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The present invention relates to micromanipulators, for
moving a work element through extremely small distances.
The work element may be an index pointer in a measuring
device, or a tool or a work holder, or the micromanipula-
tor may be used as an adjustment in a wide variety of ap-
paratus where it may prove suitable.

An object of this invention is to provide a novel, precise-
1y controllable and reproduceable micromanipulator. This
broad purpose is carried out by means of a series of
physically interconnected components whose physical di-
mensijons can be changed selectively by either the piezo-
electric or the magnetostrictive effect. The components
can be related to produce certain predetermined combina-
tions of motions when excitation is imposed. Thus, four
of these components may be arranged to produce “units”
motion; one may produce “5 units” motion, two more may
each produce “10 units” motion, and so on, all arranged
in series and related to each other as the values of certain
decimal coin systems. They may alternatively be ar-
ranged to provide increments of motions that may be
added together by direct physical interconnection, accord-
ing to other systems, the binary system being used in the
illustrative embodiments of the invention described below.
By employing standardized electric sources of excitation
for the fields required, and coordinated selective controls
for determining the combinations of components to be
excited, precise predetermined motions can be produced
directly and without need for verification.

A further object of the invention resides in providing
novel apparatus for producing a predetermined series of
micro-motions accurately and reproduceably. This aspect
of the invention is accomplished through provision of co-
ordinated selective controls for the various dimensionally
changeable components. In one case this control may be
manual, and may effect a regular progression of motions.
In another, a program of arbitrarily related motions may
be performed under the control of punch-card, magnetic-
memory or other programming apparatus.

Further objects of the invention involve achievement of
a sequence of motions, where the increments and the total
range of motion are susceptible of proportional adjust-
ment, to meet different conditions. This is accomplished
by using fleld-controlled components within a range of
excitation where their stroke is a function of the imposed
field. With a set level of excitation, one set of motions
of the individual components and of the series of com-
ponents is carried out. With a different level of excita-
tion, another set of motions is produced proportionally
changed from those of the first level of excitation.

A related object of the invention resides in providing a
micromanipulator of the foregoing character whose mo-
tions can be reproduceably controlled without dependence
on the field-versus-deflection characteristics of the com-
ponents or on the precise level of excitation used. This
is achieved through selective application of saturating ex-
citation on the components, made of materials having a
saturating characteristic.

Further features of the invention relate to provision of
specific forms of components useful in the foregoing as-
pects of the invention, for increasing the amounts of mo-
tion available from a field-responsive component; with
provision of temperature compensation of the apparatus
both for ambient condiiions and for conditions resulting
from the excitation itself; and to achieving relatively
smooth changes in the total displacement of a series of
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components as the selected combination of components
that are energized is changed.

The nature of the invention will be better appreciated,
and the foregoing and other objects, features and advan-
tages will be better understood, from consideration of
the detailed description of various forms of apparatus that
illustrate, by way of example, the novel features of the
invention. These forms are shown in the accompanying
drawings which form a part of the present disclosure and
which are referred to in the detailed description below, In
the drawings:

FIGURE 1 is a diagrammatic plan view of a micro-
manipulator embodying features of the invention;

FIGURE 2 is the wiring diagram of the control ap-
paratus for one of two like portions of the micromanipu-
lator of FIG. 1;

FIGURE 3 is a front elevation of a modification of the
embodiment in FIG. 1;

FIGURE 4 is a diagrammatic illustration of a typical
magnetostrictive component useful as a modification of the
corresponding components in FIGS, 1-3;

FIGURE 5 is a diagrammatic representation of a typical
temperature-compensating component useful in the em-
bodiment of FIG. 3;

FIGURE 6 is a diagrammatic perspective view of a
further modification of part of the micromanipulator in
FIGS. 1-3;

FIGURE 7 is a lateral view, partly in cross-section, of
a component part of FIG. 6;

FIGURE 8 is a plan view comparable to FIG. 1, of
modified form of micromanipulator adapted to effect
greater displacements than that of FIG. 1;

FIGURE 9 is a diagrammatic view of an active com-
ponent part of FIG. 8; and

FIGURE 10 is a modification of the component in
FIG. 9.

In the drawings, FIG. 1 shows a work-supporting table
10 that is to be moved in horizontal and vertical directions
(as viewed in the drawing) by microscopic distances that
can be precisely controlled and, as will appear below, that
can be moved through programmed strokes. For some
time there has been a growing need for such micromanipu-
lator in the fabrication of microminiature apparatus.
Thus, table 10 may support and accurately move an arti-
cle in a series of accurately related positions relative to an
electron-beam machining tool, an optical scribing tool, for
indenting, engraving, inspecting and measuring, etc., such
apparatus 12 being disposed above the work table 10 in
FIG. 1.

A column 14 of elements 144, 14b, 14c, etc., bears
against the left side of table 10, and compression spring 16
holds the table against column 14 at all times. Remote
from spring 16 is a stop or reference point 18 against
which column 14 reacts. Elements 144, 145, etc., repre-
sent magnetostrictive cores or piezoelectric elements ca-
pable of accurately reproduceable and fast response to
imposed fields, magnetic or electrostatic, respectively.
In FIG. 1, element 14¢ may be a magnetostrictive core
that is twice as long as element 14b, which is twice as long
as element 14c, and so on to the end of the series, where
all the elements are of the same material. With five
elements shown, there are thirty-two possible positions
that can be selected for shifting table 10 to the left or
right within the toal range of motion. The magnitude of
the total range is dependent on the total length of col-
umn 14, on the material used, and on the field-imposing
excitation. Assuming a given material and a standard-
ized excitation is available, then the range of motion is
a function of the total length. If a greater number of
possible positions in this range than thirty-two are desired,
then the elements are to be subdivided into a correspond-
ingly larger number, each additional element doubline
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the total number of positions in the range that may be
selected by selectively exciting (or not exciting) the vari-
ous elements.

Horizontal movement of table 1¢ to a range of posi-
tions at right angles to that produced by column 14 is
achieved by a like column 20 of elements. In both
cases, either the elements are in direct abutment with each
other (apart from inert spacers that may be interposed
for field isolation) or they are united. In both cases
the dimensional changes of the material of elements re-
sults from the imposed exciting field, whether electrostatic
or magnetic. The motions thus made possible are pre-
cisely controllable and are of the very low orders of mag-
nitude needed in micromanipulators.

FIG. 2 is the wiring diagram for controlling the excita-
tion of a column 14 of elements. In discussing control,
these will be understood to be magnetostrictive cores
which are presently preferred and which have certain
specific advantages. Cores 14a, 14b, etc. in FIG. 2 have
coils 224, 22b, etc. These are selectively energized by
current from a constant-voltage source 24, held constant
at any given time but adjustable to various standardized
levels where this proves necessary or desirable. Relays
26a, 26b, etc. (which are also referred to collectively as
relays 26) have contacts 28a, 28b, etc., for this purpose.
The dimensional change of column 14 is dependent on
which contacts 28 are closed and which remain open.

A series of switches 30a, 30b, 30c, etc., collectively
called switches 30, provide for coordinated control of ex-
citation of cores 14, either under manual control or
under program control. With the switches in the positions
illustrated, relays 26 are controlled by sensing heads 32
and program drum 34, the response of semsing heads
32 being derived in units 36 that provide amplification

and rectification where required. Drum 34 is a progres- ¢

sively indexed magnetic “memory” in this example, al-
though other control apparatus may be substituted as
preferred, such as perforated tape used with electrical
sensing contacts, etc. Drum 34 has longitudinal control
“slots,” being the magnetizeable areas opposite sensing
heads 32. Opposite each head 32 there is a circular series
of control spots, or a “track” of magnetizeable areas that
are successively disposed opposite each head when the
drum is advanced stepwise by indexing means 38. Means
is provided (as discussed below) for recording patterns of
magnetized spots in each “slot.” Heads 32 are of a form
suitable for sensing magnetic fields at rest as, for example,
in my Patent Nos. 2,590,091, 2,988,237, 2,926,844.

The operation of the foregoing apparatus may now be
described. With drum 34 in any one position, heads 32
sense the opposed “slot” which may consist of magnetized
and unmagnetized spots, or of magnetized spots having one
polarity or the opposite polarity, depending on whether
magnetic-field-sensitive or polarity-sensitive sensing heads
are used. Relays 26 cause coils 22 to be energized in
dependence on which of the heads 32 are opposite the
controlling magnetized spots in the “slot.” The total
length of column 14 depends on the combination of the
coils that are energized. Drum 34 also has slot posi-
tions, and additional heads 32 are correspondingly pro-
vided, for concurrently controlling column 20 of dimen-
sionally changeable elements. By successively indexing
drum 34 to dispose successive slots in sensing position
opposite heads 32, a predetermined programmed sequence
of precisely determined positions of table 12 can be es-
tablished.

During the time that drum 34 is in transit from one
“slot” to the next, the relays 26 might become denergized
if they are fast-acting and if units 36 have no short
“holding” characteristic. In that event, column 14 would
assume the deenergized extreme limit of its length during
drum indexing motions. With the next slot in control posi-
tion, the various elements 14 are selectively energized by
the new combination of control magnetic spots, and the
column-length assumes the next programimed position. If
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the return to the deenergized end limit is objectionable, a
“hold” circnit may be added for each relay 26, electroni-
cally switched instantaneously into effect before each in-
dexing operation and switched back into control by units
36 in an instantaneous change when the new “slot” has
been advanced into position to provide control. Such a
circuit is illustrated for unit 224. Switch 40 represents
an electronic switch that changes instantly from one posi-
tion to the other, and reversely when so controlled, so as
to connect the winding of relay 26a either to unit 36 (as
shown) or to holding contacts 42 of relay 26a. Just
before indexing the drum, switch 40 is shifted to its
holding position. If relay 26a was energized, it would
remain energized through its contacts 42. If head 32 did
not cause relay 26a to be energized, shifting switch 40
to its holding position would not change the condition
of relay 26a since contacts 42 would then be open. Sub-
sequently, when the next drum slot is opposite head 32,
and switch 40 is shifted back to the position shown, relay
26a assumes the condition dictated by the state of the spot
on drum 34 that is opposite the corresponding head 32.
The result of adding “switch” 40 and holding contacts 42
is to prevent element 22a from becoming deenergized dur-
ing indexing of the drum from one control slot to the
next. Therefore, when element 144 should be in its
stressed condition under control by two successive slots,
it will remain stressed during indexing of the drum. This
feature avoids return of element 14a to its unstressed con-
dition; and where all the elements 14 are so controlled,
this feature prevents return of the whole column 14 to its
unstressed length when drum 34 is being indexed. As a
result, column 14 moves directly from each programmed
position to the next.

Depending on the standardized voltage of supply 24,
various field intensities may be established in cores 14. If
it be assumed that cores 14 are of nickel, the effect of the
field is to cause core contraction. For a low excitation
level, the total extent of contraction is small; and for
higher supply voltages, a greater range is realized. By
adjusting the voltage of supply 24 to different levels, it
is apparent that the programmed motions of table 10 can
be modified proportionally. This feature may be useful,
for example, in scribing gratings with different line spac-
ings. Programmed steps at a low voltage would yield
close-spaced scribed lines, whereas the same programmed
steps at higher voltage would yield a wider spacing of
scribed lines, it being assumed that the table is shifted,
bearing the part to be scribed, into various positions rela-
tive to the fixed stroke-path of the scriber.

In the case of nickel cores, a “saturation” current level
is reached, after which any higher field excitation does not
modify the magnetostrictive response. This property is
particularly valuable where definite strokes are to be pro-
grammed without concern for precise control of supply
24 which must then be adequate but need not be held ac-
curately constant.

Relays 26 and elements 14 may be shifted from pro-
gram control as described to manual control, by shifting
switches 30 out of the positions illustrated to their op-
posite positions, respectively. When this is done, relays
26 and cores 14 are then subject to control by a position
encoder 44, including contacts 46 and conductive seg-
ments 48 (shaded) on disc 50. Segments 48 are con-
nected to supply 52, which has a ground return connec-
tion to the relays. Depending on the setting of disc 50,
various contact combinations may be selected for pro-
gressively changing the length of column 14. Contact seg-
ments 48 are arranged in normally progressing binary-
code fashion, and the shortest contacts 48 (in angular ex-
tent) correspond to the shortest cores 14. In this way,
the gradual change of position of encoder 44 causes cor-
responding constriction of column 14, from its normal
length to its limit of contraction when all ¢oils 22 are en-
ergized,
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Encoder 44 may be adjusted to various positions in suc-
cession, under manual control and under monitored con-
ditions so that the movements of table 18 can be con-
trolled. Each desired position of adjustment in the se-
quence can be recorded by recording heads 54. 1t is here
assumed that the previous jpattern of magnetized spots
has been erased by conventional means, in a preparatory
operation. When each desired position of table 10 has
‘been set under control of encoder 44, push button 56 is
depressed, for connecting recording heads 54 to supply 52
via the selecting contacts 48 then in position. After each
desired position of table 10 has been set under control of
encoder 44 and the proper combination of recording heads
54 have been energized, the drum is indexed to set the
next recording slot of the drum opposite heads 54, in read-
iness for the next control recording in the program.

Return of switch 30 to the position shown places the
drum in control of the magnetostrictive column, as de-
scribed above.

It has been assumed that the only dimensional changes
in column 14 that occur are due to the control fields im-
posed by coils 26. Constant temperature is important, to
avoid normally greater thermal dimensional changes.
Further, coolant at stabilized temperature may be used in-
side coils 26 to prevent heating of the coils due to the ex-
citing current from affecting the core dimensions. For
the purpose of minimizing or wholly avoiding this prob-
lem, a compensating column 60 of the same material as
cores 14 is provided. The end of column 69 nearest the
work table under tool 12 is fixed in position. The re-
mote end of column 6¢ is fixed to reference stop 18’
which is fixed, in turn, to the end of column 14 remote
from tool 12. Ambient temperature changes in column
14 cause thermally induced dimensional changes, and
these are compensated by equal changes in column 60.
To the extent that exciting current in coils on elements
14aq adds local heat that could affect cores 14, cores 60
can have concurrently energized windings, producing the
same heating effect, the latter being connected in series
with or in parallel with corresponding coils 22. A core
element 60 is shown in FIG. 5 with a bifilar winding 62
proportioned to have the same heating effect on its core
as each winding 22 has on its core 14, but winding 62 is
non-inductive and has no magnetizing field, and there-
fore does not produce a magnetostrictive effect in core 60.

It has been assumed above that coils 22 are spaced
apart, and that there is no significant endwise field that
would extend from each core 14 to the next in the column.
If there should be any difficulty due to endwise fringing
fields, cores 12 may have inactive spacers interposed be-
tween them, or cores 14’ may be split (FIG. 4) and pro-
vided with winding portions 22’ and 22", having oppo-
sitely polarized endwise fringing fields. These would be
substantially self-canceling, insofar as any effect on the
adjoining cores in the column is concerned.

It has been assumed that extremely small but accu-
rately controllable and accurately reproduceable motions
are desired. Larger motions can be produced as desired
by means of magnetostrictive effects, and these can be
added to the column of cores 14. For example, a mag-
netostrictive core 64 (FIG. 6) may assume the shape of
a wire that may be looped repeatediy about two sets of
fixedly spaced pulleys 66 and 68. A coil 70 (FIG. 7) is
arranged about core loops 64, producing a multiplying
effect of displacement versus size of the unit, in propor-
tion to the number of lengths of core exposed to the ex-
citing field of coil 70. Additional looped core or “cap-
stan” units may be added in series, mechanically, unit 72
for example; and these may be added to cores 14 as pre-
viously described.

A further modification of magnetostrictive micromanip-
ulator is shown in FIG. 8. Core elements 74 and core
elements 76 are joined rigidly end-to-end as columns, and
the column joined rigidly to respective fixed reference
points 78. Each element 74 may be formed of core ma-
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terials that are unequally magnetostrictive, or that are
oppositely magnetostrictive or where only one is mag-
netostrictive and the other inert as to magnetic effects.
Thus, in FIG. 9, core 74" and core 74"’ are oppositely
magnetostrictive, one contracting and the other becom-
ing elongated in response to a controlled level of excita-
tion. One coil 76 surrounds both cores (in the form here
shown) and subjects them to a control magnetic field.
The winding arrangement of FIG. 3 may also be used.
The result is lateral deflection, somewhat in the manner
of thermal bimetallic deflection. Cores 74 are propor-
tioned to impart successively doubled extents of deflec-
tion, and are controllable exactly as shown in FIG. 2.
Temperature control is naturally important, and com-
pensation may be effected through the use of a dual col-
umn of cores of like construction and with non-inductive
windings thereon, in the manner described in connection
with FIGS. 3 and 5.

A modified core structure for the apparatus of FIG. 8
appears in FIG. 10. Two cores 78 and 8¢ of the same
magnetostrictive material are fixed together at their ends,
one has an inductive winding 82 thereon that has an in-
herent heating effect on its core when exciting current
flows. The other core 89 has a non-inductive winding 84
thereon proportioned to have the same heating effect as
coil 82 has on core 78. By connecting coils 82 and 84
in series or in parallel (where they are alike in resistance)
core 80 and coil 84 will provide thermal compensation for
ambient and excitation temperature effects in core 78.
Core 78 will change in length when subjected to a field
and consequently one end of the unit in FIG. 10 will de-
flect relative to the other in response to coil excitation.

Column 76 (which is vertical in the drawing) produces
horizontal shift of table 10 and column 74 produces mo-
tions of table 10 at right angles, up and down in the
drawing. Springs 16 maintain cooperation between the
table and the actuating columns.

It will be appreciated that the embodiments in FIGS. 1,
3 and 8 involving motions in two directions at right angles
to each other may be modified by converting the motions
of the table or other work element into polar coordinates,
if desired, and additional motions may be added where
desired such as a vertical motion of tool 12 relative to
the table or of the table relative to the tool.

It is apparent that further modifications and varied ap-
plication of the features above may be made by those
skilled in #the art, and it is therefore appropriate that the
invention should be broadly construed in accordance with
its full spirit and scope.

What is claimed is:

1. A micromanipulator, including a mechanically dis-
placeable element, a column of parts in successive contact
with each other, said parts including a series of magneto-
strictive cores, one end of the column being fixed to said
element and the opposite end being fixed to a reference
point, said cores being of progressively different lengths
and being disposed lengthwise in the column, respective
coils on said cores, and selective means for energizing
said coils in any desired combinations.

2. A micromanipulator, including a mechanically dis-
placeable element, a column of parts in successive contact
with each other, said parts including a series of magneto-
strictive cores, one end of the column being fixed to said
element and the opposite end being fixed to a reference
point, said cores being of progressively different lengths
and being disposed lengthwise in the column, respective
coils on said cores, and selective means including a manu-
ally operable position encoder having a sequence of com-
binational controls effective in sequence to produce pro-
gressive incremental displacement of the mechanically dis-
placeable element.

3. A micromanipulator, including a mechanically dis-
placeable element, a column of parts in successive contact
with each other, said parts including a series of magneto-
strictive cores, one end of the column being fixed to said
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element and the opposite end being fixed to a reference
point, said cores being of progressively different lengths
and being disposed lengthwise in the column, respective
coils on said cores, and selective means including a re-
corded program of control-combination bits and sensing
means therefor for energizing said coils in any desired
combinations.

4. A micromanipulator, including a mechanically dis-
placeable element, a column of parts in successive con-
tact with each other, said parts including a series of mag-
netostrictive cores, one end of the column being fixed to
said element and the opposite end being fixed to a refer-
ence point, said cores being of progressively different
lengths and being disposed lengthwise in the column, re-
spective coils on said cores, and selective means for ener-
gizing said coils in any desired combinations, the last-
named means including a manually operable position en-
coder, a programmed controller having a sequence of con-
trol-combination bits and sensing means therefor, and se-
lective means for alternatively subjecting said coils to con-
trol by said position encoder or by said sensing means,
said programmed controller also having recording means
connected to said position encoder for selective entry into
the programmed controller of codes corresponding to a
sequence of positions assumed by said mechanically dis-
placeable element under manual control by said position
controller.

5. A micromanipulator, including a mechanically dis-
placeable element, a column of parts in successive con-
tact with each other, said parts including a series of mag-
netostrictive cores, one end of the column being fixed to
said element and the opposite end being fixed to a ref-
erence point, said cores being of progressively different
lengths and being disposed lengthwise in the column, re-
spective coils on said cores, and selective means for ener-
gizing said coils in any desired combinations, said ener-
gizing means and said coils being proportioned to sub-
ject said cores to substantially equal flux density, and con-
trol means for correspondingly changing the current in
all of the selectively energized coils.

6. A micromanipulator, including a mechanically dis-
placeable element, a column of parts in successive contact
with each other, said parts including a series of magneto-
strictive cores, one end of the column being fixed to said
element and the opposite end being fixed to a reference
point, said cores being of progressively different lengths
and being disposed lengthwise in the column, respective
coils on said cores, and selective means for energizing
said coils in any desired combinations, said energizing
means and said coils being proportioned to saturate the
cores. of the selectively energized coils.

7. A micromanipulator, including a mechanically dis-
placeable element, a column of parts in successive con-
tact with each other, said parts including a series of mag-
netostrictive cores, one end of the column being fixed to
said element and the opposite end being fixed to a ref-
erence point, said cores being of progressively different
lengths and being disposed lengthwise in the column, re-
spective coils on said cores, selective means for energizing
said coils in any desired combinations, and an elongated
temperature compensating column of the same material
as said parts extending parallel to and coextensive with
said column of parts, said compensating column having
a fixed end at said mechanically displaceable end and
the opposite end of said member being secured to said
opposite end of the first-mentioned column to serve as
the reference point therefor.

8. A micromanipulator, including a mechanically dis-
placeable element, a column of parts in successive contact
with each other, said parts including a series of magneto-
strictive cores, one end of the column being fixed to
said element and the opposite end being fixed to a refer-
ence point, said cores being of progressively different
lengths and being disposed lengthwise in the column, re-
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spective coils on said cores, each of said cores including
a closed loop of magnetostrictive material having elon-
gated parallel sides, each said coil including two portions
on said sides, respectively, and connected and wound in
the sense to produce oppositely polarized, mutually can-
celing endwise fringing fields.

9. A micromanipulator, including a series of intercon-
nected parts serially in sustained contact with each other
and including components each being of a material sus-
ceptible of dimensional change in response to an im-
posed field, said components being proportioned relative
to each other to produce a progression of successively dou-
bled displacements in response to predetermined fields,
means securing one end of said series of components to
a reference means, the end of said series of components
having a work element thereon, and selective means for
imposing standardized dimension-changing fields on any
desired combination of said components.

10. A micromanipulator in accordance with claim 9,
wherein at least certain of said components are magneto-
strictive cores and wherein said field-imposing means in-
cludes a coil for each said core and means for passing a
standardized current therethrough whenever such core is
selected for dimensional change.

11. A micromanipulator in accordance with claim 9,
wherein at least certain of said components are paired
elongated cores secured together at the extremities there-
of, at least one of said cores being of magnetostrictive
material, and means including a magnetizing coil and a
standardized current source for effecting a magnetostric-
tive dimensional change in said one of said paired cores
in relation to the other, whereby to cause lateral deflection
of the paired cores at one end thereof relative to the
other end thereof.

12. A micromanipulator in accordance with claim 11,
wherein said paired cores are of oppositely magnetostric-
tive materials and wherein each said core has a field-im-
posing coil thereon.

13. A micromanipulator in accordance with claim 11,
wherein both said paired cores are of the same magneto-
strictive material and wherein only one said core element
has a magnetizing coil thereon that inherently heats its
core when energized, the other of said cores having a
non-magnetizing electric heating element thereon con-
nected for concurrent energization with said magnetizing
coil and proportioned to develop compensating heat in
said other core.

14. A magnetostrictive device including first and sec-
ond elongated cores joined together at their extremities,
a magnetizing coil about one of the cores having an in-
herent heating effect, and a non-magnetizing winding on
the other core of proportions simulating said magnetizing
coil, and means for energizing said coils equally and
thereby deflecting the joined ends of the cores at one end
relative to the other by magnetostrictive effects to the
exclusion of incidental thermal effects.

15. A magnetostrictive device including an elongated
core, a pair of mechanically stable devices about which
said elongated core is tightly looped in alternation repeat-
edly, and a magnetizing winding about multiple loops of
said core.

16. A micromanipulator in accordance with claim 9,
wherein said selective means includes a recorded program
of combinational control indicia, wherein means is pro-
vided for changing from one set of combinational control
indicia to the next, and wherein holding means is pro-
vided and is operable for maintaining selective field ex-
citation according fo one set of combinational control
indicia and until the next set of combinational control
indicia are in control position.

17. A micromanipulator including a mechanically dis-
placeable element, a dimensionally changeable two-ended
actuator having one end fixed to said displaceable element
and including a field-responsive first component and elec-
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trical means for imposing a field thereon, said component
being inherently subject to thermal dimensional change
incidental to operation of said field imposing means, a
dimensionally changeable two-ended compensator having
a first end thereof fixed to the end of said two-ended actu-
ator remote from said one end and said two-ended com-
pensator having a second end remote from said first end
fixed to a reference point adjacent to said displaceable
element, said compensator including a compensating com-
ponent subject to thermal dimensional changes, electrical-
1y excitable field-nullified means associated with said com-
pensating component for simulating in said compensat-
ing component the heating effect of said field imposing
means on said first component, and common means for
energizing said electrical field imposing means and said
field-nullified means concurrently.
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