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SYSTEMS AND METHODS FOR OVER-ACTUATED CONTROL
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. provisional patent application No.
63/510,991, filed on June 29, 2023, and titled “SYSTEMS AND METHODS FOR OVER -ACTUATED
CONTROL,” and U.S. provisional patent application No. 63/376,657, filed on September 22,
2022, and titled “METHOD OF LIGHTWEIGHT HIGH-ACCELERATION PRECISION POSITIONING
STAGE,” the disclosures of which are expressly incorporated herein by reference in their
entireties.

BACKGROUND

[0002] Control systems are a common component of mechanical systems. Control
systems can use actuators to move parts of a mechanical system to specific positions and/or
orientations in space. The bandwidth of a control system is the amount of time it takes for the
control system to respond to an input to that control system. Control systems can be limited by
physical properties of the system. For example, the weight of the part being controlled, the
power of the actuators, and the accuracy of the sensors. Improvements in the bandwidth of
control systems can improve the functioning of mechanical systems and devices controlled by
those control systems.

SUMMARY

[0003] Insome aspects, the techniques described herein relate to a system including:
a part; a plurality of actuators configured to over-actuate the part; and a computing device in
operable communication with the plurality of actuators, wherein the computing device includes

a processor and a memory, the memory having computer-executable instructions stored
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thereon that, when executed by the processor, cause the processor to: control the part using
the plurality of actuators.

[0004] Insome aspects, the techniques described herein relate to a system, wherein
the part is a selectively compliant part.

[0005] Insome aspects, the techniques described herein relate to a system, wherein
the selectively compliant part is configured to have a first flexible mode.

[0006] Insome aspects, the techniques described herein relate to a system, wherein
the memory has further computer-executable instructions stored thereon that, when executed
by the processor, cause the processor to control the first flexible mode of the selectively
compliant part.

[0007] Insome aspects, the techniques described herein relate to a system, wherein
controlling the first flexible mode of the selectively compliant part includes actively controlling
a flexible dynamic of the selectively compliant part.

[0008] Insome aspects, the techniques described herein relate to a system, wherein
the plurality of are configured so that a control bandwidth of the system is greater than the first
flexible mode.

[0009] Insome aspects, the techniques described herein relate to a system, wherein
the part has a second flexible mode greater than the first flexible mode.

[0010] Insome aspects, the techniques described herein relate to a system, wherein
the second flexible mode is greater than a control bandwidth of the system.

[0011] Insome aspects, the techniques described herein relate to a system, wherein

the part is a precision stage.
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[0012] Insome aspects, the techniques described herein relate to a system, wherein
the part is a laser-cutting mirror.

[0013] Insome aspects, the techniques described herein relate to a system, wherein
the first flexible mode is a bending mode.

[0014] Insome aspects, the techniques described herein relate to a method of
designing an over-actuated system, including: positioning a plurality of actuators to over-
actuate a part of the over-actuated system; and configuring a controller to control the part
using the plurality of actuators.

[0015] In some aspects, the techniques described herein relate to a method, further
including configuring the part in in the over-actuated system to be selectively compliant.

[0016] Insome aspects, the techniques described herein relate to a method, wherein
the part is configured to have a first flexible mode.

[0017] Insome aspects, the techniques described herein relate to a method, wherein
configuring the controller to control the part using the plurality of actuators includes
configuring the controller to control the first flexible mode of the part.

[0018] Insome aspects, the techniques described herein relate to a method, wherein
the controller has a control bandwidth less than a second flexible mode of the part.

[0019] Insome aspects, the techniques described herein relate to a method, wherein
the controller is configured so that a control bandwidth of the system is greater than the first
flexible mode.

[0020] In some aspects, the techniques described herein relate to a method, wherein

the first flexible mode is a bending mode.
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[0021] Insome aspects, the techniques described herein relate to a method, wherein
the part is a precision stage and the over-actuated system is a photolithography machine.

[0022] Insome aspects, the techniques described herein relate to a method wherein
the part is a laser-cutting mirror and the over-actuated system is a laser cutter.

[0023] Other systems, methods, features and/or advantages will be or may become
apparent to one with skill in the art upon examination of the following drawings and detailed
description. It is intended that all such additional systems, methods, features and/or

advantages be included within this description and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The components in the drawings are not necessarily to scale relative to each
other. Like reference numerals designate corresponding parts throughout the several views.

[0025] FIG. 1A illustrates a flowchart of an example method of designing an over-
actuated system, according to implementations of the present disclosure.

[0026] FIG. 1B illustrates a flowchart of an example method of designing an over-
actuated system, according to implementations of the present disclosure.

[0027] FIG. 2 illustrates a system block diagram of a system for over-actuated
control, according to implementations of the present disclosure.

[0028] FIG. 3illustrates an example computing device.

[0029] FIG. 4Aillustrates an example gain/frequency plot showing an actively

controlled flexible dynamic and uncontrolled flexible dynamics.
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[0030] FIG. 4B illustrates a plot of stage acceleration vs. closed-loop stiffness/control
bandwidth, illustrating the benefits of an example implementation of the present disclosure.

[0031] FIG. 5illustrates a control loop for a lightweight precision stage, according to
an example implementation of the present disclosure.

[0032] FIG. 6 illustrates a table of example controller parameters, according to a
study of an example implementation of the present disclosure.

[0033] FIG. 7A illustrates an example of stage design with a visualization of vibration
modes, according to an example implementation of the present disclosure.

[0034] Fig. 7B illustrates an example of loop gain of a vertical-directional position
control for two example modes, according to an example implementation of the present
disclosure.

[0035] FIG. 8Aillustrates acceleration and bandwidth for an example implementation
of the present disclosure for an example lightweight stage with flexible mode control.

[0036] FIG. 8B illustrates an example of control bandwidth and loop gain for an
example implementation of the present disclosure.

[0037] FIG. 9illustrates a control block diagram for an example lightweight precision
positioning stage with model decoupling, according to an example implementation of the
present disclosure.

[0038] FIG. 10 illustrates example controller parameters for an example
implementation of the present disclosure.

[0039] FIG. 11Aillustrates an example implementation of the present disclosure with

four flexible modes.
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[0040] FIG. 11Billustrates a stage without flexible mode control with four flexible
modes according to implementations of the present disclosure.

[0041] FIG. 12Aillustrates loop gains for (a) y-DOF (translation in the horizontal
direction).

[0042] FIG. 12B illustrates z-DOF (translation in the vertical direction).

[0043] FIG. 13 illustrates an planar motor hardware CAD model for experimental
evaluation according to implementations of the present disclosure.

[0044] FIG. 14 illustrates a fabricated stage according to implementations of the
present disclosure.

[0045] FIG. 15Aillustrates an example of a planar motor stator according to
implementations of the present disclosure.

[0046] FIG. 15B illustrates an example of a coil winding according to implementations
of the present disclosure.

[0047] FIG. 16 illustrates example optimal parameters used in a study of an example
implementation.

DETAILED DESCRIPTION

[0048] Described herein are systems and related methods for controlling mechanical
systems, including controlling over-actuated systems. As used herein, the term “over actuate”
or “over actuated” refer to a system that has more actuators than degrees of freedom in the
system. For example, a system with 5 degrees of freedom can be over actuated if it has 6
actuators. It should be understood that, while implementations of the present disclosure are

illustrated with different numbers of actuators (e.g., 3, 6, etc. ) any number of actuators can be
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configured to over actuate a system, so long as that system has fewer actuators than degrees of
freedom.

[0049] Implementations of the present disclosure include methods for designing a
mechanical system. An example method 100 is illustrated in FIG. 1A.

[0050] At step 110 the method includes positioning a plurality of actuators (e.g.,
actuators 204a, 204b, 204c of FIG. 2) to over-actuate a part (e.g., part 202 of FIG. 2) of a
system (e.g., system 200 shown in FIG. 2).

[0051] At step 120, the method includes configuring a controller (e.g., the computing
device 206 shown in FIG. 2) to control the part using the plurality of actuators. This disclosure
contemplates that the controller includes at least one processor and a memory (e.g., at least
the basic configuration illustrated in FIG. 3). The controller can be coupled to the actuators
through one or more communication links. This disclosure contemplates the communication
links are any suitable communication link. For example, a communication link may be
implemented by any medium that facilitates data exchange including, but not limited to, wired,
wireless and optical links.

[0052] Optionally, the method further includes configuring the part in the over-
actuated system to be selectively compliant. An example part is a precision positioning stage for
a photolithography system. Examples 1, 2, and 3 below describe implementations of the
present disclosure where an example precision positioning stage is configured to be selectively
compliant in an over-actuated system. As used herein, the term “selectively compliant” refers
to a part that is designed to be flexible at a predetermined resonance frequency. Optionally,

the selectively compliant part can be characterized by a first flexible mode.
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[0053] The controller can be configured at step 120 to control the first flexible mode
of the part using the plurality of actuators. Examples 1, 2, and 3 below describe
implementations of the present disclosure where a precision positioning stage includes a first
flexible mode that is controlled using the plurality of actuators.

[0054] Optionally, the part has additional flexible modes that are at higher
frequencies than the first flexible mode. Implementations of the present disclosure can include
systems that have control bandwidths greater than the first flexible mode. However, in some
implementations the control bandwidth is less than the second flexible mode. Optionally, the
method 100 includes designing the part (e.g., a selectively compliant part) so that the first
flexible mode is at a frequency below the control bandwidth of the system, but the second
flexible mode (and subsequent flexible modes) is at a higher frequency than the control
bandwidth of the system. The method 100 can further include designing the part so that the
difference in frequency between the first flexible mode and second flexible mode is maximized.

[0055] It should be understood that the flexible modes described herein can
optionally include flexing any direction and/or along any axis. For example, in some
implementations the first flexible mode is a bending mode.

[0056] The method 100 described herein can be used to design a mechanical part.
Some non-limiting example parts include precision stages for photolithography and laser
cutting mirrors for laser cutters.

[0057] With reference to FIG. 1B, a method 150 of designing an over actuated system
according to an example embodiment of the present disclosure is illustrated. At step 160 the

method includes hardware parameter design. The hardware parameter design at step 160
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includes designing the part (e.g., the part 202 shown in FIG. 2). The hardware parameter design
can be performed so that the hardware (e.g., a part being controlled) has an actively controlled
mode 162 within the control bandwidth 164.

[0058] At step 170, the method includes placing actuators and/or sensors (e.g., the
sensors 210 shown in FIG. 2) on the hardware (e.g., sensors and actuators that are configured
to move a part and measure the part’s position, orientation, speed, etc.).

[0059] At step 180, the method includes designing a controller to control the
hardware designed at step 160 using the actuators and sensors placed at step 170. The
controller can include a control loop, as described further herein with reference to FIG. 5 and
examples 1 and 2.

[0060] With reference to FIG. 2, an example system 200 is shown according to an
example implementation of the present disclosure. The example system 200 includes a part 202
that is configured to be controlled by a plurality of actuators 204a, 204b, 204c. It should be
understood that the number of actuators shown in FIG. 2 is provided only as an example. This
disclosure contemplates that the system may include more or less actuators than shown in FIG.
2. As described with reference to Example 1, Example 2, and Example 3 herein, an example part
202 is a precision positioning stage, and example actuators 204a, 204b, 204¢ can include planar
motors and permanent magnet arrays.

[0061] The part 202 can optionally be a selectively compliant part. An example of a
selectively compliant part is a part 202 that has a first flexible mode at a resonant frequency.

[0062] The actuators 204a, 204b, 204c are configured to over-actuate the part 202.

In some implementations, the actuators 204a, 204b, 204c are configured so that the control
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bandwidth of the system is greater than a flexible mode of the part 202 (e.g., the first flexible
mode). The control bandwidth is a parameter that characterizes the frequency range over
which the system can control the part 202.

[0063] The system can also include a computing device 206. The computing device
206 can include any or all of the components described with reference to the computing device
500 illustrated in FIG. 3. As shown in FIG. 2, the computing device 206 can be coupled to the
actuators 204a, 204b, 204c through one or more communication links. This disclosure
contemplates the communication links are any suitable communication link. For example, a
communication link may be implemented by any medium that facilitates data exchange
including, but not limited to, wired, wireless and optical links. The computing device 206 can be
a controller configured to control the part 202 using the actuators. For example, the computing
device 206 can be configured to control the part 202 when operating at the first flexible mode.
Optionally, controlling a selectively compliant part at the first flexible mode includes actively
controlling the selectively compliant part using the actuators 204a, 204b, 204c to control a
flexible dynamic of the selectively compliant part.

[0064] The computing device 206 can further be operably connected to any number
of sensors 210 configured to measure any properties of the part 202, for example using one or
more communication links. As described herein, a communication link may be implemented by
any medium that facilitates data exchange including, but not limited to, wired, wireless and
optical links. Non-limiting examples of sensors 210 include sensors configured to measure the
position, orientation, and/or speed of the part 202. Such sensors include, but are not limited to,

accelerometers, gyroscopes, magnetometers, or combinations thereof. Optionally, the sensors

10
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210 can be configured to measure the properties of any or all of the actuators, including the
positions, orientations, and speeds of the actuators.

[0065] Optionally, the computing device 206 can be configured to implement a
control loop. An example control loop 550 can include one or more of the operations illustrated
in FIG. 5. The control loop 550 can include a part 552 that is controlled (illustrated as a
lightweight precision stage in FIG. 5). The control loop 550 can include distributed sensing 554
for state estimation 556. Transformation and decoupling 558 can be performed based on the
state estimation 556 and control commands can be generated at block 560. Additionally,
distributed actuation 562 of the part 552 can be performed (e.g., using the actuators 2043,
204b, 204c, and based on the control command(s) generated at block 560).

[0066] It should be understood that the flexible modes described herein can refer to
different types of deformation in the part 202. In some implementations, the flexible modes
described herein can be bending modes.

[0067] Implementations of the present disclosure can include systems 200 that are
designed so that the part 202 has a second flexible mode that is greater than the first flexible
mode. The second flexible mode can optionally be greater than the control bandwidth of the
system 200.

[0068] The system 200 can be any system where a part 202 is actuated.
Implementations of the present disclosure can be used for high speed instruments and
manufacturing machines where the part 202 can be a cutting head, laser, wafer stage, or any
other component. Implementations of the present disclosure can be used for any part that

move rapidly (e.g., during a high speed manufacturing process). High speed instruments and

11
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manufacturing machines can have their throughput limited by the resonance of different parts.
Implementations of the present disclosure allow for parts to be designed so that their
resonance frequencies can be controlled by the system (i.e., so that they are selectively
compliant) allows increased throughput and/or efficiency. Some non-limiting examples of parts
202 that can be designed according to implementations of the present disclosure include
precision stages for photolithography and laser-cutting mirrors.

[0069] Example 1:

[0070] An example implementation of the present disclosure includes a precision
positioning stage for a photolithography system and a method for designing the same.

[0071] The dynamics of a precision positioning stage considering its flexible structural
behaviors can be described by where x is a vector of state variables of both rigid-body
displacements and flexible displacements in the modal coordinate, M, D, K are the mass,
damping and stiffness matrices, respectively, u is the vector of control signals, y is a vector of
measurement signals, B is the input matrix which maps the control input u to corresponding
states, C is the output matrix which maps state variables to measurements, p is a vector of
stage’s geometric design parameters, and 8a, 0s are the vectors of actuator and sensor
locations, respectively.

[0072] The design optimization problem for a lightweight precision stage described
by (1) can be used to find a set of hardware design parameters 8p, 8a, and s and a controller
design that can minimize the stage’s weight while maximizing while maximizing the control

bandwidth, meanwhile satisfying certain robustness criteria.

12
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[0073] Implementations of the present disclosure include an optimization
framework. The optimization framework can include a sequential framework of designing the
hardware and controller for lightweight stages with their low- frequency flexible modes actively
controlled. In one step, an optimization problem that determines the stage’s geometric
parameter is formulated to facilitate the active control for the stage’s low-frequency flexible
modes. In another step, an optimization can be performed to determine the location of
actuators and sensors. In yet another step, feedback controllers are synthesized for the
designed stage to control the stage’s motion as well as the low- frequency flexible modes.
Three example steps are introduced in detail with reference to the present example.

[0074] In a lightweight precision stage with active control for low- frequency flexible

modes, the stage’s geometry design optimization can be formulated as

min Fin {933 } :
H{;

SE @y K 0 f=10.. Hi (3\3

Wy 2 tdnigh. JEn+loom

ff’;;},.min = {9;? = {:}.-J

[0075] Here, the objective function Jm represents the stage’s weight, 8, is a vector
for the stage’s geometric parameters, w; is the i-th modal frequency with its corresponding
vibration mode actively controlled, and wj is the j -th resonance frequency where the
corresponding mode shape is not controlled. wiow is the upper bound for the actively-controlled
resonance frequencies, and wnign is the lower bound for the uncontrolled resonance

frequencies. 8y min and Opmax are the lower and upper bounds for the stage’s geo- metric

parameter, respectively.
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[0076] With the stage structure design optimization formulation (2), the stage’s
flexible modes under active control are having resonance frequencies below wlow, and that of
the uncontrolled modes are beyond whigh. Such an optimization process can enforce material
removal in the stage’s structure to allow for compliance in trolled flexible modes, and add
material to stiffen trolled modes.

[0077] The actuator and sensor placement optimization problem for the proposed

lightweight stage with active flexible mode controlled can be formulated as:

puy Joltel = y n;\; {#) =y ‘>_‘ “,n {68, (31
2y ’ | e ’ Lo
[ PIONS H izl m

man Jo{#) = > Wl v > Woifd, )
@, efdy L
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[0078] Where 0s are vectors of actuator and sensor placement parameters,
respectively; Da and Ds are the design domains for actuator/sensor locations, and y is a
positive user-defined weighting constant. Wy and Wo: are the controllability and observability

grammians of i-th flexible mode, respectively, which can be calculated as:

Lot Bt @01 BT a0

Y i

(53
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[0079] where ¢ is the mass-normalized mode shape of i-th flexible mode, Bq and Cs
are the force and measurement assembling matrices, {: is the modal damping ratio, and w: is
the i-th resonance natural frequency. The controllability/observability grammians Wy and Wo;

quantitatively evaluate the controllability/observability of the corresponding flexible mode in
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the control system, which will reflect on the peak resonance magnitude in the system’s
frequency response.

[0080] With actuator/sensor placement optimization formulation in (3A) and (4A), a
goal can be to maximize the controllability/observability for the actively-controlled modes to
reduce the required controller gain, and to minimize those of the uncontrolled modes to reduce
their coupling with the control systems. The value of y provides a trade-off between the two
design goals: a low value in ¥ emphasizes reducing the needed controller gain for actively-
controlled modes, and a high value in y emphasizes the cross-talk between uncontrolled modes
and controlled modes.

[0081] With the stage’s structure and actuator/sensor locations determined, the
plant dynamics of the stage can be found. Feedback controllers can be designed for each
degree of freedom (DOF) to enable precision positioning and disturbance rejection. Here, the
lightweight stage plant dynamics P : u = y can be obtained from solving (2), (3), and (4). The
sensor measurements y are transformed to individual DOFs via a measurement decoupling
transformation. Four single-input, single-output (SISO) feedback controllers can then be
designed for four decoupled channels assuming the cross-coupling between different DOFs is
negligible. For each DOF, a fixed structure SISO controller is selected following reference [11A]

das:

L
ey, 5 B
. 1D}

' ) P TR S A
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[0082] where the controller parameters illustrated in FIG. 6. Optionally, all the

controller parameters except the controller gain can be determined by a target control

15
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bandwidth wbw. [1A, 12A]. This approach effectively simplifies the parameter tuning process.
The proportional gain Kp and the target bandwidth are determined such that the control

bandwidth is maximized while satisfying a robustness criteria [13A] of:

-

ISe(sle 2,k =L, (

[0083] where Sk (s)is the closed-loop sensitivity function of the k-th channel as Sk =
(I-GkCEk)-1. With the control effort signals uk for each channel computed, an actuation
recoupling transformation is used to map the control signals to individual actuators.

[0084] Example 2:

[0085] Another example implementation includes a study where a design and control
paradigm for lightweight precision motion stages including over-actuation and compliant stage
structures were developed. The example implementation can break the acceleration bandwidth
trade-off, as a means to tackle key technical barriers toward the development of future IC
manufacturing equipment with enhanced throughput. Combining (a) over-actuation (i.e., high-
bandwidth feedback control of the stage’s flexible dynamics with distributed actuation and
sensing) and (b) intentionally-introduced compliance in the stage structure can enable new
precision stages with excellent (closed-loop) stiffness-to-weight ratio that passive stage
structures cannot achieve, thereby delivering substantially-improved acceleration without
sacrificing control performances. In an example implementation, designing the stage’s physical
structure and actively controlling the stage’s low-frequency vibration modes via over-actuation
can reduce the weight of a precision stage by 55% compared to a baseline stage while

enhancing its control bandwidth. Implementations of the present disclosure include over-
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actuation for precision stages, and systematic and synergistic design-control framework for
over-actuated lightweight stages to fully exploit the new capability afforded by the introduction
of distributed actuation, sensing, and control.

[0086] Implementations of the present disclosure include lightweight stages for
future high-throughput and/or sustainable machines.

[0087] Precision motion stages can be used in manufacturing machines or scientific
instruments to perform positioning tasks with micro- or nano-meter accuracy. One example is
the photolithography machines for IC manufacturing [2], where the wafer and photomask (or
reticle) scanning stages have sub-nanometer positioning accuracy with extreme speed and
acceleration to guarantee the required manufacturing accuracy and throughput. Other example
applications of precision stages include precision machine tools (e.g. laser-based machines [4]
and micro-machining systems [5]), additive manufacturing tools [6], IC packaging systems [7],
metrology (e.g. CMMs [8] and IC inspection systems [9]), in-cleanroom wafer handlers [10],
scientific instruments (e.g. X-ray microscopes [11] and scanning probe microscopes [12]), and
many others. A precision motion stage can therefore be said to be a core component of a wide
range of manufacturing equipment and instruments. In view of their purpose of positioning
tools and parts in machines and instruments, the stage’s positioning accuracy and dynamic
performance (i.e., bandwidth and robustness) can be primary concerns [13]. In addition, their
acceleration and power efficiency can be critical specifications that directly determine the
productivity and sustainability of the overall machine or instrument as discussed below.

[0088] In modern photolithography systems, the wafer and reticle stages are both

under high-speed motion during the patterning process. The exposure, or patterning, happens
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during the stages’ constant velocity motion phase, and the acceleration/deceleration phase is
the “dead time” and should be minimized [14, 15]. The acceleration capability of wafer and
reticle stages can be one of the key limiting factors of today’s photolithography scanner’s
throughput [16]. As a non-limiting example, a state-of-the-art EUV lithography scanner (ASML
NXE3400C [2]) produces 170 wafers per hour (WPH), and the cost of a fully processed wafer is
around $17,000 [17]. Based on these figures, a mere 1% improvement in throughput would
result in a productivity increase of 744 wafer/year ($12.6 million/year) for every machine
(assuming 20-layer ICs). The same applies to many other processes such as laser-based
machining [4] and IC inspection [9]. This huge potential calls for an urgent need to create new
precision positioning stages with higher acceleration, which requires the systems to have either
increased thrust force or reduced moving weight. Although sizing up actuators or increasing
excitation current can improve the stage’s force generation, they also incur increases in cost
and thermal losses and thus are challenging to be deployed. In contrast, reducing the stage’s
weight not only enhances its acceleration but also reduces the system’s volume, which is highly
desirable for future manufacturing machines.

[0089] Another aspect of precision motion stages is their energy efficiency. IC
manufacturing can be a critical component of any effort to reduce global energy consumption
and greenhouse gas emissions. According to the 2018 Manufacturing Energy Consumption
Survey [18], semiconductor-related device manufacturing accounted for 15.8 billion kWh of the
annual US electricity consumption and approximately 112,000 ton/year in CO2 emission [19].
Although motion and handling systems directly contribute to about only 1% power

consumption of IC manufacturing tools [20], their heat generation must be compensated to
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avoid positioning errors induced by thermal growth, which requires up to 10% of the system’s
cooling power [21]. Lightweighting precision stages can effectively reduce the power required
for motion tasks and enable more sustainable IC manufacturing machines. Moreover, an
increasing number of processes require precision positioning for wafers in an ultra-clean
vacuum environment. In these systems, magnetic levitation is often employed to avoid
contamination generation [13], where the stage’s weight is compensated by actuation forces.
Reducing the stage’s weight is critical to lower the power required for thermal management.
From this discussion above, the following statement can be deduced:

[0090] Although control algorithms [22-35] can improve the motion system’s tracking
accuracy, the stage’s hardware design is not modified in synergy with the controllers, which can
limit the achievable lightweight and thus acceleration.

[0091] Other systems [41-47] illustrate a fundamental trade-off between the stage’s
acceleration capability and control bandwidth illustrated in FIG. 4A: a rigid stage design can
achieve high control bandwidth but leads to a heavy stage construction which limits
acceleration; on the other extreme, a lightweight stage design can have high acceleration but
low stage resonance frequencies which limit control bandwidth.

[0092] Implementations of the present disclosure include over-actuated lightweight
stages with flexible dynamics control.

[0093] High-bandwidth feedback control can be used to offer mechanical stiffness in
the closed-loop system. High-bandwidth feedback control can be used to control flexible

structures through over-actuation, i.e., actively controlling the stage’s flexible dynamics with
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distributed actuators and sensors, which offers an opportunity to remove the limitation on
position control bandwidth imposed by the stage’s structural resonances.

[0094] Implementations of the present disclosure include introducing compliance in
the stage's structure through minimizing the resonance frequencies of the stage’s flexible
modes being controlled while maximizing the resonance frequencies of the uncontrolled
modes. The stage’s target control bandwidth is between the two groups of resonance
frequencies, as shown in FIG. 4A. This design methodology can enable material removal in the
stage’s structure to provide compliance in the actively-controlled modes, and will enable high
closed-loop control bandwidth by having high resonance frequencies in the uncontrolled
modes. Example implementations of the present disclosure provide break the acceleration-
bandwidth trade-off and create new stages with unprecedented acceleration without sacrificing
positioning bandwidth, as illustrated by the new feasible range 452 shown in FIG. 4B.

[0095] FIG. 7A shows a diagram for a lightweight magnetically levitated planar stage
of 320mmx320 mm. The stage’s magnetic design follows Kim et al. [50], where four Halbach
permanent magnet (PM) arrays are located at the corners of the stage to provide both vertical-
directional levitation forces and lateral-directional thrust forces. The lightweight stage structure
uses ribs to reinforce a thin stage top. In this example design, the stage’s first flexible mode is
intentionally designed to be compliant (resonance 50 Hz, well within the target control
bandwidth), and the rest of the flexible modes are stiffened to have resonance frequencies
above 500 Hz as shown in FIG. 7A. FIG. 7B shows the loop frequency response of the vertical-
directional position control of the proposed over-actuated stage and that of a baseline

lightweight stage (only rigid-body motion controlled; first resonance frequency 250 Hz). Data
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show that the proposed stage can achieve a high control bandwidth of 120 Hz with excellent
robustness, while the control bandwidth of the baseline is limited at 25 Hz due to the stage’s
uncontrolled structural resonance. In addition, the weight of the proposed stage is 1.2 kg while
that of the baseline stage is 2.7 kg. The significant weight reduction (55%) and bandwidth
increase (4x) show the excellent potential of the example method studied.

[0096] Optionally, the example systems and methods can include designing the part
being controlled (e.g., the stages illustrated in FIG. 7A- FIG. 7B) designed to achieve a large
separation in structural resonance frequencies (e.g., the separation shown in FIG. 4A). A
systematic stage topology design exploration method can be used to apply implementations of
the present disclosure to any mechanical system. In addition, while the example
implementation included sequential methods for the stage’s hardware and controller design,
implementations of the present disclosure can also include synergy between hardware design
and control must be leveraged to better exploit the potential of the proposed method.

[0097] Example 3:

[0098] Animplementation of the present disclosure was developed and tested for
high-precision positioning stages.

[0099] High-precision positioning stages can be important in a wide range of
manufacturing machines and instruments such as wafer/reticle stage in photolithography
scanners and MEMS inspection systems, and their motion performance can be critical to the
quality and throughput of the systems. Implementations of the present disclosure include a
lightweight precision motion system with unprecedented acceleration capability while

maintaining exceptional positioning accuracy and high control bandwidth that solves problems
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with existing motion systems [1C]. The example implementation can overcome problems with
existing lightweight stages. For example, when the weight of an existing lightweight stage is
reduced, the reduction of stages' weight tends to decrease its structural resonance frequency
to near or within the control bandwidth, which limits the closed-loop control bandwidth and
can even cause stability issues [2C].

[00100] The example implementation can overcome a limitation of existing
lightweight stages, where the achievable control bandwidth can be limited by the first
structural resonance frequency. Thus, existing stages are limited by a fundamental trade-off
between the stage's control bandwidth and acceleration capability, as is shown in FIG. 8A. The
example implementation of the present disclosure can break this fundamental trade off.

[00101] The example implementation of the present disclosure includes a lightweight
precision stage with high acceleration capability and high closed-loop stiffness simultaneously.
The present disclosure further includes a sequential structure and control design framework for
lightweight stages with low frequency flexible modes of the stage being actively controlled.
Consequently, the example target closed-loop control bandwidth lies in between the resonance
frequencies as shown in the plotillustrated in FIG. 8B. The sequential structure and control
design framework described herein can allow material removal in controlled resonance mode
shapes to reduce the stage's weight while enabling high control bandwidth which is limited by
the uncontrolled resonance frequencies.

[00102] Additionally, the present disclosure includes an optimization problem to
compute the best actuator/sensor placement. In some implementations, maximizing the

controllability/observability of the actively-controlled flexible modes while minimizing that of
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the uncontrolled modes can deliver the best positioning performance with reasonable control
effort magnitude. The present example implementation further includes a case study simulated
to evaluate the effectiveness of the example approach, where a stage weight reduction is
demonstrated compared to a baseline case. These results demonstrate the potential of the
proposed lightweight precision stage design framework. Experimental evaluation of the
designed stage's motion performance is performed on a magnetically levitated linear motor
platform.

[00103] The study included control co-design methods using implementations of the
present disclosure. The sequential control codesign framework can optionally be used to design
the hardware and controller for lightweight motion stages with their low-frequency flexible
modes actively controlled. The study included an optimization problem that determines the
stage's geometric parameters and is formulated to facilitate the active control for low-
frequency flexible modes. The study further included another optimization that determines the
actuator and sensor locations is performed to enhance the control bandwidth. The study also
included feedback controllers that are synthesized for the decoupled plant dynamics to control
the stage's motion and low-frequency flexible dynamics.

[00104] The example implementation in the study further included methods of stage
geometry design. In the study, the stage structure design was configured so that low frequency
flexible modes could be controlled. The example stage's geometry optimization can be

formulated as the following optimization problem:
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min [, (Qp )
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[00106] Here, the objective function ], represents the stage's weight, 6, is a vector
for the stage's geometric parameters, w; is the i-th modal frequency with its corresponding
vibration mode actively controlled, and w; is the j-th resonance frequency where the
corresponding mode shape is not controlled. w,,, is the upper bound for the actively
controlled resonance frequencies, and wp; 4y, is the lower bound for the uncontrolled resonance
frequencies. 8, min and 6, max are the lower and upper bounds for the stage's geometric
parameter, respectively. Such an optimization process can enforce material removal in the
stage's structure to allow for compliance in the activelycontrolled flexible modes, and add
material to stiffen the uncontrolled modes.

[00107] The selection of w,, and wygn can be used to determine the designed
stage's dynamic behavior. The system's target control bandwidth can be between w,,, and
Whigh , and wyg sets the new upper bound for the achievable control bandwidth for the
lightweight precision stage with actively controlled flexible modes, as illustrated in Fig. 8A.

[00108] To facilitate controller design while maintaining design feasibility, the values

of wyoy and wygy can be selected according to the target control bandwidth, for example
Wigw ~ %X Wpy and Wpigp ~ 5 X Wy, where wy,, is the target bandwidth. This method,
although robust, may lead to a relatively conservative stage design. To fully evaluate the
feasible design range in FIG. 8A, the value of wy;g, can be swept while considering the

actuator/sensor placement.
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[00109] The example implementation further included methods of actuator and
sensor placement. With the stage's structure fixed, the actuator and sensor placement
optimization problem for the proposed lightweight motion stage can be formulated as

[00110] maxg ep,Jo(0a) = Xiz1,. n Wpi(0a) —VXicnt1,...mWpi(6a), (2)

[00111] Maxg cp Jo(05) = Xiz1,. n Woi(Os) — ¥ Diznr1,..mWoi(6s), (3)

[00112] where 6, and 8, are vectors of actuator and sensor placement parameters,
respectively; D, and D, are the design domains for actuator/sensor locations, and y is a
positive user-defined weighting constant. W,,; and W,,; are the controllability and observability

grammians of i-th flexible mode, respectively, which can be calculated as

11es(8)T i (BIE

 1¢i(6) "B (8D : (4
4g;w; (4)

[00113] W,; = ————"=2,W,; =

4{jw;

[00114] where ¢; is the mass-normalized mode shape of i-th flexible mode, B, and C;
are the force and measurement assembling matrices, {; is the modal damping ratio, and w; is
the i-th resonance natural frequency. The controllability/observability grammians W,,; and W,
quantitatively evaluate the controllability/observability of the corresponding flexible mode in
the control system, which can reflect on the peak resonance magnitude in the system's
frequency response.

[00115] With actuator/sensor placement optimization formulation in (2) and (3), the
study of the example implementation was configured to maximize the
controllability/observability for the actively-controlled modes to reduce the required controller
gain, and to minimize those of the uncontrolled modes to reduce their coupling with the
control systems and thus facilitate the controller design. The value of weighting parameter y

can provide a trade-off between the two design goals: a low value in y emphasizes reducing the
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needed controller gain for actively-controlled modes, and a high value in ¥ emphasizes reducing
the cross-talk between uncontrolled modes and controlled modes.

[00116] The example implementation included feedback controllers and methods of
feedback controller design. With the stage's hardware design (including both stage's structure
and actuator/sensor placement) fixed, the plant dynamic can be found. Feedback controllers
are designed for each motion degree of freedom to attain the target control performance. FIG.
9 shows a block diagram 900 including a control loop for a lightweight stage with all six rigid-
body DOFs and one flexible mode under active control. Here, the lightweight stage plant
dynamics P:u — y can be obtained from solving (1), (2), and (3). The sensor measurements y
are transformed to individual DOFs via a measurement decoupling transformation. Seven
single-input, single-output (SISO) feedback controllers can then be designed for seven
decoupled channels assuming the cross-coupling between different DOFs is negligible near the
target control bandwidth. For each DOF, a fixed-structure SISO controller is selected following

reference [8C] as:

[00117] Ci(s) = K, (”“"') (i + 1) (“’—’Zp) (5)

s wg 52+221pw1ps+w12p
[00118] where the controller parameters are illustrated in FIG. 10. This controller
design follows [7C] where all the controller parameters except the controller gain can be
determined by a target control bandwidth wy,,,. This approach can simplify the parameter
tuning process. The proportional gain K, and the target bandwidth are determined such that
the control bandwidth is maximized while satisfying a robustness criteria of:

[00119] [ISk()Il, <2,k =1, ...,n,(6)
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[00120] where S, (s) is the closed-loop sensitivity function of the k-th channel as S, =
(I — G, C,) ™. With the control effort signals u; for each channel computed, an actuation
recoupling transformation is used to map the control signals to individual actuators.

[00121] The study included a case study of an example stage. The example stage was a
practical lightweight maglev planar positioning stage with the actuator's weight and location
considered simulated and compared to a baseline design where the stage's flexible modes are
not actively controlled. The example implementation of a stage design was fabricated and the
experimental setup for the maglev motor was built to verify the stage's actual closed-loop
motion performance.

[00122] The study considered an evaluation of a simulation. Fig. 11A shows the
magnetically levitated motion stage designed in the study of the example implementation. The
magnetically levitated motion stage is a rib-reinforced structure made of 7075-T6 aluminum
alloy of 300 mm X 300 mm in size. There are four neodymium permanent magnet arrays of
69.85 mm X 69.85 mm X 6.35 mm arranged at the corners of the stage to provide both the
thrust forces for planar motion and the levitation forces. Therefore, in this case, the actuator
positions are fixed so that the sensors are placed. The first four vibration mode shapes and
corresponding resonance frequencies are also shown in FIG. 11A. Herein, the rigid-body motion
of the stage in six DOFs are actively controlled. In addition, the example implementation of the
present disclosure design controls the first flexible mode while the baseline has no control on
flexible modes. The placement of the sensors is optimized in the example stage but not in the
baseline case. With a target bandwidth of 50 Hz, the baseline stage's geometric parameters are

designed to constrain the first resonance frequency above 250 Hz. The geometric parameters
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6, € R® and the actuator/sensor location parameters 8, = [x4, y,]" and 85 = [x,, y;]" are
also shown in Fig. 11A. FIG. 16 illustrates a comparison of the simulation of the example
implementation that was studied with a baseline design.

[00123] Due to the geometric complexity of the ribbed stage structure with
permanent magnets, analytical models may not be sufficient to capture its structural dynamics
accurately. In the example implementation, finite element (FE) simulation (with COMSOL
Multiphysics) is used to simulate the stage’s spatial-temporal behavior. In the stage geometry
optimization problem (1) formulation for the example implementation of a stage shown in FIG.
11A, to facilitate controller design with a target control bandwidth of ~100" " Hz, the values of
w "low" and w_"high" are selected as 50" " Hz and 600" " Hz, respectively. In addition, the
rib width and base height can optionally be constrained to be larger than 1" " mm and 0.635" "
mm respectively for the sake of manufacturability. With the stage geometry optimization
problem (1) fully formulated, the Optimization Module in COMSOL Multiphysics can be selected
to solve the problem, where an iterative method for derivative-free constrained optimization
COBYLA [9C] is employed. The resultant stage resonance frequencies and mode shapes are
illustrated in FIG. 11A and FIG. 11B. The sensor positioning optimization problem (3) is solved
with y=50. FIG. 11B illustrates a precision stage without flexible mode control and illustrates the
corresponding flexible modes. FIG. 11A and FIG. 11B both consider a permanent magnet array
with 69.85 mm X 69.85 mm X 6.35 mm for planar motor force generation, however the
permanent magnet array and its size are only non-limiting examples, and other actuators

and/or actuator sizes can be used in various implementations of the present disclosure.
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[00124] FIG. 12A and FIG. 12B illustrate the loop gains of both proposed and baseline
designs in y - and z-DOF. FIG. 12A illustrates that with sufficient stability margins in both cases,
the control bandwidth in proposed design is significantly larger than baseline design in y-DOF
since the 259 Hz resonance is limiting the bandwidth. In FIG. 12B, both cases can achieve 100
Hz bandwidth. However, the 259 Hz resonance is still coupled in this channel but with a small
peak magnitude and imperfect actuator/sensor placement or decoupling can increase the peak
and thus cause stability issues. The lightly-damped 259 Hz resonance mode can be excited by
external disturbance and thus impair the stage's positioning precision. The weight of the
proposed stage design (1.68 kg) is reduced by 24% compared to baseline design (2.21 kg). The
comparisons indicate the potential of the proposed framework to improve stage's acceleration
while maintaining high bandwidth and accuracy.

[00125] To verify the improvement and effectiveness of the example implementation
that was studied, the designed stage of the case study was fabricated as shown in FIG. 14. The
ribbed aluminum structure and base sheet are both done by precise waterjet cutting with taper
compensation. The magnet arrays at corners provide thrust and levitation force. The magnet
arrays are patterned as 4-segment-per-spatial- period Halbach arrays, which can generate
higher magnetic field. They are made of N52 NdFeB permanent magnets with spatial period to
be 25.4 mm and assembled by Loctite structural adhesive.

[00126] The overall planar motor design for actuation and sensing of the stage is
shown in FIG. 13. Four inductive sensors are placed at the location computed from (3) to
measure the vertical displacement. Optionally, the inductive sensors are DWAS-509-M8-390

sold under the trademark DW Series. Three laser displacement sensors sold under the
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trademark Keyence LK-H152 were used to measure the full x and y axis motions. It should be
understood that any sensors can be used, and that these are only non-limiting examples of
inductive sensors and laser displacement sensors that were used in an example implementation
of the present disclosure. The planar motor stators are made of Aluminum 6061 as shown in
FIG. 15A. In the example implementation, the planar motor stator thickness is chosen to be
25.4 mm so that the magnet arrays are sufficiently far from the bottom half of the coil and the
optical table while the winding resistance is not too large. To maximize the instantaneous force
capability and therefore the acceleration capability, the thickness of the winding coils is chosen
to be 15 mm according to parameter sweeping in the electromagnetic simulations, which were
performed in the study using Ansys Maxwell. The example power op-amp used in the study was
a PA12 sold under the trademark APEX, with a typical voltage swing of £34 V and peak current
of 10 A. The study choose AWG#19 for the example coil winding with sufficiently small total
winding resistance to generate the desired peak current. One single coil winding can include
100 turns with MWS AWG#19 resistance-bondable magnet wire as shown in FIG. 15B. Again, it
should be understood that the dimensions and materials chosen for the planar motor design
are intended only as non-limiting examples, and that other configurations of stages can be used
in alternative implementations of the present disclosure.

[00127] The study of the example implementation evaluated a sequential hardware-
control co-design framework for lightweight precision positioning stages with high acceleration
capability and high control bandwidth simultaneously. The performance and effectiveness of
the framework is first evaluated by numerical simulations using a maglev stage as case study.

The significant weight reduction and improvement in control bandwidth of proposed design
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compared to a baseline case demonstrate the huge potential. A planar motor is designed and
built to experimentally evaluate the proposed stage design's motion performance and the
results will be presented in the oral presentation.

[00128] In some implementations of the present disclosure an integrated hardware-
control design approach can be used. A non-limiting example of an integrated hardware-control
design approach is a nested control co-design framework to further exploit the synergy
between the stage's structural design phase and controller design phase. Topology optimization
formulation rather than shape parameterization can also be an effective computational tool to
further optimize the stage's structure and reduce the stage's weight.

[00129] It should be appreciated that the logical operations described herein with
respect to the various figures may be implemented (1) as a sequence of computer-
implemented acts or program modaules (i.e., software) running on a computing device (e.g., the
computing device described in FIG. 3), (2) as interconnected machine logic circuits or circuit
modules (i.e., hardware) within the computing device and/or (3) a combination of software and
hardware of the computing device. Thus, the logical operations discussed herein are not limited
to any specific combination of hardware and software. The implementation is a matter of
choice dependent on the performance and other requirements of the computing device.
Accordingly, the logical operations described herein are referred to variously as operations,
structural devices, acts, or modules. These operations, structural devices, acts and modules
may be implemented in software, in firmware, in special-purpose digital logic, and any

combination thereof. It should also be appreciated that more or fewer operations may be
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performed than shown in the figures and described herein. These operations may also be
performed in a different order than those described herein.

[00130] Referring to FIG. 3, an example computing device 500 upon which the
methods described herein may be implemented is illustrated. It should be understood that the
example computing device 500 is only one example of a suitable computing environment upon
which the methods described herein may be implemented. Optionally, the computing device
500 can be a well-known computing system including, but not limited to, personal computers,
servers, handheld or laptop devices, multiprocessor systems, microprocessor-based systems,
network personal computers (PCs), minicomputers, mainframe computers, embedded systems,
and/or distributed computing environments including a plurality of any of the above systems or
devices. Distributed computing environments enable remote computing devices, which are
connected to a communication network or other data transmission medium, to perform various
tasks. In the distributed computing environment, the program modules, applications, and other
data may be stored on local and/or remote computer storage media.

[00131] Inits most basic configuration, computing device 500 typically includes at
least one processing unit 506 and system memory 504. Depending on the exact configuration
and type of computing device, system memory 504 may be volatile (such as random access
memory (RAM)), non-volatile (such as read-only memory (ROM), flash memory, etc.), or some
combination of the two. This most basic configuration is illustrated in FIG. 3 by dashed line 502.
The processing unit 506 may be a standard programmable processor that performs arithmetic

and logic operations necessary for operation of the computing device 500. The computing
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device 500 may also include a bus or other communication mechanism for communicating
information among various components of the computing device 500.

[00132] Computing device 500 may have additional features/functionality. For
example, computing device 500 may include additional storage such as removable storage 508
and non-removable storage 510 including, but not limited to, magnetic or optical disks or tapes.
Computing device 500 may also contain network connection(s) 516 that allow the device to
communicate with other devices. Computing device 500 may also have input device(s) 514 such
as a keyboard, mouse, touch screen, etc. Qutput device(s) 512 such as a display, speakers,
printer, etc. may also be included. The additional devices may be connected to the bus in order
to facilitate communication of data among the components of the computing device 500. All
these devices are well-known in the art and need not be discussed at length here.

[00133] The processing unit 506 may be configured to execute program code encoded
in tangible, computer-readable media. Tangible, computer-readable media refers to any media
that is capable of providing data that causes the computing device 500 (i.e., a machine) to
operate in a particular fashion. Various computer-readable media may be utilized to provide
instructions to the processing unit 506 for execution. Example tangible, computer-readable
media may include, but is not limited to, volatile media, non-volatile media, removable media
and non-removable media implemented in any method or technology for storage of
information such as computer-readable instructions, data structures, program modules or
other data. System memory 504, removable storage 508, and non-removable storage 510 are
all examples of tangible, computer storage media. Example tangible, computer-readable

recording media include, but are not limited to, an integrated circuit (e.g., field-programmable
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gate array or application-specific IC), a hard disk, an optical disk, a magneto-optical disk, a
floppy disk, a magnetic tape, a holographic storage medium, a solid-state device, RAM, ROM,
electrically erasable program read-only memory (EEPROM), flash memory or other memory
technology, CD-ROM, digital versatile disks (DVD) or other optical storage, magnetic cassettes,
magnetic tape, magnetic disk storage or other magnetic storage devices.

[00134] Inan example implementation, the processing unit 506 may execute program
code stored in the system memory 504. For example, the bus may carry data to the system
memory 504, from which the processing unit 506 receives and executes instructions. The data
received by the system memory 504 may optionally be stored on the removable storage 508 or
the non-removable storage 510 before or after execution by the processing unit 506.

[00135] It should be understood that the various techniques described herein may be
implemented in connection with hardware or software or, where appropriate, with a
combination thereof. Thus, the methods and apparatuses of the presently disclosed subject
matter, or certain aspects or portions thereof, may take the form of program code (i.e.,
instructions) embodied in tangible media, such as floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium wherein, when the program code is loaded into
and executed by a machine, such as a computing device, the machine becomes an apparatus
for practicing the presently disclosed subject matter. In the case of program code execution on
programmable computers, the computing device generally includes a processor, a storage
medium readable by the processor (including volatile and non-volatile memory and/or storage
elements), at least one input device, and at least one output device. One or more programs

may implement or utilize the processes described in connection with the presently disclosed
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subject matter, e.g., through the use of an application programming interface (API), reusable
controls, or the like. Such programs may be implemented in a high-level procedural or object-
oriented programming language to communicate with a computer system. However, the
program(s) can be implemented in assembly or machine language, if desired. In any case, the
language may be a compiled or interpreted language and it may be combined with hardware
implementations.
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WHAT IS CLAIMED:

1. A system comprising:
a part;
a plurality of actuators configured to over-actuate the part; and
a computing device in operable communication with the plurality of actuators,
wherein the computing device comprises a processor and a memory, the memory
having computer-executable instructions stored thereon that, when executed by the

processor, cause the processor to: control the part using the plurality of actuators.

2. The system of claim 1, wherein the part is a selectively compliant part.

3. The system of claim 2, wherein the selectively compliant part is configured to have a

first flexible mode.

4. The system of claim 3, wherein the memory has further computer-executable
instructions stored thereon that, when executed by the processor, cause the processor

to control the first flexible mode of the selectively compliant part.

5. The system of claim 4, wherein controlling the first flexible mode of the selectively

compliant part comprises actively controlling a flexible dynamic of the selectively

compliant part.
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10.

11.

12

The system of claim 3, wherein the plurality of are configured so that a control

bandwidth of the system is greater than the first flexible mode.

The system of claim 3, wherein the part has a second flexible mode greater than the first

flexible mode.

The system of claim 7, wherein the second flexible mode is greater than a control

bandwidth of the system.

The system of claim 1, wherein the part is a precision stage.

Thes system of claim 1, wherein the part is a laser-cutting mirror.

The system of claim 3, wherein the first flexible mode is a bending mode.

. A method of designing an over-actuated system, comprising:

positioning a plurality of actuators to over-actuate a part of the over-actuated
system; and

configuring a controller to control the part using the plurality of actuators.

13. The method of claim 12, further comprising configuring the part in in the over-actuated

system to be selectively compliant.
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14. The method of claim 13, wherein the part is configured to have a first flexible mode.

15.

16.

17.

18

19

20.

The method of claim 14, wherein configuring the controller to control the part using the
plurality of actuators comprises configuring the controller to control the first flexible

mode of the part.

The method of claim 15, wherein the controller has a control bandwidth less than a

second flexible mode of the part.

The method of claim 15, wherein the controller is configured so that a control

bandwidth of the system is greater than the first flexible mode.

. The method of claim 14, wherein the first flexible mode is a bending mode.

. The method of claim 12, wherein the part is a precision stage and the over-actuated

system is a photolithography machine.

The method of claim 12 wherein the part is a laser-cutting mirror and the over-actuated

system is a laser cutter.
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Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application

earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which
is cited to establish the publication date of another citation or other
special reason (as specified)
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later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
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being obvious to a person skilled in the art
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