaced with a simpler version, but depends on 
net away from the flexure-onl~ and through its upper utilizing the in the flux return cores, and the keepers 

'Ore, resetting its magnetic remace to support joining the poles of the thin magnets together, As explained in 
the upper flux. In this way, switching the can move thenotes FIG, 12b, this arrangement constitutes amawetic 
the flexure-only element up and down. 

55 remnance switch, and a single coil can be wrapped around the 
FIG. 9b is a variation of FIG. 9a, and may be used in linear in a side winder linear actuator configuration, ~ l t ~ ~ -  

actuators, where the coils are wound as top and bottom coils natively, two separate rotary pancake configured coils can be 
under the respective magnet, and above the flexure-only ele- used for rotary actuator implementations, 
merit. The FIG. 9 b  embodiment may also be used in rotary FIG. 13 illustrates a split thinmagnetic circuit arrangement 
actuators, where the coils are a set of top and a set of bottom 60 with a single split flux return circuit in combination with split 
pancake coils, that is, where each coil of the sets is wound thin magnets. This makes possible another version of flexure- 
pancake fashion, into and out of the page under the respective only actuators, albeit with the coils wrapped around the flex- 
magnet, and above the flexure only element. ures, as shown. This alternative may be useful for limited 

FIG. 9c varies the arrangement of FIG. 9b by wrapping the stroke actuator implementations. 
flexure element around a single magnet, resulting in one 65 The primary embodiment is illustrated as an actuator hav- 
magnet rather than two, albeit at the price of complicating the ing two stepping elements. However, the invention is not 
flexure-only element. limited to this particular number of stepping elements. There 
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may be applications where it would be preferable to have embodiment of the embodiment of FIGS. 1, 2 and 3 .  Instead 
more than two stepping elements, for example three elements. of the flexure being disposed in the center, a top and a bottom 
The particular configuration of these elements could be as flexure are used as shown. This has the advantage of reducing 
described in any of the embodiments above and their alterna- the tendency to demagnetization over time, which may be an 
tives. An exemplary operation of a three element stepping 5 issue with the embodiment of FIGS. 1 , 2  and 3 ,  having only a 
flexure actuator will be described below. central flexure. 

FIG. 14 shows a stepping sequence for a three element Additionally, as seen in FIG. 18, the keepers are given 
stepping flexure actuator according to an embodiment of the curved surfaces (less than 180 degrees) with a relatively large 
invention. There may be numerous ways to step a three ele- radius of curvature. This has the advantage of reducing the 
ment stepping flexure according to the invention, as would be l o  tendency to "walk" when moving between races, which may 
apparent to one skilled in the art, one of which is illustrated be an issue with the embodiment using flat keeper surfaces 
and described herein with respect to FIG. 14. (1 80 degrees). As used herein, "walk" refers to a relatively 

In a manner not too dissimilar from that shown in FIG. 4 ,  undesirable sequence where, when moving between races, a 
for the two element stepping flexure, the sequence begins in keeper hits the race surface, tips and slides some small dis- 
FIG. 14a, the topmost diagram, with all three elements dis- 1s tance along the race surface, resulting in an imprecise posi- 
posed on the top surface of the race. The elements are labeled tioning on the race surface. With the modifications according 
1 , 2  and 3 ,  element 1,  the leftmost element, being connected to this embodiment of the invention, better positioning preci- 
to the load. To move forward (to the left) the sequence is from sion can be achieved. 
FIG. 14a to FIG. 14d (top to bottom diagram) and to move It is noted that another way of reducing the tendency to 
backwards (to the right), the sequence is from FIG. 14d to 20 demagnetize would be to use a ferrous flexure material, and 
FIG. 14a (bottom to top diagram). In basic macro stepping of such is considered to be within the scope of the invention 
the three element embodiment, while an element is moving, described and claimed herein. 
the other elements are held in place, as with the two element It will be apparent to one skilled in the art that the manner 
embodiment. A further detailed description beyond the above of making and using the claimed invention has been 
is not deemed necessary for a complete understanding of 25 adequately disclosed in the above-written description of the 
stepping the three element embodiment by one skilled in the preferred embodiment taken together with the drawings. 
art, in view of the description of stepping the two element It will be understood that the above described preferred 
embodiment provided above. embodiment of the present invention are susceptible to vari- 

It should be clear to a person skilled in the art that, as with ous modifications, changes, andadaptations, and the same are 
the two element embodiment, micro stepping, either active or 30 intended to be comprehended within the meaning and range 
passive, can be accomplished with the three element embodi- of equivalents of the appended claims. 
ment in a similar manner, by controlling the frictional force of Although a number of equivalent components may have 
the elements during movements, and therefore, further expla- been mentioned herein which could be used in place of the 
nation is not deemed necessary. components illustrated and described with reference to the 

FIG. 15 illustrates a three-element flexure. drive/clamv 35 vreferred embodiment(sl this is not meant to be an exhaus- 
system according to another embodiment of the invention. In 
this illustration, the left-most element is referred to as the 
front clamp 1501, the middle element as the driver 1502, and 
the right-most element as the rear clamp 1503. 

For macro-stepping in the direction to the left of the illus- 
tration in FIG. 15, the following series of operations are 
carried out. Initially, all three elements 1501,1502 and 1503 
are resting on their respective lower races, as shown in 15a. As 
in the previously described embodiments, each element can 
be individually controlled to adhere to (clamp) or repel from 
one of the respective races. 

To begin the macro stepping, as shown in 15b, the rear 
clamp 1503 is relaxed, the front clamp 1501 is clamped in 
place, and the driver 1502 is moved from the lower race to the 
upper race, resulting in the rear clamp 1503 being moved 
some distance to the left. Next, rear clamp 1503 is clamped in 
place, front clamp 1502 is relaxed, and the driver 1502 is 
moved from the upper race to the lower race, resulting in the 
front clamp 1502 (and the load-not shown-attached to the 
left of the front clamp) being moved some distance to the left. 
In this procedure, the flexure between the load (not shown) 

, ,, 
tive treatment of all the possible equivalents, nor to limit the 
invention defined by theclaims to any particular equivalent or 
combination thereof. A person skilled in the art would realize 
that there may be other equivalent components presently 

40 known. or to be develoved. which could be used within the . , 

spirit and scope of the invention defined by the claims. 
What is claimed is: 
1 .  An actuator for moving a load, comprising: 
a frame forming a race between two surfaces of the frame; 

45 at least two elements joined together by at least one flexible 
member, the elements and the at least one flexible mem- 
ber being disposed between the two surfaces of the 
frame that forms said race, one of the elements further 
being attached to the load by a portion of the at least one 

50 flexible member; 
a moving mechanism disposed to selectively move said at 

least two elements and selectively retain and release said 
at least two elements in corresponding positions relative 
to said two surfaces of the race so as to move a first one 

55 of said at least two elements from said first surface of 
said race to said second surface of saidrace while retain- 

and the front clamp 1501 remains at approximately zero ing a second one of said at least two elements in a fixed 
degrees throughout the operation. position against one of said first and second surface of 

To micro-step using the arrangement shown in FIG. 15, said race and; 
during the moving of the driver 1502 from the lower race to 60 whereby the actuator incrementally effects movement of 
the upper race, momentarily the rear clamp 1503 is relaxed the load, by successively changing said corresponding 
and the front clamp 1501 is clamped, the length of time positions of the at least two elements relative to said two 
determining the amount of the micro-step. surfaces of the race wherein said at least two elements 

As can be appreciated, in the embodiment of FIG. 15, only are displaced along a length of saidrace thereby causing 
the driver element 1502 is moved between races. 65 displacement of said load when said at least two ele- 

Another embodiment of the invention is illustrated in ments by independently and successively moving and 
FIGS. 16, 17 and 18. This embodiment is a variation of the retaining said element to opposite surface of said race. 
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2. an actuator for moving a load, comprising a frame form- ing a race have a separation distance at least approximately 
ing a race between two surfaces of the frame; at least two two-thousandths of an inch greater than the thickness of each 
elements joined together by at least one flexible member, the of the elements. 
elements and the at least one flexible member being disposed 13. The actuator according to claim 12, wherein the sepa- 
between the two surfaces of the frame that forms said race, 5 ration distance is approximately five-thousandths of an inch 
one of the elements further being attached to the load by a greater than the thickness of each of the elements. 
portion of the at least one flexible member; and a moving 14. An actuator for moving a load, comprising: 
mechanism disposed to selectively move said at least two a frame forming a race between two surfaces thereof; 
elements and selectively retain and release said at least two at least two elements joined together by at least one flexible 
elements in corresponding positions relative to said two sur- l o  member, the elements and the at least one flexible mem- 
faces of the race; and ber being disposed between the two surfaces of the 

wherein the at least two elements comprise at least two frame that forms said race, one of the elements further 
magnets; and wherein the moving mechanism com- being attached to the load by a portion of the at least one 
prises a plurality of coil pairs disposed to attract or repel flexible member; and 
a corresponding magnet towards or away from one or the 15 a moving mechanism disposed to selectively retain and 
other of the two surfaces of the frame that form the race, release said at least two elements in corresponding posi- 
such that the corresponding element comes into contact tions relative to said two surfaces of the race and; 
with the respective surface of the frame and is retained whereby the actuator incrementally effects movement of 
thereto, or released out of contact with the respective the load, by successively changing said corresponding 
surface of the frame. 20 positions of the at least two elements relative to said two 

3. The actuator according to claim 2, wherein the at least surfaces of the race, wherein the at least one flexible 

one flexible member comprises flexible, non-magnetic spring member comprises two parallel flexures. 

steel or aluminum material. 15. The actuator according to claim 14, wherein the two 

4. The actuator according to claim 2, wherein the at least parallel flexures have a respective rung member extending 
two elements further comprise respective keepers for holding 25 between the two flexures where the flexures extend to join 

respective elements together, the parallel flexures sandwich- the respective magnets therebetween. 
ing the elements therebetween. 

5. The 4, wherein the 16, The actuator according to claim 14, wherein the two 
comprise a soft ferromagnetic material. parallel flexures have a respective composite material dis- 

6. The actuator according to claim 5, wherein magnets are 30 posed between the two flexures at least in areas where the 
Permanent magnets having respective north and south poles. flexures extend to join respective elements together, the par- 

7. The actuator according to claim 6, wherein the perma- allel flexures disposed to sandwich the elements therebe- 
nent magnets extend between their respective north and south tween. 
poles in a direction parallel to the plane of the surfaces of the 17. The actuator according to claim 14, wherein the two 
frame forming the race. 35 parallel flexures have a composite material disposed between 

8. The actuator according to claim 7, wherein the respec- the two flexures throughout, the flexures with composite 
tive north poles of each of the magnets are oriented in the extending to join respective elements together at correspond- 
same direction, and wherein the respective south poles of ing first surfaces thereof. 
each of the magnets are oriented in the same direction. 18. The actuator according to claim 14, wherein the two 

9, The actuator according to claim wherein the perma- 40 parallel flexures extend between the respective elements at an 

nent magnets extend between their respective north and south with respect to the frame surfaces. 

poles in a directionperpendicular to a direction oftravel of the 19. The further 

load. a rung member extending between the two parallel flexures 
where the flexures extend to join respective elements 

10. The actuator according to claim 9, wherein each coil of 45 together, 
the plurality of pairs a of wire 20, The actuator according to claim 18, further comprising 
around a the having a generally a composite material disposed between the two parallel flex- 

in cross-secti0n with rounded ures at least in areas where the flexures extend to join respec- 
edges, an axis of the coil housing extending in a direction tive elements together, 
perpendicular to the direction of travel of the load. 

50 21. An actuator for moving a load, comprising: 
11. The actuator according to claim 6, wherein the perma- a frame forming a race between two surfaces thereof; 

nentmagnets extendbetweentheirres~ectivenorth and south at least two elements joined together by at least one flexible 
poles in a direction parallel to the plane of the surfaces of the member, the elements and the at least one flexible mem- 
frame forming the race and parallel to the direction of travel ber being disposed between the two surfaces of the 
of the load, wherein the respective north poles of each of the 55 frame that forms said race, one of the elements further 
magnets are not all oriented in the same direction, and the being attached to the load by a portion of the at least one 
respective south poles of each of the magnets are not all flexible member; and 
oriented in the same direction; and wherein each coil of the a moving mechanism disposed to selectively retain and 
plurality of coil pairs comprises a coil of wire wrapped around release said at least two elements in corresponding posi- 
a coil housing having a generally rectangular shape in cross- 60 tions relative to said two surfaces ofthe race and; 
section with slightly rounded edges, an axis of the coil hous- whereby the actuator incrementally effects movement of 
ing extending in a direction parallel to the direction of travel the load, by successively changing said corresponding 
of the load. positions of the at least two elements relative to said two 

12. The actuator according to claim 1, wherein the ele- surfaces of the race, wherein the at least one flexible 
ments each have a definite thickness extending in the direc- 65 member comprises two sets of parallel flexure segments 
tion perpendicular to the plane of the surfaces of the frame disposed at least in areas between each element, the sets 
forming the race, and wherein the surfaces of the frame form- of segments being joined between each element so as to 



US 7,504,921 B2 
2 9 3 0 

be offset from each other in the direction of element surfaces of the race and wherein said moving mecha- 
movement between frame surfaces. nism is provided to move a first one of said at least two 

22. An actuator for moving a load, comprising: elements from said first surfaces of said race to said 
a frame forming a race between two surfaces thereof; second surface of said race while retaining a second one 
at least two elements joined together by at least one flexible 5 of said at least two elements in a fixed position against 

member, the elements and the at least one flexible mem- one of said first and second surfaces of said at least two 
ber being disposed between the two surfaces of the elements are displaced along a length of said race 
frame that forms said race, one of the elements further thereby causing displacement of said load when said at 
being attached to the load by a portion of the at least one least two elements by independently and successively 
flexible member; and l o  moving and retaining saidelement to opposite surface of 

a moving mechanism disposed to selectively retain and said race. 
release said at least two elements in corresponding posi- 24. The actuator according to claim 23, wherein the at least 
tions relative to said two surfaces of the race and; two elements comprise at least two magnets; and wherein the 

whereby the actuator incrementally effects movement of moving mechanism comprises a plurality of coil pairs dis- 
the load, by successively changing said corresponding 1s posed to attract or repel a corresponding magnet towards or 
positions of the at least two elements relative to said two away from said first and second surfaces of the race such that 
surfaces of the race, wherein each of the elements can when the corresponding element comes into contact with the 
assume one of at least three states with respect to the respective surface of the race it is is retained thereto. 
surfaces of the frame that forms a race, the at least three 25. The actuator according to claim 24, wherein the at least 
states being controlled by the moving mechanism, the at 20 one flexible member comprises flexible, non-magnetic spring 
least three states comprising: in full frictional contact steel or aluminum material. 
with and therefore retained against a surface of the frame 26. The actuator according to claim 24, wherein the at least 
in a relatively immovable condition, in contact with said two elements further comprise respective keepers for holding 
surface of the frame but in a relatively movable condi- the respective magnets therebetween. 
tion, and out of contact with said surface of the frame; 25 27. The actuator according to claim 26, wherein the keep- 
wherein by activation of the moving mechanism, each of ers comprise a soft ferromagnetic material. 
the elements can be moved independently between the 28. The actuator according to claim 27, wherein magnets 
surfaces of the frame forming a race and assume a new are permanent magnets having respective north and south 
position thereon, the new position assumed by an ele- poles 
ment after moving between the surfaces of the frame 30 29. The actuator according to claim 28, wherein the per- 
forming a race being dependent on at least the position manent magnets extend between their respective north and 
on the surfaces of the frame forming the race of another south poles in a direction parallel to the plane of the surfaces 
of the elements to which the moved element is joined, of the frame forming the race. 
the length of the at least one flexible memberjoining the 30. The actuator according to claim 29, wherein the respec- 
respective elements, and the state of another element to 35 tive north poles of each of the magnets are oriented in the 
which it is joined; wherein by activation of the moving same direction, and wherein the respective south poles of 
mechanism, each of the elements can be moved inde- each of the magnets are oriented in the same direction. 
pendently along one of the surfaces of the frame forming 31. The actuator according to claim 29, wherein the per- 
a race and assume a new position thereon, the new posi- manent magnets extend between their respective north and 
tion assumed by an element after moving along the 40 south poles in a direction perpendicular to a direction of travel 
frame surface being dependent on at least the position on of the load. 
a surface of the frame forming the race of another of the 32. The actuator according to claim 31, wherein each coil 
elements to which the moved element is joined, the of the plurality of coil pairs comprises a coil of wire wrapped 
length of the at least one flexible member joining the around a coil housing, the coil housing having a generally 
respective elements, the state of the element being 45 rectangular shape in cross-section with slightly rounded 
moved, and the state of the other element to which it is edges, an axis of the coil housing extending in a direction 
joined; wherein an element will remain in full frictional perpendicular to the direction of travel of the load. 
contact with and therefore is retained to a surface of the 33. The actuator according to claim 29, wherein the per- 
frame in a relatively immovable condition after de-acti- manent magnets extend between their respective north and 
vation of the moving mechanism; and wherein the at 50 south poles in a direction parallel to the plane of the surfaces 
least one flexible member is joined to the load at a point of the frame forming the race and parallel to the direction of 
approximately mid-way between the two race surfaces travel of the load, wherein the respective north poles of each 
formed by the frame. of the magnets are not all oriented in the same direction, and 

23. An actuator for moving a load, comprising: the respective south poles of each of the magnets are not all 
a race defined between a first surface opposite a second 55 oriented in the same direction; and wherein each coil of the 

surface; plurality of coil pairs comprises a coil of wire wrapped around 
at least two elements movingly disposed within said race, a coil housing having a generally rectangular shape in cross- 

said at least two elements being joined together by at section with slightly rounded edges, an axis of the coil hous- 
least one flexible member and one of the elements fur- ing extending in a direction parallel to the direction of travel 
ther being connected to the load; 60 of the load. 

a moving mechanism disposed to selectively move and 34. The actuator according to claim 23, wherein the ele- 
retain said at least two elements between various corre- ments each have a definite thickness extending in the direc- 
sponding fixed positions relative to said first and second tion perpendicular to the plane of the surfaces of the frame 
surfaces; and forming the race, and wherein the surfaces of the frame form- 

whereby the actuator incrementally effects movement of 65 ing a race have a separation distance at least approximately 
the load by successively changing said corresponding two-thousandths of an inch greater than the thickness of each 
positions of the at least two elements relative to said two of the elements. 
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35. The actuator according to claim 34, wherein the sepa- tive activation of said coils and thereby changing posi- 
ration distance is approximately five-thousandths of an inch tions of said contact elements between and along said 
greater than the thickness of each of the elements. race surfaces, one of sat contact elements being joined 

36. An actuator comprising a slide, a frame and a plurality to the load by the second portion of the at least one 
of current carrying wire coils, the slide being movable within 5 flexible member to facilitate displacement of said 
the frame in a stepping manner by selective activation of the load; and 
coils; wherein a contact element will remain stuck to a surface 

wherein the slide comprises: of the frame in a relatively immovable condition after 
at least a first and a second contact element, each contact de-activation of the moving mechanism. 

element having at least one permanent magnet dis- l o  37. The actuator according to claim 36, wherein the load is 
posed between respective keepers, each contact ele- selectively movable a determinable step distance towards or 
ment having a thickness; and away from the frame by alternatively changing a position 

at least one flexible member having a first portion join- between or along race surfaces of a first contact element and 
ing the contact elements to each other, and having a a position between or along race surfaces of another contact 
second portion forjoining one of the contact elements 1s element which is joined to the first contact element by selec- 
to the load by a second portion of the at least one tive coil activation. 
flexible member; 38. An actuator for moving a load according to claim 1, 

wherein the frame comprises: wherein the at least two elements comprise at least two mov- 
a first race surface and a second race surface, separated able members made of a material permeable to magnetic flux; 

by a distance greater than the contact elements thick- 20 wherein the moving mechanism comprises a plurality of coil 
ness; and magnet pairs disposed to attract a corresponding element 

wherein the contact elements and the at least one flexible towards one or the other of the two surfaces of the frame that 
member are disposed between the race surfaces; form the race, by completion of a magnetic flux circuit 
wherein the race surfaces are composed of a material through the corresponding element when a respective coil is 
to which an element will stick once engaged in con- 25 energized, such that the corresponding element comes into 
tact therewith; contact with the respective surface of the frame and is retained 

wherein the plurality of coils comprises at least a first thereto by virtue of remnant forces in the respective coil core 
and second set of coils, each set of coils comprising a even after the respective coil is de-energized. 
first coil disposed adjacent the first race surface, and a 39.Anactuator according to claim 36, wherein themagnets 
second coil disposed adjacent the second race surface, 30 are permanent thinmagnets havingrespectivenorthand south 
a respective first coil for moving a corresponding poles oriented in a direction parallel to the planes of the race 
contact element towards or away from the first race surfaces. 
surface to contact or separate from the first race sur- 40.Anactuator according to claim 36, wherein themagnets 
face when activated, and a respective second coil for are permanent thinmagnets havingrespectivenorthand south 
moving a corresponding contact element towards or 35 poles oriented in a direction perpendicular to the planes of the 
away from the second race surface to contact or sepa- race surfaces; wherein each coil of the plurality of coil sets 
rate from the second race surface when activated, the comprises a coil of wire wrapped around a coil housing hav- 
coils thereby being able to move their corresponding ing an axis which extends in a direction perpendicular to the 
contact element along or between respective first and planes of the race surfaces; wherein the keepers comprise 
second race surfaces; 40 asymmetric wrap-around keepers having insulators at ends 

wherein each coil of the coil sets can be individually thereof oriented to extend perpendicular to the plane of the 
selectively activated; surfaces of the frame forming the race. 

wherein the load is selectively movable a determinable 
step distance towards or away from the slide by selec- * * * * *  
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