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comparison. The program modification unit can be con-
figured to modity a machine tool program code based on the
compromise shape.
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ADAPTIVE MACHINING OF COMPONENTS

TECHNICAL FIELD
[0001] The present disclosure relates to an adaptive machining system and

technique.

BACKGROUND
[0002] Various systems and methods exist for machining components having
complex shapes and surfaces that are susceptible to geometric variations, such as
blades and vanes of gas turbine engines. Some existing systems and methods have
various shortcomings, drawbacks, and disadvantages relative to certain
applications. Accordingly, there remains a need for further contributions in this

arca of technology.

SUMMARY
[0003] In some examples, the disclosure describes an adaptive machining system
that includes a model comparison unit configured to compare electronic measured
dimensional surface data of a component with an electronic surface model of the
component. In accordance with this example, the system further includes a
compromise shape determination unit configured to determine a compromise shape
for the component based on the comparison, and a program modification unit
configured to modify a machine tool program code based on the compromise
shape.
[0004] In some examples, the disclosure describes a method for machining a
component that includes measuring geometric surface data of the component to
produce electronic measured geometric surface data, comparing the electronic
measured geometric surface data with an electronic geometric model of the surface
of the component, editing program instructions for a machine tool path based on
the comparison to produce edited program instructions, and machining the
component based on the edited program instructions.
[0005] In some examples, the disclosure describes a method for manufacturing an

airfoil that includes measuring coordinate surface data of an airfoil spar surface to
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produce electronic measured coordinate surface data. In accordance with these
examples, the method also includes mathematically comparing the electronic
measured coordinate surface data with an electronic curve function model of the
airfoil spar surface, modifying numerical control machine instructions for
machining the airfoil spar surface based on the comparison to produce modified
numerical control machine instructions, and machining the airfoil spar surface

based on the modified numerical control machine instructions.

BRIEF DESCRIPTION OF THE FIGURES
[0006] Features of the application will be better understood from the following
detailed description when considered in reference to the accompanying drawings,
in which:
[0007] FIG. 1 is a functional block diagram illustrating an example adaptive
machining system.

[0008] FIG. 2 is a flowchart illustrating an example adaptive machining technique.

DETAILED DESCRIPTION
[0009] For the purpose of promoting an understanding of the principles of the
disclosure,
reference will now be made to examples illustrated in the drawings and specific
language will be used to describe the same. It will nevertheless be understood that
no limitation of the scope of the disclosure is thereby intended. Any alterations
and further modifications of the described examples, and any further applications
of the principles of the disclosure as described herein, are contemplated as would
normally occur to one skilled in the art to which the disclosure relates.
[0010] FIG. 1 is a functional diagram illustrating an example adaptive machining
system 10.
Adaptive machining system 10 of the FIG. 1 is described in the context of
machining a gas turbine engine airfoil spar, which is a component of an airfoil such
as a blade or vane of a gas turbine engine. However, it will be understood by those
of ordinary skill in the art that adaptive machining system 10 is not limited in

application to airfoil spars, and other example applications are contemplated.
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Thus, adaptive machining system 10 of the present disclosure can be applied to the
processing of any parts or components having complex shapes and/or surfaces that
are susceptible to geometric variations. A few non-limiting examples to which
adaptive machining system 10 can be applied include components in the acrospace
industry, such as landing gear components or wing and fuselage components; the
turbomachinery industry, such as turbine components and compressor components;
the automobile industry, such as press tools for body panels; and other
manufacturing industries. In some examples, adaptive machining system 10 can be
applied to the repair of components, for example the repair of gas turbine engine
blades and/or vanes. Adaptive machining system 10 can be used for any suitable
machining process including, for example, milling, grinding, and/or polishing, to
name a few. In some examples, adaptive machining system 10 can be used where
multiple components in a stock or batch have slight variances in their size and/or
surface geometries.

[0011] In the example illustrated in FIG. 1, adaptive machining system 10 includes
a component

measuring device 14, a numerical control (NC) machine 16, a system controller 20,
and an adaptive machining controller 30. Adaptive machining controller 30
includes a model transformation determination unit 32, an offset distribution
determination unit 34, and a program modification unit 36. System controller 20
can be configured to control operation of component measuring device 14, NC
machine 16, and adaptive machining controller 30. As will be described in greater
detail below, Adaptive machining controller 30 can be configured to compare
electronic surface model data of a component such as an airfoil spar to surface data
measured by component measuring device 14 and, based on the results of the
surface data comparison, adapt machine tool program instructions to be used by
NC machine 16.

[0012] System controller 20 and adaptive machining controller 30 can be in
communication with

cach other and in communication with component measuring device 14 and NC
machine 16 by use of shared memory or communication buses, and/or RF

communications. System controller 20 and/or adaptive machining controller 30
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can include a microprocessor or multiple microprocessors capable of executing
and/or outputting command signals in response to received and/or stored data. In
some examples, system controller 20 and/or adaptive machining controller 30 can
include computer-readable storage, such as read-only memories (ROM), random-
access memories (RAM), and/or flash memories, or any other components for
running an application and processing data for controlling operations associated
with adaptive machining system 10. Thus, in some examples, system controller 20
and/or adaptive machining controller 30 can include instructions and/or data stored
as hardware, software, and/or firmware within the one or more memories, storage
devices, and/or microprocessors. In some examples, adaptive machining controller
30 can include and/or be associated with surface modeling circuitry, regression
analysis circuitry, program code modification circuitry, switches, and/or other
types of circuitry, as suited for an adaptive machining application. In the
illustrated example, system controller 20 and adaptive machining controller 30
include multiple controllers. In an alternative embodiment, system controller 20
and adaptive machining controller 30 can include a single controller.

[0013] System controller 20 and adaptive machining controller 30 can include one
or more data

storage structures in a computer-readable medium, or media, containing
predetermined data to facilitate operation of adaptive machining system 10 in
connection with an algorithm of adaptive machining system 10. The data storage
structures can include, for example, equations, arrays, matrices, tables, etc. In
some examples, predetermined data can be based on, for example, the material and
casting characteristics of a component such as an airfoil spar, the intended shape of
the airfoil spar, inspection tolerances, machine tool paths, speed, wear, and cutting
time, as well as temperature, pressure, and other machining environmental factors.
In some examples, predetermined data may be derived from performance test
results, engineering knowledge, and/or other resources. For example, the data
storage may include an appropriate amount grinding and polishing, and/or an
appropriate tool speed, to effect a desired smoothness or contour of the airfoil spar.
[0014] FIG. 2 is a flow chart illustrating an example adaptive machining technique

performed by
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adaptive machining system 10. Initially, an airfoil spar that is to be machined is
mounted in component measuring device 14 or a mounting fixture of component
measuring device 14. For convenience and brevity of description, adaptive
machining system 10 will be described hereafter on the basis that the airfoil spar is
mounted in a moveable fixture that is moveable between, and therefore aligned
substantially the same way in, component measuring device 14 and NC machine
16, such that adaptive machining system 10 analyzes differences in the orientation
of the airfoil spar relative to the moveable fixture, and any difference in the
orientation of the mounting fixture in the machines is resolved outside of adaptive
machining system 10. As will be appreciated by those skilled in the art, adaptive
machining system 10 need not be limited to a moveable-type mounting fixture, and
other examples are contemplated. For example, each of component measuring
device 14 and NC machine 16 can have its own mounting fixture. In other
examples, component measuring device 14 and NC machine 16 can be the same
machine so that there is no transferring of the airfoil spar mounting fixture, or the
airfoil spar, from component measuring device 14 to NC machine 16 is necessary.
[0015] System controller 20 can be configured to control component measuring
device 14 to measure and obtain dimensional surface data of the airfoil spar (60).
Component measuring device 14 can include any suitable machine capable of
measuring dimensional surface data of the airfoil spar. In some examples,
component measuring device 14 can include, for example, a coordinate measuring
machine (CMM) that determines coordinates of points at multiple locations of the
airfoil spar surface. Component measuring device 14 can additionally and/or
alternatively measure geometric characteristics other than and/or related to the
dimensional surface data of the airfoil spar. In some examples, component
measuring device 14 can measure and obtain data points in six degrees of freedom,
for example, translation and rotation with respect to three different perpendicular
axes. The measured dimensional surface data can include any number, or set or
multiple sets, of point coordinates that component measuring device 14 determines
to be on the surface of the airfoil spar at various (different) locations. As will be
appreciated, the greater the number of points, which can be in the hundreds to

millions or more, in a set or multiple sets, the more robust the measured
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dimensional surface data will be in establishing the shape (and location) of the
airfoil spar.

[0016] Component measuring device 14 supplies the measured dimensional
surface data of the airfoil spar to model transformation determination unit 32 of
adaptive machining controller 30. Model transformation determination unit 32
compares the measured dimensional surface data to an electronic surface model 40
of the airfoil spar (62). Electronic surface model 40 can be supplied by, for
example, system controller 20, and/or a user interface, and/or over a network
connection, to name a few. Electronic surface model 40 can comprise any suitable
mathematical model, for example, in the form of one or more curves or surfaces,
including splines or non-uniform rational basis splines (NURBS), for example, that
represent (model) the airfoil spar surface. In some examples, electronic surface
model 40 can include a design intent surface of the airfoil spar, defined by, for
example, CAD spline knots. In some examples, the design intent surface can
represent the ideal surface of the airfoil spar, that is the “perfect world”
representation of the component surface, before, for example, the consideration of
tolerances.

[0017] In some examples, when comparing the measured dimensional surface data
to electronic surface model 40 of the airfoil spar (62), model transformation
determination unit 32 can compare a set of the measured dimensional surface data
to a location of the design intent surface that is interpolated from the CAD spline
knots. In some examples, component measuring device 14 can determine the
coordinates of the points in a set relative to the coordinate system of component
measuring device 14, and model transformation determination unit 32 can
determine the coordinates of the same points relative to the coordinate system in
which the airfoil spar was designed, such as the design intent surface of the airfoil
spar.

[0018] Model transformation determination unit 32 of adaptive machining
controller 30 can be configured to modify the electronic surface model 40 based on
the comparison between the measured dimensional surface data and electronic
surface model 40 (64). Alternatively, model transformation determination unit 32

can be configured to output the results of the comparison between the measured
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dimensional surface data and electronic surface model 40 to offset distribution
determination unit 34 and/or program modification unit 36, both or either of which
can be configured to modify electronic surface model 40, or a portion thereof,
based on the comparison. Alternatively and/or additionally, model transformation
determination unit 32, offset distribution determination unit 34, and program
modification unit 36, can modify a portion of electronic surface model 40 based on
the comparison. For purposes of brevity, the description herein describes
modification of electronic surface model 40 by model transformation
determination unit 32.

[0019] In some examples, model transformation determination unit 32 (and/or
offset distribution determination unit 34 and/or program modification unit 36) can
be configured to modify electronic surface model 40 by performing a six degree of
freedom (DOF) best-fit of electronic surface model 40 to the measured
dimensional surface data. In some examples, model transformation determination
unit 32 best-fits electronic surface model 40, such as the design intent surface, to
the measured dimensional surface data to account for possible misalignment
caused by, for example, uncertainty in the orientation of the airfoil spar in the
mounting fixture of the component measuring device 14. Model transformation
determination unit 32 need not be limited to modification of electronic surface
model 40, and other embodiments are contemplated. Thus, for example, model
transformation determination unit 32 can additionally and/or alternatively be
configured to modify the measured dimensional surface data based on the
comparison between the measured dimensional surface data and electronic surface
model 40. In some examples, model transformation determination unit 32 can be
configured to perform a best-fitting procedure to account for possible
misalignment, for example, by transforming either the coordinates of electronic
surface model 40 or the coordinates of the measuring dimensional surface data by
three (each) rigid-body translations and rotations.

[0020] In some examples, model transformation determination unit 32 can modify
the design intent surface defined by the CAD spline knots. For example, model
transformation determination unit 32 can rotate and translate the design intent

surface definition, or a subset of the design intent surface definition, to best-fit the
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measured dimensional surface data, or a subset of the measured dimensional
surface data. In some examples, the rotation and translation can compensate for
misalignment of the airfoil spar in the mounting fixture of component measuring
device 14 (or misalignment of the airfoil spar in component measuring device 14).
As will be appreciated, any number of factors can contribute to misalignment of
the airfoil spar. For example, the airfoil spar could be misaligned in the mounting
fixture of component measuring device 14 because of operator error, or because
the airfoil spar has a local shape deviation at the location of one of the contact
points that determine the airfoil spar’s position in the mounting fixture of
component measuring device 14. In some examples, model transformation
determination unit 32 can be configured to determine what rigid body translations
and rotations can make the airfoil spar appear closest to, or substantially closest to,
the design intent surface. In other examples, for example in instances in which
there is relatively minimal or no misalignment, model transformation
determination unit 32 can be configured to perform best-fit rigid body rotations
and translations to reduce the amount of machining required to make an acceptable
airfoil spar, as it reorients the deviated airfoil spar to make it fit closest into, or
substantially closest into, a desired shape envelope.

[0021] In some examples, model transformation determination unit 32 can be
configured to modify electronic surface model 40 using any suitable numerical
analysis. For example, model transformation determination unit 32 can use a
weighted nonlinear least squares minimization to rotate and translate the design
intent definition. Further, any suitable method for solving multidimensional
nonlinear problems can be employed; non-limiting examples include Newton-
Raphson, sequential over-relaxation, genetic algorithms, gradient methods, among
others.

[0022] In the illustrated example, model transformation determination unit 32
outputs the modified electronic surface model, for example in the form of
coordinates of the modified design intent definition (spline knots), to offset
distribution determination unit 34 of adaptive machining controller 30. Offset
distribution determination unit 34 can be configured to determine a compromise

offset distribution between the modified electronic surface model and the measured
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dimensional surface data (66). In other examples, model transformation
determination unit 32 can be configured to output the modified electronic surface
model to program modification unit 36, and program modification unit 36 can be
configured to apply a compromise offset distribution to the modified electronic
surface model, where offset distribution determination unit 34 determines the
compromise offset distribution between electronic surface model 40 and the
measured dimensional surface data. For purposes of brevity, the description that
follows describes determining the compromise offset distribution between the
modified eclectronic surface model and the measured dimensional surface data, it
being understood that the description can apply similarly to a compromise offset
distribution between electronic surface model 40 and the measured dimensional
surface data.

[0023] Factors that offset distribution determination unit 34 can be configured to
consider in determining the compromise offset distribution include component
functionality and subsequent manufacturing steps. For example, offset distribution
determination unit 34 can be configured to consider retaining actual shape of the
deviated component as-is, for example, to avoid extensive re-machining; achieving
the original desired shape, for example, the design intent definition; achieving
functionality requirements, including, but not limited to, smoothness, of the final
component in the gas turbine engine; and/or achieving smoothness requirements
for subsequent manufacturing processing of the component. As will be
appreciated, attempting to meet one factor can invariably increase the extent to
which another factor is missed. Consequently, offset distribution determination
unit 34 can be configured to determine a compromise offset determination by
compromising amongst the factors to produce a component compromise offset
distribution.

[0024] In some examples, offset distribution determination unit 34 can be
configured to determine the compromise offset distribution by morphing, that is
smoothing, the modified electronic surface model, while adhering to specified
constraints, that is tolerances, on contour and rate of contour deviation. Thus, in
some examples, offset distribution determination unit 34 can be configured to

determine a compromise offset distribution on the coordinates of the modified
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design intent definition (spline knots) data to obtain a compromised airfoil spar
surface that is a compromise between the modified design intent definition (spline
knots) data and the measured dimensional surface data provided by component
measuring device 14.

[0025] In some examples, offset distribution determination unit 34 can determine a
set of spline knots that include the locations at which offsets are defined and
optimized by offset distribution determination unit 34. In some examples in which
the compromise offset distribution is to be incorporated into the modified design
intent definition (or design definition), the compromise offset distribution can be
done at all of the spline knots of the modified design intent definition (or design
definition). In some examples in which there is more than one parametric spline
surface defining the airfoil spar, each such surface can have its own compromise
offset distribution. Offset distribution determination unit 34 can determine the
compromise offset distribution as a function of the chordwise and spanwise
location of the airfoil spar surface, that is the chordwise and spanwise spline
parameters that map locations on the airfoil spar.

[0026] In some examples, offset distribution determination unit 34 can be
configured to force or guide the offset distribution to be sufficiently “smooth”, that
is control smoothness, by adjusting the number of spline knots that define the
compromise offset distribution. For example, offset distribution determination unit
34 can be configured to limit the number spline knots at which the offset values are
optimized. Coarse spline interpretations having relatively fewer knots are typically
smoother than fine spline interpretations having relatively more knots. In other
examples, offset distribution determination unit 34 can be configured to specify a
constraint or tolerance on the magnitude and slope of the offset. For example,
offset distribution determination unit 34 can constrain the rate of change of the
interpolated offset distribution with respect to distance (location) around the airfoil
spar.

[0027] In some examples, offset distribution determination unit 34 can be
configured to determine a compromise offset distribution using any suitable
numerical analysis. For example, offset distribution determination unit 34 can be

configured to use a weighted nonlinear least squares minimization to define the
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compromise offset distribution. Further, any suitable method for solving
multidimensional nonlinear problems can be employed; non-limiting examples
include Newton-Raphson, sequential over-relaxation, genetic algorithms, gradient
methods, among others.

[0028] In some examples, offset distribution determination unit 34 can be
configured to output the compromise offset distribution to program modification
unit 36 of adaptive machining controller 30. Offset distribution determination unit
34 can be configured to pass the compromise offset distribution to program
modification unit 36 in any number of ways. For example, offset distribution
determination unit 34 can communicate the compromise offset distribution data to
program modification unit 36, where program modification unit 36 can apply the
compromise offset distribution data to electronic surface model 40, such as the
design intent definition, or to the modified electronic surface model such as the
modified design intent definition. As another example, offset distribution
determination unit 34 can apply the compromise offset distribution to electronic
surface model 40, or to the modified electronic surface model, so that program
modification unit 36 sees only the offset electronic surface model, or the offset
modified electronic surface model. In the latter example, each coordinate of
electronic surface model 40 (e.g., design intent definition), or modified electronic
surface model (e.g., modified design intent definition), is moved normal to the
original electronic surface model surface (e.g., design intent definition surface), or
the modified electronic surface model surface (e.g., modified design intent
definition surface), by the magnitude of the offset interpolated at that location. For
purposes of brevity, the description that follows describes program modification
based on an electronic surface model that has been modified and offset, it being
understood that the description can apply similarly to an electronic surface model
that is modified and/or offset by program modification unit 36.

[0029] In some examples, program modification unit 36 is configured to modify,
for example by rewriting, machine tool program instructions 50 based on the offset
modified electronic surface model supplied by offset distribution determination
unit 34 (68). Machine tool program instructions 50 provide instructions, for

example in G-code language, for controlling a machine tool path of NC machine
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16. Machine tool program instructions 50 can be supplied by, for example, system
controller 20, and/or a user interface, and/or over a network connection, to name a
few. Machine tool program instructions 50 can comprise any suitable control
instructions for the machine tool, for example, instructions for feed rate, spindle
speed, axes motion, among others.

[0030] In some examples, machine tool program instructions 50 include the
machine tool program instructions developed for milling the design intent airfoil
spar surface, that is, the originally coded program instructions for the airfoil spar
surface, and program modification unit 36 modifies machine tool program
instructions 50 (for example, the G-code) line by line to reshape the design intent
airfoil spar surface to the offset modified electronic surface model, that is the
compromised contour, supplied by offset distribution determination unit 34.
[0031] In some examples, program modification unit 36 supplies the modified
machine tool program instructions to NC machine 16, and NC machine 16
machines the airfoil spar surface based on the modified machine tool program
instructions (70). System controller 20 can be configured to control NC machine
16, or NC machine 16 can have its own control system. In some examples, NC
machine 16 can include a numerically controlled milling machine that mills the
airfoil spar surface.

[0032] Adaptive machining controller 30 enables a user flexibility relative to
handling the various data. A user can choose to incorporate changes into
electronic surface model 40 or pass along the changes to be applied to the previous
model by the next unit, with respect to both model transformation determination
unit 32 to offset distribution determination unit 34 and offset distribution
determination unit 34 to program modification unit 36. In some examples,
program modification unit 36 can be configured to read electronic surface model
40, for example, a design definition, and the updates from both model
transformation determination unit 32 and offset distribution determination unit 34
and apply them both before program modification unit 36 proceeds with modifying
machine tool program instructions 50.

[0033] The described adaptive machining system 10, and its function, can be

employed in the manufacture of a gas turbine engine airfoil, for example, a
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complexly cooled multi-walled airfoil, from a casting such as a simple single
walled casting. Thus, initially an airfoil spar casting can be provided that has an
outer surface comprising a plurality, for example hundreds to thousands, of
pedestals. In some examples, the pedestals serve to cool the airfoil during
operation of the gas turbine engine. In some examples, the overall contour
tolerance of the as-cast bond surface can be +/- 0.0075 inch (plus/minus 0.0075
inch). Coversheets may be later bonded to the tops, or distal ends, of the pedestals,
and thus it is desirable that the tops of the pedestals define a smooth and
continuous surface.

[0034] To prepare the as-cast bond surface for such coversheet bonding, that is, to
prepare a smooth and continuous surface, material is removed from the as-cast
airfoil spar. The material can be removed by any suitable means, for example, by
high speed milling or a similar process. In some examples, adaptive machining
system 10 can be configured to remove the material, for example about 0.001 to
0.002 inch of material, from the airfoil spar surface. In doing so, adaptive
machining system 10 can carry out the technique of the FIG. 2 flowchart, as
described above, or any alternative example or form thereof, as described above.
In some examples, NC machine 36 of adaptive machining system 10 machines the
airfoil spar surface to within a +/- 0.001 inch (plus/minus 0.001 inch) pedestal
height tolerance. In some examples, NC machine 36 can machine the airfoil spar
surface to have a “smooth and continuous” contour, for example, when the rate of
contour deviation in the contour is within 0.005 in/in (0.005 inch/inch).

[0035] After adaptive machining system 10 prepares the airfoil spar surface to
have a smooth and continuous surface, one or more coversheets can be bonded to
the plurality of pedestals. Adaptive machining system 10 can further include a
bonding machine that, for example, metallurgically bonds the coversheet, or
multiple coversheets, to the airfoil spar surface, more specifically to the tops of the
pedestals, to produce an airfoil spar.

[0036] Any theory, mechanism of operation, proof, or finding stated herein is
meant to further enhance understanding of examples of the present disclosure and
is not intended to make the present disclosure in any way dependent upon such

theory, mechanism of operation, proof, or finding. In reading the claims, it is
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intended that when words such as an,” “at least one,” or “at least one portion”
are used there is no intention to limit the claim to only one item unless specifically
stated to the contrary in the claim. Further, when the language “at least a portion”
and/or “a portion” is used the item can include a portion and/or the entire item
unless specifically stated to the contrary.

[0037] While examples have been illustrated and described in detail in the
drawings and foregoing description, the same are to be considered as illustrative
and not restrictive in character, it being understood that only the selected examples
have been shown and described and that all changes, modifications and equivalents
that come within the spirit of the disclosure as defined herein of by any of the
following claims are desired to be protected. It should also be understood that
while the use of words such as preferable, preferably, preferred or more preferred
utilized in the description above indicate that the feature so described may be more
desirable, it nonetheless may not be necessary and examples lacking the same may

be contemplated as within the scope of the disclosure, the scope being defined by

the claims that follow.
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WHAT IS CLAIMED IS:

1. An adaptive machining system comprising

a model comparison unit configured to compare electronic measured
dimensional surface data of a component with an electronic surface model of the
component;

a compromise shape determination unit configured to determine a
compromise shape for the component based on the comparison; and

a program modification unit configured to modify a machine tool program

code based on the compromise shape.

2. The adaptive machining system of claim 1, wherein the compromise shape
determination unit is configured to determine the shape for the component based

on component functionality and subsequent manufacturing steps.

3. The adaptive machining system of claim 1, wherein the electronic surface

model comprises a surface model defined by CAD spline knots.

4. The adaptive machining system of claim 1, wherein the compromise shape
determination unit comprises a model transformation determination unit

configured to modify the electronic surface model based on the comparison.

5. The adaptive machining system of claim 4, wherein the model
transformation determination unit is configured to modify the electronic surface

model using a weighted nonlinear least squares minimization problem.

6. The adaptive machining system of claim 4, wherein the electronic surface
model comprises a design intent surface of the component, and wherein the model
transformation determination unit is configured to rotate and translate the design
intent surface to best-fit the electronic measured dimensional surface data of the

component.
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7. The adaptive machining system of claim 4, wherein the compromise shape
determination unit comprises an offset distribution determination unit that is
configured to determine a compromise offset distribution between the modified

electronic surface model and the electronic measured dimensional surface data.

8. The adaptive machining system of claim 7, wherein the compromise shape
determination unit is configured to adjust the degree of compromise offset
distribution based on a number of CAD spline knots that define the compromise

offset distribution.

9. The adaptive machining system of claim 7, wherein the offset distribution
determination unit is configured to apply the compromise offset distribution to the
modified electronic surface model to have a rate of contour deviation within a

predetermined tolerance.

10.  The adaptive machining system of claim 7, wherein the offset distribution
determination unit is configured to specify a tolerance on the magnitude and slope

of the compromise offset distribution.

11.  The adaptive machining system of claim 7, wherein the program
modification unit is configured to modify the machine tool program code based on

the compromise offset distribution.
12.  The adaptive machining system of claim 7, wherein the program

modification unit is configured to modify the machine tool program code based on

the modified electronic surface model and the compromise offset distribution.
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13. A method for machining a component comprising:

measuring geometric surface data of the component to produce electronic
measured geometric surface data;

comparing the electronic measured geometric surface data with an
electronic geometric model of the surface of the component;

editing program instructions for a machine tool path based on the
comparison to produce edited program instructions; and

machining the component based on the edited program instructions.

14.  The method of claim 13, wherein the electronic geometric model is defined
by CAD spline knots, and wherein comparing the electronic measured geometric
surface data with the electronic geometric model of the surface of the component
comprises comparing a set of the electronic measured geometric surface data to a
location of the electronic geometric model of the surface of the component that is

interpolated from the CAD spline knots.

15. The method of claim 13, further comprising:

changing the electronic geometric model based on the comparison to
produce a changed electronic geometric model;

morphing the changed electronic geometric model between the changed
electronic geometric model and the electronic measured geometric surface data.
wherein editing program instructions for a machine tool path based on the
comparison to produce edited program instructions comprises editing the program

instructions for the machine tool path based on the morphed model.
16.  The method of claim 15, wherein changing the electronic geometric model

based on the comparison comprises rotating and translating the electronic

geometric model to best-fit the electronic measured geometric surface data.
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17. A method for manufacturing an airfoil comprising

measuring coordinate surface data of an airfoil spar surface to produce
clectronic measured coordinate surface data;

mathematically comparing the electronic measured coordinate surface data
with an electronic curve function model of the airfoil spar surface;

modifying numerical control machine instructions for machining the airfoil
spar surface based on the comparison to produce modified numerical control
machine instructions; and

machining the airfoil spar surface based on the modified numerical control

machine instructions.

18.  The method of claim 17 further comprising

smoothing the electronic curve function model based on the comparison,
wherein modifying numerical control machine instructions for machining the
airfoil spar surface comprises modifying numerical control machine instructions

based on the smoothed electronic curve function model.

19.  The method of claim 17 further comprising
casting an airfoil spar including a plurality of pedestals in which the distal
ends of the pedestals define the airfoil spar surface; and

covering the distal ends of the pedestals with one or more coversheets.

20.  The method of claim 19 in which the machining comprises machining

about 0.001 to 0.002 inch from the airfoil spar surface.
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