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KNEMATC OPTIC MOUNT 

RELATED APPLICATIONS 

This is a continuation application of U.S. Non-provisional 
application Ser. No. 13/023,305, filed Feb. 8, 2011, now U.S. 
Pat. No. 8,542,450. 

TECHNICAL FIELD 

This invention relates to adjustable mounting systems and, 
more particularly, to novel systems and methods for optical 
mounts for Supporting optical elements such as mirrors, 
lenses, lasers, fibers, focal plane arrays, and the like. 

BACKGROUND 

In the assembling of optical systems, various components 
are typically assembled. Each component of an assembly 
must be positioned and aligned. Specific displacements and 
angles between optical elements along an optical path must 
typically be aligned as precisely as the requirements of the 
optical system. Various alignment mechanisms are used to 
assure alignment of the various components. Each compo 
nent must be accurately positioned with respect to the 
intended propagation direction of electromagnetic radiation 
(e.g., light, at whatever frequency) is intended to travel. 
The accuracy to which optical elements are initially posi 

tioned influences to a large extent the quality or precision of 
the system. Potential position errors may be induced in an 
assembly during assembly, alignment, adjustment, calibra 
tion, or operation of the components. 

The alignment process itself is meticulous as each joint that 
is released in order to move a component may miss-align in 
more than the single degree of freedom desired to be adjusted. 
Thus, the alignment process is time consuming. 

Because optical assemblies are assembled from several 
separate pieces, at each interface between components certain 
stresses will be induced by fastening mechanisms and pro 
cesses. Those stresses may be created during assembly, dur 
ing alignment, and during operation. For example, optical 
systems are often used in environments that undergo large 
temperature excursions. Specifically, cryogenic optics may 
operate at temperatures well below ambient, sometimes at 
only a few degrees Kelvin, from about 4 degrees Kelvin to 80 
degrees Kelvin, or somewhat more. 

Meanwhile, devices must be manufactured and set up by 
human beings at Standard atmospheric temperatures and pres 
Sures. At every joint, thermal stresses and unpredictable Stick, 
slip, or both may occur due to residual stresses from fasten 
ing, thermal expansion and contraction of components, or 
both. Changes in temperature during the life of an instrument 
often cause variations in net expansion or contraction of 
materials as a result oftemperature variations, material prop 
erty differences, and usually both. Accordingly, over time, 
and over temperature, various additional stresses may be 
induced, relieved, or both. 
The net effect is changes in position over time caused by 

the components and the alignment mechanism. Accordingly, 
these influences all affect the accuracy with which an optic 
can be aligned so light rays will pass through the optical 
system as precisely as desired. Accordingly, the accuracy of 
the optical system is very dependent on the ability to alignand 
maintain in alignment the components of the system. 
What is needed is an optic mount that is more easily aligned 

and less influenced by the foregoing sources of error during 
alignment and over time. 
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2 
SUMMARY 

In view of the foregoing, in accordance with the invention 
as embodied and broadly described herein, a method and 
apparatus are disclosed in one embodiment of the present 
invention that alleviates the foregoing problems by providing 
an entire mount that is monolithically and homogeneously 
formed to have three effectively rigid segments joined by 
flexures operating about two axes that are both orthogonal 
and coplanar. 
Not just flexures, but the rigid elements as well, form 

together a single monolith of homogeneous material in some 
embodiments. The rigid segments are effectively blocks con 
nected in series by the flexures, formed of a single material. 
From a single block of that material, the mount is completely 
fabricated. No joints are used between the rigid elements and 
the flexures, nor between the constituents along the entire 
path from the first rigid element throughout the mount to the 
last rigid element. 
On the first and last rigid elements may be certain operable 

fasteners. Accordingly, the fasteners may be connected to, 
through, or within the rigid elements. However, the section 
modulus of each rigid element is orders of magnitude greater 
than the operable (i.e., bending) section modulus of each 
flexure. 

Accordingly, the section modulus of each rigid element is 
typically much larger than that of any securement hardware 
fixing the optical element that will be attached thereto. Dif 
ferences in section modulus between the rigid and flexural 
elements may be multiple orders of magnitude. Thus, each of 
the rigid elements effectively serves as a rigid, non-bending 
element. 

In reality, all structural elements deflect with respect to all 
loads. However, when the element to which a bending force is 
applied has such a large section modulus as to be so stiff that 
the forces lack the order of magnitude to make any appre 
ciable deflection, we may assume that deflections are negli 
gibly small, and may often be ignored. Alternatively, the 
Small error may be calculated, or measured, and accommo 
dated 

In one embodiment of an apparatus and method in accor 
dance with the invention, a first rigid element or segment may 
be a base. The base is responsible to be secured to some 
mounting Surface. For example, in a satellite, rocket, combat 
vehicle, aircraft, optical system bench, or other device carry 
ing or acting as a platform for an optical system, the base may 
secure to that platform. 
A flexure (or set of flexures), made of extensions of the 

material of the base, may extend out to provide flexural or 
pivoting, relative motion for a second or intermediate rigid 
element. This second rigid element or segment is formed of 
the same material, and is fabricated from the same block of 
material as the base. This flexure or set pivots the second rigid 
element with respect to the first rigid element. 

In turn, the second rigid element extends to a third rigid 
element by way of a flexure (e.g., one or more flexures). This 
flexure defines another flexural axis about which the third 
element may pivot with respect to the second element. 

All these components are actually one single, continuous 
piece of a homogeneous material. By homogeneous is meant 
a single material. Such as Steel or aluminum, formed at a 
single time. 

Thus, in general, the second element is free to pivot along 
a first axis defined by a flexure or flexure set having compara 
tively small section moduli with respect to the first element, 
thus providing a solid but elastic pivot axis for the second 
element with respect to the first element. 
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In like manner, at an orthogonal direction with respect to 
the first flexural axis, a second flexural axis is formed in a 
similar manner. The second flexural axis is defined by a 
flexure or flexure set that are again manufactured from the 
same material as the second and third elements and extending 
between the second and third elements to define an axis, a 
second flexural axis positioned orthogonally and co-planar 
with respect to the first orthogonal axis. 

In one presently contemplated embodiment, the first flex 
ures between the first and second elements may extend from 
the first element toward the second element. Meanwhile, the 
second set of flexures defining the second flexural axis may 
extend from the second element back toward the third ele 
ment. Thus, it is possible (and has been so constructed), to 
prepare a pair of flexural axes defined by two flexures that 
elastically deflect about two respective axes that are not only 
orthogonal but also coplanar. 

In general, the first rigid segment may be referred to as the 
base, and connects to the platform carrying the optical sys 
tem. The last rigid element, commonly the third rigid segment 
or element and so it will be called here, is the seat element or 
the mounting element to which the optical element is to be 
aligned and will be fixed. This optical element may be 
adjusted in alignment by tilting the third element about the 
second flexural axis defined by the second flexure. This 
results in movement with respect to the first and second 
elements. 

Meanwhile, the third element may also be adjusted in a 
defined direction, orthogonal being one of the most preferen 
tial, by pivoting the second element about the first set of 
flexures with respect to the first rigid element. This moves the 
third element with respect to the first, but not the second 
element. In this way, two orthogonal, coplanar axes are the 
references about which the third element is aligned. 

In one currently contemplated embodiment, a feature of the 
optical element may be positioned at a point within the plane 
defined by the two orthogonal flexure axes. Thus, for 
example, an optical element, Such as a mirror, may be 
mounted to the seat element, the third rigid element, and 
positioned with a significant optical feature, Such as a vertex, 
a focal point, a center of curvature, nodal point, or other 
feature placed within the plane of the two flexural axes. 

Accordingly, alignment becomes greatly simplified, and 
the Sources of error as well as the exaggerations or amplifi 
cations of errors may be reduced and in Some cases Substan 
tially eliminated. For example, due to the monolithic con 
struction of the mount, and the fact that it is made of a 
homogeneous material, the mount is comparatively insensi 
tive to large temperature excursions. 

The mount does not induce inadvertent and unpredictable 
slip-stick errors into the ray path of an optical system. The 
temperature is largely controllable and predictable across the 
mount Surface and throughout the mount since the mount is 
formed of a single, monolithic, homogeneous material. 

Coefficients of thermal expansion do not serve as sources 
of error because all of the segments and their flexures are 
formed of the same homogeneous material. Moreover, the 
monolithic nature provides a complete lack of interface ther 
mal resistance that would exist typically across joints in any 
assembled system, with its variations in materials, and its lack 
of molecular continuity between materials across any joint. 

Because the mount is a single component, there are no 
joints that can slip within the path from the first element to the 
third element. The only joints that can introduce slippage are 
those at the location where the base mounts to the platform, 
and in the third element where the optical element attaches to 
the seat or third rigid element. 
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4 
However, since the section modulus of each of these two 

(first and third) rigid elements is orders of magnitude higher 
than that of the flexures across their bending axes and of the 
mounting hardware, the errors are tractable, measurable, and 
largely correctable. However, most significantly, those errors 
may be isolated to their respective mounting fasteners and do 
not affect and do not introduce any unpredictable and uncon 
trollable errors along the path from the first rigid element to 
the third rigid element. 

Because the mount is formed of a single homogeneous 
material, that material may be selected to match the material 
expansion characteristics or the coefficient of thermal expan 
sion of the optical element. Thus, without intermediate com 
ponentry, the mount significantly reduces the potential of 
Stick-slip at joint Surfaces. Stick-slip is a phenomenon of 
materials in frictional contact that may have unpredictable 
residual stresses or thermal stresses causing them to slip at 
times and stick at times, both of which are largely uncontrol 
lable except when the fastening force is removed. Thermal 
excursions tend to act on Such joints to cause periodic stick 
ing, slipping, stress inducement, and stress relief at uncon 
trollable times and in indeterminate amounts. 

Accordingly, an optic mount in accordance with the inven 
tion may significantly improve alignment of optics, in both 
absolute alignment, alignment stability, as well as simplify 
ing the process for effecting alignment. In transition between 
the assembly temperature and the operational temperature, 
the residual stresses are likewise alleviated, by not being 
introduced, because of the monolithic, homogeneous forma 
tion of the mount. A mount in accordance with the invention 
is thus as slip free as physically possible. 

Flexures deflect and deform within the elastic region of the 
material of which the mount is made. Typically, the mount is 
made of a metal, and flexures may be formed to be of a 
suitable dimension such that they operate at all times within 
the elastic region of the metal in which they are formed. Thus, 
no mismatched thermal stress is induced nor relieved over 
time. Also, particularly, no stress is induced as a function of 
changes in temperature of joints throughout the system 
because there are none from rigid element one through rigid 
element three. 

With no joints, the mount itself contains no component 
joints that may cause any related unpredictable thermal con 
tact, any stick-slip activity, any residual stresses, any random 
stress relief, or the like that may cause the mount to move out 
of alignment. 

Each of the flexures defines an axis and each flexure or 
flexure set may be machined in a single operation. All flexures 
and rigid elements may be formed in a single setup. Thus, the 
error is absent that is typically introduced every time a com 
ponent is removed from, or re-oriented in, a manufacturing 
mount or jig Such as a chuck, table, Vise, or the like and then 
remounted. Certain operator and machine errors may be 
introduced in Such circumstances. 

Accordingly, potential deviations in the displacement or 
angle of the flexure from the axis it originally defines may be 
substantially eliminated. Flexures therefore are cut 
co-aligned. Co-alignment of flexure sets is assured. 
A set of flexures may be any number of flexures aligned, 

sharing a single pivot axis, and typically machined electro 
dynamically, simultaneously, in a single operation. 
Thus there is not the conventional, unpredictable, move 

ment by stress inducement, stress relief, Stick-slip action 
between frictionally secured adjacent components, or the like 
caused by component joints with their disparate material 
expansion and contraction with temperature, galling, and so 
forth with coincident unpredictability causing portions of a 
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mount to move out of alignment. Further, stresses from flex 
ure segments not being co-aligned are avoided which could 
result in the flexures deforming beyond their elastic region. 
Likewise, with no multiple setups for machining a flexure set, 
the potentially, ever present errors of trying to co-align com 
ponents having joints therebetween may be eliminated. 
Moreover, the setup errors caused by removing or re-orient 
ing, a workpiece from a chuck or table of a manufacturing 
machine, and then re-aligning it and re-registering it, always 
induces operator, machine, or other errors. These errors will 
always be present and undetectable at increments lower than 
the Smallest measurable increment of the system. By having a 
single setup for manufacturing a flexure set, these cumulative 
setup errors will be eliminated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing features of the present invention will 
become more fully apparent from the following description 
and appended claims, taken in conjunction with the accom 
panying drawings. Understanding that these drawings depict 
only typical embodiments of the invention and are, therefore, 
not to be considered limiting of its scope, the invention will be 
described with additional specificity and detail through use of 
the accompanying drawings in which: 

FIG. 1 is a frontal perspective view of one embodiment of 
a two-axis, optic mount having preferentially two orthogonal 
axes of adjustment for a mounted optical element thereon, in 
accordance with the invention; 

FIG. 2 is a left side elevation view of the apparatus of FIG. 
1; 

FIG. 3 is a top plan view thereof; 
FIG. 4 is a top plan view of the section C-C illustrated in 

FIG. 2: 
FIG. 5 is a frontal perspective view of an alternative 

embodiment of a two-axis, optical mount in accordance with 
the invention; 

FIG. 6 is a rear perspective view thereof; 
FIG. 7 is a left side elevation view thereof; 
FIG. 8 is a right side elevation view thereof; 
FIG. 9 is a front elevation view of the apparatus of FIGS. 

5-8: 
FIG. 10 is a rear elevation view thereof; 
FIG. 11 is a top plan view thereof; 
FIG. 12 is a bottom plan view thereof; 
FIG. 13 is a top plan view of the cross section A-A from 

FIG. 8; and 
FIG. 14 is a side elevation cross sectional view of section 

B-B from FIG. 11. 

DETAILED DESCRIPTION 

It will be readily understood that the components of the 
present invention, as generally described and illustrated in the 
drawings herein, could be arranged and designed in a wide 
variety of different configurations. Thus, the following more 
detailed description of the embodiments of the system and 
method of the present invention, as represented in the draw 
ings, is not intended to limit the scope of the invention, as 
claimed, but is merely representative of various embodiments 
of the invention. The illustrated embodiments of the invention 
will be best understood by reference to the drawings, wherein 
like parts are designated by like numerals throughout. 

Referring to FIGS. 1-4, while referring generally to FIGS. 
1-14, a mount in accordance with the invention may include a 
base 12 that is formed as a comparatively rigid segment. By 
rigid is meant that the base 12 has a section modulus in each 
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6 
dimension that is Substantially greater than the minimum 
section modulus of the elements that will be responsible to 
flex. 

Meanwhile, the base 12, as the first rigid element 12 of the 
apparatus 10 or mount 10, is responsible to be mounted to a 
platform. Typical platforms may include an aircraft, a satel 
lite, a ground-based sensor platform, optical system bench, or 
the like. Thus, in general, the first rigid element 12 or base 12 
has a comparatively large section modulus in all three of its 
principle dimensions. It is configured to be mounted to some 
other platform responsible for carrying the optical instrument 
whose alignment is the functional purpose of the mount 10. 
A frame 14, a second rigid element 14, likewise has a 

comparatively very large section modulus. Typically, the sec 
tion modulus of the frame 14 may be of the same order of 
magnitude as that of the base 12. Generally, a section modulus 
reflects the amount of material in a cross section and its 
distance spaced away from the neutral axis or central neutral 
axis in a bending mode. Thus, the section modulus is a direct 
material property and section property controlling the stiff 
ness, rigidity, and strength of a member. 

For example, in a rectangular cross section, where a neutral 
axis passes through the center of that rectangular cross sec 
tion, the measurement of the rectangular cross section along 
that axis is characterized by the letter “b,” while the distance 
of the farthest edge of the rectangle spaced away from that 
axis is a distance “d.” Thus, the section modulus of such a 
cross section is the value of the base measurement multiplied 
by the cube of the distance measurement, all divided by 
twelve. The integration mathematically is responsible for the 
particular form and the value of the constant twelve. Other 
cross sections will be different. Nevertheless, this is illustra 
tive. 
The section modulus of a structural memberisproportional 

to the third power of the distance away from the neutral axis 
of the outermost fiber Supporting tension or compression in 
the member during bending. Thus, in an apparatus and 
method in accordance with the invention, the section modulus 
of the base 12 is orders of magnitude larger than the section 
moduli offlexural members about their bending axes that will 
exist between such rigid elements 12. 
The frame 14 likewise is comparatively rigid in that its 

section modulus is orders of magnitude larger than that of 
flexural elements in bending. Finally, a seat 16 constitutes a 
third rigid element 16. This has a section modulus similar to 
those of the base 12 and frame 14. In each case, the base 12, 
the frame 14, and the seat 16, sometimes referred to as the 
first, second, and third rigid elements 12, 14, 16 or as rigid 
segments 12, 14, 16 a section modulus in each of the three 
orthogonal directions need not be identical to that in other 
directions. That is, each of the elements 12, 14, 16 is not a 
cube. Nevertheless, the section modulus in each direction is 
Sufficiently high and all section moduli are sufficiently com 
parative with one another, so as to constitute rigid elements 
12, 14, 16 with respect to the flexures 18, 20. 
The flexures 18, 20 are formed in pairs. For example, the 

flexures 18a, 18b are formed between the first 12 and second 
14 rigid elements, the base 12 and the frame 14. 
A set 18 offlexures 18a, 18b, may actually be comprised of 

any number of axially aligned flexures 18a, 18b, formed 
simultaneously in a single EDM machining operation, and 
thus pivoting (bending) about the same axis 19. 

Also, the dimensions of flexures 18a, 18b, 20a, 20b may be 
selected to control distances, section modulus, strength, 
stress, and the like. For example, the minimum thickness 
dimension of each flexure 18a, 18b, 20a, 20b across the 
respective flexural axis 19, 21, as well as the flexure width 
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dimension (measured along such axis 19, 21), may be 
selected to maximize, minimize or otherwise optimize 
mechanical properties or performance. The flexure length 
dimension (respective distance extending between two rigid 
elements 12-14 or 14-16 joined by the flexure set 18, 20) may 
be selected on a similar basis. 

The flexures 20a, 20b are formed as a pair extending 
between the second 14 and third 16 rigid elements, namely 
the frame 14, and the seat 16. In general, each of the sets 18, 
20 of flexures 18, 20 is a matched pair formed to bend along 
a single, shared, axis of pivot. Each of the flexures 18a, 18b 
thus has a central, narrowest cross section centered along the 
flexural axis, which may also be referred to as the flexure 18, 
or the flexural axis 19, because it passes through the flexures 
18a, 18b. 

In similar fashion, the flexures 20a, 20b are formed 
together each from the same monolithic piece of material 
from which the entire mount 10 is cut, to have a shared axis 21 
of pivot. Thus, the flexures 18a, 18b pivot around their axis 
19, while the flexures 20a, 20b pivot together or bend together 
along their axis 21. In this way, the flexures 18, 20 have a 
sufficiently strong material of which they’re formed at a suf 
ficiently thin overall thickness (compare the distance “d in 
the section modulus equation) such that the outermost fiber of 
neither the flexures 18 nor the flexures 20 is ever permitted to 
reach the yield value of stress. Accordingly, each of the flex 
ures 18, 20 operates entirely in the elastic range of stress and 
strain. 

In one embodiment of an apparatus and method in accor 
dance with the invention, the mount 10 is formed of one 
single, monolithic, not only integral but homogeneous, piece 
of material. Typically, that material will be a metal. Alumi 
num, Steels, and other more exotic metals may serve in this 
function. 
As a manufacturing matter, one method by which the 

mounts 10 may be manufactured is electrodynamic machin 
ing. This method is well documented elsewhere in the tech 
nical literature. It involves a probe electrically charged to 
have a potential between the mount in which a workpiece is 
held, and the EDM wire (probe) that machines the workpiece 
as known in the art. By putting Sufficient electrical potential 
between the mount (therefore the workpiece), and the probe, 
atoms of metal may be precisely removed from a workpiece 
in order to cut particular shapes. Often, Such machining is 
done in a submerged dielectric oil bath in order to provide 
cooling, transport of the machined material, and so forth. 

In manufacturing the mount 10, each of the flexure sets 18, 
20 is machined from the same material as the base 12, frame 
14, and seat 16. Thus, the entire assembly may be manufac 
tured as a single mount 10, on a machine designed for the 
manufacture. Therefore one need not account for nor impose 
the additional human operator or machine errors that might 
otherwise occur if a piece must be removed from the work 
holder, later replaced, and re-registered for machining a flex 
ure set. Thus, only the hysteresis of the machine itself can 
contribute to errors in the position of machined features while 
fabricating the mount 10. This eliminates numerous sources 
of error, including, particularly, joint error, joint creep, 
"crawling of portions of a joint due to Stick-slip during large 
temperature excursions, or the miss-alignment offlexure sets. 

This monolithic and homogeneous construction of the 
entire mount 10 also provides elimination of “discontinuity” 
thermal barriers. These are presented by joint discontinuities, 
faces of materials in contact. The mount 10 is made as one, 
single, continuous, contiguous piece of a single homoge 
neous material. Thus no joint discontinuity exists in the heat 
flow path in the mount 10. 
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8 
Continuing to refer to FIGS. 1-4, while also referring gen 

erally to FIGS. 1-14, the flexures 18, 20 define bending axes 
19, 21 extending therebetween and passing through the cen 
tral and narrowest dimensions thereof. The comparatively 
Small bending loads do not rise to the stress levels required to 
yield the material from which the mount 10 is made. 

Nevertheless, each of the flexures 18, 20 has dimensions 
orthogonal to its respective axis 19, 21. Each extends the 
minimum thickness in one direction and the maximum extent 
into the adjoining rigid elements 12, 14, 16, respectively, 
continuously. The flexures 18, have their maximum stress and 
maximum deflection both minimized in bending when dis 
placing either the frame 14 with respect to the base 12, or the 
seat 16 with respect to the frame 14. The section modulus in 
the plane orthogonal to the direction of bending about the 
axes 19, 21 about which each of the flexures 18, 20 do indeed 
bend or deflect, is or remains comparatively stiff. 

In some embodiments, the dimensions orthogonal to the 
axis of bending in each case will be or may be of an order of 
magnitude equivalent to at least one dimension of each of the 
base 12, frame 14, or seat 16. Thus, a comparatively stiff and 
stable mounting device is formed by each of the flexures 18, 
20. Nevertheless, in the single degree of freedom afforded 
each, the maximum stress and the permissible loading that 
each may exert on one of the rigid elements 12, 14, 16 is 
substantially limited about that axis of flexure 19, 21. 

In certain embodiments, the seat 16 may have a surface 22 
establishing a datum for mounting an optical element 40. 
Typically, the surface 22 may be recessed behind a shoulder 
24, or leave a shoulder 24 between the front face 26 of the seat 
element 16, and the surface 22 to which hardware may be 
registered, mounted, or both. 
As a practical matter, the surface 22 need not be flat nor of 

any shape other than that required to perform the mounting 
function. For example, the Surface 22 may include bosses, 
variations in Surface setback from the face 26, and may 
include pylons, mounting holes, or the like. In the illustrated 
embodiment, it may provide Substantial thermal conduction 
benefits, as well as mechanical stability benefits to maintain 
cross sections of the base 12, frame 14, and seat 16 as large as 
stiffness requirements demand. 

For example, the section modulus governs the stiffness in 
flexion along any dimension of a structure. Accordingly, the 
section modulus is increased by increasing the amount of 
material and the distance thereof from the neutral axis about 
which bending occurs. It may be desirable in many instances 
to maintain the stiffness of any of the rigid members 12, 14, 16 
at a maximum level in most embodiments. This assures that 
they are incapable of introducing significant errors due to 
their own distortion or internal deflections. 

Likewise, because the flexures 18, 20 typically have a 
minimum dimension that may be about an order of magnitude 
less than the minimum dimension of any of the rigid members 
12, 14, 16, the section modulus of each of the rigid members 
12, 14, 16 may typically be three orders of magnitude or about 
a thousand times the section modulus of the flexures 18, 20. 
Moreover, because the flexures 18, 20 are shorter in their 
overall width along the direction of the bending axes thereof, 
the flexures 18 will also have a lower “b’ value or base value 
along that axis, and therefore have a linearly reduced section 
modulus as compared to the moduli of the rigid members 12, 
14, 16. 

In the illustrated embodiment, an opening 28 is formed in 
the body of the frame 14. Accordingly, the frame 14 effec 
tively frames or Surrounds the imaging area that is passing 
light or other electromagnetic radiation toward the Surface 22 
of the seat 16. Accordingly, in order for an optical element 40 
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to be exposed to the incoming radiation, an opening 28 pro 
vides a view through the frame 14. 
As a practical matter, in order to make a mount 10 in which 

each of the flexures 18, 20 bends along a respective axis 19, 21 
in a single plane, the base 12 and seat 16 are positioned on the 
same side of the frame 14. Thus, for example, the base 12 is 
connected by the flexures 18 to the frame 14. Meanwhile, in 
order to place the flexures 20 in a position to have a bending 
axis 21 coplanar with the axis 19 of the flexures 18, the seat 16 
is spaced away from the frame 14 in the same direction as the 
base 12 is distanced or spaced from the frame 14. 

Thus, one may think of the base 12 mounted to a platform 
having extensions 18 or flexures 18 that extend forward 
toward a frame 14, and the frame 14, in turn, having its own 
flexures 20 extending to the seat 16, extending backward of 
the frame 14, and toward the base 12 in order to place the axes 
19, 21 of flexures 18, 20 in a single plane. 
The face 30 of the frame 14, may be tilted about the flexures 

18 (axis 19) with respect to the base 12. Meanwhile, operating 
in a direction orthogonal to the axis 19 of the bending of the 
flexures 18, the seat 16 may be tilted about the flexures 20 on 
an axis 21 that is both orthogonal to and coplanar with the axis 
19 of the flexures 18. 

In general, the walls 32 and floor 34 of the base 12 may be 
formed in any suitable configuration. For example, the clear 
ances between the walls 32 rendering visible the seat 16 in 
FIGS. 1-4 are much more occupied in the remaining FIGS. 
5-14. 

Referring to FIGS. 5-14, specifically, while continuing to 
refer generally to FIGS. 1-14, the base 12 may actually be 
constructed of materials extending around and into portions 
of the frame 14 or second rigid element 14. For example, in 
order to provide adjustments, orientations, mounting fixtures 
of apertures, and the like, the walls 32 and floor 34 may 
simply be represented by contiguous and continuous material 
formed to have some amount of clearance36 from the seat 16. 

Referring to FIGS. 1-14, the clearances 36 are formed to 
provide spacing of portions of the base 12 from itself, and 
portions of the base 12 from the seat 16. Similarly, other 
clearances 38 may be formed to provide clearance between 
the base 12 and the frame 14, as well as clearances 39 between 
the frame 14 and the seat 16. 

For example, in certain applications, the motion of the seat 
16 with respect to the frame 14 may be comparatively small 
with respect to the dimensions of the seat 16. Similarly, the 
movements or deflections of the frame 14 with respect to the 
base 12 may be comparatively small with respect to any of the 
dimensions of the frame 14 or the base 12. Nevertheless, 
some amount of clearance 36,38 is required in order for each 
respective one of the rigid elements 14 and 16 to move with 
respect to each other and with respect to base 12. 

Other contacts may be made, or connections, between the 
base 12, frame 14, and seat 16. For example, once an optical 
element 40 is mounted to the surface 22 of the seat 16, that 
optical element needs to be aligned. The orthogonality of the 
axes 19, 21 about which the flexures 18, 20 deflector bend is 
extremely helpful. By providing the axes 19, 21 of the flex 
ures 18, 20 at orthogonal directions to one another, and co 
planar, an adjustment 42 or adjuster 42 acting between the 
base 12 and the frame 14 may independently adjust position 
in a single degree of freedom by applying a force to one side 
or the other of the frame 14 about the flexure 18 with respect 
to the base 12. 

Similarly, between the seat 16 and the frame 14 another 
adjuster 44 or pair of actuators 44 operating as an adjuster 44 
may tilt the seat 16 with respect to the frame, about the 
flexures 20. Because the axes 19, 21 of the flexures 18, 20 are 
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10 
orthogonal to one another, and co-planar, the adjusters 42, 44 
operate completely independently from one another in space 
and in time of adjustment. Thus, an adjustment made by the 
adjuster 42 altering the angle between the base 12 and the 
frame 14, has Substantially no significant effect on the adjust 
ments made by the adjuster 44 in the orthogonal angle being 
controlled between the seat 16 and the frame 14 across the 
flexures 20. 
The adjusters 42, 44 may be developed and implemented in 

any suitable form. For example, a system of screws, receiving 
nuts, lock nuts, and the like may be used to apply positioning 
force acting at one position of the respective adjuster 42, 44 
connected to one of the rigid elements 12, 14, 16 and another 
end of the adjuster 42, 44 being positioned to contact and thus 
apply force to the opposite element 14, 16, 12. Thus, each 
respective adjuster 42 is effective to apply a displacement 
between only two of the rigid elements 12, 14, 16. 
The adjuster 42 is responsible to adjust the frame 14 with 

respect to the base 12. The base 12, in turn, is rigidly fixed to 
a platform as discussed hereinabove. 

Meanwhile, the adjuster 44 is solely responsible to adjust 
the seat 16 with respect to the frame 14. Moreover, however, 
each of the adjusters 42, 44 is responsible only to adjust the 
seat 16 with respect to the base 12 about a single axis, and 
those two axes are orthogonal to one another. Thus, in the 
embodiment of FIGS. 1-4, and likewise in the embodiment of 
FIGS. 5-14, actuation by the adjuster 42 to displace the frame 
14 with respect to the base 12 will only be effective to alter the 
displacement of the frame 14, and the seat 16 connected 
thereto about the axis 19 defined by the flexures 18. This axis 
19 in the illustrated embodiments is a "horizontal axis in the 
orientation of the figures as shown. 

Likewise, actuation of the adjuster 44 to provide displace 
ment of the seat 16 with respect to the frame 14, effects the 
movement of the seat 16 with respect to the base 12 as well. 
However, the actual relative motion is all taken up between 
the frame 14 and the seat 16 about the axis 21 defined by the 
flexures 20. 

This orthogonality provides for completely independent 
adjustment. At the crossing of the axes defining the flexures 
18, 20 or the axes 19.21 defined by the flexures 18, 20, the 
possibility of a slight deflection of that axis or centerpoint of 
coincidence of the axes may occur. However, because of the 
orthogonality a co-planarity of the arrangement of the axes 
19, 21 and their respective flexures 18, 20, no gain, no unpre 
dictability, and no sliding or other translational displacements 
are permitted. Rather, each of the rigid elements 14, 16 may 
pivot with respect to one of the others, in order to effect two 
dimensional pivoting of the seat 16 with respect to the base 
12. 
A great benefit among the many benefits available from a 

mount 10 in accordance with the invention is the ability to 
now locate a specific feature of an optical element 40 with 
respect to the plane defined by the flexural axes 19, 21. For 
example, in certain embodiments, the optical element 40 may 
have a specific feature desired to be placed within the plane 
established by the axes 19, 21, and even at the intersection 
thereof. 

For example, a vertex of the optical surface that performs 
the principle function of the optical element 40, may be 
placed in the plane of the axes 19, 21, or at the intersection of 
those axes 19, 21. Similarly, a center of curvature, a focal 
point, or nodal points of Such an optical element 40 (e.g., 
mirror, array, etc.) may be placed within the plane established 
by the axes 19, 21 or even at the intersection thereof. Adjust 
ment will not cause the beam to walk as it would in other 
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arrangements where all pivoting is not about a single point. 
Some systems even rely on translation, greatly adding com 
plexity to the alignment. 

In accordance with the invention, it may be seen that the 
mount 10 is truly monolithic, notwithstanding the various 
changes in cross sectional area. Each of the rigid pieces 12, 
14, 16, referred to respectively as the base 12, the frame 14, 
and the seat 16 represents a portion of the mount 10 having a 
comparatively large section modulus in all dimensions. 
Meanwhile, each of the flexures 18, 20 is formed as part of a 
pair, each being contiguous and continuous extensions of the 
very same material as the rigid elements 12, 14, 16 between 
which each extends. 
As a result of this contiguous and continuous homoge 

neous connection, the thermal continuity from the seat 
through the frame to the base is assured. Only the fastening 
mechanisms that secure the optical element 40 to the seat 16 
may be discontinuous and thereby create a discontinuity in 
the thermal conductivity. However, this greatly minimizes the 
number of such joint-related resistances that will exist 
between any platform, and the optical element 40 carried by 
the mount 10. 

Likewise, because each of the rigid elements 12, 14, 16 has 
a comparatively high sectional modulus, literally orders of 
magnitude larger than the section modulus of the correspond 
ing flexures 18, 20 in bending, the relative rigidity is likewise 
orders of magnitude larger. This justifies a description of the 
rigid elements 12, 14, 16 as such, and in contrast to the 
relatively easily deflected flexures 18, 20. 
As described hereinabove the coplanar orientation of the 

mutually orthogonal axes 19, 21 of the flexures 18, 20, respec 
tively, provides for complete angular independence of adjust 
ments. Mathematically, and from an engineering dynamics 
point of view, forces or displacements about axes orthogonal 
to one another cannot have any Substantial influence on each 
other. 

For example, pivoting a particular element about one axis 
19, 21 that is orthogonal to another axis 21, 19 does nothing 
to influence the positioning about that second axis 21, 19. 
Accordingly, pivoting the seat 16 about the axis 19 of the 
flexure 18 moves the seat 16 only with respect to the base 12, 
and only with respect to movement about that axis 19. 

Because the seat 16 pivots about an axis 21 with respect to 
the frame 14, and the frame 14 is fixed with respect to the base 
12, the seat 16 has been moved only by pivoting with respect 
to the base 12 about that one axis 21. However, no influence 
has been made on the positioning of the frame 14 with respect 
to the base 12 by such a movement of the seat 16, nor orthogo 
nally about the other axis 19. Pivoting the frame 14 about the 
axis 19 defined by the flexures 18 likewise has no effect on the 
accuracy or positioning of the seat 16 with respect to the 
frame 14. The motion of the frame 14 with respect to the base 
12 about the axis 19 cannot influence the seat 16 and its 
relative position or tilt with respect to the frame 14 about the 
flexure 20. 
A major benefit to the existence of the coplanaraxes 19, 21 

is the ability to use a single setup and manufacture of the 
mount 10. The manufacturing process may involve mounting 
a single, monolithic, homogeneous piece of material, typi 
cally a metal. The mount 10 may thus be mounted as a single 
block of material. The portions thereof will eventually 
become the base 12, the frame 14, and the seat 16. As a 
monolith all are likewise fixed in the mount. 

Residual stresses should not remain in the mount 10 nor in 
any of the eventual subsystems 12, 14, 16. Likewise, the 
flexures 18, 20 should be free of residual stresses because 
none of them has been moved from its original position with 
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12 
respect to the original block or blank of material. The block of 
material from which the mount 10 is cut is then machined, 
typically by electrodynamic machining in order to remove the 
atoms of material in very small quantities, thus leaving no 
residual stresses. 

In certain embodiments, the block or blank of material 
from which the mount 10 is made may be selected to be a 
stress-relieved, annealed material. A probe of an EDM manu 
facturing system may cut each of the clearances 36, 38, or 
other openings and access spaces. Thereby no additional 
machine or operator errors need be introduced into the mea 
Surement system during manufacturing. 

In certain contemplated embodiments, the rate of cooling 
at which a particular optical element 40 may be drawn down 
into an operating temperature range may be improved due to 
the continuous and contiguous path for heat through the seat 
16, the connecting flexures 20, the frame 14, its connecting 
flexures 18, and the base 12. Joints may exist between a 
platform and the base 12. Similarly, there may be fasteners or 
connections, joints of some Suitable type between the seat 16 
and the optical element 40. However, from the optical ele 
ment 40 to the base 12, the only joint that represents a dis 
continuity of materials or a change in materials, is between 
the seat 16 and the optical element 40. Moreover, the optical 
element 40 may be largely comprised of the same material as 
the mount 10. Accordingly, only the joint itself, and not 
material changes will be in effect. The coefficients of thermal 
expansion according to which the mount 10 and the optical 
element 40 may shrink or enlarge with temperature may be 
identical. 
One of the difficulties with wide ranging thermal excur 

sions in a device involves the possibility of slip-stick actua 
tion or activity between two materials joined at a discontinu 
ity. That is, a joint wherein two materials or where two 
components meet is subject to a certain amount of slippage. 
Nevertheless, with the force of mounting hardware or fasten 
ers of Some type, a frictional force is set up along the joint 
Surface. 

Galling may occur at contracting Surfaces. As materials 
shrink and swell with temperature, the dissimilarities of coef 
ficients of thermal expansion may cause unpredictable and 
uncontrolled Sticking and slipping between material on oppo 
site sides of a joint interface. These types of residual stresses 
are largely indeterminate and uncontrolled, but are substan 
tially absent throughout the mount 10 in accordance with the 
invention. 

Thus, compared to other systems, there are no joints 
between the adjustment axes. The mount system 10 is easier 
to maintain thermally stable and dimensionally stable. More 
over, each of the rigid segments 12, 14, 16 or elements 12, 14, 
16 is fully independently adjustable in its degree of freedom. 

Because the control of the rate of cooling is enhanced by 
the continuous thermal conductivity in a single, contiguous 
material, residual stresses may effectively be greatly reduced 
or eliminated. Typically, when materials have different coef 
ficients of thermal expansion, they will increase or decrease 
in size according thereto. Typically, Switches and other actua 
tors that are temperature sensitive are often fabricated as 
bi-metallic strips. Accordingly, when one side of the strip has 
a different coefficient of thermal expansion then the opposite 
side, then a change in temperature will force the strip to form 
an arc, bending around the Smaller radius of the material that 
shows the least expansion, or the most contraction, depending 
on whether the temperature is being raised or reduced. Thus, 
the lack of joints, not only relieves residual stresses, the 
possibility of stress inducement and relief with the crawling 
of components about a joint interface, and the like, but no 
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thermal expansion difference is experienced between any of 
the components 12, 14, 16, 18, 20 of the mount 10. 

Thus, a new means and method for alignment is introduced 
by the mount 10. Typically, because both of the axes 19, 21 are 
in a single plane, the optics 40 or the optical element 40 may 
be positioned to have any desired feature thereof placed pre 
cisely with respect to the plane of the axes 19, 21 and even at 
the intersection of the axes 19, 21. This is possible whether the 
feature is a focal point, a vertex, center of curvature, nodal 
point, or any other point related to the face of a mirror, lens, or 
the like to be positioned. Any one of these may be positioned 
precisely with respect to the intersection of the axes 19, 21, 
placed in the plane formed by the axes 19, 21, or placed 
exactly at the intersection of the orthogonal axes 19, 21. 

Another valuable benefit, among the many available with 
the mount 10, is the ability to arbitrarily select the means and 
design to align positions of the seat 16 with respect to the 
frame 14, and the frame 14 with respect to the base 12. Thus, 
the degree of precision, the cost, the operating mechanism, 
the calibration and measurement mechanism, or the like may 
be selected at will according to space, precision, cost, and so 
forth. 

Moreover, the mechanisms to tilt the seat 16 about the 
flexures 20 with respect to the frame 14, or the frame 14 about 
the flexures 18 with respect to the base 12 may also be dif 
ferent mechanisms. Moreover, neither affects the operation of 
the other. Thus, the errors or accuracy desirable or tolerable 
with respect to either of the axes 19, 21 may be isolated and 
not dependent on each other. 

Referring to FIG. 6, while continuing to refer generally to 
FIGS. 1-14, in certain embodiments of an apparatus 10 and 
method in accordance with the invention, the mount 10 may 
include various holes or openings 46 designed to provide 
access for mounting to a platform, or providing access to 
other fasteners and the like. Typically, various bosses 48 may 
be formed on various surfaces of the base 12 and other com 
ponents 14, 16 as appropriate for providing mounting Sur 
faces. By creating a boss 48 elevated above the level of its 
adjoining surface of the mount 10, the extra material available 
may be machined and lapped to a very fine precision as 
desired. Meanwhile, the surface of the boss 48 will fit against 
a mating surface to which the mount 10 may be fastened 
through holes or openings 50. 

In one embodiment of an apparatus 10 as illustrated, the 
adjuster 42, may have a finely threaded screw 52 for making 
adjustments. In one embodiment, the screw 52 may have a 
very fine thread, and pass through a nut 54. The entire struc 
ture that includes the flange and the associated cylindrical 
components may form a nut 54 though which the screw 52 
may be threaded. In some embodiments, the threads may 
actually be pitched at over one hundred threads per inch. 
Meanwhile, the nut 54, which effectively serves as a mount 54 
receiving the screw 52, may include a flange portion having a 
large diameter, and the flange may be split as shown. Accord 
ingly, a lock screw 56 may distort the flange portion of the nut 
54, thus binding it against the screw 52 in order to stop or lock 
the screw 52 at a specific position. 

The nut 54 is mounted to the base 12. The screw 52 is 
secured thereto, and has a hardened steel ball fixed at the 
advancing end thereof. The advancing ball minimizes distor 
tion as it touches against the frame 14 in order to adjust (e.g., 
tilt) the frame 14 with respect to the base 12. 

The apparatus 10 may also include a guide rod 58, which 
may also be mounted in a nut fixed to the base 12. The guide 
rod 58 contains a biasing spring, not visible in the illustration, 
applying a biasing force opposite to the force of the screw 52, 
and againstan opposite side of the frame 14. Accordingly, the 
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screw 52 may be advanced to tilt the frame 14 in one direction 
about its flexures 18, while a retreat of the screw 52 will 
permit the biasing spring on the guide rod 58 to advance the 
opposing side of the frame 14, thus providing stability and a 
full range of motion. A lock 60 locks the adjuster 42 in 
position. 

In like fashion, the seat 16 or third rigid element 16 of the 
mount 10 may have secured to it an adjuster 44. The adjuster 
44 includes a screw 62 that operates similarly to that of the 
mechanism of the screw 52, operating in a flanged nut 64 
secured to the seat 16. Just as the screw 52 pushes from the 
base 12 against the frame 14, the screw 62 pushes from the 
seat 16 to the frame 14. Accordingly, the screw 62 tilts the seat 
16 about its flexures 20 oriented orthogonally with respect to 
the flexures 18. 

Similarly to the operation of the adjuster 42, the adjuster 44 
may include a lock screw 66 that binds together the two 
circular halves of the flange portion of the flange nut 64. 
Accordingly, the lock screw 66 Supports locking orbinding of 
the flanged nut 64 against the screw 62, fixing the screw 62 in 
place at its adjusted position. 
The guide rod 68 extends against an opposite location in 

order to guide a biasing spring pushing the seat 16 away from 
the frame 14, just as the spring on the guide rod 58 urges 
separation of the frame 14 from the base 12. A lock 70 locks 
the system in position, acting similarly to the lock 60 of the 
adjuster 42. 

Typically, each of the screws 52, 62.56, 66,58, 68 may be 
mounted in a collar or nut that effectively serves as its mount 
with respect to the mount System 10. Accordingly, each of 
these nut or mount elements that receives a threaded screw, 
whether the screw is acting as an adjustment screw 52, 62 or 
as a guide rod 58, 68, or as a lock screw 56,66, 60, 70, having 
dissimilar metals for metal-to-metal contact alleviates gall 
ing. Typical materials may include stainless steel for the 
moveable elements (the screws 52,56,58, 60, 62,66, 68,70), 
while the collars (e.g., nuts) are typically formed of bronze. 
The screws 60, 70 tend to be best adapted to operating 

against the screws 52, 62, respectively. Accordingly, once 
adjustments are finalized the screws 60, 70 may be advanced 
to provide a force to replace the bias springs on the guide rods 
58, 68. This provides a stable, minimally-vibration-sensitive 
system 10. 

Nevertheless, various mechanisms may be used for adjust 
ing the seat 16 with respect to the frame 14, and the frame 14 
with respect to the base 12. Ultimately, the relative position of 
the frame 14 with respect to the base 12 is orienting the seat 16 
about one orthogonal axis 19, while the adjustment of the seat 
16 with respect to the frame 14 adjusts the seat 16 about the 
second orthogonal axis 21. 

In certain embodiments, once adjustments have been 
made, a shim of aluminum may be positioned, even bonded, 
in a gap between the seat 16 and the frame 14, between the 
frame 14 and the base 12, or both. Accordingly, a better 
thermal continuity (still not as good as the continuous metal 
continuity throughout the mount 10) is available. However, 
the shim may have sufficient area that a Substantial amount of 
heat may be transferred therethrough. Thus effectively the 
shims rigidize a flexure and can create three Small areas or 
points of contact between two rigid elements. 

Thus, the adjustment of the optical element 40 by adjust 
ment of the seat 16 accomplishes isolation of adjustment 
about each of the axes 19, 21 independently. These axes 19, 21 
being orthogonal, coplanar, and optically aligned with a fea 
ture of the optical element 40 provide a very simple, sepa 
rately adjustable set of pivotaxes 19, 21 for rapid adjustment 
of the alignment of the optical element 40. One can readily see 
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that due to the lack of the conventional, connected, adjust 
ment mechanisms, slides, pivots, and so forth, the seat 16 is 
more readily adjustable, independently adjustable in each 
direction about the respective axes 19, 21 without long, itera 
tive processes for aligning several pieces of componentry in 
an iterative series in order to obtain alignment. 

Referring to FIGS. 1-14 generally, and specifically to 
FIGS. 1 and 6, one may see that the mount 10 and its align 
ment processes provide a number of features and benefits. 
Optical alignments may be accomplished using the kinematic 
optic mount 10 with real-time feedback in the alignment 
process. For example, the optic 40 or optic element 40 and 
mount 10 may remain assembled during the entire alignment 
process. 

This contrasts with conventional systems relying on mul 
tiple pieces or shims that must be iteratively assembled and 
then measured either optically or mechanically. Such systems 
must be aligned, measured, disassembled, reassembled and 
then have the process repeated until the desired alignment 
accuracy is achieved. 

Disassembly of joints or removal of the optic 10 in a 
conventional system, to adjust shims, results in loss of align 
ment in the direction of any degree of freedom available. 
Removal of a bolt of screw type fastener will often introduce 
at least Small movements in three degrees of freedom. Thus, 
movement typically occurs in directions other than that 
dimension being actively aligned. 

Optical alignment of the seat 16 may instead use flexural 
adjustments about the axes 19, 21 perpendicular to each other. 
One adjustment does not affect the alignment in the non 
adjustment direction in time or space. Each can be done at a 
different time. Each can be effected independently. 

Alignment using flexures instead of sliding Surfaces avoids 
having contact surfaces tending to gall, or develop burrs in 
response to the combination of contact forces and sliding 
forces. These phenomena and others make adjustments and 
measurements non-repeatable. Optical alignment using the 
kinematic optic mount 10 can be adjusted in any available 
dimension, backed off, and re-adjusted many times in a 
repeatable and controllable fashion. Moreover, all may be 
accomplished independently from one another and in quick 
Succession. 

Optical alignment using the kinematic optic mount 10, in 
accordance with the invention, is accomplished in a manner 
that results in a dimensionally stable and thermally stable 
optical system. This is due in part to the fact that there are no 
joints between adjustmentaxes 19, 21. This tends to eliminate 
stress buildup that would otherwise occur in joints if they 
were present during adjustment. 

For example, joints in optical systems give an opportunity 
for stresses to build up during adjustment or temperature 
excursions that then later relax and cause the optical system to 
become misaligned. One specific example would be a joint 
that couples one component that cools slowly to a separate 
component that cools rapidly. Cooling these components can 
cause the joint to slip during cool down, which then stresses 
the mount 10 or the optic 40 to which the mount is attached. 

The kinematic optical mount 10 allows the alignment to 
proceed in an optimal fashion since the pivot point (intersec 
tion of axes 19, 21) may be placed relative to the optic 40 in an 
optically desirable location. The optic 40 may be pivoted 
about a center point on the face of the optic, for example, to 
reduce beam walk during alignment adjustment. This saves a 
considerable amount of time otherwise required to reposition 
the mount in order to center the optical beam on the optic 40. 
Other preferred rotation points that may be placed at the 
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intersection may be the vertex of the optical surface, center of 
curvature, focal point, and nodal points. 

All of the foregoing benefits may be available, and the 
processes accomplished simultaneously using the kinematic 
optical mount 10 in accordance with the invention. The 
present invention may be embodied in other specific forms 
without departing from its basic function or essential charac 
teristics. The described embodiments are to be considered in 
all respects only as illustrative, and not restrictive. The scope 
of the invention is, therefore, indicated by the appended 
claims, rather than by the foregoing description. All changes 
which come within the meaning and range of equivalency of 
the claims are to be embraced within their scope. 
What is claimed and desired to be secured by United States 

Letters Patent is: 
1. An apparatus, comprising: 
a first rigid element having a first rigid element section 

modulus; 
a first flexural element extending from the first rigid ele 

ment to a second rigid element; 
the second rigid element having a second rigid element 

section modulus comparable with that of the first rigid 
element section modulus, both the first and second rigid 
element section moduli being orders of magnitude 
greater than a first flexural element section modulus; 

a second flexural element having a second flexural element 
section modulus comparable to that of the first flexural 
element section modulus, and orders of magnitude lower 
than the first and second rigid element section moduli; 

a third rigid element having a third rigid element section 
modulus comparable to that of the first and second rigid 
element section moduli, and orders of magnitude greater 
than the first and second flexural element section 
moduli; and 

the first, second, and third rigid elements and the first and 
second flexural elements, further being homogeneously 
formed of a single material, resulting in a monolithic 
mount having joint-free continuity of the single material 
from the first rigid element, through the second rigid 
element, to the third rigid element. 

2. The apparatus of claim 1, wherein: 
the first and third rigid elements are connected by central 
web regions therebetween such that the third rigid ele 
ment is adjustable with respect to the first rigid element 
along adjustment axes that are mutually orthogonal and 
coplanar, the adjustment axes extending through the 
central web regions, each central web region being a 
respective region of minimum section modulus in each 
of the first and second flexural elements. 

3. The apparatus of claim 2 further comprising: 
first and second adjustments, connected, respectively, to 

the first rigid element to apply a force against the second 
rigid element, and on the third rigid element to apply a 
force against the second rigid element; and 

the first and second adjustments being operably indepen 
dent, and positioned to adjust the respective second and 
third rigid elements about the adjustment axes, indepen 
dently from one another. 

4. The apparatus of claim 1, further comprising: 
the first, second, and third rigid elements, and the first and 

second flexural elements forming a dimensionally 
stable, thermally stable, mechanical path extending con 
tinuously from the first rigid element, through the first 
flexural element, through the second rigid element, 
through the second flexural element, and into the third 
rigid element uninterrupted by other than changes in 
cross section. 
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5. The apparatus of claim 1, further comprising: 
an optical element fixed to the third rigid element and 

having a feature represented by a point; 
wherein the point is positioned with respect to the first and 

second flexural elements and with respect to the third 
rigid element within a plane of the first and second 
flexural elements. 

6. The mount of claim 5, wherein the point is selected from 
a vertex, a center of curvature, a focal point, and a nodal point 
corresponding to the optical element. 

7. The apparatus of claim 1, wherein: 
the first flexural element defines a first axis of flexure; 
the second flexural element defines a second axis of flex 

ure; 
the first and second axes of flexure are co-planar and 

orthogonal, defining an intersection thereof; 
a position of the second rigid element with respect to the 

first rigid element is adjustable about the first axis of 
flexure; and 

a position of the third rigid element with respect to the 
second rigid element is adjustable about the second axis 
of flexure. 

8. The apparatus of claim 7, further comprising: 
the first, second, and third rigid elements, and the first and 

second flexural elements forming a dimensionally 
stable, thermally stable, mechanical path extending con 
tinuously from the first rigid element, through the first 
flexural element, through the second rigid element, 
through the second flexural element, and into the third 
rigid element uninterrupted by other than changes in 
cross section. 

9. The apparatus of claim 8, further comprising: 
an optical element fixed to the third rigid element and 

having a feature represented by a point; 
wherein the point is positioned with respect to the first and 

second flexural elements and with respect to the third 
rigid element within a plane of the first and second 
flexural elements. 

10. The apparatus of claim 9, wherein the point is selected 
from a vertex, a center of curvature, a focal point, and a nodal 
point corresponding to the optical element. 

11. A method of adjusting an optical element, the method 
comprising: 

providing a two-axis mount having first, second, and third 
rigid elements, connected respectively by first and sec 
ond flexural elements; 

mounting an optical element to the third rigid element; 
adjusting the third rigid element with respect to the second 

rigid element, independently from adjustment of the 
second rigid element with respect to the first rigid ele 
ment; 

adjusting the second rigid element with respect to the first 
rigid element, independently from adjustment of the 
third rigid element with respect to the second rigid ele 
ment; 

the adjusting of the third and second rigid elements with 
respect to the second and first rigid elements respec 
tively further comprising adjusting the third rigid ele 
ment with respect to the second rigid element and the 
second rigid element with respect to the first rigid ele 
ment by pivoting along respective axes defined by the 
first and second flexural elements, the axes being mutu 
ally orthogonal to one another. 

12. The method of claim 11, wherein the axes are co-planar. 
13. The method of claim 12, wherein the first, second, and 

third rigid elements are sections of a single, Solid, continuous 
monolith. 
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14. The method of claim 13, wherein the first, second, and 

third rigid elements are formed of a single, homogenous 
material, continuously extending therethroughout and ther 
ebetween. 

15. The method of claim 14, wherein the axes are each 
further defined by a respective region of minimum cross 
section in the single, homogenous material, each said respec 
tive region extending continuously and homogeneously 
between the first and second rigid elements and the second 
and third rigid elements, respectively. 

16. The method of claim 11, further comprising: 
providing the first rigid element having a comparatively 

large section modulus; 
providing the first flexural element extending from the first 

rigid element to the second rigid element through a 
region of comparatively small section modulus; 

providing the second rigid element having a section modu 
lus comparable with that of the first rigid element, and 
orders of magnitude greater than the section modulus of 
the first flexural element; 

providing the second flexural element having a section 
modulus comparable to that of the section modulus of 
the first flexural element, and orders of magnitude below 
the section modulus of the first and second rigid ele 
ments; and 

providing the third rigid element having a section modulus 
comparable to that of the first and second rigid elements, 
and orders of magnitude greater than the section modu 
lus of the first and second flexural elements. 

17. The method of claim 11, wherein: 
the third rigid element is adjustable with respect to the first 

rigid element along the respective axes; 
the respective axes extend through and define a central web 

region of minimum section modulus in each of the first 
and second flexural elements extending respectively 
between the first and second rigid elements and between 
the second and third rigid elements. 

18. The method of claim 17, further comprising: 
providing first and second adjustments connected, respec 

tively, to the first rigid element to act against the second 
rigid element, and to the third rigid element to act against 
the second rigid element, the first and second adjust 
ments being operably independent, and positioned to 
adjust the respective second and third rigid elements 
about the mutually orthogonal axes, independently from 
one another. 

19. The method of claim 18, further comprising forming 
the first, second, and third rigid elements with the first and 
second flexural elements in a dimensionally stable and ther 
mally stable mechanical path extending continuously from 
the first rigid element, through the first flexural element, 
through the second rigid element, through the second flexural 
element, and into the third rigid element, uninterrupted by 
other than changes in cross section. 

20. The method of claim 18 further comprising: 
adjusting the first and second adjustments; 
forming at least one shim sized to fit between at least one 

pair of the first and second rigid elements and the second 
and third rigid elements; and 

securing the at least one shim in a position to fix at least one 
combination of the second rigid element with respect to 
the first rigid element and the third rigid element with 
respect to the second rigid element. 
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