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NANOMECHANICAL TESTING SYSTEM 

RELATED APPLICATIONS 

This application is an international filing that claims priority benefit of 

U.S. Provisional Application Serial No. 61/441,511, filed February 10, 2011, 

and U.S. Provisional Application Serial No. 611551,394, filed October 25, 2011, 

both of which are incorporated herein by reference in their entirety. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 
OR DEVELOPMENT 

This invention was made with government support under award number 

DE-SC0002722 awarded by the US Department of Energy. The government has 

certain rights in this invention. 

TECHNICAL FIELD 

Nano and micron scale material testing. 

COPYRIGHT NOTICE 

A portion of the disclosure of this patent document contains material that 

25 is subject to copyright protection. The copyright owner has no objection to the 

facsimile reproduction by anyone of the patent document or the patent 

disclosure, as it appears in the Patent and Trademark Office patent files or 

records, but otherwise reserves all copyright rights whatsoever. The following 

notice applies to the software and data as described below and in the drawings 

30 that form a part of this document: Copyright H ysitron, Inc. All Rights Reserved. 

BACKGROUND 

Nanomechanical test instruments are used in R&D facilities around the 

world for quantitative mechanical and tribological measurements. 

35 Nanoindentation is a method to quantitatively measure a sample's mechanical 

properties, such as elastic modulus and hardness, for example, using a small 

force and a high resolution displacement sensor. Typically, a force employed in 



nanoindentation is less than I 0 mN, with a typical displacement range being 

smaller than I 0 µm, and with a noise level typically being better than I nm nns. 

The force and displacement data are used to determine a sample's mechanical 

properties, and to determine if the properties are within acceptable performance 

5 limits for a particular product or application. 

In some examples a probe with a well-known shape is pressed into a 

material in a predetermined manner and removed therefrom while continuously 

measuring the probe position and applied probe/sample contact force. 

Nanomechanical characterization employs one or more actuators and sensors to 

10 perform one or more of control or measurement of the applied force that the 

probe exerts on the material and the relative displacement of the probe during the 

test. Sensors and actuators are applied along a single axis, in one example, as is 

the case with standard instrumented depth sensing indentation, or in two to three 

dimensional space for tribological measurements. Probe-based nanomechanical 

15 testing techniques are used for the determination of mechanical properties such 

as hardness, modulus, fracture toughness and tribological characteristics such as 

scratch/mar resistance, friction coefficient measurement and interfacial adhesion 

assessment. 

Critical technological advances in nanomechanical test instruments have 

20 been mandated by the ability to control processes and structures to nanometer 

length scales and have required the development of higher sensitivity force and 

displacement actuators/sensors. Due to combined advances in actuator/sensor 

and control electronics technologies, nanomechanical testing systems can control 

and measure forces to within several nano-Newtons (nN) and control and 

25 measure displacements within several Angstroms (A). These developments have 

permitted quantitative nanomechanical characterization of ultra- small volumes 

of material, including thin films used in the semiconductor and data storage 

industries; nano-composite polymers, ceramics, metals,; and nanostructures 

including nanoparticles, nanowires, nanopillars, and nanotubes. 

30 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings, which are not necessarily drawn to scale, like numerals 

may describe similar components in different views. Like numerals having 

different letter suffixes may represent different instances of similar components. 
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The drawings illustrate generally, by way of example, but not by way of 

limitation, various embodiments diseussed in the present document. 

Figure 1 

Figure 2 

Figure 3A 

Figure 3B 

Figure 4A 

Figure 4B 

Figure 5 

Figure 6A 

Figure 6B 

Figure ?A 

Figure 7B 

Figure 7C 

Figure 8 

is a perspective view of one example of an automated testing 

assembly. 

is an exploded view of one example of a sample handling module 

and a plurality of storage modules. 

is an exploded view of a storage module as shown in Figure 2 

including a plurality samples for storage therein. 

is a perspective view of another example of a storage module 

including multiple samples for use with a sample handling 

module and an automated testing assembly. 

is a plan view of one example of a robotic handling system in a 

plurality of orientations with a sample within the sample handling 

module of Figure 2. 

is a perspective view of one example of a pre-aligner for use in 

the sample handling module of Figure 2. 

is a block diagram showing one example of an automation 

method for mechanically testing one or more of a plurality of 

samples or a plurality of test locations on a sample with the 

automated testing assembly. 

is a perspective view of one example of an automated testing 

system. 

is a detailed perspective view of the automated testing system 

shown in Figure 6A. 

is a perspective view of mechanical testing instrument and an 

optical instrument coupled with an instrument stage. 

is another perspective view of the mechanical testing instrument 

including the instrument tip and the optical instrument shown in 

Figure ?A. 

is a schematic diagram showing one example of a transducer 

assembly. 

is a perspective view of an instrument stage coupled with a low 

load and high load mechanical testing instruments and an optical 

instrument. 
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Figure 9 

Figure JOA 

5 

Figure !OB 

10 Figure I IA 

Figure llB 

Figure 12A 

15 Figure 12B 

Figure 13 

Figure 14 

20 

Figure 15 

Figure 16 

25 

Figure 17 

30 Figure 18 

is a perspective view of one example of a cantilevered instrument 

column and a sample stage including a sample stage surface and 

an X, Y and Theta degree of freedom stage actuator assembly. 

is a perspective view of one example of a sample stage surface 

with a plurality of elevation pins elevated relative to the sample 

stage surface. 

is a perspective view of the sample stage surface of Figure I OA 

with the plurality of elevation pins substantially flush relative to 

the sample stage surface. 

is a detailed perspective view of the automated testing system 

including a tip changing assembly. 

is a perspective view of the tip changing assembly including a tip 

magazine and the stage receptacle flange. 

is a perspective view of one example of a tip change unit. 

is a cross sectional view of the tip change unit of Figure 12A. 

is a perspective view of the tip change unit with a drive cap in 

broken lines to show one example of a rotary clutch in the tip 

change unit. 

is a cross sectional view of the tip change unit showing 

components of the rotary clutch shown in Figure 13. 

is a detailed perspective view of one example of the pawl of the 

rotary clutch. 

is a perspective view of the tip change unit shown in Figure 12A 

including a mirror coupled with a mirror arm to facilitate viewing 

of one or more of identification or calibration data of an 

instrument tip coupled with the tip change unit. 

is a block diagram showing one example of an automatic method 

for performing a space indentation diagnostic of a transducer of a 

mechanical testing instrument. 

is a block diagram showing one example of an automatic method 

for performing a tip diagnostic of an instrument tip of a 

mechanical testing instrument. 

4 



Figure 19 is a block diagram showing one example of an automatic method 

for performing a tip calibration of an instrument tip of a 

mechanical testing instrument. 

Figure 20 is a block diagram showing one example of an automatic method 

5 for installing an instrument tip in a mechanical testing instrument. 

Figure 21 A is a schematic view of one example of a sample stage of the 

automated testing system positioned with translational and 

rotational stages. 

Figure 21B is a schematic view of another example ofa sample stage of the 

1 O automated testing system positioned with translational stages. 
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Figure 22A is a plan view of one example of a testing system including 

translational stages and limited instrument coverage of a sample 

stage. 

Figure 22B 

Figure 22C 

Figure 23 

Figure 24 

Figure 25 

Figure 26A 

Figure 26B 

Figure 26C 

is a plan view of another example of a testing system including 

translational stages and an enhanced overall system footprint. 

is a plan view of yet another example of a testing system 

including translational stages and an enhanced overall system 

footprint. 

is a plan view of the testing system shown in Figure 6A including 

translational and rotational stages and a minimized footprint and 

minimal cantilevered instrument column length. 

is a perspective view of one example of a translational stage for 

use with the sample stage shown in Figure 6A. 

is a perspective partial sectional view of one example of a 

rotational stage for use with the sample stage shown in Figure 6A. 

is a schematic view of one example of the sample stage shown in 

Figure 6A including a stage coordinate system. 

is a schematic view of one example of a sample including a 

sample coordinate system and first and second reference marks. 

is a schematic view of the sample shown in Figure 26B coupled 

with the sample stage shown in Figure 26A translational and 

rotational misalignment exaggerated between the sample and the 

sample stage. 
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Figure 27 A is a block diagram showing one example of a method for 

determining an instrument offset between at least two instruments 

of the testing system. 

Figure 27B is a schematic diagram showing one example of a sample stage, 

5 an initialization sample and optical and mechanical testing 

instruments with an instrument offset between the instruments. 

Figure 28A is a block diagram showing one example of a method for 

determining a center ofrotation of a sample stage of the testing 

system. 

I 0 Figure 28B is a schematic diagram showing one example of a sample stage 

and an initialization sample with marks at each of a plurality of 

marking locations on the initialization sample. 

Figure 29 A is a block diagram showing one example of a method for 

translational deskewing of a sample on a sample stage. 

15 Figure 29B is a schematic diagram showing one example of a sample coupled 

with the sample stage and a plurality of detected locations 

forming the boundaries of a translational deskewing circle, and a 

first reference point is the center of the circle. 

Figure 30A is a block diagram showing one example of a method for 

20 rotational deskewing of a sample on a sample stage. 

Figure 30B is a detailed schematic diagram showing one example of a sample 

having a second reference point at a second reference angular 

offset to a first reference point. 

Figure 3 lA is a block diagram showing one example of a method for aligning 

25 an instrument with one or more test site locations of a sample. 

30 

Figure 3 lB is a block diagram showing one example of a method for aligning 

an instrument with one or more test site locations of a sample 

based on a coordinate system of the sample. 

DESCRIPTION OF THE EMBODIMENTS 

In the following detailed description, reference is made to the 

accompanying drawings which form a part hereof, and in which is shown by 

way of illustration how specific embodiments of the present disclosure may be 

practiced. In this regard, directional terminology, such as "top," "bottom," 
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"front," "back," "leading," "trailing," etc., is used with reference to the 

orientation of the Figure(s) being described. Because components of 

embodiments of the present apparatus can be positioned in a number of different 

orientations, the directional terminology is used for purposes of illustration and 

5 is in no way limiting. These embodiments are described in sufficient detail to 

enable those skilled in the art to practice aspects of this disclosure, and it is to be 

understood that other embodiments may be utilized and that structural changes 

may be made without departing from the scope of the present disclosure. 

Therefore, the following detailed description is not to be taken in a limiting 

IO sense, and the scope of the present disclosure is defined by the appended claims 

and their equivalents. 

OVERVIEW 

The systems described herein provide a series of capabilities beyond 

15 those of previous devices. Reference is made in this overview to an automated 

testing assembly I 00 as described herein including its components. Multiple 

measurements of multiple samples are performed without time and labor 

intensive reloading and corresponding repositioning of a sample for a single 

measurement. High throughput of samples with rapid measurements of one or 

20 more samples are achieved with the systems described below. Sample handling, 

positioning, testing and observation of one or more samples 202 (e.g., 10, I 00, 

1000 or more samples) are performed by the system while the system is 

adaptively able to: prepare the one or more samples, execute testing routines, 

configure and calibrate the instruments, selectively operate the instruments as 

25 needed (to test, verify data, calibrate the instruments and the like), configure the 

instruments, identify testing locations, execute measurements and analyze data. 

Because the system I 00 is configured to conduct testing and measurement of a 

large number of samples, technician error, for instance, from individual handling 

(of instruments and samples), positioning and testing of discrete samples is 

30 substantially avoided. 

In contrast, other systems require labor and time intensive effort by 

technicians having substantial technieal aptitude to properly prepare individual 

discrete samples, calibrate the system, set up the appropriate testing routines and 

execute measurements. 
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Furthermore, the systems described herein ensure rapid, accurate and 

consistent testing of a plurality of samples within environmental conditions that 

cause disto1iion and inaccuracy of measurements taken on the sub-micron scale 

(i.e., micron scale; one or more microns and below, such as the nano scale). The 

5 systems isolate the automated testing system 600 and correspondingly minimize 

the effects of disturbances including, but not limited to, acoustical, air flow, 

temperature variability, vibratory disturbances and the like. Testing and 

measurement with the systems are performed with inherent and uncontrollable 

disturbances present in these exterior environments (e.g., manufacturing), 

10 making in-line and near-line nanomechanical testing possible. Stated another 

way, the systems 100 described herein are configured for use within production 

environments and thereby capable of rapidly and accurately testing and 

measuring mechanical properties at micron, sub-micron and nano scales. 

Remote and discrete testing of a sample relative to the production environment is 

15 thereby avoided. 

Moreover, the systems described herein facilitate the testing and 

measurement oflarge quantities of samples in the production environment while 

at the same time minimizing material contamination, mateiial breakage and 

system downtime. 

20 The apparatus provides systems and methods for testing a series of 

material samples 202, 310 (e.g., plurality of 10, 100, 1000 or more) utilizing a 

micro- and nanomechanical testing instrument 612. The apparatus and method 

includes: 

delivering a plurality of material samples 202 to a micro and/or 

25 nanomechanical testing instrument 612 of an automated testing system; 

positioning at least one of the plurality of material samples 202 in a 

substantially pre-determined position relative to at least one probe having a 

substantially known tip geometry. In one example, the system 100 is configured 

to not, per-se, place samples in a pre-determined location, but rather place the 

30 sample 202 on a sample stage 614, and then through an automated process, bring 

the stage 614 carrying the sample 202 to the probe 702 of the mechanical testing 

instrument 612 for testing; 

applying a force with a probe 702 in one or more of a normal direction 

( e.g.,the Z axis/direction, which may be substantially perpendicular to the 

8 



sample surface) and/or lateral direetion(s) (e.g., substantially in-plane with the 

sample surface, otherwise generally known as the the x- and y- axis/directions) 

relative to the surface of the positioned sample 202; 

collecting data relative to the interaction or interactions between the 

5 probe 702 and a positioned sample (such as force-displacement data); 

10 

disengagement of the probe 702 from the sample 202, followed by the 

apparatus (e.g., by a robotic handling system 200) unloading the tested mateiial 

sample 702 before loading and testing the next sample. 

Materials Capable of Being Tested By One or More Examples 

of These Systems and Methods 

In the course of the following descliption reference is made to a valiety 

of matelials that will undergo nanomechanical testing as "materials" or 

"samples." As detailed herein, the terms "material(s)" or "sample(s)" broadly 

15 cover a wide variety of substances capable of being tested nanomechanically. 

These materials are virtually any composition, and include, but are not limited 

to, such substances as: ceramics, metals, polymers, wood, biological materials 

(such as red blood cells, cartilage, bone), liquids, viscous matelials, MEMS 

devices and the like. While the materials tested are virtually unlimited, one of 

20 ordinary skill in the art will recognize that the critical and necessary aspects of 

an automated nanomechanical testing system will be relatively uniform, 

regardless of the actual materials tested. For illustrative purposes only, the 

following system I 00 and methods will describe an example of such a system 

wherein the materials tested are semiconducting materials deposited on wafers. 

25 The disclosure herein is intended to broadly cover the testing of other samples 

and sample materials beyond semiconductor wafers and materials. Throughout 

this specification, reference may be made to one semiconductor wafer (or one 

other material) as the "sample" indicating it is one sample in a larger set of 

samples that collectively are referred to as a "material" or "materials". For 

30 example, broadly speaking, the nanomechanical testing instruments 612 conduct 

tests on matelials (e.g., semiconductors), but individual "samples" of those 

materials are loaded into the instrument and tested. 
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Storage Modules Suitable for Storing Material to Tested 

Materials are delivered to and removed from the nanomechanical testing 

instrument (e.g., the automated testing system 600). One or more of a plurality 

of devices are configured to deliver and/or remove the materials. One example, 

5 described further below, stores materials prior to testing in an appropriate 

container or storage module 104. The type of storage module is dependent on 

the nature of the materials tested. Other examples of material handling devices, 

prior to testing, serially deliver material samples to the nanoindentation 

apparatus using automated means, such as a conveyer belt-type apparatus, 

10 robotic assemblies and the like. Other options are considered as well. 

Storage Module 

One option for a storage module is the material storage module ("SM"), 

wherein a number of similar mateiials are arranged and stored piior to 

15 nanomechanical testing of said mateiials. The specific type of storage module 

will depend upon a number of factors, such as the size of the sample and the 

number of samples tested in a testing sequence. 

Small Samples: Where the samples to be tested are relatively small, as is 

the case with, for example, certain MEMS devices (i.e., Microelectromechanical 

20 Systems) or numerous liquid samples, the material storage module is optionally 

relatively small, and is accommodated entirely within the testing enclosure 

without needing opening of the testing chamber to seiially place and remove test 

samples. Examples of such storage modules include a microplate having a series 

of sample wells (such as 6, 12, 24, 96, 384or1536 sample wells arranged in a 

25 2:3 rectangular matrix), such as the sample module 308 shown in Figure 3B. 

Another such example of a storage module includes a pallet an array of, for 

example, MEMS devices or other small samples positioned or fixed on the 

pallet. 

Larger Samples: Where multiple samples are not readily accommodated 

30 within the confines of a testing enclosure 108 the nanomechanical testing system 

100 employs, in one example, a storage module 104 for containing test samples 

outside of the enclosure. In some embodiments, said external material storage 

module 104 acts as a magazine and contains multiple smaller material storage 

modules (such as, for example, palletized MEMS devices, the aforementioned 

10 



microplate, and the like) for individual loading into the enclosure for testing. In 

another embodiment, in the semiconductor industry, the storage module is a 

FOUP, or Front Open Unified Pod, which stores and transports 13, 25 or another 

number of individual wafers, such as a plurality of samples 302 (See Figure 3A). 

5 As one of ordinary skill in the art will readily appreciate, a FOUP is an example 

of a storage module. Many other non-FOUP storage modules exist, but are 

referred to by other names or acronyms depending on the relevant industry and 

the specific material housed. 

10 Delivery Mechanism 

In another embodiment, samples tested are not transported and stored in a 

Material Storage System prior to testing, but are instead serially delivered via a 

mechanical apparatus, such as a conveyer belt, to or near the testing site. While 

those of ordinary skill in the art will recognize that such delivery apparatuses can 

15 take many forms (the conveyer belt being one such form) we will refer to 

delivery apparatuses collectively as "delivery mechanisms." 

In one embodiment of the delivery mechanism, the physical location of 

the individual materials with respect to the delivery mechanism or storage 

module is known or predetermined. The handling system (addressed below) is 

20 able to ascertain the position of the transported material to be tested in order to 

engage the samples prior to positioning the samples for nanomechanical testing. 

The storage module, such as the storage module 104, will house the materials in 

a uniform and predetermined arrangement (such as in a FOUP). Alternatively, 

the handling system will be capable of interacting with the materials in the 

25 storage module or on the delivery mechanism in such a way that the handling 

system can reliably locate and engage each individual sample prior to testing. 

In one example, there is uniform spacing between the individual samples, 

for instance a plurality of samples 302 or 310 are arrange in a uniform manner. 

In certain embodiments, sensing devices are employed to reliably identify the 

30 location of a material prior to the handling system interaction with the same 

where the spacing of each material is not substantially uniform. Such sensing 

devices include, but are not limited to, pattern and shape recognition sensors, 

acoustical sensors, thermographic sensors, tactile sensors, RF sensors, electrical 

contacts and the like. 
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Regardless of the actual means employed, the mate1ials are stored and/or 

delivered to or proximate to the nanomechanical testing instrument (such as the 

instrument 612 of the automated testing system 600) in such a manner that in 

one example, a handling system (such as the robotic handling system 200 shown 

5 in Figure 2) is able to releasably and selectively engage said samples 202 (e.g., 

picking them up, repositioning them, moving them, etc.) to deliver them to the 

nanomechanical testing instrument. In another example, the materials are 

automatically delivered to a nanomechanical testing system 600 without the 

intervening handling system. Aspects of the handling system are addressed in 

JO more detail below. 

Handling System 

The handling system, which can take numerous forms, is responsible for 

serially engaging multiple samples 202 (materials) and moving said material 

15 either from the storage module 104 or the delivery mechanism (e.g., a chute, bin, 

belt conveyor or the like). In one embodiment, the handling system, such as the 

robotic handling system 200 shown in Figure 2, engages a material and 

mechanically positions that material on a support structure, such as a mechanical 

testing stage 614 as shown in Figures 6A, B (e.g., a wafer chuck) that is located 

20 inside a nanomechanical testing instrument. Handling systems take many forms, 

each appropriate to the material being tested. For the purposes of explaining the 

apparatus, one example of a handling system (in this instance, an EFEM) is used 

in one embodiment. 

An EFEM is employed to transport material (in this case silicon wafers 

25 or quartz photo-masks) between storage carriers (e.g., modules 104, such as 

FOUPs) and the nanomechanical testing instrument 612 of the system 600 

(described below). In an embodiment, an EFEM is configured to unload 

material, such as a 300 mm wafer sample 202, and deliver that wafer to a 

nanomechanical testing instrument (e.g., instrument 612 of the automated testing 

30 system 600) for testing, imaging, or other analysis, and then return the material 

to its carrier, such as the storage module 104, upon completion of said process or 

test. While an EFEM is an example of a system and apparatus for handling 

materials, we will refer to any system for handling materials as a handling 

system. Examples of non-EFEM handling systems in other industries include 

12 



dedicated robotics systems that act as an intermediate mechanism to "bridge the 

gap" between two or more systems/processes. Such handling systems with 

various configurations are employed in numerous industries, including (by way 

of example and not oflimitation): the phannaceutical and biotech, 

5 semiconductor, nano-technology, photovoltaics (PV) solar cell, fuel cell, data 

storage, opto-electronics, and liquid crystal display/ light emitting diode 

industries. 

JO 

Opener 

Where material samples are contained in a material storage module 104, 

the handling system is configured, in one example, with an opener to render 

accessible the samples or materials stored in the module. In the semiconductor 

industry, wafers stored in a FOUP (a FOUP is one example of a material storage 

module) are delivered to a FOUP opener (one kind of opener) that is attached to 

15 the Equipment Front End Module (EFEM) (the sample handling module I 06 in 

Figure 1) employing robotic means for manipulating wafers as well as, in some 

instances, a wafer realignment device (see below). 

In an exemplary system, the EFEM is configured to insert and withdraw 

200 and 300 mm wafers from the nanomechanical test instrument. More 

20 specifically, the front of the EFEM will contain one or more Front Opening 

Unified Pod (FOUP) openers for 13 and 25 wafer FOUPs (cassettes). For 

instance, the sample handling module in Figure 1 includes one or more storage 

module loading racks 204 configured to receive and facilitate the opening of the 

storage modules 104 (See Figure 2). In another embodiment, a robotic arm 

25 provides the transfer functionality between the cassette, a pre-aligner, and the 

nanomechanical test instrument. For instance a robotic handling system 200, 

shown in Figure 2, includes in one example an articulating arm 402 and one or 

more handling forks 404 as shown in Figure 4A. Means of sample transfer other 

than a robotic arm may also be used without departing from the scope of this 

30 disclosure (e.g., mechanical linkage assemblies, vacuum assemblies, electrostatic 

actuators, magnetic actuators, high pressure gas jets and the like). 
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Pre-aligner 

In one system, the handling system (e.g., the EFEM) incorporates a pre­

aligner 412 (Figures 4A, B) which includes approximately ±0.05° accuracy to 

position the sample 202, such as the wafer (or any other material), in the desired 

5 orientation prior to placement within the nanomechanical test instrument (e.g., 

on a sample stage 614 as shown in Figure 6A). In other embodiments, sample 

alignment and re-alignment is handled inside the nanomechanical test instrument 

by, for example, a stage or wafer chuck 614 capable of one or more of rotational 

and translational movement. 

JO 

15 

Ionizer 

In an embodiment, the EFEM units also contains an ionizer and+ 1 Pa 

environment module (FFU). 

Nanomechanical Testing Instrnment (NTI) 

The system 100 and methods for using the same include a 

nanomechanical testing instrument. One nanomechanical testing instrument 

includes, but is not limited to, the Hysitron TI950 Triboindenter. 

Nanomechanical testing instruments, such as the TI950 are configured with 

20 computer, software and controller means for conducting automated 

nanomechanical testing. In other embodiments, and as explained further below, 

the NTI is an automated, high throughput instrument (e.g., the automated testing 

system 600) capable of supporting numerous nanomechanical characterization 

techniques and is coupled to a control module, such as the control station 110 

25 shown in Figure 1, and enables precise, feedback-controlled nanomechanical 

testing of a large number of samples. A plurality of various NTis may be utilized 

with the automated testing assembly 100, depending upon the nature of the 

samples to be tested. One such example is outlined below. 

30 AUTOMATED MECHANICAL TEST APPARATUS FOR MICRON 

AND NANO-SCALE TESTING 

The automated testing system 600 includes a mechanical testing 

instrument 612 having the testing probe 702 (See Figures 6A, B and 7 A-C). The 

automated testing system 600 is configured for one or more of indentation, 
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scratching and other testing operations including, but not limited to, tension, 

compression, fracture, tribological testing and the like. 

The actuator/sensor, such as the transducer assembly 700, is configured 

to provide force and displacement in one or more of the normal, lateral and 

5 arcuate directions with one or more testing heads (e.g., probes or tips 702) 

configured for any combination of normal, lateral and arcuate movement 

directions. 

Translation staging, including one or more of the sample stage 614 

including the stage actuator assembly 618, or an instrument stage 608 are 

10 configured, in one example, for any combination ofXYZ translation for material 

and/or testing head translation. In another example, the sample stage 614 is 

configured for material positioning of the sample 202 relative to the testing head, 

such as the probe 702, for instance with X-axis, Y-axis and rotational positioning 

(e.g., theta positioning). 

15 

20 

The automated testing system 600 is configured for receiving samples 

from the automated material handling system, such as the sample handling 

module 106, shown in Figure 1. The automated testing system 600 further 

includes a fixture mechanism for affixing or anchoring samples 202 to the 

staging. In one example, vacuum ports 632 affix the samples 202 to the staging. 

The automated testing system 100 includes, in one example, a support 

frame that mechanically couples various hardware components of the test 

apparatus. For instance, the support frame includes the automated testing 

enclosure 108. In another example, the support frame includes a granite base 

602 and a system support table 604, as shown in Figure 6A. In some examples, 

25 the support frame mechanically couples the test apparatus (automated testing 

system 600) to the automated material handling systems, such as the sample 

handling module 106, shown in Figure 1. 

In another example, the automated testing system 600 includes an optics 

column, such as an observation column using one or more of optical, infrared, 

30 and other observation techniques for observation of the samples. The optics 

column includes an optical instrument, such as the optical instrument 610 shown 

in Figure 6A. The optical instrument 610 is configured to view test placement 

location. In another example, the optical instrument 610 provides machine 
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vision for automated recognition of testing sites, rotational and translation 

deskewing of the sample and the like. 

In still other examples, the automated testing assembly 100 includes an 

anti-vibration system. 

5 The automated testing assembly 100 further includes a control station 

10 

15 

110, shown in Figure 1, including control software, memory, hardwired controls, 

a user interface and the like configured for one or more of the selection of testing 

sites, acquisition of force- displacement data, data analysis, automated system 

calibration routines and automated tip shape validation routines. 

The control system, such as the control station 110, coordinates the 

communication between the components of the automated testing assembly 100 

as well as peripheral machines and systems having a relationship with the 

assembly 100, such as production devices upstream or downstream from the 

assembly. 

The above outline is an example of one such system including options for 

use with the system. Numerous other configurations are possible without 

departing from the systems described herein. Some configurations include all of 

the above described features, a portion of the described features, and in some 

examples include other features in addition to those listed. 

20 The following is a sequence of steps for implementing an embodiment of 

system, wherein the interaction between the material handling system (e.g., the 

sample handling module 106) and the NTI (e.g., the automated testing enclosure 

108 including the automated testing system 600) is outlined and wafers comprise 

the materials tested. The system is configured with a staging system and a wafer 

25 chuck (e.g., a stage 614) for securing the wafers prior to testing. The example 

steps for implementation include one or more of the following: 

30 

i) A sample 202 is engaged by the handling system (e.g., the robotic 

handling system 200); 

ii) The elevation pins 634 (see Figures 1 OA, B) are raised if not 

iii) 

already raised; 

A door to the enclosure is opened (if not already open) permitting 

access to the interior of the NTI (the automated testing enclosure 

108); 
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15 
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iv) The handling system 200 transports the wafer 202, through the 

door and into the interior chamber of the NTI; 

v) The wafer 202 is placed onto the raised pins 634 and released; 

vi) The handling system 200 withdraws from the chamber and the 

door to the enclosure is closed; 

vii) Vacuum (e.g., at the vacuum ports 632) is provided and the pins 

634 are lowered, with the vacuum securing the wafer 202; 

viii) The nanomechanical testing and/or imaging sequences and/or 

data acquisition are performed with the automated testing system 

600; 

ix) The vacuum is released at the vacuum ports 632; 

x) The pins 634 are raised; 

xi) The door to the enclosure 108 is opened; 

xii) The material handling system 200 retrieves the sample from the 

NTI, and places it in a predetermined location, for instance in the 

sample storage module 104; 

xiii) Return to step 1) where a sample is engaged by the handling 

system and the steps are repeated or performed in another 

permutation. 

As will be readily recognized, a number of these steps are conducted 

simultaneously or out of the specific sequence represented above, in one 

example, without departing from the exemplary apparatuses and methods 

described herein. For example, steps i, ii, and iii are performed in a different 

25 order or performed simultaneously, in one option. Additionally, several of these 

steps include sub-steps. For example, step viii wherein the system conducts 

nanomechanical testing and/or imaging and/or data acquisition includes many (in 

one example, nearly infinite permutations) depending upon the specific 

configuration of the instrument in various examples. 

30 As is detailed further below, the system optionally incorporates a staging 

system and damping technology. The system also incorporates one or more of 

the following capabilities. 
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Staging System 

Regardless of the specific nature of the NTI, the system is configured 

with a support structure, such as a sample stage 614 or a wafer chuck, upon 

which a sample is placed or secured prior to and during testing, such as 

5 nanoindentation testing, scratch or wear testing, etc. A wide variety of stages are 

employed by the system, some of which are specific to the nature of the 

mate1fals to be tested. 

In an embodiment, once a material/sample is engaged by the handling 

system (e.g., the robotic handling system 200), the material is automatically 

1 o placed on a support structure ("SS") such as a sample stage or a wafer chuck, 

prior to nanomechanical testing (nanomechanical testing system, as used herein 

includes systems configured to also test on the micro- scale as well). In one 

example, the support structure, such as the sample stage 614, is located inside 

the NTI housing and is used to temporarily secure the material during 

15 nanomechanical testing. 

By way of example, where the apparatus is utilized in the semiconductor 

industry, the nanomechanical test instrument incorporates an X-Y staging 

system, an X-Y-theta staging system or the like with a travel long enough to 

accept the wafer from the EFEM. Where the wafer is to undergo, for example, 

20 nanoindentation testing utilizing a fixed probe that is not capable of substantial 

movement in the X-Y dimensions, the sample stage upon which the wafer rests 

is configured to travel, and thus move the wafer relative to the indentation probe 

so that the probe is able to test all regions of a 300mm wafer without human 

intervention. Embodiments include a higb velocity X-Y stage or X-Y-Theta 

25 stage with a small eneoder resolution. 

Vibration Mitigation 

Because nanomechanical testing is conducted at incredibly small scales, 

acoustic noise, mechanical vibration, electrical and magnetic interference, and 

30 air currents affect test results by introducing unwanted disturbances that are 

larger than the quantities being measured. Such disturbances are often referred to 

collectively as "noise." The sources of such noise are varied. Regardless of the 

source, any noise may have an appreciable effect on test data and should be 

minimized. The apparatuses and methods described herein minimize noise even 
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in production and manufacturing environments to facilitate large-scale testing of 

a plurality of samples. 

Instrument Housing 

In one embodiment, the NTI (e.g., the automated testing system 600) is 

surrounded by a physically passive barrier to external disturbances, such as an 

instrument housing or automated testing enclosure 108. In a variation of the 

embodiment, the housing structure surrounds the instrument (e.g., the 

mechanical testing instrument 612), the staging systems, and the test sample 

10 during active testing, but it excludes the material handling system, the sample 

delivery mechanism and any openers or sample pre-alignment equipment. In 

another example, the storage modules, handling system, delivery mechanism, 

and other equipment are enclosed within the instrument housing and still achieve 

substantial damping. Because these devices tend to themselves emit noise at 

15 some level, even when not active, such equipment is located outside of the 

physical instrument housing in another example. 

The housing itself can be comprised of various materials, including, 

without limitation, fiberglass enclosures and enclosures with an acoustic 

damping layer, thermally insulating materials. In another example, the physical 

20 shape of the enclosure itself has noise mitigating, aerodynamic properties. In an 

example a damping housing includes a housing constructed of a fiberglass which 

incorporates a damping core. The instrument is located inside. In another 

embodiment, the housing is constructed of a metal, such as stainless steel and is 

further combined with acoustic damping materials, for instance as shown in 

25 Figure 1 with the automated testing enclosure 108. 

Anti-vibrational 

In an embodiment, the system incorporates additional anti-vibration 

strategies: including active and passive strategies. Such passive damping 

30 includes "floating" mechanisms, such as springs, maintained air pressure, shock 

absorbing devices, or a material with high damping properties, such as rubber, 

other elastomers or suspension mechanisms. All of these are passive anti­

vibration techniques used alone or in conjunction with other mechanisms. 

Another damping strategy affixes instruments housed inside the enclosure to a 
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block of material, such as a large piece of stone, for instance granite. In one 

embodiment, the material takes the form of a heavy granite arch-like structure or 

cantilevered instrument column 606 and base 602 (see Figure 6A) which, by 

virtue of its mass, damps vibrations that might otherwise be transferred to the 

5 instruments 612 (e.g., nanoindenters, AFM (atomic force microscope), SPM 

(scanning probe microscope), optical microscopes, etc.) coupled thereto. 

Because vibration and noise mitigation is important for nanomechanical 

testing in an automated environment, the system also contains one of more active 

antivibrational mechanisms, in another example. One active method is achieved 

JO through the incorporation ofpiezo active elements that sense vibration and 

actively cancel out vibration by creating an opposite out of phase damping force 

(e.g., vibration with a counter frequency). In an example, such piezo active 

elements are located beneath the NTI (e.g., beneath a system support table 604 

or a granite base 602, as shown in Figure 6A) in order to partially isolate the 

15 sensitive instruments, the sample stage and the sample from vibrations 

transferred through the floor in a factory environment. In another example, 

piezo active elements are employed inside the instrument housing, for example, 

under the granite structure mentioned above. In yet another example, voice coil 

based damping systems are incorporated into the automated testing system 100. 

20 

Wafer Chuck 

In oue configuration relevant to wafer testing, a modified 200mm and 

300mm wafer chuck (e.g., a sample stage 614) comprised of a solid piece of 

stainless steel is incorporated. The chuck in one variation, also contains an 

25 extension containing a quartz sample (e.g., a diagnostic sample 1106), which has 

known physical properties and is utilized for tip area function calibrations, 

wherein a nanoindentation tip conducts one or more indents into the quartz and, 

for example, force and displacement data is analyzed. In another embodiment, a 

sample of aluminum or other suitable material is similarly utilized to calibrate a 

30 tip-optics offset. 

In one example, wafer chucks are rotational, which may create 

instrument reliability problems. Optionally, such rotational capabilities are not 

included in the wafer chuck described herein. In another example, the sample 
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stage includes translational and rotational stages. Moreover, the chuck in an 

embodiment does not incorporate a wand slot. 

In another embodiment, the automated instrument incorporates a 

computer controlled on/off switch to control the suction from the vacuum pump 

5 as well as automatic 'lifting pins' (typically three or more) which are employed 

to raise and lower the wafer to and from the vacuum chuck. 

Z-Axis 

The NTI accommodates movement of the indentation probe, for example, 

10 relative to the sample in the z-axis. In an example system, the z-axis of the 

instrument accommodates up to two separate testing heads. This is desired for 

several reasons, including: A) applications where both scratch and indentation 

are important-two tips are required, B) in only a scratch or indentation 

application (i.e., dual identical heads are used), if one tip becomes defective 

15 testing can still continue, and C) possibility of running two transducers 

simultaneously for a more than twofold increase in data acquisition. It is noted 

that in some configurations, the control computer (e.g., the control station 110) 

may be required to switch between two controllers (e.g., Hysitron Performech 

controllers). In one example one or both of the controllers include digital signal 

20 processors (DSPs) that cooperate with and act upon commands from the control 

station 110. The controllers communicate with one or more mechanical testing 

instruments (e.g. 610 including one or more of mechanical and tribological 

transducers). 

25 

30 

Material Specific Components 

It is recognized that certain embodiment of the system are configured to 

create a positive (or negative) pressure microenvironment. Additionally, in one 

example, the instrument incorporates an ionizer and/or filtration system, an 

ESD-proof enclosure, opening/closing load door (mentioned above). 

Auto Tip Change Mechanism 

In one embodiment, the NTI incorporates a mechanism, such as a probe 

change assembly 1100 that automatically changes tips when A) going between 

indentation and scratch testing (when the z- axis can only accommodate a single 
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testing head), and B) when testing results fall outside pre-defined acceptable 

levels and an 'auto tip validation' software routine identifies the tip as defective. 

One mechanism utilizes a planetary set of gears that hold a multitude of 

tips. When it is determined that a tip is no longer functioning within acceptable 

5 parameters, the system decouples the tip, which in some embodiments is affixed 

to a threaded post affixed to a transducer, and will select a replacement tip or a 

tip of a ciifferent desired geometry, and affix that tip to the threaded post. 

Because of the sensitivity of the transducer, and the danger of applying excess 

torque when affixing a replacement tip, an embodiment provides for a known 

10 number ofrotations to securely install and remove a tip and the tip change 

mechanism is configured to limit the permitted amount of torque. Optionally, 

the replacement tip is held by a mechanical interfitting that affixes the tip to the 

instrument without rotation, such as by snap fit, interference fit, friction fit and 

the like. 

15 

Speed Enhancement - Finding the Sample Surface Quickly 

In most nanoindentation systems, testing is conducted slowly because a 

large percentage of the testing time involves approaching the sample slowly with 

a probe. Because testing is performed on a micro- and nano- scale level, and 

20 given the sensitivity of the transducer to which the probe is affixed, it is critically 

important that the tip not "crash" into the sample to be tested. Crashing the tip 

into the sample can destroy the transducer and or the tip (e.g., the transducer 

assembly 700 or the probe 702), rendering the instrument inoperable. 

In an embodiment of the system described herein, the macro approach of 

25 the tip to the sample is not facilitated by a human operator. To reduce cycle time 

one embodiment incorporates a sensor that extends some distance below the 

probe, so in a "quick approach" mode the sensor contacts the sample before the 

indentation tip can crash into the sample. Contact of the sensor with the sample 

triggers the system to withdraw the sensor and proceed slowly for the last 

30 remaining distance to bring the tip (e.g., the probe 702) into contact with the 

sample without damaging it or the transducer (e.g., the transducer assembly 700 

including the capacitor assembly 710. 

In another example, the system described herein is equipped with one or 

more sensors such as laser triangulation sensors, capacitance sensors, fiber 
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optics-based interferometers that enable the tip to qnickly close the majority of 

the gap. In one embodiment, the tip is quickly directed to within 1 micron of the 

sample surface, testing is started from the air and the displacement offset is 

automatically corrected. 

Supporting Components 

The components of the NTI (e.g., the automated testing assembly 100) 

use vaiious electronics, computer, a controller such as an SPM-type controller 

(e.g., a scanning probe microscopy type controller including, but not limited to, a 

10 scanning tunneling microscopy type controller), a video display monitor, etc. 

found in one example in the control station 110. 

SOFTWARE 

Multi-User Level Software 

15 In one configuration, the software that operates the system (for example, 

the Hysitron's TriboScan Professional software), is configured to have two or 

more user levels, such as Administrator (full functionality), Engineer (limited 

functionality), and Operator (more limited functionality). In one embodiment, 

these defined user levels provide push-button type testing capability on a graphic 

20 user interface once the testing protocols are set up by the Administrator or 

Engineer levels. An embodiment is configured to include an easy to navigate 

user interface where the operator specifies the type oftest to be performed (e.g., 

indentation/scratch), the pre-defined load/scratch function, and the testing 

location. Each setting is ideally selected on a single screen (tab) using, for 

25 exan1ple, a touch screen in the control station 110. 

Machine Vision/Pattern Recognition 

It may be advantageous to more specifically orient the sample (such as a 

wafer) prior to testing, even where a pre-aligner is employed by the handling 

30 system. Therefore, in one embodiment, in order to fine-tune the wafer 

orientation, machine vision is incorporated to further de-skew the wafer 

alignment. This assists in testing small discrete regions of a patterned substrate, 

or limits the introduction of defects to specific regions of the wafer. In one 

example, the de-skewing capability algorithms are implemented in the operating 
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software. In an embodiment, this machine vision capability is configured to 

automatically identify specific regions of samples as well as identify and catalog 

(record x-y coordinates) of individual samples/test pieces and measure their size. 

In another embodiment where testing is performed on materials or 

5 samples having irregular surface features, the NTI software is configured to 

image a portion of the sample surface (using, for example, an SPM, AFM, 

optical microscope, the optical instrument 610 or the like) and then apply pattern 

recognition software to that image that enables the device to automatically 

identify structures having patterns that fall within certain parameters. For 

I 0 example, where a user desires to perform indentation testing on samples 

comprised of MEMS devices, and where the user wants to tests specific features 

of said MEMS device, those features are identified by the pattern recognition 

software, the location of an acceptable test site is then calculated, and that 

feature is then automatically moved under the probe and the desired testing 

15 protocols are applied. 

Automated Tip Area Function--Calibration 

As mentioned above in the discussion of the optional wafer chuck, an 

embodiment includes an automated software function that positions the 

20 indentation tip over an unused portion (un-indented) of a fused quartz sample or 

other suitable tip calibration material (e.g., a diagnostic sample 1106) and 

conducts an indent and/or performs a user-definable number of indents to 

automatically calculate an area function and use this Tip Area Function (TAP or 

probe area function P AF) until the tip is replaced or recalibration is needed as 

25 described herein. 

Automated Tip Area Function-Indentation 

As mentioned above in the discussion of the optional wafer chuek, an 

embodiment includes an automated software function, for instance incorporated 

30 with the control station 110 or the electronics of the transducer assembly 700 

that periodically checks at user- defined intervals (after a preselected number of 

days or number of testing operations (e.g., indents)) that the TAP is still 

aecurate. 
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In another embodiment, a specific occurrence (for example the presence 

of atypical or unexpected test data, such as force and displacement data) initiates 

an automated TAF to dete1mine whether the tip continues to operate within 

specified acceptable parameters. For example, indentation tips are typically 

5 much harder than the samples they indent. Nevertheless, tips (even diamond 

tips) wear out. Where a series of samples are tested and the results of those tests 

are expected to yield data that falls within certain parameters, and data is 

obtained that departs from those parameters, that data may be a result of a 

production-line problem resulting in the creation of abnormal material or, in the 

10 case of the semiconductor industry, damaged wafers. However, where the wafer 

itself is normal, the abnormal data could be due to excessive wear of the tip, 

requiring the tip to be replaced. Verifying the T AF (e.g., conducing diagnostics) 

can potentially rule out tip failure as a cause of abnormal data. Thus, if the 

material properties of the sample fall outside the user-definable specification 

15 range, the T AF is immediately checked before signaling that the process is 

producing unacceptable coatings (wafers, material and the like) and prompting a 

production line shut-down. Shutting down a product line in this manner (after 

checking the T AF) can save substantial cost by quickly identifying when that 

line is producing substandard products. 

20 

Automated Tip Shape Validation-Scratch 

Similar to the TAF Calibration and the TAF Indentation, the system will 

incorporate an automated software function to calculate the radius of curvature 

of a scratch probe. Using a material of well known properties, a low-load indent 

25 is performed along with a calculation of the radius of curvature from a Hertzian 

fit. In one embodiment the system is configured to enable the customer to input 

the range ofradii that are acceptable. Additionally, ifthe measurement provides 

a scratch result outside the acceptable level the instrument will check the radius 

of curvature before signaling a line shutdown. 

30 

Automated System Calibrations 

In one example, the software provides the ability to automatically 

perform one or more of a periodic z-axis air calibration (e.g., a space calibration) 
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10 

or a tip-optics offset calibration (e.g., an H- pattern calibration, as described 

herein). 

Automated Data Analysis 

Immediately during and after each indentation test the software (e.g., 

incorporated in one or more of the transducer electronics 708, the control station 

110 and the like) analyzes the force- displacement data measured with the 

mechanical testing instrument 610 to output a hardness and modulus (standard 

Oliver and Pharr analysis). 

In an optional embodiment, the data (such as hardness and modulus data) 

is correlated to a specific sample or a specific set of samples. Using the 

semiconductor industry system as an example, the system correlates the test data 

to a specific wafer number, such that where a series of wafers are being tested, a 

wafer can be later located for, for example, later inspection or further processing. 

15 In one embodiment, the sample itself is assigned a unique number, such as a bar 

code or a number. In another embodiment, the sample itself is not marked, 

rather it is contained in a known position in a material storage module, such as a 

specified position in a FOUP corresponding to samples designated for further 

investigation. 

20 Where the system is configured to conduct scratch testing, in one 

example, the software instructs that a scratch analysis is automatically performed 

and automated to identify the critical load event. This is accomplished by 

looking at the derivative of the measured parameters (normal displacement, 

lateral force, friction) and identifying a sudden change. Due to the wide ranging 

25 critical load 'signatures', in an embodiment, the user will define a sensitivity 

paran1eter that triggers the critical load reading. In another embodiment, there 

may be a number of events (as in the case with certain multilayer films) where 

only the nth event is recorded. 

30 Aggregate data storage and analysis 

In one optional embodiment, a spreadsheet like program is used with the 

results of one or more tests and is saved to both the NTI computer, such as the 

control station 110, as well as on a remote server location. Numerous other 

electronic storage options are possible. 
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In another optional embodiment, sets of test data are aggregated and said 

aggregations of data are thereafter compared to other aggregations of data or to 

data from a specific test on a specific sample. By way of example and not of 

limitation, hardness and modulus data for a set of 100 wafers tested in January 

5 2012 may be compared to hardness and modulus data of 100 wafers tested in 

February 2012, to determine whether they are A) substantially identical or 

whether B) the data so obtained from any comparison contains unexplained 

deviations. By storing historical data and aggregating that date in such a way 

that it may be utilized to examine relative differences over time, the system 100 

1 O will enable the user to more readily identify errors that may be due to 

substandard material, a potential failure of a fabrication process, human error, 

substandard batches of raw materials, favorable or unfavorable changes in 

production methods or equipment, the relative performance and accuracy of 

worker shifts, etc. Thus, while data relevant to a specific sample is valuable to 

15 the process, aggregate and managed data is a powerful tool, especially when 

compared to other aggregate data gathered not only by the present system, but 

data gathered outside the system and reviewed in combination with the data 

gathered from the system 100. 

20 Material Handling System Handshake 

In some embodiments including embodiments employing a material 

handling system, the system is configured with software to enable 

communication between the material handling system (such as an EFEM robotic 

handling system 200) and the NTI to establish, for example: when the instrument 

25 enclosure is open, permitting access to the interior of the instrument; when to 

load a sample, such as a wafer, into the NTI; and when to unload a sample (e.g. 

one or more wafers) once testing is concluded. In another embodiment, the 

control station 11 0 includes software instructions and the like that records what 

wafer is being tested, from where it was obtained, and where it is deposited after 

30 testing. 
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Dynamic Testing Based on System Meeting Minimum Damping 

Requirements 

Different kinds of tests have different tolerances for disturbance. For 

example, high load indentation testing tolerates a higher level of vibration or 

5 other disturbance than low-load indentation testing. Thus, while all significant 

levels of vibration during nanomechanical testing are undesirable, testing may 

proceed and yield acceptably accurate results so long as disturbance levels are 

maintained within acceptable parameters even in a production (e.g., 

manufactming) setting. 

10 In one embodiment, the system is equipped with one or more sensors that 

detect disturbances that negatively impact the operation of the instrument. 

Where disturbances exceed a maximum threshold (optionally dictated by the 

user according to the test scenario performed, e.g., with differing thresholds 

automatically applied for each test) the automated testing assembly 100 is 

15 adaptive to automatically shut down, pause and/or suspend the test. The system 

I 00 then resumes the test when said disturbances or other conditions are within 

acceptable limits. The sensors include, but are not limited to, transducers, 

accelerometers, and the like. Similarly, where specialty environments are 

required for testing, a wide variety of sensors can be employed to monitor, for 

20 example, the status of temperature controlled environments, vacuum levels, 

environmental issues (e.g., the presence or absence of particulate matter, 

vibration, humidity, and the like). When conditions fall outside of acceptable 

parameters, the system initiates an action, such as suspension of testing, stopping 

testing, activating a light tower, generating an error report, and the like. 

25 

Dynamic Testing 

In some embodiments, the NTI (e.g., the automated testing assembly 

I 00) is configured with multiple testing heads and indenter tips, imaging 

devices, and testing modules. While in many embodiments a user will run one 

30 test across multiple samples, the present system may be configured to run a 

variety of tests and generate additional data depending upon the data obtained 

from those tests. 

For example, where a user is conducting a series of tests on, for example, 

MEMS devices or photovoltaic devices, and the data obtained from a 
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nanoindentation test or scratch tests yields data having certain parameters, the 

system may be configured to automatically and adaptively conduct additional 

testing on that sample before returning to the standard testing routine. As one 

example, where a hardness measurement on a MEMS device yields what might 

5 be considered unexpected results, the system is configured to automatically 

reposition the sample using the X-Y stage or X-Y-Theta stage and relocate that 

sample and/or the test site on that sample in order to obtain an AFM image of the 

site, (for example) or an optical image for later analysis. In another example, the 

system I 00 runs an additional series of tests on that sample as well, such as 

10 additional indentation tests, scratch tests, wear tests, modulus mapping or 

performs orthogonal testing techniques. Alternatively, the presence of abnormal 

test results or even a series of abnormal test results can trigger a tip diagnostic 

(on an aluminum or quartz block, such as the diagnostic samples 1106), tip 

replacement, or testing with a tip having alternative geometry before resuming 

15 testing on subsequent samples, for example. 

Modulus Mapping 

Modulus Mapping incorporates the quantitative measurements of 

viscoelastic properties provided by nanoscale dynamic mechanical analysis with 

20 the in-situ imaging of testing instruments to yield unprecedented capabilities in 

nanomechanical testing. This tool provides a modulus map of a surface from a 

single SPM scan, eliminating the need for thousands of indents to characterize an 

area. Metallic oxide films have been investigated extensively due to their 

relevance in the electronic, wear and corrosion fields. The metal/oxide interface 

25 is crucial in a variety of technologically important applications, including 

contacts in microelectronics, metal/ceramic composites, photovoltaic devices, 

electrochemical cells and gas sensors. The determination of the mechanical 

properties of these films is necessary for predicting the ability of the layer to 

survive in a realistic environment. 

30 Because the thickness of these films can range from several nanometers 

to several microns, site specific characterization of the mechanical properties can 

be difficult. Modulus Mapping uses aspects of both nanoDMA TM and SPM 

imaging to create nanoscale maps enabling visualization of both topographical 

and mechanical data of the metal/oxide interface. 
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Initial topographical data of the sample cross section enables 

visualization of (for example) the interface between the metal and the oxide film. 

The increased complex modulus of the film implies that the layer may be 

suitable to act as a protective boundary over the metal surface which is crucial 

5 for metals with high wear applications. The systems and methods described 

herein, in one example, are configured to modulus map one or more samples 

through positioning and alignment of samples as desc1ibed above, and 

nanomechanical testing of the mechanical properties of the surfaces of the 

samples. 

10 

AUTOMATED TESTING ASSEMBLY 

Figure 1 shows one example of an automated testing assembly 100. As 

shown the automated testing assembly I 00 includes in the example a sample 

storage and handling assembly 102. As shown in Figure 1, the sample storage 

15 and handling assembly 102 includes one or more storage modules 104 and a 

sample handling module 106 coupled with an automated testing enclosure I 08. 

As further shown in Figure I, the control station 110 is coupled with the 

automated testing enclosure 108. In still another example, the automated testing 

assembly 100 includes a control station 110 positioned remotely relative to the 

20 other components of the automated testing assembly 100, for instance, within a 

control room at a remote location and the like. 

Referring again to Figure 1, the sample storage and handling assembly 

I 02 is shown as including a storage module I 04. In the example shown in 

Figure I, the sample storage and handling assembly I 02 includes a plurality of 

25 storage modules I 04 coupled with the sample handling module I 06. In one 

example, the storage modules 104 include but are not limited to front open unit 

pods (FOUP) sized and shaped to contain a plurality of semi-conductor wafers 

therein. When loaded into the sample handling module 106, the plurality of 

storage modules 104 provide a plurality of samples such as semi-conductor 

30 wafers for access by the handling module 106 and corresponding loading of the 

samples within the automated testing enclosure 108 for mechanical testing as 

described herein. 

In another example, the sample handling module 106 includes but is not 

limited to an equipment front end module (EFEM) configured to manipulate 
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samples in the storage modules I 04 and position the samples within the 

automated testing enclosure 108 for mechanical testing. 

The control station 110 as previously described is, in one example, 

coupled with the automated testing enclosure I 08 of the automated testing 

5 assembly I 00. Optionally, as also previously described the control station 110 is 

remote relative to the other components of the automated testing assembly I 00. 

The control station 110, in one example, includes a series of controls, user 

interfaces, output devices such as monitors, printers and the like configured to 

assist the user in monitoring, controlling, observing test parameters, diagnostic 

JO characteristics and testing scenarios for the automated testing assembly 100. In 

still another example, the control station 110 is configured to assist the user in 

developing and implementing various testing scenarios for the samples contained 

in the sample storage modules I 04. 

Referring now to Figure 2, the sample storage and handling assembly 

15 102 is shown in an exploded view. As shown, the plurality of storage modules 

I 04 are positioned away from the sample handling module 106. The sample 

handling module I 06 includes storage module loading racks 204 sized and 

shaped to receive the storage modules 104 (e.g., FOUP) thereon. The sample 

handling module I 06 is further shown with a robotic handling system 200 at 

20 least partially presented outside of the sample handling module 106. As shown 

in Figure 2, the robotic handling system 200 includes a sample 202, such as a 

semi-conductor wafer presented thereon, for positioning within the automated 

testing enclosure I 08 for mechanical testing as described herein. 

Figures 3A and 3B show different examples of storage modules sized 

25 and shaped for containing a plurality of samples therein for testing with the 

automated testing assembly, such as the assembly 100 shown in Figure I. 

Referring first to Figure 3A, the storage module I 04 previously shown in 

Figures I and 2 is provided in an open configuration with a plurality of samples 

302 positioned outside of a storage module case 300. In one example the sample 

30 202, such as the semi-conductor wafer, is shown positioned away from the 

plurality of samples 302. As shown in Figure 3A, in another example, the 

plurality of samples 302 are arranged in a stacked configuration and thereafter 

positioned within the storage module case 300 for storage and eventual retrieval 

by the robotic handling system 200 shown in Figure 2. In yet another example, 
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the storage module case 300 is specifically designed for fitting on or within the 

storage module loading rack 204 shown in Figure 2. The storage module case 

300, in one example, includes a port configured for opening by the sample 

handling module 106 to provide access to the plurality of samples 302 therein by 

5 the robotic handling system 200. 

Figure 3B shows another exan1ple of a sample module 308. As shown, 

the sample module 308 includes a sample module tray 312 sized and shaped to 

contain a plurality of samples 310 thereon. ln one example, the plurality of 

samples 310 include but are not limited to biological san1ples, material samples 

10 and the like. Each of the samples 310 are positioned in a specified orientation on 

the sample module 312. For instance, the sample module tray 312 includes a 

plurality of recesses, ridges, cups, partitions and the like sized and shaped to 

receive the samples 310 therein and organize the samples on the sample module 

tray 312 for easy access by handling systems such as the robotie handling system 

15 200 shown in Figure 2. In one example, the samples 310 are arranged in a 2:3 

ratio of samples, for instance, in the example shown in Figure 3B in the samples 

310 are arranged in a eon figuration of 8: 12. 

Figure 4A shows one example of the sample handling module 106 from a 

top view. The sample handling module 106 includes the robotic handling 

20 system 200 previously described and shown in Figure 2. The robotic handling 

system 200 is shown in two separate orientations. A first stored position 

orientation 408 is shown in Figure 4A with the robotic handling system 200 

coupled with a sample 202, for instance, at the storage module loading rack 204 

corresponding to the storage module 104. The robotic handling system 200 is 

25 further shown in a loaded position 410 with the sample 202 in a configuration 

for positioning on a stage, for instanee, a stage of the automated testing system 

as described herein. 

As shown in Figure 4A, the robotic handling system 200 includes a 

robotic base 400 and an articulating arm 402 extending from the robotic base 

30 400. Further, in the examples shown, the articulating arm 402 includes one or 

more handling forks 404 sized and shaped to engage, lift and manipulate one or 

more samples 202 as shown in Figure 4A. The articulating arm 402 is sized and 

shaped to move within the sample handling module 106 to readily position the 

sample 202 in the loaded position 410 by manipulating the articulating arm 402 

32 



5 

through the access window 406. Similarly, the articulating arm 402 of the 

robotic handling system 200 is configured to retrieve the sample 202 from the 

automated testing system and reposition the sample 202 in the stored position 

408, for instance, the storage module 104 (e.g., FOUP). 

As described herein, the sample storage handling assembly 102 including 

the storage modules 104 and the sample handling module 106 as well as the 

automated testing system within the automated testing enclosure 108 shown in 

Figure 1 are provided to efficiently and rapidly test the plurality of sample 

locations on the plurality of samples contained within the storage modules 104. 

JO The automated testing assembly 100 automatically and with minimal use or 

15 

interaction is configured to carry out a plurality of testing scenarios with the 

samples 202 and thereby mechanically generate measurements and 

corresponding data for mechanical parameters of the materials of the samples 

202. 

Referring again to Figure 4A, in one example, the sample handling 

module 106 includes a pre-aligner 412 as shown in Figure 4A. In one example, 

the pre-aligner 412 pre-aligns the sample, such as the sample 202 (e.g., a 

semiconductor wafer), for eventual positioning within the automated testing 

assembly 100, for instance, the automated testing system described herein. That 

20 is to say the pre-aligner 412 is positioned in an intermediate position between the 

stored positioned 408 and the loaded position 410 shown in Figure 4A. For 

instance, the pre-aligner 412 is positioned in a separate bay or within the 

enclosure of the sample handling module 106. The pre-aligner 412 engages with 

the sample 202 after withdrawal of the handling forks 404 to substantially 

25 prealign the sample 202 for aligned or substantially aligned positioning of the 

sample 202 in the loaded position 410 within the automated testing enclosure 

108. 

Referring now to Figure 4B, one example, of a pre-aligner 412 is 

provided. In the example shown the pre-aligner 412 includes a pre-aligner stage 

30 414, for instance, including a plurality of feet 416 extending away from a central 

portion of the pre-aligner stage 414. In one example, the pre-aligner stage 414 is 

operable to couple with and grasp a sample such as the sample 202 with the feet 

416. The pre-aligner stage 414 is thereafter configured to rotate or translate 

(e.g., one or more) the sample 202 on the pre-aligner stage 414 relative to the 
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alignment sensor 418. In one example, the alignment sensor 418 is configured to 

detect one or more indexing features on the sample 202, for instance, a notch in 

the sample 202. The indexing of the notch 202 allows for the prealignment of 

the sample 202 relative to the automated testing system contained within the 

5 automated testing enclosure 108. Stated another way the pre-aligner 412 

prealigns the sample 202 for accurate positioning of the sample 202 for instance 

with the indexing features such as the notch in a desired orientation on the 

sample stage of the automated testing system contained within the automated 

testing enclosure 108. 

IO After prealignment the articulating arm 402 including the handling forks 

404 retrieves the sample 202 from the pre-aligner 412 and positions the 

prealigned sample in the loaded position 410 shown in Figure 4A. In this 

orientation, the articulating arm releases the prealigned wafer onto the stage with 

the indexing feature such as the notch positioned as desired by the pre-aligner 

15 with only modest misalignment between the testing system stage and the sample 

202. As described herein, the automated testing assembly 100 thereafter 

performs one or more of translational and rotational deskewing to ensure the 

accurate positioning of testing locations for testing by the mechanical testing 

instrument relative to the indexing feature. The testing system of the automated 

20 testing assembly 100 thereafter uses the sample stage 614 to position the sample 

so the desired testing location is positioned beneath the mechanical testing 

instrument 612 (or optical instrument 610) of the automated testing system. 

25 

OVERVIEW OF THE AUTOMATED TESTING METHOD USING THE 

AUTOMATED TESTING ASSEMBLY 

Figure 5 shows one example of a method 500. The method 500 is 

conducted with the automated testing assembly 100 previously shown in Figure 

1 to mechanically test one or more of a plurality of samples or a plurality of test 

locations on a sample. In describing the method 500, reference is made to 

30 features and elements previously described herein including numbered 

references where convenient. The numbered elements provided within the 

description of the method 500 are not intended to be limiting. Instead numbered 

references are provided for convenience and further include any similar features 

described herein as well as their equivalents. At 502, the method 500 begins 
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with the automated testing assembly 100 shown substantially in the 

configuration provided in Figure 1. Stated another way, the sample storage 

handling assembly 102 is coupled with one or more storage modules 104 

containing one or more samples 202 therein. The sample handling module 106 

5 of the sample storage and handling system 102 is coupled with the automated 

testing enclosure 108 including the automated testing system therein. The 

control station 110 is further coupled with the automated testing enclosure 108. 

As previously described herein, control station 110, in one example, is remotely 

positioned and coupled with the automated testing enclosure 108, for instance, 

IO within a control room on a remote work site and the like. 

At 504, a robotic arm automatically retrieves a sample from one of the 

storage modules 104. For instance, the articulating arm 402 including the 

handling forks 404 shown in Fii,1Ufe 4A retrieves a sample from the storage 

module 104. At 506, the articulating arm 402 of the robotic handling system 200 

15 places the sample on an optional pre-aligner module 412 as shown in Figure 4A. 

20 

At 508, the robotic handling system 200, for instance, the articulating arm 402 

and the handling forks 404 places the sample 202 on a stage of the automated 

tested assembly 100 (for instance, a sample stage 614 shown in Figure 6A and 

6B and described hereinbelow). 

In another example, the method 500 further includes at 510 performing 

pattern recognition algorithms that deskew the sample 202 orientation relative to 

one or more of the sample stage and the automated testing system. For instance, 

the sample 202, in one example, is positioned in a substantially aligned 

configuration with the sample stage and the mechanical testing instruments of 

25 the automated testing enclosure 108 shown in Figure 1. Some misalignment 

occurs between the sample 202 and the instruments or the sample stage. The 

pattern recognition algorithms deskew the orientation of the sample relative to 

one or more of the sample stage and the mechanical testing instrument to ensure 

accurate positioning of testing locations of the sample 202 relative to the 

30 mechanical testing instrument. Optionally, at 512 a supplemental instrument 

such as a scanning probe microscope (or the optical instrument 610) coupled 

with the automated testing system, for instance, adjacent to the mechanical 

testing instrument images the sample to identify test positions over the surface 

area of the sample 202. 
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At 514, the mechanical testing instrument, for instance, a probe is 

positioned over one or more desired testing locations, for instance, on a semi­

conductor wafer the probe of the mechanical testing instrument is positioned 

over four or more separate locations of the sample according to indexing of the 

5 position through the pattern recognition deskewing operation and relative to the 

position of the indexing feature (notch) of the sample 202. At 516, the 

mechanical testing instrument is operated to acquire mechanical measurements 

of the sample 202, for instance, to generate one or more mechanical parameter 

measurements of the sample 202 with mechanical testing at one or more of the 

Io testing locations. 

At 518, one or more of the measurements and the parameters generated 

from the measurements are displayed, for instance, at the control station 110 

shown in Figure I. In another example, at 518, the results including the 

measurements and generated mechanical parameters are stored by the control 

15 station 110 or are instructed for storage by the control station 110 for instance at 

an offsite network memory location. At 520, the mechanical testing instrument 

is disengaged from the sample 202 to allow for withdrawal of the sample 202 

from the automated testing enclosure I 08 and positioning in the storage module 

I 04. At 522, the robotic handling system 200 engages the sample 202 and 

20 repositions the sample from the loaded position 410 shown in Figure 4A to the 

stored position 408 shown in Figure 4A within one of the storage modules 104. 

AUTOMATED TESTING SYSTEM 

Referring now to Figure 6A and 6B, one example of an automated testing 

25 system 600, for instance, for positioning within the automated testing assembly 

I 00 shown in Figure I is provided. As shown the automated testing system 600 

includes a granite base 602 positioned on a system support table 604. In one 

example, the system support table 604 provides a framework underneath the 

granite base 602. For instance, the system support table 604 underlies the 

30 granite base 602 to provide a compact footprint for the overall automated testing 

system 600, for instance, within the automated testing assembly I 00. A 

cantilevered instrument column 606 extends from the granite base 602 partially 

over a sample stage surface 616. The cantilevered instrument column 606 

includes a column base 605 and a cantilevered arm 607. In one example, the 
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cantilevered instrument column 606 includes one or more instrument stages 608 

sized and shaped to receive and position the plurality of instruments relative to 

the sample stage surface 616. For instance, as shown in Figure 6A the 

cantilevered instrument column 606 includes two instrument stages 608. As 

5 shown, one of the instrument stages 608 includes an optical instrument 610 and a 

mechanical testing instrument 612. In other examples as described herein, one 

or more of the instrument stages 608 includes a plurality of instruments 

including an optical instrument 610 and a mechanical testing instrument 612. In 

other examples, as described herein one or more of the instrument stages 608 

10 includes a plurality of instruments including an optical instrument 610, 

mechanical testing instrument 612 and another mechanical testing instrument 

such as high load mechanical testing instrument configured to provide 

indentation, scratches and the like at high force loads relative to the mechanical 

testing instruments 612. As described herein, the mechanical testing instrument 

15 612 are configured to perform mechanical testing at micron (e.g., one or more 

microns) or nano scales on samples positioned on the sample stage surface 616. 

For instance, the mechanical testing instruments 612 are configured to provide 

one or more of indentation, scratching and the like upon samples positioned on 

the sample stage surface 616. Optionally, one or both of the mechanical testing 

20 instruments 612 and the optical instrument 610 include, but are not limited to, 

probes, probes having a Berkovich geometry tip, microscopes, electron guns, 

imagers, atomic force microscopes, manipulators or other instruments 

configured to ascertain physical or mechanical properties of a sample. 

Referring again to figure 6A, the sample stage 614 is shown including 

25 the sample stage surface 616. As shown beneath the sample stage 614 a stage 

actuator assembly 618 is provided. In one example, the stage actuator assembly 

618 is configured to move the sample stage 614 along or around a plurality of 

axis. The stage actuator assembly 618 is configured to move the sample stage 

surface 616 in one or more of the x and y axis. In still another example, the 

30 stage actuator assembly 618 is configured to move sample stage surface 616 

rotationally, for instance, around the z axis (e.g., the stage actuator assembly is 

configured to provide rotational or theta movement). As shown, for instance, in 

Figure 6A in one example the stage actuator assembly 618 includes a plurality of 

stages each comprising separate actuators configured to actuate the sample stage 
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surface 616 into a variety of orientations to facilitate the positioning of 

substantially any testing location on sample stage surface 616 beneath the 

mechanical testing instrument 612 and the optical instrument 610 coupled with 

the instrument stage 608. For instance, the stage actuator assembly 618 includes 

5 in one example an x-stage 620. The x-stage 620 facilitates the movement of the 

sample stage surface 616 in a left to right direction relative to the view of the 

automated testing system 600 shown in Figure 6A. In another example, the 

stage actuator assembly 618 includes a y-stage 622 coupled with the x-stage 620. 

In contrast to the x-stage, the y-stage 622 is configured to provide movement to 

10 the sample stage surface 616 in a direction substantially orthogonal to the x-axis 

of the x-stage 620. For instance, the y-stage 622 is configured to move the 

sample stage surface 616 into and out of the page of the view shown in Figure 

6A. In still another example, the stage actuator assembly 618 includes a 

rotational actuator such as a rotational stage 624 coupled with one or more of the 

15 x-stage and they-stage 620, 622. In one example the rotational stage 624 

provides full rotational movement of the sample stage surface 616, for instance, 

rotational movement through a full 360°. In another example, the rotational 

stage 624 provides a smaller degree of rotational movement such as a range of 

movement from 0 to 270° or from 0 to 180° or from 0 to 90° and the like. As 

20 will be described in further detail below the provision of multiple actuators, for 

instance, the x-, y- and rotational stages 620, 622, 624 facilitates positioning of 

substantially any location on the sample stage surface 616 and a sample 

overlying the sample stage surface 616 (e.g., the sample stage 614) nndemeath 

the plurality of instruments coupled with the instrument stage 608 (e.g., the 

25 optical instrument 610 and the mechanical testing instrument 612). 

Each of the components of automated testing assembly including the 

automated testing system 600 are constructed with a variety of materials 

according to the testing methods appropriate for the system. For instance, 

materials including, but not limited to, ceramics, steels (tool and stainless steels), 

30 aluminum, other metals, composites, polymers and the like are used in one or 

more of the mechanical and optical instruments 612, 610, the sample stage 614, 

and the like. One or more of the components of the instruments, stage and the 

like (e.g., probe tips, shafts, housings and the like) may include alloys, such as 

invar, quartz, diamond, sapphire and other similar materials having predictable 
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mechanical characteristics, including one or more of high hardness, low 

coefficients ofthennal expansion and low thermal conductivities. 

The instrument stage 608, the optical instrument 610 and the mechanical 

testing instrument 612 have a limited footprint relative to the automated testing 

5 system 600. For instance, the cantilevered instrument column 606 positions the 

optical and mechanical testing instruments 610, 612 over a substantially limited 

portion of the sample stage surface 616. In one example, the footprint of the 

optical and mechanical testing instrument 61 0, 612 is substantially minimal to 

the overall footprint of the sample stage surface 616. The stage actuator 

10 assembly 618 including the x-, y- and rotational stages 620, 622, 624 facilitates 

the movement of the sample stage surface 616, for instance, any location on the 

sample stage surface 616 to a position underneath the mechanical and optical 

testing instruments 612, 610 respectively. Stated another way, the mechanical 

and optical instruments 610, 612 are maintained in a substantially small footprint 

15 according to the limited cantilever of the cantilevered instrument column 606, 

and the sample on the sample stage surface 616 (e.g., a semiconductor wafer, 

other sample or the like) is rotated, translated, and the like to position 

substantially any testing location on the sample underneath the instruments 610, 

612. The cantilevered instrument column 606 is thereby able to provide a stiff, 

20 solid support to the mechanical and optical testing instruments 610, 612 to 

provide reliable and accurate measurements of mechanical parameters of the 

sample tested by the mechanical and optical testing instruments 612, 610. Stated 

another way, large arch-type supports as opposed to the cantilevered instrument 

column 606, are substantially avoided through the use of a sample stage surface 

25 616 as a component of the sample stage 614 where the stage actuator assembly 

618 is configured to substantially move any testing location beneath the 

mechanical testing instrument 612 and the optical instrument 610 for testing. 

The automated testing system 600 thereby has a minimal footprint and can 

readily fit on a factory floor between other components, for instance, in a 

30 semiconductor production facility. 

Figure 6B shows a detailed view of the automated testing system 600 

previously shown in Figure 6A. As shown, the instrument stages 608 are 

provided on the cantilevered instrument column 606. In one example, the 

instrument stages 608 are provided with corresponding instrument actuators 626. 
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In one example the instrument actnators 626 are configured to provide 

movement of the instruments such as the optical instrument 610 and the 

mechanical testing instrument 612 along an axis such as the z-axis relative to the 

sample stage surface 616 and a sample positioned thereon. In one example, the 

5 instrument actuator 626 includes in one example, but is not limited to, one or 

more screw drives configured to move part of the instrument stage 608 relative 

to the cantilevered instrument column 606. In one example, the instrument 

actuators 626 provide gross positioning of the mechanical and optical 

instruments 612, 610 relative to a sample on the sample stage surface 616. 

10 Optionally, the instrument actuators 626 include one or more actuators 

configured to provide one or more of X, Y and Z axes of movement and 

positioning of the instruments 610, 612 (e.g., orthogonally, parallel to the stage 

614 and the like). 

In still another example, the instrument actuators 626 work in concert 

15 with a transducer, for instance, within the mechanical testing instrument 612. 

For instance, the instrument actuator 626 provide an indentation or scratching 

force for an instrument probe of the mechanical testing instrument 612. The 

transducer within the mechanical testing instrument 612 is then solely relied 

upon to measure forces, indentation depths, and the like of the probe relative to 

20 the sample on the sample stage surface 616. Optionally, the instrument actuators 

626 provide multiple degrees of translational movement (e.g., movement along 

the x, y and z axes) for the instruments coupled thereon. 

As further shown in Figure 6B, the sample stage 614 includes a stage 

receptacle flange 630 with the sample stage surface 616. Optionally, the stage 

25 receptacle flange 630 is integral to the sample stage surface 616 (and when 

referring to the sample stage surface 616 in one example the aligmnent of the 

surface with an instrument includes aligmnent of flange 630 with the 

instrument). For instance as shown in Figure 6B, the stage receptacle flange 630 

extends along a portion of the perimeter ofthc sample stage surface 616. The 

30 stage receptacle flange 630 includes at least one stage receptacle 628. As will be 

described in further detail below, in one example, the stage receptacle flange 630 

includes a plurality of stage receptacles 628. The stage receptacles 628 are sized 

and shaped to receive one or more of diagnostic samples, probe change units, 

and the like configured to automate the diagnostics and calibration of probes and 
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the exchange and installation of instrument probes within the mechanical testing 

instruments 612. 

As further shown in Figure 6B, the sample stage surface 616 includes a 

plurality of vacuum ports 632. The vacuum ports 632 are configured to provide 

5 a vacuum underneath a sample position on the sample stage surface 616. In the 

example shown in Figure 6B, the vacuum ports 632 form concentric circles 

within the sample stage surface 616. The vacuum ports 632 are thereby able to 

retain a plurality of samples having different sizes on the sample stage surface 

616. In yet another example, the vacuum ports 632 are formed by a plurality of 

10 orifices, for instance pin holes, in the sample stage surface 616. In such an 

example the vacuum ports 632 are readily able to vacuum and thereby retain a 

sample having an irregular shape (e.g., non-circular, elongate and the like) on the 

sample stage surface 616. In still another example, the sample stage 614 

includes a plurality of elevation pins 634 positioned around the sample stage 

15 surface 616. The elevation pins 634 are operable to provide an elevated support 

base for a sample such as a semiconductor wafer positioned over the sample 

stage surface 616. For instance, when a semiconductor wafer is positioned over 

the sample stage 614, an elongate member may be positioned underneath the 

sample to hold the sample as it is positioned. The plurality of elevation pins 634 

20 allow for positioning of the sample over the sample stage surface 616 while 

allowing the interposing of the elements, such as a robotic arm, between the 

sample stage surface 616 and the sample. After positioning of the sample on the 

sample stage surface 616, for instance on the elevated elevation pins 634, the 

robotic arm is removed and the elevation pins 634 are depressed to allow setting 

25 of the sample upon the sample stage surface 616. Thereafter, the vacuum port 

632 are operated to hold the sample on the sample stage surface 616 while the 

stage actuator assembly 618 is operated to position the sample as desired relative 

to the mechanical testing instrument 612, for instance to position the instrument 

over a plurality of designated testing locations on the sample. 

30 

MECHANICAL TESTING INSTRUMENT 

Figure 7 A and 7B show one example of mechanical testing instrument 

612 coupled with the instrument stage 608. As previously described in one 

example, the mechanical testing instrument 612 is positioned adjacent to an 
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optical instrument 610 coupled with the same instrument stage 608. In another 

example, the positioning of the optical instrument 610 relative to the mechanical 

testing instrument 612 is fixed. For instance, where a testing location is 

identified with the optical testing instrument 610, a fixed specified distance 

5 between the optical instrument 610 and the instrument probe 702 (e.g., an 

instrument offset) allows for the ready positioning of the sample stage surface 

616 and the testing location beneath the mechanical testing instrument. 

Referring again to Figures 7 A and 7B, the mechanical testing instrument 

612, in one example, includes a transducer assembly 700 positioned adjacent to 

JO an instrument probe 702. In another example, the mechanical testing instrument 

includes an actuator 704. For instance, the actuator 704 includes but is not 

limited to a piezo actuator configured to move the instrument probe 702 along 

one or more axes such as the x-, y- or z-axis. The actuator 704 cooperates with 

one or more of the instruments stages 608 and the stage actuator assembly 618 to 

15 position the mechanical testing instrument 612 as needed over the sample on the 

sample stage surface 616. In one example, the actuator 704 provides gross 

positioning of the instrument probe 702 relative to the sample on the sample 

stage surface 616. The transducer assembly 700 in another example provides the 

movement and forces necessary to operate the instrument probes 702 in testing 

20 schemes including scratching and indentation while the instrument probe 702 is 

engaged with the sample on the sample stage surface 616. Optionally, the 

actuator 704 works in concert with the instrument probes 702 and the transducer 

assembly 700. For instance, the actuator 704 provides the indentation or 

scratching forces for the instrument probe 702 and the transducer assembly 700 

25 provides measurement and sensing of the movement of the instrument probe 702 

and the forces incident on the probe. The instrument probe 702 and the 

transducer assembly 700 thereby operate in a passive or substantially passive 

configuration while the actuator 704 provides the operating forces, displacement 

and the like. Optionally, the instrument probe 702 includes one or more 

30 instrument features, including, but not limited to tips having specified shapes 

and materials according to the testing schemes and samples tested (e.g., 

Berkovich geometry tips, conical geometry tips, diamond tips, qumiz tips, 

composite tips, alloy tips, doped tips and the like). 
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Referring again to Figure 7 A, in one example, actuator electronics 706 

are provided at one end of the actuator 704. In one example, the actuator 

electronics 706 include controls, circuit boards, memory, wiring and the like 

configured to operate the actuator 704. In another example, transducer 

5 electronics 708 are positioned adjacent or remote to the transducer assembly 

700. As shown in Figure 7 A, the transducer electronics 708 are positioned 

outside the transducer assembly 700 but in electrical communication with the 

transducer assembly. Referring to Figure 7B, a plurality of transducer electronic 

units 708 are positioned on either side of the transducer assembly 700. In one 

10 example, the transducer electronics 708 provide control modules, measurement 

modules and operation modules for the transducer assembly 700. In another 

example, wiring and the like are fed through the actuator 704 and the actuator 

electronics area 706 to provide electrical coupling of the mechanical testing 

instrument 612 with controls such as the control station 110 shown in Figure 1. 

15 In a similar manner the electronics of the optical instrument 610 are similarly 

electrically coupled with the control station 110. In yet another example, each of 

the optical and mechanical testing instruments 610, 612 are coupled with the 

control station through one or more of IR, wireless, Bluetooth and related non­

wired systems. 

20 Referring now to Figure 7C, one schematic example of the transducer 

assembly 700 shown in Figure 7 A and 7B is provided. The transducer assembly 

700 shown in Figure 7C includes a capacitor assembly 710 including opposed 

plates 714 positioned around a center plate 712. As shown in the diagram the 

center plate 712 is movable relative to the opposed plates 714. For instance, the 

25 center plate 712 is coupled with the remainder of the capacitor assembly 710 

with one or more spring supports 715. The application of a voltage across the 

opposed plates 714 operates the center plate 712 to move the instrument probe 

702 for indentation (e.g., along the z-axis) or translation (e.g., along the x- and y­

axes). Similarly, movement of the center plate 712 relative the opposed plate 

30 714 is measurable according to changes in capacitance, changes in the voltage 

across the opposed plates 714 and the like. Measurement of the change in 

capacitance and change in voltage is readily associated with the change in 

position of the instrument probe 702. From these measurements forces incidents 
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on the instrument probe 702 as well as movement of the instrument probe 702 

are readily determined with precision. 

Referring now to the instrument probe 702, the instrument probe 702 

includes a probe surface 716 coupled with a probe base 718. In one example, the 

5 probe base 718 includes a probe coupling feature 720 such as a threaded hole. 

The center plate 712, in one example includes a probe receptacle 722 sized and 

shaped to receive the probe base 718. In one example the probe receptacle 722 

includes a threaded projection sized and shaped to couple with the probe 

coupling feature 720 of the probe base 728. For instance, with rotation of the 

IO probe base 718 the probe coupling features 720 receive and engage with the 

elongated projection of the probe receptacle 722 to securely fasten the 

instrument probe 702 to the center plate 712 of the capacitor assembly 710. 

In one example, the capacitor assembly 710 operates in an electrostatic 

manner to move the center plate 712 relative to the opposed plates 714. For 

15 instance, the opposed plates 714 provide an electrostatic force to the center plate 

712 that provides one or more of indentation or scratching movement of the 

instrument probe 702 relative to a sample, for instance, coupled on the sample 

stage surface 616 as shown in Figures 6A and 6B. 

As previously described in some examples, the actuator, such as the 

20 actuator 704 or instrument actuator 608, provides movement including 

scratching movement, indentation movement or the like with the instrument 

probe 702 relative to the sample. The capacitor assembly 710 is used in this 

passive or substantially passive manner to measure the movement of the 

instrument probe 702 relative to the opposed plates 714 (e.g., by movement of 

25 the center plate 712). For example, in a passive mode the center plate 712 is 

held between the opposed plates 714 with the spring support 715. As the 

actuator 626 or 704 moves the instrument probe 702, for instance indenting the 

instrument probe 702 or scratching the instrument probe 702 across or into a 

sample, the deflection of the center plate 712 relative to the opposed plates 714 

30 is measured to thereby determine the force incident on the instrument probe 702 

as well as its movement. 

In yet another example, the center plate 712 is held at a substantially 

static position relative to the opposed plates 714 with an electrostatic force. In 

this example, one or more of the actuators 704, 626 are operated to move the 
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instrument probe 702, for instance indenting or scratching the instrument probe 

702 into or along a sample, and the voltage required to maintain the center plate 

712 in position relative to the opposed plates 714 is measnred to determine the 

force incident on the instrument probe 702 corresponding to the force applied to 

5 the sample. The movement of the actuator 704 or 626 is used to correspondingly 

measure the movement of the instrument probe 702 where the instrument probe 

702 is otherwise statically maintained relative to the opposed plates 704 (e.g., 

where the instrument probe 702 is coupled with the center plate 712). 

Figure 8 shows another example of an instrument stage 800. In the 

10 example shown, the instrument stage 800 includes a plurality of instruments 

including the optical instrument 610 and the mechanical testing instrument 612 

previously shown in Figures 6A and 6B. In the example shown in Figure 8, the 

instrument stage 800 further includes a high load mechanical testing instrument 

802. The high load mechanical testing instrument 802 includes a high load 

15 instrument probe 804 movably coupled within the high load mechanical testing 

instrument 802. In some examples, the high load mechanical testing instrument 

802 includes a more robust capacitor assembly 710 and the high load inshument 

probe 804 to facilitate the application of higher forces to the sample positioned 

on the sample stage surface 616. The high load mechanical testing instrument 

20 802 in combination with the mechanical testing instrument 612 is thereby able to 

provide a full suite of operational forces and the like to samples present on the 

sample stage surface 616 without requiring the exchange of instruments on the 

instrument stage 800. For example, the high load mechanical testing instrument 

802 is configured to provide higher forces (e.g., up to around I 0 N or more) 

25 relative to the forces provided by the lower force mechanical testing instrument 

612 (e.g., up to around 10 micro N). As previously described with regard to the 

mechanical testing instrument 612 relative to the optical instrument 610, in one 

example the high load mechanical testing instrument 802, for instance its high 

load instrument probe 804, has a set specified position relative to the optical 

30 instrument 610. By providing a set distance (e.g., instrument offset) between the 

high load instrument probe 804 and the optical instrument 610 the high load 

mechanical testing instrument 802 is accurately and precisely positioned at a 

testing site location observed with the optical instrument 610. 
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CANTILEVERED INSTRUMENT COLUMN AND A TRANSLATIONAL 

AND ROTATIONAL STAGE FOR USE WITH THE SAME 

Figure 9 shows a side perspective view of the automated testing system 

600 previously shown and described in Figures 6A and 6B. The view shown in 

5 Figure 9 shows the relative position of the optical and mechanical testing 

instruments 610, 612 when coupled with the cantilevered instrument column 606 

relative to the sample stage 614 including the sample stage surface 616. As 

shown, the cantilevered instrument column positions the instruments 610, 612 at 

an instrument-column length 902 over top of the sample stage surface 616. The 

JO sample stage surface 616 has a stage surface length 900 substantially larger than 

the instrument-column length 902. The sample stage 614 including the sample 

stage surface 616 is moved to provide access to each of the locations on the 

sample stage surface 616 with the stage actuator assembly 618 previously 

described herein. As previously described, in one example the stage actuator 

15 assembly 618 includes a plurality of stages, for instance an x-stage, a y-stage and 

a rotational stage 620, 622, 624, configured to position the sample stage surface 

616 so that substantially any location on the sample stage surface 616 as well as 

any of the stage receptacles 628 on the stage receptacle flange 630 are capable of 

being positioned underneath one or more of the instruments such as the optical 

20 instrument 610 and the mechanical testing instrument 612. 

In one example the instruments 610, 612 have a limited footprint such as 

an instrument footprint 906 shown in broken lines in Figure 9. For instance, the 

instruments 610, 612, such as the optical and mechanical instruments, are 

configured to overlie an area of the sample stage surface 616 (e.g., the 

25 instrument footprint) according to their cantilevered position provided by the 

cantilevered instrument column 606. Stated another way, the limited instrument­

column length 902 shown in Figure 9 correspondingly constrains the position of 

the optical and mechanical testing instruments 610, 612 to the instrument 

footprint 906 shown in Figure 9. The constrained positioning of the optical and 

30 mechanical testing instruments 610, 612 according to the cantilevered instrument 

column 606 provides a robust structurally supported base for the mechanical 

testing instrument 612 to substantially minimize mechanical noise in the 

mechanical testing instrument 612 during operation including indentation, 

scratching and measurement of scratching and indentation forces and indentation 
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depth by the mechanical testing instrument 612. As shown, the cantilevered 

instrument column 606 provides a constrained instrument-column length 902 to 

minimize any deflection of the cantilevered instrument column extending over 

the sample stage surface 616. 

The stage actuator assembly 618 in combination with the sample stage 

614 having the sample stage surface 616 provides the flexibility to the sample 

stage surface 616 needed to position substantially any location on the sample 

stage surface 616 under any one of the optical or mechanical testing instruments 

610, 612. Additionally, the stage actuator assembly 618 (e.g. configured for 

10 translation along x- and y-axes as well as rotation about the z-axis or theta 

rotation) is configured to position a plurality of the stage receptacles 628 and the 

stage receptacle flange 630 under the mechanical testing instrument 612. That is 

to say, with a combination of one or more ofX and Y translation along with 

rotation of the sample stage surface 616 for instance with the x-stage, the y-stage 

15 and the rotational stage 620, 622, 624 substantially any location on the sample 

stage surface 616 is configured for positioning within the constrained instrument 

footprint 906 shown in Figure 9. With this configuration a cantilevered 

instrument column 606 provides a relatively short cantilevered extension for the 

instruments over top of the sample stage surface 616 without otherwise requiring 

20 a corresponding duplicated column, such as an arch positioned on the opposed 

side of the cantilevered instrument column 606 shown in Figure 9. The 

provision of a second column such as the column 606 shown in Figure 9 to 

provide an arch would greatly increase the overall footprint of the automated 

testing system 600 and thereby the corresponding footprint of the automated 

25 testing assembly 100 shown in Figure 1. In contrast, the automated testing 

system 600 shown in Figure 9 has a compact footprint provided by the compact 

cantilevered instrument column 606 used in combination with the stage actuator 

assembly 618 configured for one or more of X, Y and rotational movement as 

described herein. 

30 In one example, the x-stage 620 of the stage actuator assembly 618 is 

configured to have a greater range of movement relative to the range of 

movement of they-stage 622. Stated another way, the sample stage 614 is 

configured to move into and out of the page as shown in Figure 9 to a greater 

degree as opposed to transverse movement (e.g., along the y-axis) of the sample 
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stage 614, for instance to the left and the right of the page shown in Figure 9. By 

constraining the movement of the sample stage surface 616 to a large degree 

along the x-axis of the x-stage 620 the footprint in the direction transverse to the 

x-axis (e.g., along the y-axis of they-stage 622) is substantially minimized. The 

5 corresponding footp1int of the automated testing system 600 is thereby further 

minimized to substantially limit the translation of the sample stage surface 616 

to the left or right of the page shown in Figure 9. The automated testing system 

is fully contained within the automated testing assembly 100 shown in Figure I 

without requiring a larger enclosure otherwise needed with a sample stage 614 

10 configured to move extensively along the y-axis with they-stage 622 (e.g., to a 

similar degree to the x-stage range of translation). 

In one example, the rotational stage (a theta stage) 624 provides added 

flexibility needed to substantially move any position on the sample stage surface 

616 normally positioned by a y-stage having a greater range of motion. That is 

15 to say, the rotational stage 624 provides an additional degree of freedom to the 

stage actuator assembly 618 that minimizes the need for a large translational 

range for they-stage 622. 

20 

SAMPLE STAGE SURFACE 

Figures I OA and I OB show one example of the sample stage surface 616 

previously described and shown in Figures 6A and 6B. For instance, the sample 

stage surface 616 includes a plurality of vacuum port 632 shown in concent1ic 

rings in Figures I OA and 1 OB. As previously described, the sample stage 614 

further includes a plurality of elevation pins 634 sized and shaped to provide a 

25 support surface for a sample positioned on the sample stage surface 616 prior to 

retention for instance by the vacuum ports 632. That is to say, the elevation pins 

634 provide an elevated resting surface for the sample to allow the 

interpositioning of a handling object such as a robotic arm between the sample 

stage surface 616 and the sample prior to fixing of the sample along the sample 

30 stage surface 616. The elevated pins shown in Figure I OA allow the handling 

feature such as the robotic arm to position the sample and thereafter move from 

between the sample stage surface 616 and the sample without disturbing the 

sample's position or the sample stage surface 616. After disengagement and 

removal of the handling feature, such as the robotic arm, the elevation pins 634 
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are depressed as shown in Figure 1 OB and the plurality of vacuum port 632 are 

operated to fix the sample to the sample stage 614 to allow for positioning of one 

or more testing locations relative to the instruments such as the optical and 

mechanical testing instruments 610, 612 shown in Figures 6A and 6B without 

5 relative movement between the stage 614 and the sample. 

PROBE CHANGE ASSEMBLY 

Figures ! IA and 11 B show portions of the automated testing 600 

previously shown in Figures 6A and 6B. In Figures 1 lA and 1 lB the 

IO components ofa probe change assembly 1100 are provided. The probe change 

assembly 1100 in one example includes a plurality of probe change units 1102 

positioned within stage receptacles 628 along the stage receptacle flange 630 of 

the sample stage 614. As shown, each of the probe change units 1102 in one 

example includes a probe change tool 1104 coupled with a probe 702. Each of 

15 the probes 702 (e.g., instrument tips having specified shapes, materials and the 

like) are positioned within the probe change tools 1104 with the probe base 718 

exposed for ready coupling with the mechanical testing instrument 612 coupled 

with the cantilevered instrument column 606. 

In another example, the probe change assembly 1100 further includes a 

20 probe magazine 1108 coupled with a portion of the automated testing system 

600. In one example, the probe magazine 1108 is coupled with the cantilevered 

instrument column 606 as shown in Figures ! IA and 1 !B. In another example, 

and as shown in Figures ! IA, B, the probe magazine is coupled with the 

instrument stage 608 and thereby movable at least along a Z-axis (e.g., 

25 vertically). The probe magazine 1108 in another example, is positioned 

anywhere within or on the automated testing system 600 where access is 

provided to the plurality of probes 702 by the plurality of probe change tools 

1104 shown in Figures l !A and l lB. For instance, the probe magazine 1108 is 

positioned separately from the cantilevered instrument column 606 at a position 

30 to the side of the cantilevered instrument column where the plurality of probe 

change tools 1104 have access to the probe magazine 1108 to readily couple and 

decouple probes 702 from the probe magazine 1108 as needed for exchange with 

the mechanical testing instrument 612. 
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As shown in Figure I IA, a plurality of probe change units 1102 are 

provided along the stage receptacle flange 630. In one example, the probe 

change tools 1104 are substantially identical and thereby able to couple with any 

of the probes 702 positioned within the probe magazine 1108. In another 

5 example, the probe change units 1102 include differing probe change tools 1104, 

for instance having differing diameters, cross-sectional shapes and the like. In 

such examples the probe change tools 1104 are sized and shaped to engage with 

differing probes 702 stored within the probe magazine 1108 or positioned within 

the probe change tools 1104 prior to operation of the automated testing system 

10 600. For instance in one example, one or more of the probe change units 1102 

include probe change tools 1104 sized and shaped for coupling with heavy load 

probes. In another example, one or more of the probe change units 1102 are, in 

contrast to the heavy load tools, sized and shaped for coupling with standard 

probes configured to operate at lesser forces relative to the heavy load probes 

15 used in the other probe change units 1102. 

In another example, each of the stage receptacle 628 of the stage 

receptacle flange 630 are indexed to software control systems configured to 

operate the stage actuator assembly 618. The indexing of the stage receptacle 

628 allows for the accurate and reliable positioning of the probe change units 

20 1102 coupled within the stage receptacles 628 relative to the mechanical testing 

instrument 612 and the probe magazine 1108. Stated another way, the control 

system for the stage actuator assembly 618 is configured with the indexed 

positions of the stage receptacles 628 to move one or more of the probe change 

units 1102 when desired into alignment with the mechanical testing instrument 

25 612 or various ports on the probe magazine 1108 for selective coupling and 

decoupling of probes 702 with the probe change units 1102. For instance, the 

stage actuator assembly 618 is configured to move the probe change units 1102 

into alignment with one or more of the probes 702 stored within the probe 

magazine 1108, couple with one of the probes 702, and decouple the probe 702 

30 from the probe magazine 1108. The stage actuator assembly 618 is thereafter 

configured to move through a combination of one or more of translation and 

rotation of the sample stage 614 to align the probe change unit 1102 and the 

probe 702 installed therein with the mechanical testing instrument 612. The 

probe change unit 1102 is configured to couple the probe 702 with the 
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mechanical testing instrument 712 for instance through the elevation of one or 

more of the mechanical testing instrument 612 (e.g., the instrument stages 608 

including the magazines 1108 thereon) or the sample stage 614 followed by 

rotation of the probe 702 by the probe change unit 1102. 

Optionally, the probe change unit 1102 precedes the installation of a 

probe 702 within the mechanical testing instrument 612 with removal ofa used 

probe from the mechanical testing instrument 612. Jn such an example, the 

probe change unit 1102 is aligned with the mechanical testing instrument 612 

and the probe change tool 1104 engages with the probe 702 coupled with the 

JO mechanical testing instrument 612 and thereafter rotates the probe 702 out of 

coupling with the mechanical testing instrument 612. In one example, the probe 

change tool 1104 thereafter is moved for instance by the stage actuator assembly 

618 (through a combination of one or more of translation and rotation) to align 

the probe change unit 1102 with one or more orifices in the probe magazine 

15 1108. The probe change unit 1102 is raised or the probe magazine is lowered 

1108 (for instance where the probe magazine 1108 is coupled with the 

instrument stage 608) into coupling engagement with the probe change unit 1102 

having the used probe 702 thereon. The probe change unit 1102 positions the 

used probe 702 in an orifice of the probe magazine 1108 and decouples the 

20 probe 702 from the probe change unit 1102. The probe change unit 1102 is then 

free to receive a fresh probe 702 from the probe magazine 1108 for installation 

within the mechanical testing instrument 612. 

In another example, the stage receptacle flange 630 includes one or more 

diagnostic samples 1106 positioned in one or more of the stage receptacles 628. 

25 In one example the diagnostic samples 1106 include, but are not limited to, 

quartz and aluminum samples having well known and predictable mechanical 

characteristics such as elastic modulus, hardness and the like. As with the probe 

change units 1102, having the diagnostic samples 1106 within the stage 

receptacles 628 allows for indexing of the diagnostic samples 1106 for accurate 

30 positioning of the samples by the stage actuator assembly 618. For instance, the 

stage actuator assembly 618, through control software, is readily able to move a 

diagnostic sample, through one or more of translation and rotation of the sample 

stage 614, into alignment with the mechanical testing instrument 612. The 

mechanical testing instrument 612 is operated to check the function of the probe 
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702 coupled with the mechanical testing instrument 612 (e.g., to check on probe 

wear, reassess the probe area function and the like). 

In still another example the probe magazine 1108 includes a probe 

actuator configured to raise and lower the probe magazine 1108 relative to the 

5 probe change units 1102, to move one or more of the probes 702 into 

engagement with the probe change tools 1104 of the probe change units 1102, to 

couple and decouple probes 702 to and from the probe change units 1102 and the 

like. 

10 Rotary Clutch 

Figures 12A and 12B show views of one example of the probe change 

unit 1102 previously shown and described in Figures I IA and l lB. As shown 

for instance in Figure l lA, the probe change unit 1102 includes a probe change 

unit housing 1200 sized and shaped to retain a motor 1202 such as a step motor 

15 therein. In the example shown, the motor 1202 is configured to provide one or 

more of clockwise and counterclockwise rotation for instance to the probe 

change tool 1104. The probe change unit housing 1200 further includes a wiring 

interface 1204 extending through the probe change unit housing and electrically 

coupled with the motor 1202. Referring to Figure 12A, a drive cap 1206 is 

20 shown engaged with the probe change tool 1104. As will be described in further 

detail below the drive cap 1206 in one example is a transmission means 

configured to provide rotational force to the probe change tool 1104 for 

corresponding rotation of the probe 702 positioned within the probe change tool 

1104. 

25 In another example shown in Figure 12A, the probe change unit 1102 

includes a mirror 1208 directed toward an access port 1212 extending through 

the probe change tool 1104. In one example the access port 1212 provides 

access (e.g. a direct visible line) to probe data 1214 provided on the probe 702. 

In another example, the probe data includes one or more of RFID, text, barcode 

30 and the like. For instance, the probe data 1214 includes one or more of probe 

identification data, calibration data such as the probe area function for the probe 

702 and the like. Further, in the example shown in Figure 12A the mirror 1208 

is positioned by a mirror ann 1210 cantilevered relative to the probe change unit 

housing 1200. As shown in Figure 12A the mirror arm 1210 is positioned to 
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extend up and around the drive cap 1206 to substantially prevent the engagement 

of the mirror 1208 or the mirror arm 1210 with the drive cap 1206, for instance, 

during rotation of the drive cap during one or more of installation or decoupling 

of the probe 702 with the mechanical testing instrument 612. The mirror arm 

5 1210 directs the mirror 1208 so that the mirror when viewed from above 

provides visibility to the probe data 1214 such as with the optical instrument 610 

previously shown and described in Figures 6A and 6B. In another example, the 

mirror and mirror arm 1208, 1210 are replaced or are included in addition to 

other sensing instruments such as an RFID sensor, barcode reader, text reader 

1 O and the like coupled with one or more of the optical instrument 610 or the probe 

change assembly 1100 previously shown and described in Figures 11 A, B and 

12A. 

Referring now to Figure 12B, as previously described the probe change 

unit 1102 is a part of the probe change assembly 1100 shown in Figures l lA and 

15 11 B. For instance, the probe change unit 1102 is configured to rotate or couple 

one or more probes 702 with the probe magazine 1108 and the mechanical 

testing instrument 612. Referring now to Figure 12B, the probe change unit 

1102 is shown in cross-section and includes the motor 1202 positioned within 

the probe change unit housing 1200 as previously described. A drive shaft 1216 

20 extends from the motor into the drive cap 1206. As shown in Figure 12B, the 

drive shaft 1216 is engaged with a spindle 1218 and the spindle is in turn 

rotatably coupled with the drive cap 1206. 

As will be described in further detail below, in one example a rotary 

clutch or slip interface is provided between the spindle 1218 and the drive cap 

25 1206 to ensure locking rotary engagement in one direction such as a decoupling 

direction with respect to the probe 702 and the mechanical testing instrument 

612, and to permit slipping rotary engagement of the probe 702 and the 

mechanical testing instrument 612 for instance in a rotary installing direction. 

Referring again to Figure 12B, as shown in the cross-section the probe 

30 change unit 1102 further includes in one example a bearing 1220 interposed 

between portions of the drive cap 1206 and the spindle 1218. In one example 

the bearing 1220 is a rotational bearing including an inner bearing ring 1219 and 

an outer bearing ring 1221 with ball bearings interposed therebetween. As will 

be described in further detail below, the bearing 1220 facilitates the rotation of 
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the spindle 1218 relative to the drive cap 1206 for instance where slipping 

engagement between the spindle and the drive cap is desired such as to avoid 

over-torquing of a probe 702 within the mechanical testing instrument 612. 

Instead, the bearing 1220 permits rotational force to be solely transmitted from 

5 the spindle 1218 to the drive cap 1206 through the rotary clutch described herein 

below. 

In another example, the probe change unit 1202 includes a slipping 

interface feature 1222 coupled between one or more portions of the drive cap 

1206 and the bearing 1220. In one example, the slipping interface feature 1222 

10 includes a wave washer that selectively allows the transmission of torque 

between the drive cap 1206 and the bearing 1220. As further shown in Figure 

12B, a tool interface 1226 is provided between the drive cap 1206 and the probe 

change tool 1104. In one example the tool interface 1226 includes one or more 

of corresponding noncircular contours between the drive cap 1206 and the probe 

15 change tool 1104 or an interference fit therebetween. The noncircular 

interference fit at the tool interface 1226 ensures the reliable transmission of 

rotational forces from the drive cap 1206 to the probe change tool 1104 through 

rotation of the drive cap 1206. In another example, a probe interface 1224 is 

provided between the probe change tool 1104 and the probe 702 when the probe 

20 702 is coupled with the probe change tool. For instance, as with the tool 

interface 1226, the probe interface 1224 includes a noncircular interface 

configured to ensure rotational movement of the probe change tool 1104 is 

transmitted to the probe 702 during installation and decoupling of the probe 702 

from the mechanical testing instrument 612 or the probe magazine 1108. 

25 Figure 13 shows the probe change unit 1102 with the drive cap 1206 

provided in phantom lines. The drive cap 1206 is provided in phantom lines to 

expose the components of the rotary clutch 1300, for instance along the drive 

cap 1206 and the spindle 1218. The rotary clutch 1300 in one example includes 

one or more pawls 1302 moveably coupled with the spindle 1218. In another 

30 example, the rotary clutch 1300 further includes one or more pawl receivers 

1306 positioned along the inner surface of the drive cap 1206. As will be 

described in further detail below, the rotary clutch 1300 provides slipping 

engagement in a first direction such as a probe installation rotation direction and 
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provides locking non-slipping engagement between the spindle 1218 and the 

drive cap 1206 in a probe decoupling rotational direction. 

Referring again to Figure 13, the pawl 1302 is retained within a pawl 

housing 1304 fonned in the spindle 1218. For instance, as shown in Figure 13 

5 the pawl housing 1304 has a substantially corresponding shape to the pawl 1302 

to facilitate the reception of the pawl 1302 therein and to further facilitate the 

rotation of the spindle 1218 relative to the drive cap 1206 in the rotary 

installation direction and over at least a portion of the decoupling rotational 

direction at least until the pawl 1302 is received within the pawl receiver 1306. 

10 As further shown in Figure 13, a biasing element 1308 is positioned around the 

spindle 1218. As will be described in further detail below, in one example the 

biasing element 1308 engages with a portion of the pawl 1302 (e.g. including 

one or more pawls 1302) to bias a portion of the pawl 1302 outwardly relative to 

the spindle 1218. Biasing of a portion of the pawl 1302 outwardly from the 

15 spindle 1218 biases that portion of the pawl into engagement with the pawl 

receiver 1306. In the decoupling rotational direction the biasing of the pawl 

1302 outwardly biases the pawl into the pawl receiver 1306 and engages the 

pawl 1302 in a locking rotary engagement with the drive cap 1206 to 

substantially prevent the slipping of the spindle 1218 relative to the drive cap 

20 1206 while the spindle 1218 is rotated in the decoupling direction. 

As shown in Figure 14, the probe change unit 1102 is transversely cross­

sectioned to expose the rotary clutch 1300 including the pawl 1302 positioned 

between the spindle 1218 and the drive cap 1206. In the configuration shown in 

Figure 14, the pawl 1302 is substantially received within the pawl housing 1304 

25 while the spindle 1218 is configured for selective slipping engagement with the 

drive cap 1206. For instance as the spindle 1218 is rotated in the 

counterclockwise (i.e., clockwise when viewed from the bottom up) direction for 

instance by rotation provided by the drive shaft 1216 coupled with the motor 

1202 the pawl 1302 is biased outwardly into engagement with the inner surface 

30 of the drive cap 1206. While the spindle 1218 is moved in a counterclockwise 

direction the pawl 1302 as well as the other surfaces of the spindle 1218 engage 

with the inner surfaces of the drive cap 1206 to provide rotational movement to 

the drive cap 1206 and corresponding rotational movement to the probe change 

tool 1104 shown in Figures l lA and 1 lB. The probe 702 coupled with the 
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probe change tool 1104 is thereby selectively rotated. ln one example where the 

probe change tool 1104 is rotated in the counterclockwise direction for instance 

with a probe 702 coupled with a probe change tool 1104 torque is provided to 

the probe 702 until such time as the probe 702 is fully or at least partially 

5 received and coupled with the mechanical testing instrument 612. As the probe 

702 is coupled with the mechanical testing instrument 612 a counter torque is 

provided between the interface features of the mechanical testing instrument 612 

and the probe base 1718 of the probe 702. The counter torque is 

con-espondingly transmitted to the drive cap 1208. Because the pawl 1302 is 

10 selectively engaged with the drive cap 1206 and not otherwise in locking 

engagement because of the counterclockwise rotation shown in Figure 4 upon 

receiving the counter torque the drive cap 1206 will slide relative to the spindle 

1218 to substantially prevent the over torquing of the probe 702 into the 

mechanical testing instrument 612. The transducer within the mechanical testing 

15 instrument 612 is thereby substantially preserved and not damaged by over­

rotation of the probe 702 from the motor 1202. 

In contrast, where decoupling of the probe 702 is desired from the 

mechanical testing instrument 612 the spindle 1218 is rotated in an opposed 

direction, such as the clockwise direction as shown in Figure 14. While rotated 

20 in the clockwise direction (i.e., counterclockwise when viewed from the bottom 

up) the pawl 1302 continues to be biased outwardly for instance by the biasing 

element 1308. As the spindle 1218 rotates the counter torque of the probe 702 

coupled with the mechanical testing instrument 612 is con-espondingly 

transmitted through the probe change tool 1104 and the drive cap 1206. The 

25 counter torque allows the drive cap 1206 to slip relative to the spindle 1218 until 

the pawl 1302 reaches one or more of the pawl receivers 1306. Because the 

pawl 302 is biased outwardly the pawl 1302 is received in one or more of the 

pawl receivers 1306 and provides a locking rotary engagement between the drive 

cap 1206 and the spindle 1218. The motor 1202 is thereby able to provide a 

30 decoupling torque through the drive shaft 1216, the spindle 1218 and the drive 

cap 1206 to the probe change 1104. The torque transmitted to the probe 702 is 

able to readily decouple the probe 702 from the mechanical testing instrument 

612. Because the probe 702 is being decoupled from the mechanical testing 

instrument 612 the locking engagement between the spindle 1218 and the drive 
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cap 1206 does not damage the transducer as the probe 702 instead rotates 

relative to the transducer and decouples from the mechanical testing instrument 

612. 

As described, the rotary clutch 1300 is thereby able to provide locking 

5 rotary engagement between the probe change tool 1104 and spindle 1218 in a 

probe decoupling rotation direction and selected slipping engagement between 

the probe change tool 1104 and the spindle 1218 in a probe installing rotational 

direction. For instance, through the selective engagement of one or more pawls 

1302 with the interior surface of the drive cap 1206 selected slipping 

10 engagement and transmission of torque between the spindle 1218 and the drive 

cap 1206 is realized. In contrast, locking rotary engagement between one or 

more pawls 1302 and one or more pawl receivers 1306 provides locking rotary 

engagement without slipping between the spindle 1218 and the drive cap 1206 to 

ensure reliable decoupling of the probe 702 for instance from the mechanical 

15 testing instrument 612 (or the probe magazine 1108). 

Figure 15 shows a detailed perspective view of the spindle 1218 of the 

probe change unit 1102 previously described and shown in Figure I IA. As 

shown, the drive cap 1206 is removed to further expose the pawls 1302 and the 

pawl housing 1304. As shown in Figure 15, a plurality of pawls 1302 are 

20 provided with an interposing pawl boss 1500 extending therebetween. In one 

example, the pawl boss 1500 extends across a biasing element groove 1502. As 

previously described the probe change unit 1102 includes a biasing element 1308 

extending around the spindle 1218. As shown in Figure 15, the biasing element 

1308 is received within the biasing element groove 1502 and overlies the pawl 

25 boss 1500. The biasing element 1308 includes in one example an elastomeric 

band sized and shaped to provide an inwardly projecting biasing force against 

the pawl boss 1500. In another example, the biasing element 1308 includes, but 

is not limited to a spring wire, an elastic element and the like sized and shaped to 

provide an inward biasing force. The engagement of the biasing element 1308 

30 with the pawl boss 1500 biases heads 1504 of the pawls 1302 inwardly into the 

relatively larger head grooves 1508. Inward movement of the heads 1504 (e.g., 

into snug reception within the head grooves 1508) biases (e.g., rotates) the tails 

1506 of each of the pawls 1302 outwardly through engagement of the pawls with 

a pivot point 1501. The tails 1506 are thereby biased into engagement with the 
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spindle 1218 (e.g. along the inner spindle surface or within one of the pawl 

receivers 1306). 

As shown in Figure 15, the pawls 1302 further include heads 1504 

received in the larger head grooves 1508 fonned as part of the pawl housings 

5 1304 formed in the spindle 1218. In another example, tail groves 1510 are 

further provided within the pawl housing 1304 to receive the tails 1506 there. 

As previously described, the pawl housing 1304 allows for the reception of the 

pawls 1302 therein while the spindle 1218 rotates with the drive cap 1206 for 

instance in a selective slipping engagement between the drive cap 1206 and the 

10 spindle 1218 in a probe installing rotational direction. In contrast, the biasing 

element 1308 biases at least the tails 1506 outwardly from the spindle 1218 (e.g., 

through inward biasing of the pawl boss 1500 and the heads 1504 for pivoting at 

the pivot point 1501) for reception of the tails 1506 within the pawl receivers 

1306 where the spindle 1218 is rotated in a probe decoupling rotational direction 

15 to ensure the pawls 1302 provide a locking engagement between the spindle 

1218 and the drive cap 2106 as described above. 

20 

READING OF PROBE IDENTIFICATION OR CALIBRATION DATA 

FROM THE PROBE 

Figure 16 shows one example of the probe ehange unit 1102 with the 

mirror 1208 directed toward the access port 1212 and probe data 1214 provided 

on a probe 702. As previously described, in one example the mirror 1208 is one 

means for providing access to the probe data 1214 by the automated testing 

system 600 for instance through the optical instrument 610. As shown in Figure 

25 16, an image line 1600 extends from the probe data 1214 to the miiTor 1208. A 

reflected image line 1602 for instance with the inverse of the probe data 1214 

shown at Figure 16 extends upwardly such as toward the optical instrument 610 

where the optical instrument 610 is aligned with the mirror 1208. 

As previously described, in another example the stage receptacles 628 are 

30 indexed for ready positioning by the stage actuator assembly 618. In yet another 

example, the mirror 1208 is also indexed for the stage actuator assembly 618 

(e.g., relative to the stage receptacle 628). The stage actuator assembly 618 is 

thereby controlled to position the sample stage 614 including one or more of the 

mirrors 1208 for one or more of the probe change units 1102 into alignment with 
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the optical instrument 610. By aligning the mirror 1208 with the optical 

instrument 610 the optical instrument 610 is able to observe the probe data 114 

supplied along with probe 702 visible through the access port 1212. In another 

example, the optical instrument 610, another instrument such as an RFID reader, 

5 barcode reader and the like is oriented at other angles for instance perpendicular 

to the probe 702 and directed toward probe data 1214 positioned at other 

locations on the probe 702 to eliminate the need for the mirror 1208. For 

instance, the optical instrument 610 or RFID reader, barcode reader or the like is 

positioned perpendicularly relative to the probe 702 to provide direct access to 

10 the probe data 1214. In another example with an RFID reader, alignment of the 

RFID reader with the mirror 1208 is not necessary. Instead, the RFID reader is 

brought into close proximity with the probe 702 to activate the RFID chip and 

thereby read the information therefrom. 

15 METHOD FOR AUTOMATICALLY EXAMINING A TRANSDUCER 

RESPONSE TO THE MECHANICAL TESTING INSTRUMENT 

Figure 17 shows one example the method 1700 for automatically 

examining a transducer response in the mechanical testing instrument configured 

to perform mechanical testing at micron scale or less (e.g., equal to or less than 

20 microns). In describing the method 1700 reference is made to previously 

described features and functions provided herein. Where reference numerals are 

provided the numerals are intended to be exemplary and not limiting. For 

instance, the recited structure and features in the method 1700 as well as the 

other methods described herein include the referenced features, other similar 

25 features described herein as well as their equivalents. At 1702, the method 1700 

includes determining if a transducer operation threshold is achieved. The 

transducer 700 includes in one example the transducer assembly 700 shown in 

Figure 7 A and the corresponding capacitor assembly 1710 shown in Figure 7C. 

In one example, the transducer assembly is coupled with an instrument probe 

30 such as the probe 702 shown in Figure 7C. The transducer, such as the capacitor 

assembly 710, is configured to move the probe 702, measure the instrument 

probe movement and measure the force applied to the instrument probe 702 

through for instance the movement of a ceuter plate 712 relative to the oppose 

plates 714 of the capacitor assembly 710. 
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At 1704, a space indentation operation is conducted with the transducer 

such as the transducer assembly 700 once the transducer operation threshold is 

achieved. In one example, the space indentation operation includes at 1706 

moving the instrument probe 702 into a position where an instrument probe 702 

5 will not engage a surface during the space indentation. For instance, the 

instrument stage 608 is operated to move the mechanical testing instrument 612 

relative to the sample stage 614 to elevate the mechanical testing instrument out 

of possible engagement with the sample stage surface 616. In another example, 

the stage actuator assembly 618 is operated to move the sample stage surface 

10 616 laterally relative to the mechanical testing instrument 612 to substantially 

move the sample stage surface 616 out aligmnent with the mechanical testing 

instrument. 

At 1708, a specified voltage is applied to the transducer, for instance, 

across the opposed plates 714. As previously described herein, the application 

15 of the specified voltage to the opposed plate 704 generates an electrostatic force 

between the opposed plates 714 and the center plate 712 thereby deflecting or 

moving the center plate 712 relative to the opposed plates 714. At 1710, the 

movement of the instrument probe 702 (e.g., the center plate 712) is measured. 

At 1712, it is determined whether the transducer assembly 700 requires one or 

20 more of calibration or service if the measured movement is outside of the 

specified movement threshold for the specified voltage. For instance, the 

specified voltage is paired with a predicted movement of the probe 702 (e.g., the 

center plate 712 of the capacitor assembly 710) and where the measured 

movement of the probe 702 is outside the specified or predicted threshold range 

25 of the movement for the probe 702 one or more of calibration or service is 

indicated for performance on the transducer assembly 700. 

Several options for the method 1700 follow. In one example, 

determining ifthe transducer operation threshold is achieved includes counting 

the number of transducer operations (e.g., indents, scratches and the like) and 

30 then determining if the number of transducer operations are greater than the 

transducer operation count threshold. In one example, the transducer operation 

count threshold corresponds to empirically developed threshold numbers 

generated in part on experience as well as knowledge of the mechanical 

characteristics of the sample and probe under consideration. For instance, in one 
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example, the transducer operation count threshold is one or more of 100 

indentations indentations, 1000 indentations or the like. As described above, tbe 

transducer operation count threshold, for instance, one or more of the numbers 

provided is adjusted up or down depending on the material being tested, the 

5 material of the probe, the forces being applied, the indentation depth, scratch, 

length and the like. In another example, determining if the transducer operation 

threshold is achieved includes adjusting the transducer operation count threshold 

according to the specified accuracy range. For instance, where measurements of 

mechanical parameters of the sample are desired within a predicted range of 

10 accuracy where measurements of the mechanical parameter are outside of said 

specified range, the transducer operation count threshold or the transducer 

operation threshold are considered achieved and the space indentation operation 

is conducted again. 

In still another example, determining if the transducer operation 

15 threshold is achieved includes determining that the transducer operation 

threshold is achieved if the transducer measures a force outside of a normal 

operating force range. For instance, in one example, the transducer assembly 

700 is configured to provide forces to the probe 702 on the order of milli­

newtons. Where forces incident on the capacitor assembly 710 fall outside of 

20 the this range, for instance, 1 or more newtons is applied to the transducer 702 

(e.g., corresponding to or approximately a pound or more) the transducer 

operation threshold is met indicating a possible strike of the probe 702 by the 

user or a piece of machinery and requiring the space indentation operation be 

performed to ensure capacitor assembly 710 has not been damaged by the 

25 unintentional interaction with the probe 702 and the center plate 712 by an 

operator. With each of the threshold determination steps and functions described 

herein, the control station 110 or other similar control system includes, but is not 

limited to, a comparator, processor, circuit and the like configured to compare 

the relevant measure value (e.g., parameter, count and the like) against the 

30 respective threshold and thereby make a detennination that the threshold is met. 
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EXAMINATION OF A PROBE OF A MECHANICAL TESTING 

INSTRUMENT FOR USE FOR AN AUTOMATED TESTING SYSTEM 

Figure 18 shows one example of the method 1800 for automatically 

examining an instrument probe 702 coupled with a mechanical testing 

5 instrument, such as the testing instrument 612 shown in Figure 6A and 6B. In 

one example, the mechanical testing instrument 612 is eonfigured to perfonn 

mechanical testing at micron scale or less (e.g., at the nanoscale). As described 

with the method I 700, in the description of the method 1800 reference is made 

to features and elements previously described herein including reference 

10 numerals for the same. Reference numerals are intended to be exemplary and 

not limiting. For instance, features and elements described in the method 1800 

include the referenced elements, other similar features and their equivalents. At 

1802, the method 1800 includes determining if an instrument probe use 

threshold is achieved. Instrument probe 702 is coupled with the transducer such 

15 as the capacitor assembly 712 shown in Figure 7C. The transducer assembly 

700 is configured to move the instrument probe 702, measure an instrument 

probe indentation depth and measure the force applied to the instrument probe 

through the transducer 700. At 1804, a probe check operation is conducted once 

the instrument probe use threshold is achieved. 

20 In one example, the probe check operation includes but is not limited to 

at 1806 aligning the instrument probe 702 with a diagnostic sample such as one 

or more of the diagnostic samples 1106 shown in Figure l!A. At 1808, the 

instrument probe 702 is indented into the diagnostic sample 1106. At 1810, one 

or more of the indentation depth, indentation force or a sample mechanical 

25 parameter is measured with the transducer 700. 

At 1812, the method 1800 includes determining the instrument probe 702 

requires one or more of calibration or replacement if one or more of the 

measured indentation depth, measured indentation force or the sample 

mechanical parameter measured are outside of an indentation threshold range, an 

30 indentation force threshold range or a sample mechanical parameter threshold 

range of the diagnostic sample, respectively. For instance, the automated testing 

system, an operator or the like specifies one or more of the threshold ranges 

described herein. Where the measured indentation depth, indentation force or a 

sample mechanical parameter measured with the transducer are outside of this 
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threshold range one or more of calibration or replacement of the probe 702 is 

indicated. 

Several options for the method 1800 follow. In one example, 

determining ifthe instrument probe use threshold is achieved includes counting 

5 the number of transducer operations such as for the transducer 700. The method 

1800 further includes determining if the number of transducer operations are 

greater than the transducer operation count threshold. In a similar manner to the 

method 1700, the transducer operation count threshold is in one example 

determined according to the materials tested, the probe material, the forces 

10 applied, the indentation depth are the same and the like. In one example, the 

empirical or experienced base criteria are used by the operator to adjust the 

transducer operation count threshold upward or downward according to the 

desired reliability for the automated testing system. As described in one 

example, the transducer operation count threshold includes 10, 100, 1000 or 

15 more transducer operations before a probe check operation as described herein is 

required. 

In another example, determining if the transducer operation count 

threshold is achieved includes adjusting the transducer operation count threshold 

according to one or more of the material tested, the instrument probe, and the 

20 force applied to the probe through the transducer. In still another example, 

determining if the transducer operation count threshold is achieved includes 

adjusting the transducer operation count threshold upward or downward 

according to the specified accuracy range. For instance, where the measured 

mechanical parameters for the sample are desired to be within a specified range, 

25 measured values of the parameter that fall outside of a range higger performance 

of the probe check operation as described herein. 

In another example, determining if the instrument probe use threshold is 

achieved includes measuring one or more of the instrument probe indentation 

depth, force applied to the instrument probe through the transducer or a sample 

30 mechanical parameter of the sample and then determining the instrument probe 

use threshold is met if one or more of the instrument probe indentation depth 

force applied to the inshument or the sample mechanical parameter is outside of 

one or more of the specified indentation depth threshold range, a specified force 

threshold range, or a specified sample mechanical parameter threshold range of 
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the sample (in contrast to the diagnostic sample 1106). For instance, a probe 

check operation may be triggered where one or more of the indentation depth, 

indentation force, or a measured sample mechanical parameter are outside of one 

or more threshold ranges. For instance, if the transducer operation count 

5 threshold is not met, however one or more of the indentation force, the 

indentation depth or the measured sample mechanical parameter are outside of 

the predicted threshold range for a particular sample the probe check operation is 

conducted even though the transducer operation count threshold is still not met. 

In one example, aligning the instrument probe, for instance, the probe 

Io 702 coupled with mechanical testing instrument 610 with a diagnostic sample 

1106 includes moving the diagnostic sample 1106 beneath the instrument probe 

702. For instance, moving the diagnostic sample 1106 beneath the instrument 

probe includes one or more of translating and rotating a sample stage surface 616 

(e.g., the sample stage) wherein the sample stage surface includes a stage 

15 receptacle flange 630 housing one or more diagnostic samples 1106. In one 

example, moving the diagnostic sample 1106 includes translating the sample 

stage surface 616 along an X axis and a Y-axis. In one example, the X axis 

translation range is greater than the Y axis translation range available with stage 

actuator assembly 618 such as the X-stage and Y-stage 620, 622. In still another 

20 example, moving the diagnostic sample includes rotating the sample stage 614 

around a Z axis, for instance with the rotational stage 624, as shown in Figure 

6A. In yet another example, moving the diagnostic sample 1106 beneath the 

instrument probe (e.g., into aligmnent with the instrument probe 702) includes a 

combination of translating and rotating the sample stage 614 from a first sample 

25 location where the instrument probe 702 is aligned with the first sample location 

(e.g., on the sample stage surface as opposed to the flange 630) to a second 

diagnostic location where the instrument probe 702 is aligned with the diagnostic 

sample 1106, such as on the stage receptacle flange 630. With each of the 

threshold determination steps and functions described herein, the control station 

30 110 or other similar control system includes, but is not limited to, a comparator, 

processor, circuit and the like configured to compare the relevant measure value 

(e.g., parameter, count and the like) against the respective threshold and thereby 

make a detennination that the threshold is met. 
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METHOD OF PROBE CALIBRATION 

In still another example, the probe calibration is conducted if one or more 

of the measured indentation depth, the measured indentation force or the sample 

mechanical parameter measured are outside of the indentation threshold range, 

5 the indentation force threshold range or the sample mechanical parameter 

threshold range, respectively. In one example, the probe calibration method 

includes the method 1900 shown in Figure 19. At 1902, a plurality of 

indentations are performed with the instrument probe 702 against the diagnostic 

sample 1106. Each of the plurality of indentations are conducted according to a 

10 specified array (e.g., predicted values) of one of indentation depths or 

indentation forces, each of the indentation depths, indentation forces being 

different. At 1904, one or more of the indentation force or the indentation depth 

of each indentation according to the specified aITay of indentation depths or 

indentation forces are measured. At 1906, the respective measured indentation 

15 forces or the measured indentation depths are associated with the corresponding 

predicted indentation depths or indentation forces of the specified array. 

At 1908, a probe area function is calculated for the instrument probe 702 

according to the relationship between the indentation forces or indentation 

depths associated with the indentation depths or indentation forces of the 

20 specified array. Stated another way, the measured indentation forces or 

measured indentation depths that are associated with the corresponding predicted 

indentation depths or indentation forces in the specified array are utilized to 

generate a probe area function for the probe 702 (e.g., for instance to provide a 

recalibration function for use with the used probe 702 to ensure the used probe 

25 provides accurate and reliable results when used in the automated testing system 

600). 

In one example in 1910, functions used within the control station 110 are 

configured to operate the automated testing assembly 100. The control functions 

of the automated testing system 600 are in one example calibrated with the probe 

30 area function 702 for the probe 702 generated, for instance, with the method 

1900, to ensure accurate determination of one or more of modulus and hardness 

values for a sample based on measured values obtained with the mechanical 

testing instrument 610. For instance, with a new probe 702 or a used probe 702 

the method 1900 shown in Figure 19 may be performed to provide a calibrating 
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function corresponding to the probe area function for the software and control 

system to ensure the reliable and accurate measurements of hardness and 

modulus of samples under consideration. 

In yet another example, the probe check operation 1800 is conducted 

5 again after the calculation of the probe area function of the instrument. The 

method 1800 includes determining the instrument probe 702 requires 

replacement if one or more of the measured indentation depth measured 

indentation force or the san1ple mechanical parameter are still outside the 

corresponding indentation threshold range, the indentation force threshold range, 

IO or the sample mechanical parameter threshold range of the diagnostic sample 

1106. That is to say, after conducting the probe calibration operation to generate 

a probe area function, the probe check operation described and shown in the 

method 1800 is conducted again. If the measured values with the probe 702 

tested against the diagnostic sample 1106 are outside the threshold ranges, the 

15 probe 702 is, in one example, considered unusable and thereafter specified for 

replacement and the probe 702 is not used until replacement with an installation 

method described herein. 

20 

METHOD FOR INSTALLING AN INSTRUMENT PROBE 

Figure 20 shows one example of a method 2000 for installing an 

instrument probe, such as the instrument probe 702, in the transducer such as the 

transducer assembly 700 previously shown in Figures 7 A and 7B. In one 

example, the probe 702 is coupled with a mechanical testing instrument 610 

configured for performing mechanical testing at a micron scale or less, for 

25 instance, at one or more microns to nanoscale. As with the previously described 

methods, the method 2000 includes references to features and elements 

previously described herein as well as reference numerals for the same. 

Reference numerals are intended to be exemplary and are not limiting. For 

instance, a feature or element provided with a reference numeral includes the 

30 recited elements as well as all similar elements and their equivalents. At 2002, 

the method 2000 includes aligning an instrument probe 702 coupled with a probe 

change unit 1102 with a probe receptacle 722 of the mechanical testing 

instrument 610. At 2004, one or more of the instrument probe 702 or the probe 

receptacle 722 is moved into engagement with the other of the probe receptacle 
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or the instrument probe. For instance, one or more of the instrument probe 702 

or the probe receptacle 722 are moved along a z axis into engagement with the 

other of the probe receptacle or the instrument probe. At 2006, the instrument 

probe 702 is coupled with the probe receptacle 722, for instance, by relative 

5 rotation coupling of mechanical coupling features and the like. At 2008, the 

probe change unit 1102 is disengaged from the instrument probe 702 leaving the 

probe 702 coupled with the mechanical testing instrument 612. 

Several options for the method 2000 follow. In one example, aligning 

the instrument probe 702 with the probe receptacle 722 includes one or more of 

10 X axis and Y axis translating of the probe change unit 1102. In another example, 

aligning the instrument probe 702 with the probe receptacle 722 includes 

rotating the probe change unit 1102 around the Z axis, for instance, the Z axis 

coincident with the center axis of the probe change unit 1102 and a probe change 

tool 1104 coupled with the probe change unit 1102. In still another example, 

15 aligning the instrument probe 702 with the probe receptacle 722 includes 

actuating a multiple degree of freedom stage 614 configured to translate in the X 

and Y axes and rotate around a Z axis (e.g., the center of rotation of the stage 

614). The multiple degree of freedom stage 614 includes a sample stage surface 

616, a stage receptacle flange 630 coupled with the sample surface 616 and one 

20 or more stage receptacles 628. The stage receptacle flange 630 and each of the 

one more stage receptacles 628 are sized and shaped to house the probe change 

units 1102. In another example, the stage receptacle flange 630 including the 

one or more stage receptacles 628 is sized and shaped to couple with a plurality 

of probe change units 1102. Optionally, moving one or more of the instrument 

25 probes 702 or the probe receptacle 722 into engagement with the other of the 

probe receptacle or the instrument probe includes translating the probe 

receptacle along a Z axis with an instrument stage coupled with the mechanical 

testing instrument such as the instrument stage 608. In another example, the 

sample stage 614 includes a Z actuator configured to elevate the sample stage as 

30 well as the probe change unit 1102 relative to the mechanical testing instrument 

612. 

In other examples, the method 2000 includes other features and steps for 

the coupling of the instrument probe 702 with the mechanical testing instrument 

612. In one example, coupling the instrument probe 702 with the probe 
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receptacle 722 includes rotating the instrument probe 702 with the probe change 

unit 1102. For instance, the probe 702 includes a probe base 718 having one or 

more mechanical interface features such as threading configured to couple with 

the corresponding features of the probe receptacle 722, such as a probe coupling 

5 feature 720 (see Figure 7C). In another example, rotating the instrument probe 

702 with the probe change unit 1102 includes rotating the probe changing tool 

1104 in a probe installing rotational direction. The probe changing tool 1104 is 

coupled with a spindle 1218 with a rotary clutch 1300 providing a selective 

slipping engagement between the probe changing tool 1104 and the spindle 

10 1218. 

In still another example, coupling the probe 702 with the probe 

receptacle 722 includes initially rotating the probe 702 with the probe changing 

instrument 1102 in a probe decoupling rotational direction and measuring the 

force incident on a transducer 700 of the mechanical testing instrument 612. 

15 Rotation of the probe 702 in the probe decoupling rotational direction is arrested 

where the measured forced incident on the transducer 700 decreases below a 

thread interface force threshold. For instance, the instrument probe 702 is 

rotated in the probe decoupling rotational direction (e.g., counter to the threads) 

and as the threads of the probe 702 ride over the corresponding threads of one or 

20 more of the probe receptacle 722 or the probe coupling feature 720 the threads 

on one of the probe receptacle and the probe coupling feature move upward 

thereby correspondingly deflecting the center plate 712 and creating a 

measurable deflection of the center plate 712 relative to the opposed plates 704. 

Once an end of the threads on the probe 702 passes over an end of the threads on 

25 the probe receptacle 722 or the probe coupling feature 720 (e.g., an apex of the 

threads), the probe threads disengage and the center plate 712 moves downward, 

for instance, the threads on the probe 702 fall into a gap between threads on the 

problem receptacle 722 or the probe coupling feature 720 .. The downward 

deflection of the center plate satisfies the thread interface force threshold (a 

30 threshold corresponding to a measured decrease in force) thereby ale1ting the 

system that the probe threads have moved downward and are now reliably 

positioned between threads of the probe receptacle. With the threads of the 

probe 702 interfaced between threads of one or more of the probe receptacle 722 

or the probe coupling feature 720 the risk of cross threading is minimized and 
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the rotation of the probe in the decoupling rotational direction is thereafter 

arrested. 

With the threads interfaced the instrument probe 702 rotates with the 

probe change unit 1102 in a probe installing rotational direction to couple the 

5 probe 702 with the probe receptacle 722 and thereby coupling the probe 702 

with the mechanical testing instrument 612. In still another example, coupling 

the instrument probe 702 with the probe receptacle 722 includes counting steps 

of a step motor such as the motor 1202 shown in Figures 12A and 12B and 

arresting the operation of the step motor when a step count threshold is achieved, 

10 for instance, corresponding to a number of turns of the probe 702 empirically 

considered to properly couple the probe 702 with the mechanical testing 

instrument 612. 

In another example, the method 2000 includes checking coupling of the 

instrument probe 702 with the probe receptacle 722. In one example, the 

15 checking of the coupling between the instrument probe and the probe receptacle 

includes measuring the force on a transducer such as the transducer assembly 

700 of the mechanical testing instrument 612 after coupling of the instrument 

probe 702 with the mechanical testing instrument. The instrument probe 702 is 

considered coupled with the probe receptacle if the transducer measures a force 

20 corresponding with an instrument probe weight, for instance, where the 

transducer is deflected according to a specified weight of the probe 702 after 

disengagement of the probe change unit 1102 from the probe 702. The 

measurement of the instrument probe weight provides a measure of confidence 

that the probe 702 is properly coupled with the probe receptacle 722. 

25 In another example, the method 2000 includes mounting the instrument 

probe 702 and the probe changing unit 1102 of the probe change assembly 1100 

previously shown in Figures l lA and 1 lB. For instance, in one example, 

mounting the instrument probe 702 in the probe changing unit 1102 includes 

aligning the probe change unit 1102 with the instrument probe 702 in a probe 

30 magazine 1108. The probe change unit 1102 is moved into engagement with the 

instrument probe. For instance, in one example, the probe magazine 1108 

includes a z actuator or is coupled with the instrument stage 608 of the 

cantilevered instrument column 606 to depress the instrument probe 702 into 

engagement with the probe change unit 1102, for instance, the probe change tool 
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1104. In still another example, a z actuator is provided with a stage actuator 

assembly 618 to elevate the sample stage 614 and thereby engage the probe 

change tool 1104 of the probe change unit 1102 with the instrument probe 702 

provided in the probe magazine 1108. 

5 In another example, the method 2000 includes decoupling a previously 

installed probe 702 from the probe receptacle 722 before coupling of the 

instrument probe 702 with the probe receptacle. Stated another way, in one 

example, an existing or used probe coupled with mechanical testing instrument 

612 is decoupled from the mechanical testing instrument 612 by the probe 

10 changing unit 1102 of the probe change assembly 1100 prior to installation of 

the new probe in the mechanical testing instrument 612. In one example, 

decoupling the previously installed probe on the probe receptacle 722 includes 

aligning the probe change unit 1102 with the previously installed probe 702. 

Decoupling the previously installed probe 702 further includes coupling the 

15 previously installed probe 702 with the probe change unit 1102. The previously 

installed probe 702 is thereafter decoupled from the probe receptacle of the 

mechanical testing instrument 612 with the probe change unit 1102. In one 

example, the previously installed probe is loaded within a probe magazine after 

decoupling from the probe receptacle 722 of the mechanical testing instrument 

20 612. 

In still another example, decoupling of the previously installed probe 702 

from the probe receptacle 722 includes rotating the previously installed probe 

with the probe change unit 1102. For instance, rotation of the previously 

installed probe with the probe change unit 1102 includes rotating a probe 

25 changing tool 1104 in a probe decoupling rotational direction. Probe changing 

tool 1104 is coupled with a spindle 1218 with a rotary clutch 1300 providing a 

locking rotary engagement between the probe changing tool and the spindle. 

In another example, the method 2000 includes reading one or more of 

identification data 1214 or calibration data 1214 from the instrument probe 702. 

30 For instance, in one example, a mirror such as the mirror 1208 is aligned with an 

optical instrument 610. The mirror 1208 is directed toward one or more 

identification or calibration data 1214 on the instrument probe, for instance, 

viewable through an access port 1214 in the probe change tool 1104. The 

method further includes reading one or more of the identification or calibration 
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data 1214 by way of the reflection of the mirror 1208 toward the optical 

instrument 610. In another example, the method 2000 includes one or more of 

calibrating or controlling the mechanical testing instrument 612, or the control or 

measurement functions for instance in the control station 110 (that operate the 

5 mechanical testing instrument 612) according to the read calibration data from 

the probe 702. 

10 

MINIMAL FOOTPRINT AND CANTILEVERED ARM OF THE 

AUTOMATED TESTING SYSTEM 

Figure 21A shows the overall foot print of the sample stage 614 coupled 

with the stage actuator assembly 618, shown in Figures 6A and 9, having X, Y 

and rotational stages 620, 622, 624. As shown, four test locations Tl-4 are 

provided on opposing peripheral edges and near the center of the sample stage 

surface 616. The outline of the sample stage 614 is shown that corresponds to 

15 the position of the stage where each of the Tl-4 are selectively positioned 

beneath the mechanical testing instrument 612. As shown, with a combination 

of X translation and rotation of the sample stage 614 each of the test locations 

Tl-4 are readily positioned within a first footprint 2100 (e.g., a sample stage 

footprint). In one example, the first foot print 2100 has a first dimension 2101 

20 substantially similar to a sample stage length 900 (see Figure 9) where the 

sample stage 614 is not movable or is minimally movable (e.g., for misalignment 

between the instruments 610, 612) along the y-axis. That is to say, the first 

dimension 2101 is optionally slightly larger than the sample stage length 900. 

Optionally, the y-axis is substantially parallel to the cantilevered arm 607 of the 

25 cantilevered instrument column 606. In another example, the first foot print 

2100 has a second dimension 2103 substantially similar to a range of translation 

of the sample stage 614 along the x-axis (e.g., an axis optionally orthogonal to 

the cantilevered arm 607). Stated another way, with the combination ofX 

translation and rotation (e.g., through the stages 620 and 624) the first footprint 

30 2100 is minimized (e.g., with reduced or no Y translation). The automated 

testing system 600 footprint includes the first footprint 2100 and the column 

footprint, for instance the perimeter of the column base 605. 

As further shown in Figure 21, the cantilevered instrument column length 

902 is minimized according to the limited (optionally non-existent) translation of 
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the sample stage 614 along the Y-axis because of the addition of the rotational 

stage 624 to provide enhanced positioning flexibility to the stage 614. 

Deflection of the cantilevered instrument column, noise and the like, for instance 

with a larger cantilever, are thereby minimized to ensure reliable and accurate 

5 testing with the mechanical testing instrument 610. 

In contrast, Figure 21 B shows the overall footprint 2104 of a sample 

stage 2102 including lateral stages. Relative to the footprint 2100 of the sample 

stage 614 (including rotational as well as translational stages), the foot print 

2104 is larger. The overall footprint ofa testing system including the sample 

10 stage 2102 is thereby larger to ensure all locations of a sample on the stage may 

be tested with a mechanical testing instrument 2106. A larger footprint and 

system correspondingly assume greater space on a factory floor and may require 

additional labor and reworking of an existing production line to make room for 

such a system. Alternatively, the sample stage 2102 includes stages having 

15 limited translation ranges that correspondingly limit the locations the mechanical 

testing instrument 2106 may test on a sample coupled on the sample stage 2102. 

Additionally, the footprint 2104 of the sample stage 2102 requires that 

the cantilevered instrument arm 2108 has a correspondingly longer cantilevered 

instrument column length 2110 relative to the cantilevered instrument column 

20 length 902 of the instrument column 606 (shown in Figures 21A and Figure 9). 

The increased cantilevered instrument column length 2110 increases the 

susceptibility of the mechanical testing instrument 2106 to deflection and noise. 

Alternatively, the cantilevered instrument arm 2108 is made larger to better 

structurally support the mechanical testing instrument 2106. Increasing the size 

25 of the arm 2108 increases the footprint 2104 of the system and the system 

correspondingly assumes more room on a factory floor. 

Figures 22A-C show three separate examples of systems 2200, 2202, 

2204 including stages configured to move through X and Y translation. 

Referring to Figure 22A, the system 2200 including the sample stage 2206 

30 includes X and Y stages configured to move the sample stage 2206 so that at 

least one third of a sample positioned across the sample stage 2206 is accessible 

by a mechanical testing instrument such as the mechanical testing instrument 

2207 shown in Figure 22A. As shown, the sample stage 2206 perimeter closely 

corresponds to a sample perimeter, such as a semiconductor wafer having a 
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diameter of approximately 300 millimeters. The footprint for the system 2200 is 

shown approximately by the X dimension 2208 and the Y dimension 2210. In 

one example, the X dimension 2208 measures approximately 27 inches while the 

Y dimension measures approximately 21 inches. 

5 Referring now to Figure 22B, another example of a system 2202 is 

shown. As shown in Figure 22B, the system 2202 includes an expanded 

footprint configured to allow positioning of the sample stage 2212 relative to the 

mechanical testing instrument 2213 at substantially any location on the sample 

stage 2212 corresponding to a sample such as a semiconductor wafer having a 

I 0 diameter of 300 millimeters. In this example, with the expanded footprint the X 

dimension 2214 and the Y dimension 2216 of the system 2202 are larger than 

those of the system 2200 to account for the additional space needed to ensure 

full positioning of all locations on the sample stage 2212 in alignment with the 

mechanical testing instrument 2213. As shown in the example, the X dimension 

15 2214 is approximately 45 inches while the Y dimension 2216 is approximately 

31 inches. Each of the X and Y dimensions 2214, 2216 is correspondingly 

larger than the X and Y dimensions 2208, 2210 of the system 2200 shown in 

Figure 22A. The width of the granite base prescribes the length of the bridge 

(e.g., the underlying rectangle and the overlying rectangular object adjacent to 

20 the mechanical testing instrument 2213) to an extreme that the bridge must be 

thick and robust (e.g., with a substantial arch and support legs) to have 

sufficiently high natural frequencies and stiffness for accurate testing while still 

allowing for positioning of all sample locations in alignment with the mechanical 

testing instrument. 

25 Another exan1ple of a testing system 2204 is shown in Figure 22C. As 

with the previous examples, the sample stage 2218 is configured for movement 

according to X and Y translation to position one or more testing locations of the 

sample stage 2218 in aligmnent with both of the mechanical testing instruments 

2224, 2226. In this arrangement, to ensure the sample stage 2218, for instance a 

30 sample such as a semiconductor wafer having a diameter of 300 millimeters 

positioned thereon, is positionable relative to the mechanical testing instruments 

2224, 2226 to ensure all locations on the sample are available for testing by the 

mechanical testing instruments the footprint of the system 2204 is larger than 

either of the footprints for the systems 2200, 2202 previously described. For 
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instance, the system 2204 has an X dimension 2220 measuring approximately 41 

inches and a Y dimension 2222 measuring approximately 48 inches. The overall 

footprint of the system 2204 is thereby larger than the overall footprints of the 

systems 2200, 2202. As with the system 2202, the width of the granite base 

5 prescribes the length of the bridge (e.g., the underlying rectangle and the 

overlying rectangular object adjacent to the mechanical testing instrument 2213) 

of the system 2204 to an extreme that it must be thick and robust to have 

sufficiently high natural frequencies and stiffness to allow for accurate testing 

while at the same time allowing for instrument access to substantially all 

10 locations on the sample. 

Referring now to Figure 23, the automated testing system 600 previously 

described herein, for instance as shown in Figures 6A and 9, is shown in a top 

down view. As shown, the automated testing system 600 includes a granite base 

602 and a cantilevered instrument column 606 extending over the sample stage 

15 614. As shown, the cantilevered instrument column 606 extends over a portion 

of the sample stage 614. As previously described, the stage actuator assembly 

618 combines translational and rotational actuation of the sample stage 614 to 

position substantially any location on the sample stage 614 beneath the optical 

and mechanical testing instruments 610, 612. As previously described and 

20 shown in Figure 23, the rotational and translational stage actuator assembly 618 

minimizes the overall footprint of the automated testing system 600. For 

instance as shown in Figure 23, the sample stage 614 is fully accessible by the 

mechanical and optical testing instruments 612, 610. Stated another way, 

substantially all locations on the sample stage surface 616 are capable of 

25 alignment with the instruments 610, 612. The sample stage 614 is fully 

accessible by the instruments while presenting a minimal footprint relative to 

any of the systems 2202, 2204 previously shown in Figures 22A-C. As shown in 

Figure 23, in one example the automated testing system 600 has a footprint at 

least partially defined by an X dimension 2300 and a Y dimension 2302. In one 

30 example, the X dimension 2300 measures approximately 32 inches and the Y 

dimension measures approximately 25 inches. As shown, the automated testing 

system 600 with the stage actuator assembly 618 as described herein thereby has 

a smaller footprint than either of the testing systems 2202, 2204 shown in 

Figures 22B and 22C. The overall footprint of the automated testing system 600 
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shown in Figure 23 is slightly larger than the test system 2200 shown in Figure 

22A. However, the automated testing system 600 shown in Figure 23 provides 

full access to substantially all locations (including diagnostic samples, probe 

change units and the like as previously described herein) on the sample stage 614 

5 with the mechanical and optical testing instruments 612, 610. In contrast, the 

system 2200 while having a smaller footprint is only able to allow access to 

approximately one-third of the overall surface area of the stage 2206. The 

automated testing system 600 including the sample stage 614 and the stage 

actuator assembly 618 thereby presents a smaller overall footprint than many 

I 0 other testing systems, while at the same time providing full access to 

substantially all locations of the sample stage 614 including, for instance, large 

samples such as semiconductor wafers having a diameter of 300 millimeters 

positioned on the sample stage 614. 

Additionally, as previously described, the provision of t11e stage actuator 

15 assembly 618 having combined translational and rotational capabilities 

minimizes the overall cantilevered length of the instrument column 606 to 

thereby to provide a supported and stiff assembly for positioning and operation 

of the mechanical testing instrument 612. Deflection and noise incident on the 

mechanical testing instrument 612 are minimized according to the minimal 

20 cantilevered length of the cantilevered instrument column 606. For example, the 

range of X stage 620 translation only needs to be long enough to reach half of 

the wafer (e.g., 150 mm) plus the distance between the farthest optics and 

indentation positions. The range of Y stage 622 translation only needs to be 

long enough to cover Y-axis misalignment between the optical instrument 610 

25 and the mechanical testing instrument 612 due to design and assembly 

variation( e.g., about 5, 10 or 20 mm and the like). Stated another way, the range 

ofY stage 622 translation, the maximum a northernmost edge of the stage can 

move up and the maximum a southernmost edge of the stage can move down 

along they axis, is coextensive with the first dimension 2101 of the first 

30 footprint 2100 (e.g., the sample stage footprint). Similarly, the range ofX stage 

620 translation, the maximum an easternmost edge of the stage can move to the 

right and the maximum a westernmost edge of the stage can move to the left 

along the x axis, is coextensive with the second dimension 2103 of the first 
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footprint 2100. The range of X stage 620 translation is, in this example, greater 

than the range Y stage 622 translation. 

Because the X stage 620 is able to translate the sample stage 614 from a 

location where the instruments 610, 612 are aligned near the stage center (e.g., 

5 near a sample center) to a location where the instruments are aligned with the 

edge of the stage (e.g., near an edge of the sample), rotation of the rotational 

stage 624 (e.g., the theta stage) provides access and full coverage of the 

instruments to all portions of the sample not otherwise available with X stage 

620 translation. The rotational stage 624 in combination with the X stage 620 

IO thereby allows the automated testing system 600 to reach the entire surface (e.g., 

with the footprint 2100) without adding to the machine footprint as required with 

dual translational actuators having a full range of motion to facilitate access to 

all locations on the sample. Rather than using a massive granite bridge to 

straddle the entire wafer for instance with a system having dual translational 

15 actuators without a rotational actuator, the cantilevered instrument column 606 

(in combination with translational (constrained primarily to the X axis) and 

rotational stages) has a minimized arm length 902 and must reach only over half 

of the sample 202. 

20 X, Y, ROTATIONAL (THETA) DESKEWING/POSITIONING 

Translational and Rotational Stages 

Figure 24 shows one example of a translational stage 2400. In one 

example, the translational stage 2400 is used as a one or more of the X and Y-

25 stages 620, 622 previously shown in Figures 6A and 6B. As shown in Figure 24, 

the translational stage 2400 includes a stage base 2402 and a stage carriage 2404 

movably coupled with the stage base 2402. A motor, such as a stepper motor 

2406 configured to provide rotational motion, is coupled with one or more of the 

stage base or stage carriage 2404. The motor 2406 is coupled with a lead screw 

30 2408 extending along one or both of the stage base 2402 and the stage carriage 

2404. The lead screw 2408 is in tum engaged with a nut assembly 2410 coupled 

with one of the stage base 2402 and the stage carriage 2404. In the example 

shown in Figure 24, the nut assembly 2410 is associated with the stage carriage 

2404 and the motor 2406 and the lead screw 2408 are coupled with the stage 

76 
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base 2402. Rotation of the motor 2406 turns the lead screw 2408 which in tum 

moves the nut assembly 2410 along the lead screw 2408. Movement of the nut 

assembly 2410 along the lead screw 2408 correspondingly moves the stage 

carriage 2404 relative to the stage base 2402. 

In one example, bearings 2414 are coupled between the stage base 2402 

and the stage carriage 2404. In another example, the bearings 2414 include one 

or more of roller, ball, needle bearings and the like. In the example shown in 

Figure 24, the bearings 2414 include cross roller bearings. In one example, the 

cross roller bearings 2414 include opposed rollers with each of the rollers being 

IO transverse to one another (e.g., rollers that are crossed) to provide surface to 

surface contact between the rolling surfaces of the bearings and corresponding 

square or rectangular shaped channels in each of the stage base 2402 and stage 

carriage 2404. 

In another example, the translational stage 2400 includes an encoder, 

15 such as an optical encoder 2412, configured to measure and monitor the 

movement of the stage carriage 2404 relative to the stage base 2402. In one 

example, the encoder 2412 includes but is not limited to a linear encoder having 

an encoding resolution configured to measure movement of the translational 

stage 2400 (e.g., the stage base 2402 or the stage cani.age 2404) in 

20 approximately 0.1 micron increments. 

When discussing the X and Y stages 620, 622 references is made to 

moving one or more of the stage carriage 2404 relative to the stage base 2402 

associated with each of the stages 620, 622. Where the translational stage 2400 

is referred to as the X and the Y-stage one or more of the stage base or stage 

25 carriage 2402, 2404 of the associated stage is configured to move along one of 

the X and the Y axes. For instance, as shown in Figure 6B the X-stage 620 

includes a stage carriage 2404 shown in Figure 24 configured to move to the left 

and right with respect to the page. In another example, the Y-stage 622 includes 

a stage carriage 2404 (also shown in Figure 24) configured to move into and out 

30 of the page, for instance, toward and away from the cantilevered instrument 

column 606. 

As previously described herein, in one example, the translational stage 

2400 associated with the Y axis (e.g., the Y stage 622) is configured to have a 

smaller translational range of movement relative to the X stage 620. For 
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instance, the predominant translational movement of the sample stage 614 is 

conducted by the X stage 620 moving from the left to the right as shown in 

Figure 6B. The Y translation of the sample stage 614 is minimized according to 

a minimal range of motion provided, for instance, between the lead screw 2408 

5 and the nut assembly 2410. As previously described herein, in one example, the 

Y stage 622 provide a minimal or nonexistent range of translational according to 

the testing needs for the particular testing system including but not limited to 

misalignment in the Y dimension between the optical and mechanical testing 

instruments 610, 612. For instance, the Y stage 622 is configured to move in a 

JO limited range of motion, for instance 5, 10, 20 millimeters and the like 

corresponding to the predicted misalignment in the Y direction between the 

optical and mechanical testing instruments 610, 612 shown in Figure 6B. Stated 

another way, the Y stage 622 provides a minimal increase to the overall footp1int 

of the sample stage 614. That is to say, the sample stage 614 has a footprint 

15 along the Y axis substantially similar or identical to the sample stage length of 

the sample stage 614 (e.g., the length plus a minimal translation range to 

compensate for an instrument misalignment). For instance, in one example, 

where the testing system does not include a Y stage 622 the footprint of the 

sample stage 614 and the Y dimension is substantially equivalent to the length of 

20 the sample stage 614 (e.g., its diameter, width, length and the like). 

Figure 25 shows another example of a stage. In the example shown in 

Figure 25, the stage 2500 is a rotational stage, such as the rotational stage 624 

previously shown in Figures 6A and 6B. In one example, the rotational stage 

2500 provides movement such as theta movement (e.g., rotational movement 

25 around a Z axis extending through the center of the stage) for a sample coupled 

with the sample stage 614 (Figures 6A, B) relative to the remainder of the testing 

system. For instance, the rotational stage 2500 provides rotation of the sample 

relative to the optical and mechanical testing instrument 610, 612. The 

rotational stage 2500 as shown includes a stage base 2502 and a stage carriage 

30 2504 rotatably coupled with the stage base 2502. In one example, a rotary 

bearing 2506 such as a static bearing, ball bearings, and the like is positioned 

between the stage base 2502 and the stage carriage 2504. A motor such as a 

stepper motor 2508 is coupled with one or more of the stage base 2502 and the 

stage earriage 2504. In the example shown in Figure 25, the motor 2508 is 
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coupled with the stage base 2502. The motor 2508 is configured to rotate a 

wonn gear 2510 extending adjacent to the stage carriage 2504. As shown in 

Figure 25, the stage carriage 2504 includes a ring gear 2512 coupled with the 

stage carriage 2504. Rotation of the worm gear 2510 through operation of the 

5 motor 2508 correspondingly rotates the ring gear 2512 and thereby rotates the 

stage carriage 2504 relative to the stage base 2502. 

In one example, the rotational stage 2500 includes a rotary encoder 2514 

such as an optical encoder adjacent to the stage carriage 2504. The rotary 

encoder 2514 is configured to measure and monitor the rotation of the stage 

10 carriage 2504 relative to the stage base 2502. In another example, the rotary 

encoder has a resolution of around about of 0.000028582 degrees. 

In still another example, the rotational stage 2500 includes a utility recess 

2516. In one example, the utility recess 2516 is substantially coincident with a 

center of the stage carriage 2504. The utility recess 2516 is sized and shaped to 

15 receive an actuator such as a lift pin actuator therein. In one example, the lift pin 

actuator is configured to operate one or more of the lift pins 634 shown in 

Figures 1 OA and 1 OB. 

As previously described herein, in one example, the rotational stage 2500 

provides for rotation to the sample stage 614 and the sample coupled thereon to 

20 substantially minimize translation in one or more axes to further minimize the 

overall footprint of the sample stage 614 and the corresponding testing system. 

For instance, the rotational stage 2500 cooperates with the translational stage 

2400 (e.g., an X-stage having a larger translational range relative to a minor or 

minimal translational range for a Y-stage) to substantially limit the overall 

25 footprint of the sample stage 614 according to the translation of the X-stage 620 

and the rotation of the rotational stage 624. Stated another way, through rotation 

with the rotational stage 624 and translation through the X-stage 620 all or 

nearly all of the locations on the sample stage 614 are fully accessible by the 

optical and mechanical testing instruments 610, 612 with minimal or no 

30 translation along the Y axis, for instance, with the Y stage 622. Minimizing of 

the translation in at least one axis, for instance, along the Y axis minimizes the 

overall footprint of the sample stage 614 when operated to position substantially 

all of the locations of the sample stage 614 underneath one or more of the optical 

and mechanical testing instruments 610, 612. 
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Coordinate Systems and Adjusting for Misalignment Between 

Sample and Stage 

Figures 26A-C show the sample stage 614 and a sample 2610 configured 

5 for coupling with the sample stage 614. Referring first to Figure 26A, the 

sample stage 614 is shown including a sample stage surface 616. In the 

example, the sample stage 614 includes a stage coordinate system 2600 centered 

at a stage center 2606 such as a center of rotation of the stage 614. As shown, 

the stage coordinate system 2600 includes a stage X axis 2602 and a stage Y axis 

10 2604. The stage coordinate system 2600 is fixed relative to the stage 614. 

Stated another way, with rotation of the stage 614, for instance through the 

rotational stage 2500 shown in Figure 25, the stage coordinate system 2600 

moves with the sample stage 614. Additionally, each of the stages 620, 622, 624 

moves along its own respective X, Y and Z axis (in the case of the rotational 

15 stage actuator 1he actuator rotates around the Z axis). The respective X, Y and Z 

axes of the stages are another example of coordinate systems married to each of 

the stages (e.g., these axes are static relative to the stages). 

Referring now to Figure 26B, one example of the sample 2610 is shown 

in a misaligned configuration relative to the sample 614. That is to say the 

20 sample coordinate system 2612 including a corresponding sample X axis and a 

sample Y axis 2614, 2616 is rotated relative to the stage coordinate system 2600 

shown in Figure 26A. The sample 2610, includes the sample coordinate system 

2612 fixed relative to the sample 2610. That is to say, that the sample coordinate 

system 2612 including the X and Y axess 2614, 2616 moves with movement of 

25 the sample 2616, for instance, in a rotational manner about the sample center 

2622. 

When describing the centers of the sample stage 614 the sample 2610 

and other orientations features of the sample or sample stage reference is made 

to one or more reference points. When describing the reference points, the 

30 points are not necessarily limited to the features described herein, for instance, 

the reference points as shown in Figure 26A and 26B include but are not limited 

to the stage center 2606 and the sample center 2622 as well as a sample 

orientation feature 2618 described below. Instead, the reference points are 

broadly considered to be any position along one or more of the sample stage 614 
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and the sample 2610 and the methods described herein including the calculations 

based on the references points are correspondingly adjusted as needed for 

orienting one location on the sample relative to the sample stage 614. For 

instance, the sample 2610 or sample stage 614 may include one or more of a 

5 non-circular shape or have one or more set reference points that include or do 

not include the sample or sample stage centers. 

Referring again to Figure 26B, the sample 2610 (for instance, a semi­

conductor wafer) includes a sample orientation feature (a second reference point 

relative to the first reference point or sample center 2622) that provides an 

10 orientation marker relative to the sample center 2622 that facilitates the locating 

and indexing of testing locations to position the testing locations in coincidence 

with one or more of the mechanical testing and optical instruments 612, 610. As 

shown in Figure 26B, in one example, the sample orientation feature 2618 

includes a notch formed in a perimeter of the sample 2610. In one convention, 

15 the san1ple orientation feature 2618 is coincident or aligned along the sample X 

axis 2614. As shown the sample X axis 2614 extends through both the sample 

orientation feature 2618 and the sample center 2622 (e.g., respective second and 

first reference points). As will be described in further detail below, the sample 

orientation feature 2618 as well as the sample center 2622 (or corresponding first 

20 and second reference points) are used to determine the alignment or 

misalignment of the sample 2610 relative to the sample stage 614 and thereby 

facilitate the accurate and precise locating of testing locations such as the testing 

locations 2620 (e.g., T1_4) shown around the sample 2610. 

Figure 27C shows one example of the sample 2610 coupled over the 

25 sample stage 614 with the coordinate systems 2600, 2612 overlaid thereon. As 

shown the sample 2610 is misaligned (exaggerated for demonstration purposes) 

to show the relation between each of the coordinate systems 2600, 2612 and the 

reference points, such as the centers 2606, 2622 and the sample orientation 

feature 2618. Through detection, indexing and measuring the distances and 

30 orientations of each of these reference points accurate locating of each of the 

testing locations 2620 is ensured through movement of the sample stage 614 

even where the sample 2610 is misaligned from the stage 614. 
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Instrument Offset Determination 

Figure 27 A shows one example of a method 2700 for determining an 

instrument offset, for instance, an offset or lateral displacement of the 

mechanical testing instrument 612 relative to another instrument, such as the 

5 optical instrument 610 shown in Figures 6A and 6B. At 2702 the sample, such 

as the sample 2610 shown in Figures 26B and 26C, is marked with a mark such 

as the marking 2710 shown in Figure 27B at a first offset marking location on 

the sample 2610. For instance, the marking 2710 is provided with the 

mechanical testing instrument 612. As shown in Figure 27B the mechanical 

10 testing instrument 612 is aligned with the marking 2710 (because the mechanical 

testing instrument 610 formed the marking 2710 on the sample 2610). 

Optionally, the sample 2610 used for determining the instrument offset is an 

initialization sample (e.g., aluminum and the like) coupled with the sample stage 

for initialization of the testing system 600 (e.g., one or more of instrument offset 

15 or center of rotation detenninations). 

At 2704 the sample stage 614 and the sample 2610 are translated and the 

marking 2710 at the first offset marking location on the sample is moved with 

the sample stage 614 into alignment with the optical instrument 610. For 

instance, the marking 2710 and the sample stage 614 including the sample 2610 

20 thereon are translated through one or more of X and Y translation with the X and 

Y-stages 620, 622 previously shown and described in Figures 6A and 6B. 

At 2706 the translation of the sample stage 614 is measured from the 

previous position of alignment of the marking 2710 with the mechanical testing 

instrument 612 to a position aligning the marking 2710 with the optical 

25 instrument 610. The resulting instrument offset is equivalent to the measured 

translation. In one example the translation of the sample stage is measured 

according to one or more positional changes of the stage carriages 2404 of the 

translational stage 2400 shown in Figure 24. As previously described, the 

translational stage 2400 is in one example used for each of the X and Y-stages 

30 620, 622. The movement of the stage carriages 2404 are measured with one or 

more encoders 2412 associated with each of the X and Y-stages 620, 622. 

Because of the high resolution of the encoders 2412, the instrument offset 

measured with the method 2700 is configured to provide an accurate instrument 

offset with a resolution approaching 0.1 microns or better. 
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Figure 27B shows one schematic example of the automated testing 

system 600 configured for determining the instrument offset 2722 as previously 

described with regard to the method 2700. In the example shown in Figure 27B, 

the optical and mechanical testing instruments 610, 612 are coupled with an 

5 instrument stage 608, as previously shown in Figures 6A and 6B. The probe 702 

of the mechanical testing instrument 612 has marked the sample 2610, for 

instance, with the marking 2710. In one example, the marking 2710 includes an 

identification notifier 2712, such as additional indentations, markings, or the like 

provided to the sample 2610. At the center or an easily recognizable location of 

10 the marking 2710 is provided a location focus 2714. For instance, in the 

example shown in Figure 27B, the location focus 2714 is a single indentation at 

the center of the "H" pattern of the identification notifier 2712. In another 

example, the location focus 2714 resides in a different portion of the marking 

2710, for instance, at an outlier portion of the notifier, at a point of the 

15 identifieation notifier 2712 and the like. As previously described, after provision 

of the marking 2710 to the sample 2610, the sample stage 614 including the 

sample 2610 thereon is translated to align the marking 2710 with the optical 

testing instrument 610, for instance, an optical working region 2716 of the 

optical instrument 2610. One example of the optical working region 2716 

20 includes but is not limited to a focal point of the optical instrument 610. 

As shown in Figure 27B, in one example the instrument offset 2722 is a 

composite of an X instrument offset 2718 and a Y instrument offset 2720. In an 

example with an instrument offset composite 2722 as shown in Figure 27B, 

measurement is performed by each of the stage actuators 620, 622, as previously 

25 described with regard to the method 2700. For instance, each of the translational 

stages 2400 associated with the X and Y-stages 620, 622 includes an encoder 

2412 that measures the translation of the respective stages and thereby is able to 

determine the respective X instrument and Y instrument offsets 2718, 2720. In 

another example, the mechanical testing instrument 612 and the optical 

30 instrument 610 are substantially aligned along one axis, for instance, the X or Y 

axis. In such a circumstance, the instrument offset 2722 is equivalent to one of 

the X instrument offset 2718 and the Y instrument offset 2720. 

In operation, after provision of the marking 2710, the sample stage 614 is 

actuated as previously described herein. In one example, the optical instrument 
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610 is operated manually to ascertain and identify the marking 2710 and focus 

the optical working region 2716 on the location focus 2714 to accurately and 

precisely determine the instrument offset composite 2722. In another example, 

the automated testing system 600 includes pattern recognition software 

5 configured to work with the optical instrument 610 to search for and recognize 

the marking 2710 and further analyze the marking 2710 (e.g., with pattern 

recognition software) to locate the location focus 2714. With this automated 

operation, the instrument stage 608 including the mechanical testing instrument 

612 and the optical instrument 610 may perform an automated instrument offset 

1 O determination such as method 2700 without operator input. 

Center of Rotation Stage Determination 

The method 2800 shown in Figure 28A is one example of a method for 

detennining a center of rotation of the stage, such as the sample stage 614 

15 previously shown in Figures 6A and 6B. As will be described in detail below, 

the determination of the center of the stage assists in accurately locating testing 

locations 2620 on the sample wherein the sample is coupled along the sample 

stage 614. Stated another way, the stage center such as the stage center 2606 

shown in Figure 26 provides a reference point for measurement of each of the 

20 testing locations relative to the sample stage 614 and thereby allows for the 

accurate positioning of one or more of the mechanical and optical testing 

instruments 612, 610 relative to one or more testing locations 2620 on the 

sample 2610. At 2802, the sample such as the sample 2610 previously shown in 

Figures 26B and 26C is marked at a plurality of locations, for instance, with 

25 markings 2710 (e.g., deformations of the sample, indentations, abrasions, 

sc:,-ratches, observable marks and the like). As previously described with regard 

to Figure 27B, the markings 2710 in one example include identification notifiers 

2712 and location foci 2714. 

Marking of the sample at a plurality oflocations (Step 2802) includes in 

30 one example marking the sample 2610 at a first location of a plurality of 

locations with the mechanical testing instrument 612. As previously described 

and shown in Figures 6A and 6B, the mechanical testing instrument 612 includes 

a probe tip 702 sized and shaped to mark the sample 2610. In one example the 

sample 2610 is an initialization sample sized and shaped for positioning on the 
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sample stage 614 but is not otherwise needed for measuring of mechanical 

characteristics of a sample. Stated another way, the sample 2610 in this example 

is used primarily for initializing the automated testing system 600. For instance, 

the initialization sample is used for finding the stage center 2606 and the other 

5 reference points, such as reference points needed for accurate translating and 

rotating of the sample stage 614 and one or more testing locations 2620 into 

alignment with the instruments 610, 612. 

As further shown in Figure 28B, marking the sample at a plurality of 

locations includes at 2806 rotating the sample stage and the sample 2610 a 

1 O specified angle measure wherein the sample stage and the sample are 

translationally static relative to a base, such as the base of the automated testing 

system (e.g., the granite base or one or more of the testing system, enclosure and 

the like). In one example, as shown in Figure 28B, the sample stage 614 is 

rotated approximately 120 degrees between eaeh of the markings 2710. In still 

15 another example, the sample stage 614 is rotated approximately any angle 

measure between 0 and 360 degrees. As described below, the sample stage 614 

is configured to rotate these specified amounts because a circle, such as the stage 

center circle 2820, will be overlaid on each of the markings 2710, for instance at 

the location focus centers 2714, to form a circle perimeter 2822 as shown in 

20 Figure 28B. The provision of three or more markings 2710 ensures that the 

stage center circle 2820 extends around the stage center 2606 and is thereby 

usable to determine the stage center 2606. Stated another way, through one or 

more of observation and mathematical analysis of the stage center circle 2820, 

the stage center 2606 is accurately and reliably positioned at the center of 

25 rotation of the sample stage 614. Optionally, the specified angle for rotation 

includes one or more of varying or arbitrary angles. For instance, where the 

stage 614 remains translationally static, the provision of three markings 2710 at 

differing angles through rotation of the stage 614 will provide sufficient points 

for overlaying of the stage center circle 2820. 

30 As further shown at 2810 in Figure 28A, marking of the sample 2610 is 

repeated with at least second and third locations of the plurality oflocations 

according to the repeated rotation of the sample stage and the sample (see Step 

2806 previously described above). Stated another way, with the rotation of the 

sample stage 614 and the initialization sample 2610 provided thereon, a plurality 
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of markings 2710 are provided for the sample 2610 for overlying of the stage 

center circle 2820. At 2812, the center ofrotation of the sample stage 614 is 

determined from a circle such as the stage center circle 2820 having a perimeter 

2822 coincident with the plurality oflocations such as the markings 2710. The 

5 center ofrotation of the sample stage 614 is coincident to the center of the stage 

center circle 2820. That is to say, by constraining the sample stage 614 to only 

rotate relative to the instrument stage 608 including the mechanical testing 

instrument 612 thereon, providing a plurality of markings 2710 to the sample 

2610 ensures that the plurality of markings when overlayed by the stage center 

10 circle 2820 determines the stage center 2606. 

Turning now to Figure 28B, a schematic example of the initialization 

method 2800 for detennining the center ofrotation of the stage 614 described in 

Figure 28A is provided. For instance, a sample 2610, such as an initialization 

sample 2610, is coupled with the sample stage 614. As shown in one example, 

15 the initialization sample 2610 is misaligned relative to the perimeter of the 

sample stage 614. As shown, for instance, the sample 2610 is offset relative to 

the stage center 2606 according to first and second sample offsets 2824, 2826 

(exaggerated for demonstration purposes). As shown, for instance, in Figure 

28B, the first sample offset 2824 is greater than the second sample offset 2826 

20 thereby showing the sample 2610 is translated (offset) relative to the sample 

stage 614 at the initial positioning of the sample 2610 on the sample stage 614. 

The method 2800 as described herein is configured to determine the stage center 

2606 corresponding to the center of rotation of the sample stage 614 even with 

misalignment of the sample 2610 relative to the sample stage 614. 

25 By maintaining the mechanical testing instrument 612 in the static 

orientation relative to the moving sample stage 614 rotation of the moving 

sample stage 614 ensures that each of the markings 2710 marked in the sample 

2610 are positioned around the stage center 2606 in a circle as shown in Figure 

28B. As previously described, the overlying of the stage center circle 2820 

30 including the circle perimeter 2822 allows for the ready determination of the 

stage center 2606. 

By using the initialization sample 2610 a sample provides a surface for 

marking by the mechanical testing instrument 612 (in the manner of a blank) to 

allow for the marking of the sample 2610 without otherwise marring the surface 
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of the sample stage 614. After marking of the sample 2610 with the markings 

2710, in one example the optical instrument 610 is used to identify each of the 

markings 2710, for instance, the location foci 2714, and index each of the foci 

relative to its position with respect to the other markings 2710. Indexing of the 

5 markings 2710 allows for the ready overlaying of the stage center circle 2820. 

In one example, the method 2800 with the schematic shown in Figure 

28B includes translating the sample stage 614 and the sample 2610 (such as an 

initialization sample) between the plurality oflocations, for instance, the 

markings 2710 shown in Figure 28B. Each of the markings 2710 are observed at 

IO the plurality of locations with an optical instrument such as the optical 

instrument 610. Optionally, the markings 2710 are indents created with the 

mechanical testing instrument 612. In another example, the markings 2710 

include but are not limited to scratches, abrasions, scallops and the like formed 

in the sample 2610. 

15 As each of the markings 2710 are observed with the optical instrument 

610, the markings 2710 are indexed at the plurality locations. For instance, the 

plurality of markings 2710 and their location on the sample 2610 (and relative to 

the stage 614) are indexed and recorded within the control station 110 shown in 

Figure 1 of the automated testing assembly 100 (e.g., memory device, readable 

20 medium, disk and the like). Method 2800 further includes in another example 

determining the center ofrotation of the sample stage (e.g., the center 2606) by 

forming the stage center circle 2820 having its perimeter 2822 coincident with 

each of the indexed markings 2710 at the plurality oflocations around the 

sample 2610. The center of rotation of the sample stage 614 is coincident to the 

25 center of the stage center circle 2820. In one example, software such as software 

contained in the control station 110 of the automated testing assembly 100 is 

configured to overlay the stage center circle 2820 (e.g., a virtual circle) 

according to the markings 2710 and from the overlayed stage center circle 2820 

determine the stage center 2606 through mathematical analysis of the stage 

30 center circle 2820. 

Translational Deskewing of the Sample 

Figure 29A shows one example of a method 2900 for translational 

deskewing of the samples such as the sample 2610 positioned on the sample 
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stage 614 as shown in Figure 26C. As previously desc1ibed, in some examples 

the sample 2610 is positioned on the sample stage 614 in a substantially aligned 

but not perfeetly aligned orientation. For instanee, one of the centers of either 

the sample stage 614 or the sample 2610 is offset relative to the other center. 

5 Similarly, the orientation of the testing locations on the sample 2610, including 

the orientation of the sample coordinate system 2612 is tilted or translated and 

rotated relative to a stage coordinate system, such as the stage coordinate system 

2600 shown in Figure 26A. The following deskewing methods, including 

translational deskewing and rotational deskewing determine the relative 

10 orientation of the sample 2610 relative to the sample coordinate system 2612 of 

the sample stage 614 to allow for reliable and accurate positioning of the sample 

2610, including for instance, testing locations such as the testing locations 2620 

shown in Figure 26B, into alignment or coincidence with one or more working 

regions of the instruments of the automated testing system 600, such as the 

15 optical and mechanical testing instruments 610, 612. 

At 2902, an optical instrument 610 is aligned with a sample stage 

reference point such as the stage center 2606 along at least a first translational 

axis, for instance, the stage X axis or stage Y axis 2602, 2604. With regard to 

the method 2900, step 2902 is optional. Although the stage center 2606 has been 

20 used as the sample stage reference point herein, in another example different 

sample stage reference points, such as a predetermined portion of the sample 

stage 614, may be used. That is to say, in another example, for instance, with a 

sample stage 614 having a different shape such as a circle, rectangle, square and 

the like, it may be more convenient for mathematical purposes to use a different 

25 sample stage reference point than the stage center 2606. With minor 

modifications (e.g., to the steps described herein, the corresponding 

mathematical analysis and the like) the methods described herein are fully 

applicable to sample stage reference points and first and second reference points 

of the samples to ensure testing locations on the sample 2610 are accurately 

30 positioned relative to the instruments of the automated testing system 600. 

At 2904, a circular edge location of a plurality of circular edge locations 

is sensed along a sample edge such as the sample edge 2922 of the sample 2610 

shown in Figure 29B. 
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In one example, sensing the circular edge location includes translating 

stage 614 and the sample edge 2922 toward the optical instrument 610. As 

previously desc1ibed in one example, the sample stage 614 is moveable within 

the automated testing system 600, for instance, by translation and rotation 

5 relative to the optical instrument 610 and mechanical testing instrument 612. 

At 2908, the circular edge location such as a sample edge location 2924 

shown in Figure 29B is detected with the optical instrument 610 as the optical 

instrument 610 crosses over the sample edge 2922. For instance, the control 

station 110 of the automated testing assembly 100 includes pattern recognition or 

10 edge recognition software configured to operate the optical instrument 610 and 

detect the edge of the sample 6910 as the edge of the sample passes beneath the 

optical instrument 610. At 2910, the circular edge location is indexed relative to 

the sample stage reference point such as the stage eenter 2606 (or any other 

reference point) previously shown in Figure 28B and optionally determined with 

15 the method 2800 as described herein. At 2912, the sample stage 614 and the 

sample 2610 are rotated, for instance, a specified angle measure, to facilitate the 

observing and detecting of another of the sample edge locations 2924 shown in 

Figure 29B. 

At 2914, the sensing of the circular edge location such as the sample 

20 edge location 2924 along the sample edge 2922 is repeated after each of the 

rotations as shown in Step 2912. The sensing of sample edge locations 2924 is 

repeated until at least three or more circular edge locations 2924 are indexed 

from different locations along the sample edge 2922. As described herein, the 

sample stage 614 is rotated a specified angle measure. In one example, the 

25 specified angle measure includes one or more of a set or varied angular 

measurements such as 120 degrees, 90 degrees, 30 degrees and the like. In 

another example, the specified angle measure is not a set angle. Instead, three or 

more sample edge locations 2924 along the sample edge 2922 of the sample 

2610 are detected and, as will be described below, the overlying of a circle 

30 having a perimeter coincident with each of the three or more circular edge 

locations will correspondently form a circle with the indexed sample edge 

locations 2924 that determines the first reference point of the sample 2610, for 

instance, the sample center 2622 as shown in Figure 29B. Stated another way, as 

long as the sample stage 614 is retained in a translationally static orientation 
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(aside from translation for edge detection) and only rotated the detecting and 

indexing of three or more edge locations 2924 along the sample edge 2922 

creates a sufficient number of points for a virtual circle to be laid over the 

sample edge locations 2924 to thereby enable the easy determination of the 

5 sample center 2622, for instance, through mathematical analysis of the circle 

overlying the sample edge locations 2924 and coincident with the sample edge 

2922. 

At 2916, the center of the sample 2610 is determined from a circle such 

as a virtual circle having a perimeter coincident with the three or more circular 

Io edge locations 2924 spaced apart around a portion or around the entire perimeter 

of the sample 2610. For instance, the center of the sample 2622 is determined 

through mathematical analysis of the virtual circle (or the three or more edge 

locations 2924). 

In one example, the method 2900 includes several options. In one 

15 example, translating the sample stage 614 and the sample edge 2922 toward the 

optical instrument 610 includes, for instance, translating the sample stage 614 

and the sample edge 2922 toward the optical instrument along a second 

translational axis different from the first translational axis. For instance, as 

described at 2902, the optical instrument is aligned with at least a first 

20 translational axis, for instance, the Y axis 2604 extending through the stage 

center 2606 shown in Figure 26A. In the example deseribed herein, the sample 

stage 614 and the sample edge 2922 are then translated along a second 

translational axis such as the stage X axis 2602, also shown in Figure 26A. 

Translation of the sample stage 614 from the first position along the first 

25 translational axis such as the stage Y axis 2604 and along the stage X axis 2602 

readily allows for the sensing and indexing of one or more of the sample edge 

locations 2924 with translation of the sample stage 614 along a single axis. 

Stated another way, translation along two or more axes such as the X and Y axis 

from a first location is not required, as the translation toward the sample edge 

30 2922 occurs along a single translational axis and allows for ready determination 

of the translation along the single axis relative to a predetermined point, for 

instance, coincident with the origin of the stage coordinate system 2600 (at the 

zero value of the stage Y axis 2604). 
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As shown in Figure 29B, the sample 2610 is offset or misaligned relative 

to the sample stage 614. In practice, the sample 2610 will be more closely 

aligned with the sample stage 614, for instance, the perimeter of the sample 2610 

will be substantially coextensive or aligned with the perimeter of the sample 

5 stage 614. That is to say, the centers of the respective sample 2610 and the 

sample stage 614 will be closely aligned and thereby have minimal or 

nonexistent offset between the two. Even with precise positioning of the sample 

2610 on the sample stage 614, the processes as described herein, for instance, the 

method 2900 detailing translational deskewing of the sample stage 2610 relative 

10 to the sample 614 will be required to ensure accurate positioning of the plurality 

of testing locations 2620 of the sample 2610 according to the stage coordinate 

system 2600 of the automated testing system 600 (and the axes of the X and Y 

stages 620, 622). 

Further, the schematic view shown in Figure 29B shows a plurality of 

15 optical instrument 610 in a variety of positions around the sample stage 614, for 

instance, coincident with multiple sample edge locations 2924 as described 

herein. The plurality of optical instrument 610 are provided for the convenience 

of the reader. However, in actual practice, the sample stage 614 is moved as 

shown in Figure 29B and the optical instrument 610 will be substantially static 

20 as shown in solid lines in Figure 29B. The optical instrument 610 shown in 

broken lines are thereby provided to indicate the sample edge locations 2924 and 

the relative position of the optical instrument 610 relative to the detected edge 

locations. Stated another way, the sample edge locations 2924 around the 

sample 2610 are in fact positioned beneath the optical instrument 610 shown in 

25 solid lines during operation and performance of the method 2900 for 

translational deskewing as described herein. 

As previously described, the method 2900 shown in Figure 29A and 

represented in the schematic figure shown in Figure 29B is used to determine a 

first reference point such as the sample center 2622 of the sample 2610. As will 

30 be described in further detail below, the sample center 2622 is used in 

combination with the stage center 2606 to determine the translational position of 

the sample 2610 relative to the sample stage 614 such as the stage center 2606. 

Referring to Figure 26C the position of the sample 2610 for instance the position 

of the sample center 2622 relative to the stage center 2606 is the "r" measure 
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shown in Figure 26C. For instance the sample center 2622 has a radius and an 

angular orientation corresponding to the cp measurement shown in Figure 26C 

(e.g., a first reference angular offset). Stated another way, the sample center 

2622 is a first reference point of the sample stage 2610 and has an angular and 

5 radial position relative to the stage coordinate system 2600 including the stage 

center 2606. As will be described in further detail below this first reference 

point position relative to the stage center 2606 will be used to transform the 

locations of the testing locations 2620 shown in Figure 26B into corresponding 

rotational and translational movement of the sample stage 614 to ensure 

IO alignment of the plurality of testing locations 2620 with one or more of the 

mechanical and optical testing instrument 612, 610 even where the sample 2610 

is misaligned relative to the sample stage 614. 

15 

Rotational Deskewing Of The Sample 

Figure 30A shows one example of a method 3000 for rotationally 

deskewing a sample, such as the sample 2610, relative to the sample stage 614. 

As previously described in at least some examples, the sample 2610 is 

positioned on the sample stage 614 and despite efforts to perfectly align the 

sample 2610 with the sample stage 614 some amount of misalignment may 

20 occur between the sample and the sample stage. The rotational deskewing 

method 3000 provided herein cooperates with the translational deskewing 

method 2900 previously described to index and orient the sample 2610 relative 

to the sample stage 614 for accurate positioning of the plurality of testing 

locations 2620 shown in Figure 26B relative to the coordinate system of the 

25 sample stage 614 for accurate positioning of the testing locations in alignment 

with one or more of the optical and mechanical testing instruments 610, 612 

through operation of the automated testing system, for instance, through 

operation of the X-stage 620, Y-stage 622 and the rotational stage 624. 

At 3002, an optical instrument 610 is aligned with a first translational 

30 axis coincident with the first reference point. For instance the optical instrument 

610 is aligned with a translational axis such as a Y axis extending through the 

sample center 2622 and substantially parallel to the stage Y Axis 2604 shown in 

Figure 26A. Method step 3002 is optional with regard to the method 3000. For 

instance, the optical instrument 610 is unaligned with one or more of the Y or X 
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axes at the outset of the method 3000. At 3004, the sample stage and the sample 

614, 2610 are translated along a second trauslational axis relative to the optical 

instrument 610 to a location near au edge of the sample, for instauce, the sample 

edge 2922. Further the sample stage aud the sample 614, 2610 are translated so 

5 the sample orientation feature 2618 (e.g., a second reference point) is positioned 

substautially near the working region of the optical instrument 610. That is to 

say, the optical instrument 610 is aligned with a portion of the sample, for 

instance, a portion of the sample 2610 near the sample orientation feature 2618. 

The optical instrument 610 is positioned in au orientation that allows for ready 

I 0 detection of various portions of the sample orientation feature 2618. 

At 3006, the sample stage 614 and the sample 2610 are rotated, for 

instance around the center ofrotation 2606 (e.g., the stage center 2606). 

Rotation of the sample stage 614 aud the sample 2610 where the optical 

instrument 610 is positioned near the sample orientation feature 2618 allows for 

15 the ready examination of various portions of the sample orientation feature 2618. 

For instauce, the sample orientation feature 2618 includes a first feature portion 

3020 and a second feature portion 3022. In one example, the sample orientation 

feature 2618 includes the first aud second feature portions 3020, 3022 aud each 

of the portions 3020, 3022 are readily configured for discrimination and 

20 identification from one another. At 3008, the sample orientation feature 2618 

(the second reference point of the sample) is detected with the optical 

instrument. The sample orientation feature has a second reference angular offset 

relative to the first reference point (e.g., the sample center 2622 and an X-axis 

parallel to the stage X axis 2602) according to the rotation of the sample stage 

25 614 and the sample 2610. 

Optionally, the sample reference point 2618 includes the first and second 

feature portions 3020 and 3022. The first and second feature portions 3020 and 

3022 are detected with the optical instrument 610. The first feature portion 3020 

has a first angular measurement 3024 and the second feature portion 3022 has a 

30 second angular measurement 3026 different from the first angular measurement 

3024. For instance, as shown in Figure 30B each of the first and second feature 

portions 3020, 3022 have corresponding first and second angular measurements 

3024, 3026 relative to the sample eenter 2622 and a transposed stage X axis 

3028 extending through the sample center 2622 (and parallel to the stage X axis 
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5 

2602 in Figure 26A). In one example the first and second angular measurements 

3024, 3026 thereby provide an angular measure of the sample orientation feature 

2618 relative to the sample center 2622 according to the coordinate system of the 

sample stage 614. 

Optionally, the first and second angular measurements 3024, 3026 are 

averaged and the average of the first and second angular measurements is the 

second reference angular offset. In one example, the second reference angular 

offset indicates the orientation of the sample 2610 relative to the sample center 

2622 and correspondingly to the sample stage 614. As shown in Figure 26B, 

10 each of the testing locations 2620 is oriented relative to the stage center 2606 

and the sample coordinate system 2612. By determining the orientation of the 

sample orientation feature 2618 relative to the sample center 2622 the orientation 

of the sample 2610 is determined to thereby allow for the ready positioning of 

the sample stage 614 with the sample 2610 thereon for alignment of one or more 

15 of the testing locations 2620 with the optical and mechanical testing instruments 

610, 612 despite misalignment of the sample 2610 relative to the sample stage 

614. 

As will be described in further detail below the determination of the stage 

center 2606, the sample center 2622 (a first reference point of the sample) and 

20 the second orientation feature 2618 (a second reference point indicative of the 

second reference angular offset of the sample 2610 relative to the sample stage 

614) allows for the ready positioning and aligning of the testing locations 2620 

through mathematical analysis with one or more of the optical and mechanical 

testing instrument 610, 612 as described herein. Stated another way, with the 

25 combination of the features shown in Figure 26C, for instance the values of r, cp 

and a corresponding to the positions and orientations of the stage center 2606 

relative to the sample center 2622 and the orientation of the sample orientation 

feature 2618 relative to the sample center 2622 substantially any position on the 

sample 2610 (such as the testing locations 2620) may be readily positioned with 

30 accuracy and precision relative to the optical and mechanical testing instruments 

610, 612. 

As described above, the method 3000 optionally includes detecting the 

first and second feature portions 3020, 3022 of the second reference point, such 

as the sample orientation feature 2618, for instance with the optical instrument 
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610. The second feature portion 3022 is in another example spaced from the 

first feature portion 3020 a specified angle. For instance, the second feature 

portion 3022 is adjacent to the first feature portion 3020 and is angularly offset 

from the first feature portion 3020 a known value. Because the second feature 

5 portion 3022 is offset a specified amount, in one example averaging the first and 

second angular measurements uses the measure determined for the first feature 

portion 3020 for instance through detection with the optical instrument 610 in 

combination with the specified angular position of the second feature portion 

3022 relative to the first feature portion 3020 to determine the second reference 

10 angular offset (e.g., the average of the angular measurement of the first feature 

portion 3020 and the same angle adjusted a known amount for the second feature 

portion 3022) of the sample orientation feature 2618. 

In the example shown in Figure 30B, the second reference angular offset 

3030 is shown as a bisecting line extending between the first and second angular 

15 measurements 3024, 3026 (i.e., the second reference angular offset 3030 is the 

average of the first and second angular measurements 3024, 3026). In yet 

another example the sample orientation feature 2618 shown in Figure 30B for 

instance is a marking point and the easily recognizable by the optical instrument 

610. For instance, the second orientation feature 2618 in one example is similar 

20 to the marking 2710 shown in Figure 27B. For instance the marking 2710 

includes an identification notifier 2712 to make the marking readily identifiable 

and further includes a location focus 2714 to provide an exact position for the 

sample orientation feature 2618 as it relates to the sample center 2622. In such 

an example a single angular measurement is needed from the location focus 

25 2714 relative to the sample center 2622 to determine the orientation of the 

sample orientation feature 2618 relative to the sample center 2622. In such an 

example, the method 3000 shown in Figure 30A includes rotating the sample 

stage 614 so the sample orientation feature 2618 is aligned with the optical 

instrument 610. In this example a single angle is measured in place of 

30 measuring multiple angles as described in one example herein. 

Aligning an Instrument with One or More Test Locations 

Referring now to Figure 3 lA one example of a method 3100 for aligning 

one or more testing locations with an instrument is provided. At 3102 a sample 
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such as the sample 2610 is coupled on a sample stage, such as the sample stage 

614 of a testing system 600. The sample 2610 includes one or more testing 

locations 2620 spaced apart on the sample 2610. In one example, the testing 

system 600 includes an instrument, such as an optical or mechanical testing 

5 instrument 610, 612 configured for one or more of testing or observation of the 

sample 2610 on the sample stage 614. In another example, the testing system 

600 includes the features shown for the testing system 600 provided in Figure 

6A and 6B. 

At 3104 a testing location such as one or more of the testing locations 

1 O 2620 shown in Figures 268, C is aligned with the instrument such as the 

mechanical testing or optical instrument 612, 610. In one example, aligning the 

testing location 2620 includes, at 3106, rotating the sample stage 614 and the 

testing location 2620 position on the sample 2610 toward alignment with a 

working region of the instrument such as a probe tip 702 or an optical working 

15 region 2716 of the optical instrument 610. In another example, aligning the 

testing location of the 2620 of the one or more testing locations with the 

instrument includes, at 3108, translating the sample stage 614 and the testing 

location 2620 toward alignment with the working region of the testing 

instrument (again, for instance the optical working region 2716 or the probe tip 

20 702). 

At 3110 the testing location 2620 is tested with one or more of the 

instruments 610, 612. For instance, in the example of the mechanical testing 

instrument 612, the mechanical testing instrument 612 is configured to indent, 

scratch, abrade, delaminate or provide any one of a plurality of mechanical 

25 testing operations at the testing location 2620. In another example the optical 

instrument 610 includes but is not limited to one or more of an optical 

instrument, a microscope, scanner and the like configured to observe and detect 

(whether through visible light detection, electron scanning or transmission, 

observation with other light wavelengths and the like) various features of the 

30 sample 2610 at the testing location 2620. 

Several options for the method 3100 follow. In one example, testing 

includes one or more of mechanical testing or observation at micron or less scale 

with the instrument, such as one or more of the mechanical and optical testing 

instruments 612, 610. For instance, the mechanical testing instrument 612 is 
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configured to provide an indentation, deformation or other marking to the 

sample 2610 at a micron (e.g., up to a multiple micron scale). In another 

example, the mechanical testing instrument 612 is configured to provide an 

indentation at less than a micron scale, for instance at a nano scale. In yet 

5 another example, the optical testing instrument 610 is similarly configured to 

observe mechanical characteristics and features of the sample 2610 at micron 

(e.g., up to a plurality of micron scale) and at the nano scale. 

In yet another example, the method 3100 includes translating the sample 

stage as previously described herein. In one option translating the sample stage 

I 0 includes translating the sample stage 614 along an X axis such as an X axis 

provided by the X-stage 620. In another example, translating the sample stage 

includes constraining translation (e.g., limiting) of the sample stage 614 along 

another axis such as the Y axis for instance an axis aligned with the movement 

direction of the Y-stage 622 previously shown in Figures 6A and 6B. In one 

15 example the Y axis of the Y stage 622 is substantially parallel to a cantilevered 

instrument arm 607 as previously described herein. 

In another example, constrained translation of the sample stage 614 along 

the Y axis includes translating the sample stage along the Y axis between the 

instrument and another instrument for instance according to the instrument offset 

20 as previously described herein and shown for instance in Figure 27B and 

determined by way of the method 2700 shown in Figure 27 A. That is to say, the 

Y stage 622 is configured to move the sample stage 614 in a manner 

substantially constrained or limited according to the instrument offset composite 

2722 (e.g., the Y instrument offset 2720) shown in Figure 27B. The sample 

25 stage 614 thereby provides a sample stage footprint substantially similar to the 

length or width of the sample stage 614 along the Y axis. In other words, the 

sample stage footprint along the Y axis is only slightly larger than a dimension 

of the sample stage, such as length, according to the instrument offset. 

In yet another example, aligning the testing location 2620 of the one or 

30 more testing locations with the instrument includes rotating the sample stage 614 

and the testing location 2620 into coincidence with the X axis for instance the X 

axis of the X stage 620 where the testing location has an original non-zero Y 

location relative to the Y axis. For instance referring to Figure 26A, the stage X 

axis 2602 is substantially aligned with the movement axis of the X stage 620 
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previously shown and described in Figure 6A and 6B. In one example where a 

testing location such as one of the testing locations 2620 in its original position 

is not aligned with the stage X axis 2602, the stage 614 is rotated to position the 

testing location 2620 in coincidence with the X axis (linear movement axis) of 

5 the X-stage 620. 

By moving the testing location 2620 into coincidence with the X axis of 

the stage 620 (the linear movement axis of the X-stage 620) Y translation, for 

instance along the Y axis of the Y stage 622 (the linear movement axis of the Y­

stage 622), is thereby substantially minimized or entirely eliminated. Instead, 

IO translation for instance with the X stage 620, is used to move the testing location 

620 into coincidence or alignment with one or more of the instruments such as 

the mechanical and optical testing instrument 612, 610. 

In yet another example aligning the testing location with the instrument 

includes translating and rotating the sample stage 2610 and the sample 614 

15 within the sample stage footprint 2100 (see Figure 21A) bounded by the 

outennost perimeter surfaces of the sample stage relative to the instrument (e.g., 

610, 612) in a plurality of orientations configured to selectively align the 

instrument with substantially the entire surface area of the sample stage. For 

instance, as shown in Figure 21A the optical instrument 610 is provided at the 

20 center of the first footprint 2100 (e.g., the sample stage footprint 2100). As 

shown, the sample stage footprint or first footprint 2 I 00 is bounded by the 

outermost perimeter surfaces and the sample stage 614 according to translation 

of the sample stage 614 along the X axis (linear movement axis of the X-stage 

620) and rotation of the sample stage with the rotational stage 624. As shown, 

25 the Y component 2101 of the first footprint 2100 is substantially minimized 

through the combination ofX translation and rotation of the sample stage 614. 

Stated another way, each of the target locations shown in Figure 21A (for 

instance at the outermost and innermost portions of the stage) are positionable in 

alignment with the optical and mechanical testing instruments 610, 612 with the 

30 stage 614 moved into one or more orientations within the first footprint 2100 

shown in Figure 21A. Optionally, the sample stage footprint 2100 is within a 

testing system footprint including the sample stage footprint 2100 and a column 

footprint bounded by a column base 605 (shown in Figure 9). As shown in 
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Figure 9 the column base 605 is a portion of the cantilevered instrument column 

606 coupled with the instrument 610, 612. 

Transformation of Sample Based Testing Location Coordinates 

5 As previously described herein, the first and second reference points of 

the sample 2610, for instance the sample center 2622 and the location and 

orientation of the sample orientation feature 2618 are used in combination with 

the stage reference feature (a sample stage reference point, such as the stage 

center) 2606 to accurately position one or more of the plurality of testing 

10 locations 2620 in coincidence or alignment with one or more instruments such as 

the optical and mechanical testing instruments 610, 612. As shown for instance 

in Figure 26C, the orientation of each of these features relative to each other 

provides positional coordinates shown for instance with the variables r, qi, and a 

where r is the radius of the sample center 2622 from the stage center 2606, qi is 

15 the angle measurement of the sample center 2622 relative to the stage X axis 

2602 and the stage center 2606 and a is the angle measure of the sample 

orientation feature 2618, for instance the second reference angular offset 3030 

shown in Figure 30B. Each of these values is used in one example to 

mathematically determine the position of the testing locations 2620 according to 

20 the stage coordinate system 2600 for positioning by the X, Y and rotational 

stages 620, 622, 624 of the automated testing system 600. Stated another way, 

these values facilitate the accurate positioning of each of the testing locations 

2620 relative to one or more of the optical and mechanical testing instrument 

610, 612 despite misalignment between the sample 2610 and the sample stage 

25 614. 

For instance, referring to Figure 31 B, one example of a method 3120 for 

aligning the testing location 2620 of the one or more testing locations with the 

instrument (e.g., one or more of the instruments 610, 612) includes determining 

the first X and Y coordinates for the testing location 2620 relative to an origin 

30 such as the sample center 2622 of the sample2610. As previously described the 

sample coordinate system 2612 is in one example centered or has an origin at the 

sample center 2622 as shown in Figure 26B. At 3124 the first X and Y 

coordinates of the testing location 2620 (e.g., T 1) are transformed into an angle 

value 0T1 and a translational value RT1 for a rotational stage and at least one 
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translational stage (e.g., stages 624, 620) respectively coupled with the sample 

stage 614 as shown by the coordinates for T 1 in Figure 26C. 

With the rotational and translational values determined at 3126 the 

sample stage 614 and the testing location 2620 on the sample 2610, are rotated. 

5 In one example, the testing location 2620 is rotated according to the angle value 

ElTI into coincidence with a translational axis such as the X axis of the X-stage 

620 (e.g., the testing location is on a line parallel to the linear movement axis of 

the stage). At 3128, the san1ple stage 614 and the testing location 2620 are 

translated according to the translational value R TI parallel to the translational 

IO axis described above. That is to say, the testing location is translated along a line 

parallel to the translation axis of the stage, such as the X-stage 620, the 

translational value RTI· 

In another example, the method 3120 includes first translating the sample 

stage 614 along a translational axis parallel to the movement axis of the 

15 translational stage such as the X-stage 620. Thereafter the sample stage 614 is 

rotated to bring the testing location 2620 into coincidence with the X-stage 

translational axis. 

In another example the method 3120 includes rotating the sample stage 

614 and each of the one or more testing locations 2620 (e.g., T1-T4) into 

20 respective coincidence with the translational axis of the translational stage, such 

as the X stage 620. Stated another way, the plurality of testing locations are 

separately positioned along a line parallel to the linear movement axis of the X­

stage 620. In yet another example, rotating the sample stage 614 and each of the 

one or more testing locations respective angle values (e.g., E>Ti-4) into respective 

25 coincidence with the translational axis of the translational stage includes moving 

the testing locations 2620 into coincidence with a translational axis aligned or 

coincident with the working region (the focal point or probe tip) of the 

instruments 610, 612 and parallel to a movement axis of one of the translation 

stages 620, 622. By rotating the testing locations into aligmuent with a single 

30 translational axis extending through the working region, translational movement 

with, for instance the X-stage 620, is able to move the testing location 2620 into 

coincidence with the instrument 610, 612. 

The testing locations 2620 in coincidence with the translational axis (e.g., 

on a line parallel to the translational axis) are translated R values, such as RTi-4, 
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to move the testing locations 2620 into alignment or coincidence with the 

working regions (e.g., region 2716 or the probe tip 702 shown in Figure 27B) of 

the optical and mechanical testing instruments 612, 610. Rotating of the sample 

stage 614 and the testing location 2620 of interest for the testing procedure into 

5 coincidence with the translational axis substantially eliminates translation along 

a second translational axis different from the first translational axis (such as the 

Y axis of the Y-stage 622). For instance, the testing locations 2620 positioned 

away from the stage and sample X and Y axes 2602, 2604 and 2614, 2616 are 

positioned along the translational axis (i.e., the linear axis of movement) of the 

10 X-stage 620 to substantially eliminate translation of the sample stage 614 and the 

testing locations 2620 of the sample 2610 for instance along another translation 

axis such as the axis of the Y-stage 622. Optionally, the stage 614 is translated 

first according to the Rri-4 of each of the testing locations 2620 and thereafter 

rotated according to the 0n4 of each of the locations. 

15 A prophetic example is provided below that determines the coordinates 

and relative positions of the first and second reference points 2622 and 2618 of 

the sample 2610 as well as the sample stage reference point 2606 (in one 

example the center of the stage 614) and then uses corresponding values (r, cp, a 

and the like) to determine the translational and angular coordinates for one or 

20 more testing locations 2620. The prophetic example is conducted according to 

the methods described herein and shown in the Figures. The prophetic example 

is provided as a series of steps. It will be apparent that many of the steps in the 

prophetic example may be rearranged or modified and continue to come within 

the umbrella of methods and apparatus described herein. Modifications of the 

25 sample stage shape, specified reference points (i.e., non-center points) and the 

like will modify the steps and corresponding mathematical analysis used herein, 

and such modifications are fully within the scope of the disclosure. 

30 

Machine Setup/Initialization 

1. Home the X-stage 620, Y-stage 622, Zl- first instrument stage 608, Z2-
second instrument stage 608 and the Theta stage 624. 

2. Perform a Tip to Optics Calibration - This procedure allows the machine 
to make a mark on a sample and then move the mark precisely under the 
optics for viewing by the operator. 
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10 

15 

20 

25 

30 

35 

40 3. 

a. Attach a Sample (e.g., an initialization sample) such as 
Polycarbonate to the stage 614. Optionally, may used one of the 
diagnostic samples 1106 at the stage receptacles 628 on the stage 
receptacle flange 630. 

b. 

c. 

Use the GUI (e.g., the control station 110) to manually move the 
X,Y,Theta, and Zl stages so the sample is located under the 
optical instrument 610 and the optics are focused on the sample. 
Perform an H-Pattern marking 2710 (or other similar pattern to 
assist in calibration) for the Tip to Optics Calibration including: 
1. The automated testing system 600 will move the X and Y­

stages 620, 622 the nominal offset distance between the 
tip and optics (e.g., the mechanical testing instrument 612 
and the optical instrument 610) so the tip 702 is 
approximately over the same sample location that was 
viewed with the optics. The Theta stage 624 is static. 

11. 

m. 

IV. 

V. 

VI. 

vu. 

The GUI control station 110 will instruct the operator to 
manually move the Zl stage 608 down until the tip 702 is 
within about 1 mm of the sample height. 
The GUI control station 110 will slowly (e.g., at a slower 
pace than the initial approach) continue to move the Zl 
stage 608 down until it detects contact with the sample. 
The mechanical testing instrument 612 will perform a 
series of 7 indents in the shape of an H to form the 
marking 2710. 
The automated testing system 600 will return the X, Y, 
and Z 1 stages 620, 622 and 608 to the original optics 
position. 
The GUI control station 110 will instruct the operator to 
move the X and Y-stages 620, 622 until the center of the 
H pattern marking 2710 (e.g., the location focus 2714) is 
aligned with reticle in the camera. Optionally, pattern 
recognition software instructs and controls the optical 
instrument 610 in a similar marmer to find the location 
focus 2714. 
The automated testing system 600 will calculate and 
record the exact X, Y, and Zl displacement between the 
tip and the optics locations (e.g., the instrument offset 
composite 2722 between the mechanical testing and 
optical instruments 612, 610). 

Perform a Center of Rotation Calibration - This procedure assists in 
achieving accurate alignment of testing locations 2620 on the sample 
2610 with one or more instruments. This procedure locates the center of 
rotation of the stage 614 within a tolerance of around about 1 micron. 
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a. Mount a sample such as a Polycarbonate initialization sample or 
another material on the stage 614 that covers the center of rotation 
of the stage 614 (e.g., the axis of rotation provided by the 
rotational stage 624). 

b. 

c. 

Use the GUI control station 110 to manually move the X, Y, and 
Zl stages 620, 622 and 608 to position the center of rotation of 
the stage 614 approximately under the optical instrument 610 
with the optical instrument focused on the sample. 
Implement the Center of Rotation Location Calibration with the 
control station 110. 
I. The automated testing system 600 moves the X, Y, and Zl 

stages 620, 622, 608 the Tip to Optics offset determined 
above to move the mechanical testing instrument 612 over 
the location focused on with the optical instrument 610. 

11. 

111. 

IV. 

v. 

VI. 

Vll. 

The automated testing system 600 marks the sample with 
a marking 2710 (e.g., an H pattern of7 indents) at the 
location. 
The rotational stage 624 rotates the sample stage 614 120 
degrees and the mechanical testing instrument 612 
provides another marking 2710 (e.g., another H pattern). 
The X and Y-stages 620, 622 are static. 
The rotational stage 624 rotates the sample stage 614 120 
more degrees (240 degrees total) and provides a third 
marking2710. 
The X,Y, Theta, and Zl instrument stages 620, 622, 624, 
608 are returned to their original positions to position the 
first marking 2710 under the optical instrument 610 and in 
focus. The first marking 2710 is centered under the reticle 
of the optical instrument 610. 
The GUI control station 110 prompts the user to locate the 
other two markings 2710 (e.g., H-patterns of indents) by 
manually operating the X and Y-stages 620, 622. The 
rotational stage 624 is static. Optionally, the control 
station 110 includes pattern recognition software to detect 
and index the markings 2710 or the each of the markings 
2170 are indexed as they are marked on the sample. 
The user (or software control algorithm) moves the stages 
620, 622 until the location focus 2714 of each marking 
2710 is aligned with the camera reticle of the optical 
instrument 610. The automated testing system 600 will 
record (e.g., index) the X and Y stage coordinates of the 
center of each H-pattem: X0, Yo; X120, Y120; X240, Y240;. 
Optionally, the control station 110 includes pattern 
recognition software to detect and index the markings 
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2710 or the each of the markings 2170 are indexed as they 
are marked on the sample. 

vm. The automated testing system 600 fits a circle (e.g., a 
stage center circle 2820) to the three sets ofX and Y 

5 coordinates corresponding to the markings 2710. The 
center of the fit circle is the X-Y stage coordinates for the 
center of rotation 2606 of the sample stage 614. The 
center of rotation coordinates are (Xcentcr, Ycenter). The 
analysis below provides one example of mathematical 
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equations for determining the center of rotation 2606 from 
the coordinates of the markings 2710. "r" is the radius of 
the stage center circle 2820. 

-Xcf + O'o- = 
fX120 -Xc)2 + <Y120 - Ye)'= r 2 

(Xz40 -Xc) 2 + - 1'[)2 = r 2 

- 2X0Xc + Xf + Y0
2 

- + YJ' = - 2X120Xc + >tl + 112zo - 2Y120Yc + 
4A;•4o''c + X,1 + Y2~0 - 2Y240 Ye+ Y/ = 

v2 _ ~x v • 
Ao ..:. o.rt.c' 

- 2 .. ¥120Xc + + Y17:zo - 2}120Yc + 

... ,z ?""-" lT ..L j72 2\7 \T - T-"2 ,.,-v x .LY' Az40 - ..,A240Ac ,. 240 - - 240 C - .. 1-120 - L;..n.120 C ' 120 

(x' + "' y2 120 .r120 - ~'"o 

2Y240 Ye - 2Y120Yc 

(X120 - X240) 

rxz + vz x' "')(" X ) •xz .i. vz x' vz ) 'X X ) \ 120 ""120 - o - ro- _, A120 - iz40 - 1... 120 1 r120 - 240- •240, \_. 120 - D 
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Deskewing 

1. The robotic handling system 200 pulls a sample 2610 from the storage 
module 104. 
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4. 

a. The sample 2610 is roughly centered on the handling fork 404. 
b. The sample 2610 is roughly oriented with its sample orientation 

feature 2618 (e.g., a notch) in a known direction. 
The robotic handling system 200 loads the sample 2610 onto the sample 
stage 614. The elevation pins 634 lower the sample 2610 on to the 
sample stage surface 616. Optionally, vacuum ports 632 vacuum couple 
the sample 2610 to the sample stage 614. 
Implement the Procedure to Determine the First Reference Point of the 
Sample (Translational Deskewing) - This procedure locates the sample 
2610 for the automated testing system 600 within a linear tolerance of 
around about 1 micron. Finding the first reference point of the sample 
2610, such as the center 2622 improves the accuracy of automated test 
site location. 
a. The Y-stage 622 moves so the Y coordinate of the center of 

rotation of the stage 614 is aligned with the Y location of the 
reticle in the optical instrument 610 (e.g., the optical working 
region 2716). 

b. Optionally, the Zl stage 608 moves to focus the optical 
instrument 610 on the sample 2610. 

c. 

d. 

e. 

f. 

The rotational stage 624 moves to three different positions 
approximately 120 degrees apart including positions on the 
sample 2610 that avoid positioning the wafer orientation feature 
2618 (e.g., a notch or flat) within the optical instrument working 
region 2716. 
At each of the three different rotational positions (e.g., 0, 120 and 
240 degrees), starting at a position where the optical instrument 
610 is focused on the sample 2610, the X-stage 620 moves in a 
direction that will eventually move the sample 2610 out from the 
optical working region 2716. 
At each of the three rotational positions, an edge detecting vision 
algorithm (e.g., provided in the control station 110) records the 
exact translation value of the X-stage 620 where the edge 2922 of 
the sample 2610 lines up with the optical instrument 610 
corresponding to the sample edge locations 2924. 
These three translational and rotational coordinates of the sample 
edge (X, and Theta measurements of, for instance 0, 120 and 240 
degrees) are used to calculate the r, <p location of the center 2622 
of the sample 2610 relative to the center of rotation 2606 of the 
stage 614. See Figures 26C and 29B. The <p value is the first 
reference angular offset of the sample center relative to the stage 
center of rotation 2606. 

Implement the Procedure to Determine the Second Reference Point of the 
Sample (Rotational Deskewing) - This procedure determines the 
orientation of the sample orientation feature 2618 relative to the sample 
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stage 614 (by way of the sample center 2622). The procedure determines 

the sample 2610 orientation to within a tolerance on the order of around 
about 0.001 degrees. 
a. 

b. 

c. 

d. 

e. 

The X,Y, and rotational stages 620, 622, 624 move to focus the 

optical instrument working region 2716 on a position near the 
sample edge 2922 of the sample 2610 and in the general vicinity 
of the sample orientation feature 2618 (e.g., the theta angle). 
The Y-stage 622 is operated to position the center 2622 of the 
sample 2610 in alignment with the optical instrument 610. 

y satnple center= y center+ r * sin( <p +theta) 
The X-stage 620 is operated to position the center 2622 of the 
sample 2610 just inside the sample edge 2922 of the sample. In 
one example, the sample 2610 is a 150 mm radius semi-conductor 
wafer. 

Xsample edge= Xcenter + 149 + r * cos( cp +theta) 
The rotational stage 624 is operated to rotate sample 2610. An 
edge detecting vision algorithm is used with the optical 
instrument 610 to detect the angular measures of both feature 
portions 3020, 3022 (e.g., the edges of the notch or flat) of the 

sample orientation feature 2618. 
The average of the two angular measures, for instance theta1 and 
theta2, is the a value (e.g., the second reference angular offset) for 
the actual orientation of the wafer. 

Automated Test Site Location 

The coordinates of one or more testing locations 2620 are input (e.g., 
read from instructions, hand keyed and the like) according to the sample 

coordinate system 2612 (xw,Yw including for instance the X and Y 
coordinates for T14 shown in Figure 26B). Optionally, the coordinates 
are input at the control station 110. In another example, all testing 
locations for that type of sample (e.g., a semiconductor wafer with a 
diameter of300 mm) will be stored in the measurement recipe in the 
control station 110. 
One or more of the control station 110 or the automated testing system 
600 calculates the stage coordinates (X,Y, 8) from the sample 
coordinates based on the sample coordinate system 2612 needed to place 

the optical instrument 610 or the mechanical testing instrument 612 over 
each of the testing locations 2620 according to the following equations 
that incorporate the previously determined values for r, cp and a: 

8 =ATAN2(yw,xw) +a 
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The 0 value is used to rotate the sample 2610 with the rotational 
stage 624 so the desired testing location 2620 is in line with the 
Y-location of the center of the optics. In other words, the testing 
location is on a line through the center of the sample and parallel 
to the Y translational axis of the Y-stage 622 after the El rotation. 

X = Xcenter + r * cos(El + cp) + Xw *cos( a+ 0)-Yw *sin( a+ 0) 

The X value is used to translate the sample 2610 with the X-stage 
620 so the desired testing location 2620 is aligned with one of the 
optical and mechanical testing instruments 610, 612. 

Y = Ycenter + r * sin( El+ <p) 

The Y value is used to optionally translate the sample 2610 with 
the Y-stage 622 so the desired testing location 2620 is aligned 
with one of the optical and mechanical testing instruments 610, 
612. Translation according to the Y value is in one example 
optional. For instance, where there is a misalignment between the 
optical and mechanical testing instruments 610, 612 along the Y 
axis of the Y-Stage 622, the Y value corrects for this 
misalignment and positions the testing location in alignment with 
either of the instruments. 

25 3. Where the X, Y and 0 coordinates are used to position the desired testing 
location 2620 in alignment with the optical instrument, the X and Y 
stages 620, 622 are operated to move the desired testing location 2620 
into alignment with the mechanical testing instrument 610 (e.g., the 
location of the probe 702) according to the Tip to Optics calibration 
offset (e.g., the instrument offset composite 2722 including one or more 
of the Y and Y instrument offsets 2718, 2720). 

30 

The combination ofx-y-theta (rotational) positioning (as opposed to x,y 

positioning alone) described in the example above and herein, allows for the 

35 minimal cantilevering of the instruments on the cantilevered instrument column. 

Stated another way, through a combination of x, y positioning along with 

rotation, all portions of a 300 mm wafer are positionable beneath the mechanical 

testing instrument with an arm configured to position the instrument across the 

radius of the wafer (e.g., 150 mm). An X-Y only system would require at least 

40 300 mm of cantilever or a bridge structure having a large mass, footprint, and in 
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some cases a natural frequency that is not cooperative with the frequencies of the 

automated testing system 100 but is dictated by the mass of the bridge. 

Further, the x-y-theta stage includes an X stage with a larger range of 

translation available than the Y stage. This allows the X stage to have sufficient 

5 travel to move at least one radius of the wafer (150 mm) under the optics and 2 

transducer heads (an additional 150 mm). The Y travel is long enough to 

accommodate the small difference in Y positions between the optics and 

transducer heads (several millimeters). 

The x-y-theta positioning of the sample stage 614 thereby 

10 correspondingly minimizes the length of the cantilevered arm of the instrument 

column 606. The system with the short cantilevered arm (e.g., the cantilevered 

instrument column 606 in Figure 6A) is thereby more resistant to mechanical 

noise (has a high stiffuess without an extensive arm that is prone to deflection). 

Deflections of cantilevers increase with the cube of the cantilever length so 

15 reducing the cantilever length by a factor of2 reduces the deflections by a factor 

of 8 for the same beam cross section and loading. 

The footprint of the system 600 (See Figure 6A) with the short arm and 

the compactly moving stage is minimal. In other words, a compact cantilevered 

arm 606 in combination with a compact x-y-theta stage system 614 fits within a 

20 smaller enclosure (e.g., the automated testing enclosure 108) and assumes less 

space on the factory floor. Conventional support structures, such as a bridge or 

arch assembly extending to either side of the sample stage with corresponding 

support legs and x-y stage assemblies (and corresponding enlarged footprints) 

are not needed. 

25 
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Conclusion 

The systems and methods described herein provide a rapid and accurate 

method for testing multiple samples with multiple testing locations directly or 

near directly from production. Each of the systems and methods further provide 

5 one or more of functions and benefits provided herein. For instance, the systems 

provide an orderly and efficient process for conducting micro- and 

nanomechanical testing on a series of samples with a minimum of system 

downtime between sample tests. Additionally, the systems and methods 

facilitate high throughput testing that acquires greater and more accurate 

10 statistical sampling data on the tested materials. 

Further, the systems and methods described herein provide a system that 

minimizes surface contamination of material samples prior and subsequent to 

conducting micro- and nanomechanical testing in order to achieve accurate test 

data even where the samples are taken immediately from production or are in-

15 line with production. 

20 

Further still, the systems and methods described herein precisely move 

and control the material samples into and out of a nanomechanical testing 

instrument in order to minimize damage or breakage of nanomechanical testing 

system components as well as material samples. 

Moreover, the systems and methods significantly reduce the average, per-

test costs associated with testing a relatively high volume of material samples 

and reduce yield loss. Further, the systems and methods reduce measurement 

error through, for instance, operator interaction. By reducing operation 

interaction labor costs are reduced and facilities are efficiently used, including 

25 eliminating the cost and labor for maintaining a smaller clean room environment. 

For instance, the indexing of samples relative to the coordinate systems and 

instruments of the automated testing system through the analysis of each sample 

as positioned on the sample stage allows for accurate and precise positioning of 

one of more testing locations (e.g., specified testing locations of a heterogeneous 

30 sample) relative to the instruments. Further still, the provision of the probe 

change assembly (or assemblies), diagnostic samples, methods for analyzing the 

probe, calibrating the automated testing system according to the characteristics 

of the probe and the like further minimize operator interaction and decrease 

system downtime. 
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The systems and methods described herein collect, manage and monitor 

quality control data relative to tested samples and enable long-term tracking of 

material sample data, to utilize material sample data to identify real-time 

production line problems and to correlate this data to long-term material and/or 

5 device performance. 

Further, in another example, the systems and methods automatically 

identify test locations on the material surface prior to conducting micro- and 

nanomechanical testing to achieve accurate test data on the region of interest. 

The non-limiting examples shown in the figures and description herein 

10 can be combined in any permutation or combination. That is to say, the features 

shown in any one example (figure, passage and the like) are combinable with 

other examples described herein alone or with other features. Further, features 

found in various claims whether dependent or independent claims may be 

combined with other examples, claims and the like by themselves or in 

15 combination with other claimed and unclaimed features described herein. 

Furthermore, any reference to numbered elements in the descriptions of the 

methods is not intended to be limited to the numbered elements described. 

Instead, the numbered elements are provided for exemplary purposes only. The 

numbered elements are intended to include all similar elements described herein 

20 as well as their equivalents. 

Various Notes & Examples 

Example 1 can inclnde a testing system including a multiple degree of 

freedom stage for aligning a sample with an instrument configured for 

mechanical testing at micron or less scale, the testing system comprising a 

25 instrument column including a column base and an instrument arm extending 

from the column base; an instrument coupled with the instrument arm; a multiple 

degree of freedom sample stage assembly including: a sample stage, and a stage 

actuator assembly including at least one translational actuator and a rotational 

actuator, and the stage actuator assembly is configured to selectively align 

30 substantially all locations between the instrument and the sample stage with the 

instrument through actuation of the at least one of the translational actuator and 

the rotational actuator. 

Example 2 can include, or can optionally be combined with the subject 

matter of Example 1, to optionally include wherein the instrument arm is 
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cantilevered and extends from the column base less than a sample stage length of 

the sample stage. 

Example 3 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 or 2 to optionally include 

5 wherein the sample stage includes a sample stage footprint based on the range of 

translation and rotation provided by the at least one translational actuator and the 

rotational actuator, and at least a first dimension of the sample stage footprint is 

substantially similar to a sample stage length. 

Example 4 can include, or can optionally be combined with the subject 

10 matter of one or any combination of Examples 1 through 3 to optionally include 

wherein a testing system footprint of the testing system includes: the sample 

stage footprint, and a column footprint of the instrument column bounded by the 

column base. 

Example 5 can include, or can optionally be combined with the subject 

15 matter of one or any combination of Examples 1 through 4 to optionally include 

wherein the at least one translational actuator includes an X-stage actuator and a 

Y-stage actuator, the X and Y-stage actuators are respectively configured to 

translate the sample stage along X and Y axes, and a Y-axis translation range of 

the sample stage is coextensive with the first dimension of the sample stage 

20 footprint. 

Example 6 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 5 to optionally include 

wherein an X-axis translation range of the sample stage is coextensive with a 

second dimension of the sample stage footprint, and the X-axis translation range 

25 is greater than the Y-axis translation range. 

Example 7 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 6 to optionally include 

wherein the instrument includes an instrument footprint smaller than a sample 

stage footp1int, and the stage actuator assembly is configured to selectively align 

30 substantially all locations of the sample stage with the instrument footprint. 

Example 8 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples I through 7 to optionally include 

an instrument actuator configured for moving the instrument orthogonally 

relative to the sample stage. 
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Example 9 can include, or can optionally be combined witb the subject 

matter of one or any combination of Examples 1 through 8 to optionally include 

wherein the at least one translational actuator includes an X-stage actuator and a 

Y-stage actuator, the X and Y-stage actuators are respectively configured to 

5 translate the sample stage along X and Y axes. 

Example 10 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1through9 to optionally include 

a method for selectively aligning and testing one or more testing locations with 

an instrument, the method comprising coupling a sample on a sample stage of a 

10 testing system, the sample includes one or more testing locations spaced apart on 

the sample, wherein the testing system includes: an instrnment configured for 

one or more of testing or observation of the sample, and the sample stage; 

aligning a testing location of the one or more testing locations with the 

instrument, aligning the testing location includes: rotating the sample stage and 

15 the testing location toward alignment with a working region of the instrument, 

and translating the sample stage and the testing location toward alignment with 

the working region of the testing instrument; and testing the testing location of 

the one or more testing locations with the instrnment. 

Example 11 can include, or can optionally be combined with the subject 

20 matter of one or any combination of Examples 1 through 10 to optionally include 

wherein testing includes one or more of mechanical testing or observation at 

micron or less scale with the instrnment. 

Example 12 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 11 to optionally include 

25 wherein translating the sample stage includes: translating the sample stage along 

an X axis, and constraining translation of the sample stage along a Y axis 

substantially parallel to a cantilevered instrument arm coupled with the 

instrument. 

Example 13 can include, or can optionally be combined with the subject 

30 matter of one or any combination of Examples I through 12 to optionally include 

wherein constraining translation of the sample stage along the Y axis includes 

translating the sample stage along the Y axis between the instrnment and another 

instrument. 
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Example 14 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 13 to optionally include 

wherein aligning the testing location of the one or more testing locations with the 

instrument includes rotating the sample stage and rotating the testing location 

5 into coincidence with the X axis where the testing location has an original non­

zero Y location relative to the Y axis. 

Example 15 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 14 to optionally include 

aligning the testing location with the instrument includes translating and rotating 

10 the sample stage and the sample within a sample stage footprint bounded by 

outermost perimeter surfaces of the sample stage relative to the instrument in a 

plurality of orientations configured to selectively align the instrument with 

substantially the entire surface area of the sample stage. 

Example 16 can include, or can optionally be combined with the subject 

15 matter of one or any combination of Examples 1 through 15 to optionally include 

wherein aligning the testing location with the instrument includes translating and 

rotating the sample stage and the sample within the sample stage footprint, and 

the sample stage footprint is within a testing system footprint including the 

sample stage footprint and a column footprint bounded by a column base of a 

20 cantilevered instrument column coupled with the instrument. 

Example 17 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 16 to optionally include 

wherein aligning the testing location of the one or more testing locations with the 

instrument includes: determining first X and Y coordinates for the testing 

25 location relative to an origin of a sample coordinate system of the sample, 

transforming the first X and Y coordinates into an angle value and a translational 

value for a rotational stage and at least one translational stage coupled with the 

sample stage, respectively, rotating the san1ple stage and the testing location 

includes rotating the testing location the angle value into coincidence with a 

30 translational axis of the translational stage, and translating the sample stage and 

the testing location includes translating the testing location the translational 

value parallel to the translational axis. 

Example 18 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 17 to optionally include 
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wherein aligning the testing location of the one or more testing locations 

includes aligning at least one of an X and Y axis of the sample coordinate system 

with the instrument. 

Example 19 can include, or can optionally be combined with the subject 

5 matter of one or any combination of Examples 1 through 18 to optionally include 

rotating the sample stage and the each of the one or more testing locations 

respective angle values into respective coincidence with the translational axis of 

the translational stage, and rotating the sample stage eliminates translation along 

a second translational axis different from the translational axis because of 

IO differing Y coordinates of a plurality of testing locations where the one or more 

testing locations includes the plurality of testing locations. 

Example 20 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 19 to optionally include 

indexing and deskewing the sample with the one or more testing locations, 

15 indexing and deskewing including: indexing the position and orientation of the 

sample relative to the sample stage, the sample includes first and second 

reference points and the sample stage includes a sample stage reference point, 

indexing including: determining a first reference position of the first reference 

point relative to the sample stage reference point, and determining a second 

20 reference angular offset of the second reference point relative to the first 

reference point. 

Example 21 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 20 to optionally include 

wherein determining the first reference position of the first reference point 

25 includes: determining a radius of the first reference point from the sample stage 

reference point, and detennining a first reference angular offset of the first 

reference point relative to the sample stage reference point. 

Example 22 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 21 to optionally include 

30 determining the first reference point of the sample, wherein the first reference 

point is a center of the sample, and the sample is circular, determining the first 

reference point including: sensing a circular edge location of a plurality of 

circular edge locations of a sample edge, sensing including: translating the 

sample stage and the sample edge toward the optical instrument, detecting the 
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circular edge location with the optical instrument as the optical instrument 

crosses over the sample edge, indexing the circular edge location relative to the 

sample stage reference point, and rotating the sample stage and the sample a 

specified angle measure; repeating the sensing of the circular edge location after 

5 each rotation until three or more circular edge locations are indexed; and 

determining the center of the sample from a circle having a perimeter coincident 

with the three or more circular edge locations. 

Example 23 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 22 to optionally include 

IO aligning an optical instrument with the sample stage reference point along at 

least a first translational axis; 

Example 24 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 23 to optionally include 

wherein translating the sample stage and the sample edge toward the optical 

15 instrument includes translating the sample stage along a second translational axis 

different from the first translational axis. 

Example 25 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 24 to optionally include 

wherein determining the second reference angular offset of the second reference 

20 point includes: translating the sample stage and the sample along a first 

translational axis relative to the optical instrument to a location near an edge of 

the sample and the second reference point, wherein the optical instrument is 

aligned with the sample, rotating the sample stage, detecting the second 

reference point with the optical instrument, the second reference point having a 

25 second reference angular offset relative to the first reference point according to 

the rotation of the sample stage and the sample. 

Example 26 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 25 to optionally include 

aligning an optical instrument with a second translational axis coincident with 

30 the first reference point, the second translational axis is orthogonal to the first 

translational axis, 

Example 27 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples l through 26 to optionally include 

wherein detecting the second reference point includes detecting first and second 
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portions of the second reference point, wherein each of the first and second 

portions includes respective first and second angular measurements. 

Example 28 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 27 to optionally include 

5 wherein detecting the second reference point includes averaging the first and 

second angular measurements and the average of the first and second angular 

measurements is the second reference angular offset. 

Example 29 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 28 to optionally include 

10 determining an instrument offset between an optical instrument and the 

instrument, detennining the instrument offset including: marking the sample 

with a mark at a first offset marking location on the sample with the instrument, 

wherein the instrument is aligned with the mark, translating the sample stage and 

the mark at the first offset marking location of the sample into alignment with 

15 the optical instrument, and measming the translation of the sample stage from 

alignment of the mark with the instrument to alignment of the mark with the 

optical instrument, and the instrument offset is equivalent to the measured 

translation. 

Exan1ple 30 can include, or can optionally be combined with the subject 

20 matter of one or any combination of Examples 1 through 29 to optionally include 

determining the center of rotation of the sample stage including: marking the 

sample at a plurality of locations including: marking the sample at a first location 

of the plurality oflocations with the instrument, and rotating the sample stage 

and the sample a specified angle measure, wherein the sample stage and the 

25 sample are translationally static relative to a base; repeating marking of the 

sample at second and third locations of the plurality of locations according to the 

repeated rotation of the sample stage and the sample; and determining the center 

of rotation of the sample stage from a circle having a perimeter coincident with 

the plurality oflocations, the center of rotation coincident to a center of the 

30 circle. 

Example 31 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 30 to optionally include 

translating the sample stage and the sample between the plurality of locations; 

observing each of the marks at the plurality of locations with an optical 
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instrnment, wherein the marks are indents; indexing the marks at the plurality of 

locations; and determining the center of rotation of the sample stage includes 

forming the circle having the perimeter coincident with each of the indexed 

marks at the plurality of locations, the center of rotation coincident to the center 

5 of the circle. 

Example 32 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 31 to optionally include 

a method for automatically examining an instrument probe coupled with a 

mechanical testing instrnment configured to performing mechanical testing at 

1 O micron scale or less, the method comprising determining if an instrnment probe 

use threshold is achieved, the instrument probe is coupled with a transducer, and 

the transducer is configured to move the instrument probe, measure an 

instrument probe indentation depth and measure force applied to the instrument 

probe through the transducer; and conducting a probe check operation once the 

15 instrument probe use threshold is achieved, the probe check operation includes: 

aligning the instrument probe with a diagnostic sample, indenting the instrument 

probe into the diagnostic sample, measuring one or more of the indentation 

depth, indentation force or a sample mechanical parameter with the transducer, 

and determining the instrnment probe requires one of calibration or replacement 

20 if one or more of the measured indentation depth, the measured indentation force 

or the sample mechanical parameter are outside of an indentation threshold 

range, an indentation force threshold range or a sample mechanical parameter 

threshold range of the diagnostic sample, respectively. 

Example 33 can include, or can optionally be combined with the subject 

25 matter of one or any combination of Examples 1 through 32 to optionally include 

wherein determining if the instrument probe use threshold is achieved includes: 

counting the number of transducer operations, and determining ifthe number of 

transducer operations are greater than a transducer operation count threshold. 

Example 34 can include, or can optionally be combined with the subject 

30 matter of one or any combination of Examples 1 through 33 to optionally include 

wherein determining if the transducer operation count threshold is achieved 

includes adjusting the transducer operation count threshold according to one or 

more of the material tested with the instrument probe and the force applied to the 

probe through the transducer. 
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Example 35 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 34 to optionally include 

wherein determining if the transducer operation count threshold is achieved 

includes adjusting the transducer operation count threshold according to a 

5 specified accuracy range. 

Example 36 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 35 to optionally include 

wherein determining if the instrument probe use threshold is achieved includes: 

measuring one or more of the instrument probe indentation depth, force applied 

10 to the instrument probe through the transducer or a sample mechanical parameter 

of a sample, and determining the instrument probe use threshold is met if one or 

more of the instrument probe indentation depth, force applied to the instrument 

or the sample mechanical parameter is outside of one or more of a specified 

indentation depth threshold range, a specified force threshold range or a 

15 specified sample mechanical parameter threshold range of the sample. 

20 

Example 37 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 36 to optionally include 

wherein aligning the instrument probe with the diagnostic sample includes 

moving the diagnostic sample beneath the instrument probe. 

Example 38 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 3 7 to optionally include 

wherein moving the diagnostic sample beneath the instrument probe includes 

one or more of translating and rotating a sample stage surface, wherein the 

sample stage surface includes a stage receptacle flange housing one or more 

25 diagnostic samples. 

30 

Example 39 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1through38 to optionally include 

wherein moving the diagnostic sample includes translating the sample stage 

surface along an X-axis and a Y-Axis. 

Example 40 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 39 to optionally include 

wherein moving the diagnostic sample includes rotating the sample stage surface 

around a Z-axis. 
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Example 41 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 40 to optionally include 

wherein moving the diagnostic sample beneath the instrument probe includes a 

combination of translating and rotating a sample stage surface from a first 

5 sample location where the instrument probe is aligned with the first sample 

location to a second diagnostic location where the instrument probe is aligned 

with the diagnostic sample. 

Example 42 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1through41 to optionally include 

1 O conducting a probe calibration if one or more of the measured indentation depth, 

the measured indentation force or the sample mechanical parameter are outside 

of the indentation threshold range, the indentation force threshold range or the 

sample mechanical parameter threshold range, respectively, the probe calibration 

including: performing one or more indentations with the instrument probe 

15 against the diagnostic sample, each of the one or more indentations are 

conducted according to a specified array of one of indentation depths or 

indentation forces, eaeh of the indentation depths and indentations forces are 

different; measuring one of the indentation force or the indentation depth of each 

of the one or more indentations according to the specified array of indentation 

20 depths or indentation forces; associating the respective measured indentation 

forees or the measured indentation depths with the corresponding indentation 

depths or indentation forces of the specified array; calculating a probe area 

function for the instrument probe according to the relationship between the 

associated indentation forces or indentation depths with the indentation depths or 

25 indentation forces of the specified array; and calibrating functions for generating 

one or more of modulus and hardness values for a sample according to the probe 

area function. 

Example 43 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 42 to optionally include 

30 conducting the probe check operation after calculation of the probe area 

function, and determining the instrument probe requires replacement if one or 

more of the measured indentation depth, the measured indentation force or the 

sample mechanical parameter are outside of the indentation threshold range, the 
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indentation force threshold range or the sample mechanical parameter threshold 

range of the diagnostic sample, respectively. 

Example 44 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 43 to optionally include 

5 a method for automatically examining a transducer response of a mechanical 

testing instrument configured to perform mechanical testing at micron scale or 

less, the method comprising: determining if a transducer operation threshold is 

achieved, the transducer is coupled with an instrument probe, and the transducer 

is configured to move the instrument probe, measure the instrument probe 

10 movement and measure the force applied to the instrument probe through the 

transducer; and conducting a space indentation operation with the transducer 

once the transducer operation threshold is achieved, the space indentation 

operation includes: moving the instrument probe into a position where the 

instrument probe will not engage a surface during the space indentation, 

15 applying a specified voltage to the transducer, measuring the movement of the 

instrument probe caused by the application of the specified voltage, and 

determining the transducer requires one or more of calibration or service if the 

movement is outside of a specified movement threshold for the specified 

voltage. 

20 Example 45 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1through44 to optionally include 

wherein determining if the transducer operation threshold is achieved includes: 

counting the number of transducer operations, and determining ifthe number of 

transducer operations are greater than a transducer operation count threshold. 

25 Example 46 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 45 to optionally include 

wherein determining ifthe transducer operation threshold is achieved includes 

adjusting the transducer operation count threshold according to one or more of 

the material tested with the instrument probe and the force applied to the probe 

30 through the transducer. 

Example 47 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples I through 46 to optionally include 

wherein determining ifthe transducer operation threshold is achieved includes 
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adjusting the transducer operation count threshold according to a specified 

accuracy range. 

Example 48 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 47 to optionally include 

5 wherein determining if the transducer operation threshold is achieved includes 

detennining that the transducer operation tlueshold is achieved if the transducer 

measures a force outside of a normal operating force range. 

Example 49 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 48 to optionally include 

1 O a testing system including a probe changing assembly for coupling and 

decoupling a probe of a mechanical testing instrument configured for mechanical 

testing at micron or less scale, the probe changing assembly comprising: a probe 

magazine housing a plurality of probes, the probes are configured for mechanical 

testing at micron scale or less; at least one probe change unit configured to: 

15 grasp one of the plurality of probes housed in the probe magazine, couple one of 

the plurality of probes with a probe receptacle of a mechanical testing 

instrument, and decouple one of the plurality of probes from the probe receptacle 

of the mechanical testing instrument; and an actuator coupled with the at least 

one probe change unit, and the actuator is configured to move and align the at 

20 least one probe change unit with the probe magazine and the probe receptacle of 

the mechanical testing instrument. 

Example 50 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 49 to optionally include 

a mechanical testing instrument including: a transducer, and a probe receptacle 

25 coupled with the transducer, the probe receptacle is configured to couple with at 

least one of the plurality of probes. 

Example 51 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 50 to optionally include 

wherein the actuator includes a multiple degree of freedom stage, the multiple 

30 degree of freedom stage includes: an X-stage configured to linearly move the at 

least one probe change unit along an X-axis, and a Y-stage configured to linearly 

move the at least one probe change unit along a Y-axis. 

Example 52 can include, or can optionally be combined with the subject 

matter of one or any combination of Exan1ples 1 through 51 to optionally include 
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wherein the actuator includes a theta stage coupled with at least one of the X and 

Y-stages, the theta stage is configured to rotate the at least one probe change unit 

about a Z-axis. 

Example 53 can include, or can optionally be combined with the subject 

5 matter of one or any combination of Examples 1 through 52 to optionally include 

wherein the actuator includes a multiple degree of freedom stage, the multiple 

degree of freedom stage includes: a sample stage surface, a stage receptacle 

flange coupled with the sample stage surface, and one or more stage receptacles, 

each of the one or more stage receptacles are sized and shaped to house one of 

JO the at least one probe change units. 

Example 54 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 53 to optionally include 

at least one diagnostic sample, the diagnostic sample is coupled with the 

actuator, and the actuator is configured to move and align the at least one 

15 diagnostic unit with the probe receptacle of the mechanical testing instrument. 

Example 55 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 54 to optionally include 

wherein the at least one probe change unit includes: a mirror arm, and a mirror 

coupled with the mirror arm, the mirror is directed toward one or more of 

20 identification and calibration information on one of the plurality of probes, 

where the probe is grasped by the at least one probe change unit. 

Example 56 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples I through 55 to optionally include 

an optical instrument coupled with the base, and the actuator is configured to 

25 move and align the mirror with the optical instrument. 

30 

Example 57 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 56 to optionally include 

wherein the base includes a cantilevered instrument column extending over the 

actuator. 

Example 58 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 57 to optionally include 

wherein the at least one probe change unit is configured to couple a decoupled 

one of the plurality of probes with the probe magazine (i.e., replace it in the 

probe magazine). 
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Example 59 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 58 to optionally include 

a probe change unit for changing instruments probes used in mechanical testing 

at micron scale or less, the probe change unit comprising: a motor; a drive shaft 

5 coupled with the motor; a spindle coupled with the drive shaft; a rotary clutch 

assembly coupled with the spindle; a probe changing tool coupled with the 

spindle, wherein the rotary clutch is configured to provide locking rotary 

engagement between the probe changing tool and the spindle in a probe 

decoupling rotational direction and selective slipping engagement between the 

10 probe changing tool and the spindle in a probe installing rotational direction; and 

wherein the probe changing tool is sized and shaped to non-rotatably couple with 

an instrument probe configured for mechanical testing at micron scale or less. 

Example 60 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 59 to optionally include 

15 a drive cap interposed between the probe changing tool and the spindle, the drive 

cap is engaged with the probe changing tool and rotatably coupled with the 

spindle. 

Example 61 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 60 to optionally include 

20 wherein the rotary clutch includes: at least one pawl, the at least one pawl 

includes a pawl head and a pawl tail, and the head is hingedly coupled with the 

spindle, and a biasing element configured to bias the tail away from the spindle. 

Example 62 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples I through 61 to optionally include 

25 wherein the drive cap includes: at least one pawl receiver sized and shaped to 

receive the pawl tail where the spindle is rotated in the probe decoupling 

rotational direction, and a slipping engagement surface extending along the drive 

cap, and in the probe installing rotational direction the slip engagement surface 

and the at least one pawl cooperate to statically fix the drive cap and the probe 

30 changing tool with the spindle at or below a torque threshold and to rotatably 

couple the drive cap and the probe changing tool relative to the spindle above the 

torque threshold. 

Example 63 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples I through 62 to optionally include 
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wherein the hiasing element is an elastomeric band received within a biasing 

element housing of the spindle. 

Example 64 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 63 to optionally include 

5 wherein the at least one pawl includes a first pawl and a second pawl, and a pawl 

boss extends between the first and second pawls, the pawl boss is engaged with 

the biasing element. 

Example 65 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 64 to optionally include 

10 a slipping interface between the drive cap and a rotational bearing coupled with 

the spindle. 

Example 66 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 65 to optionally include 

wherein the slipping interface includes a wave washer. 

15 Example 67 can include, or can optionally be combined with the subject 

20 

25 

matter of one or any combination of Examples 1 through 66 to optionally include 

a mirror arm, and a mirror directed toward one or more of identification and 

calibration information on an instrument probe where the instrument probe is 

coupled with the probe changing tool. 

Example 68 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 67 to optionally include 

wherein the probe changing tool includes an access port, and one or more of the 

identification and calibration information are visible through the access port 

where the instrument probe is coupled with the probe changing tool. 

Example 69 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 68 to optionally include 

an optical instrument coupled with the base, and the actuator is configured to 

move and align the mirror with the optical instrument. 

Example 70 can include, or can optionally be combined with the subject 

30 matter of one or any combination of Examples I through 69 to optionally include 

a method for installing an instrument probe with a mechanical testing instrument 

configured for performing mechanical testing at micron scale or less, the method 

comprising: aligning an instrument probe coupled with a probe change unit with 

a probe receptacle of the mechanical testing instrument; moving one or more of 
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the instrument probe or the probe receptacle into engagement with the other of 

the probe receptacle or the inshument probe; coupling the instrument probe with 

the probe receptacle; and disengaging the instrument probe from the probe 

change unit. 

5 Example 71 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 70 to optionally include 

wherein aligning the instrnment probe with the probe receptacle includes one or 

more of X-axis and Y-axis translating of the probe change unit. 

Example 72 can include, or can optionally be combined with the subject 

10 matter of one or any combination of Examples 1 through 71 to optionally include 

wherein aligning the instrument probe with the probe receptacle includes 

rotating the probe change unit around a Z-axis. 

Example 73 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 72 to optionally include 

15 wherein aligning the instrnment probe with the probe receptacle includes 

actuating a multiple degree of freedom stage configured to translate in the X and 

Y-axes and rotate around a Z-axis, the multiple degree of freedom stage 

includes: a sample stage surface, a stage receptacle flange coupled with the 

sample stage surface, and one or more stage receptacles in the stage receptacle 

20 flange, each of the one or more stage receptacles are sized and shaped to house 

the probe change unit. 

Example 74 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples I through 73 to optionally include 

wherein moving one or more of the instrument probe or the probe receptacle into 

25 engagement with the other of the probe receptacle or the instrument probe 

includes translating the probe receptacle along a Z-axis with an instrument stage 

coupled with the mechanical testing instrument. 

Example 75 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 74 to optionally include 

30 wherein coupling the instrument probe with the probe receptacle includes 

rotating the instrument probe with the probe change unit. 

Example 76 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples I through 75 to optionally include 

wherein rotating the instrument probe with the probe change unit includes 
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5 

rotating a probe changing tool in a probe installing rotational direction, the probe 

changing tool is coupled with a spindle with a rotary clutch providing a 

selectively slipping engagement between the probe changing tool and the 

spindle. 

Example 77 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 76 to optionally include 

wherein coupling the instrument probe with the probe receptacle includes: 

initially rotating the instrument probe with the probe change unit in a probe 

decoupling rotational direction; measuring the force incident on a transducer of 

1 O the mechanical testing instrument; arresting rotation of the probe in the probe 

decoupling rotational direction where the measured force incident on the 

transducer decreases below a thread interface force threshold; and rotating the 

instrument probe with the probe change unit in a probe installing rotational 

direction after arresting rotation of the probe in the probe decoupling rotational 

15 direction. 

Example 78 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples l through 77 to optionally include 

wherein coupling the instrument probe with the probe receptacle includes 

counting steps of a step motor of the probe change unit, and arresting operation 

20 of the step motor when a step count threshold is achieved. 

Example 79 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 78 to optionally include 

checking coupling of the instrument probe with the probe receptacle including: 

measuring the force on a transducer of the mechanical testing instrument after 

25 coupling of the instrument probe; and determining the instrument probe is 

coupled with the probe receptacle if the transducer measures a force 

corresponding with an instrument probe weight. 

Example 80 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 79 to optionally include 

30 mounting the instrument probe in the probe change unit. 

Example 81 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 80 to optionally include 

wherein mounting the instrument probe in the probe change unit includes: 

aligning the probe change unit with the instrument probe in a probe magazine; 

126 



moving one or more of the instrument probe or the probe change unit into 

engagement with the other of the probe change unit or the instrument probe; and 

coupling the instrument probe with the probe change unit. 

Example 82 can include, or can optionally be combined with the subject 

5 matter of one or any combination of Examples 1 through 81 to optionally include 

decoupling a previously installed probe from the probe receptacle before 

coupling of the instrument probe with the probe receptacle. 

Example 83 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 82 to optionally include 

10 wherein decoupling the previously installed probe from the probe receptacle 

includes: aligning the probe change unit with the previously installed probe; 

coupling the previously installed probe with the probe change unit; and 

decoupling the previously installed probe from the probe receptacle of the 

mechanical testing instrument. 

15 Example 84 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 83 to optionally include 

loading the previously installed probe within a probe magazine. 

Example 85 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 84 to optionally include 

20 wherein decoupling the previously installed probe from the probe receptacle 

includes rotating the previously installed probe with the probe change unit. 

Example 86 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 85 to optionally include 

wherein rotation of the previously installed probe with the probe change unit 

25 includes rotating a probe changing tool in a probe decoupling rotational 

direction, the probe changing tool is coupled with a spindle with a rotary clutch 

providing a locking rotary engagement between the probe changing tool and the 

spindle. 

Example 87 can include, or can optionally be combined with the subject 

30 matter of one or any combination of Examples 1 through 86 to optionally include 

reading one or more of identification data or calibration data from the instrument 

probe. 

Example 88 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 87 to optionally include 
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wherein reading one or more of the identification data or the calibration data 

includes: aligning a mirror with an optical instrument, wherein the mirror is 

directed toward one or more of identification or calibration data on the 

instrument probe; reading one or more of the identification or calibration data by 

5 way of the reflection of the mirror toward the optical instrument. 

Example 89 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 88 to optionally include 

calibrating the one or more of the mechanical testing instrument or the control or 

measurement functions for the mechanical testing instrument according to the 

1 o read calibration data. 

Example 90 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 89 to optionally include 

a method for initializing a testing system comprising: positioning a sample 

coupled with a sample stage in alignment with an instrument, wherein the 

15 sample stage is configured for translational and rotational movement relative to a 

base; deformably marking the sample with marks at at least first, second and 

third marking locations with the instrument; rotating the sample a specified angle 

measure between each marking of the sample at the first, second and third 

marking locations, wherein the sample stage and the sample are translationally 

20 static relative to the base; and determining the center of rotation of the sample 

stage from a circle having a perimeter coincident with at least the markings at 

the first, second and third marking locations, the center of rotation coincident to 

a center of the circle. 

Example 91 ean include, or can optionally be combined with the subject 

25 matter of one or any combination of Examples 1 through 90 to optionally include 

translating the sample stage and the sample between at least the first, second and 

third marking locations, wherein the sample stage and the sample are rotationally 

static; observing each of the marks at the first, second and third marking 

locations with an optical instrument; indexing the marks at the first, second and 

30 third marking locations; and wherein determining the center of rotation of the 

sample stage includes determining the center of rotation from the circle having a 

perimeter coincident with the indexed marks. 
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Example 92 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 91 to optionally include 

setting the center coordinates of the sample stage at the center ofrotation. 

Example 93 can include, or can optionally be combined with the subject 

5 matter of one or any combination of Examples 1through92 to optionally include 

wherein positioning the sample coupled with the sample stage in alignment with 

the instrument includes: positioning the sample and the sample stage in 

alignment with an optical instrument at the first marking location, and translating 

the sample and the sample stage according to an instrument offset to align the 

1 O first marking location with the mechanical testing instrument, wherein the 

sample and the sample stage are rotationally static relative to the base. 

Example 94 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples I through 93 to optionally include 

determining an instrument offset between an optical instrument and the 

15 instrument, detennining the instrument offset including: deformably marking the 

sample with an offset marking at a first offset marking location on the sample 

with the instrument, wherein the instrument is aligned with the offset marking at 

the first offset marking location, translating the sample stage and the marking at 

the first offset marking location of the sample into alignment with the optical 

20 instrument, and measuring the translation of the sample stage from alignment of 

the marking with the instrument to alignment of the marking with the optical 

instrument, and the instrument offset is equivalent to the measured translation. 

Example 95 can include, or can optionally be combined with the subject 

matter of one or any combination of Examples 1 through 94 to optionally include 

25 wherein deformably marking the sam.ple at at least the first, second and third 

marking locations includes marking a specified pattern into the sample at at least 

one of the first, second and third indenting locations, the specified pattern 

including: an identification notifier, and a location focus including the marking 

therein, wherein the identification notifier is larger than the location focus. 

30 Each of these non-limiting examples can stand on its own, or can be 

combined in any permutation or combination with any one or more of the other 

examples. 

The above detailed description includes references to the accompanying 

drawings, which form a part of the detailed description. The drawings show, by 
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way of illustration, specific embodiments in which the disclosure can be 

practiced. These embodiments are also referred to herein as "examples." Such 

examples can include elements in addition to those shown or described. 

However, the present inventors also contemplate examples in which only those 

5 elements shown or described are provided. Moreover, the present inventors also 

contemplate examples using any combination or permutation of those elements 

shown or described (or one or more aspects thereof), either with respect to a 

particular example (or one or more aspects thereof), or with respect to other 

examples (or one or more aspects thereof) shown or described herein. 

10 In the event of inconsistent usages between this document any documents 

so incorporated by reference, the usage in this document controls. 

In this document, the terms "a" or "an" are used, as is common in patent 

documents, to include one or more than one, independent of any other instances 

or usages of "at least one" or "one or more." In this document, the term "or" is 

15 used to refer to a nonexclusive or, such that "A or B" includes "A but not B," "B 

but not A," and "A and B," unless otherwise indicated. In this document, the 

terms "including" and "in which" are used as the plain-English equivalents of 

the respective terms "comprising" and "wherein." Also, in the following claims, 

the terms "including" and "comprising" are open-ended, that is, a system, 

20 device, article, composition, formulation, or process that includes elements in 

addition to those listed after such a term in a claim are still deemed to fall within 

the scope of that claim. Moreover, in the following claims, the terms "first," 

"second," and "third," etc. are used merely as labels, and are not intended to 

impose numerical requirements on their objects. 

25 Method examples described herein can be machine or computer-

implemented at least in part. Some examples can include a computer-readable 

medium or machine-readable medium encoded with instructions operable to 

configure an electronic device to perform methods as described in the above 

examples. An implementation of such methods can include code, such as 

30 microcode, assembly language code, a higher-level language code, or the like. 

Such code can include computer readable instructions for performing various 

methods. The code may form portions of computer program products. Further, 

in an example, the code can be tangibly stored on one or more volatile, non­

transitory, or non-volatile tangible computer-readable media, such as during 
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execution or at other times. Examples of these tangible computer-readable 

media can include, but are not limited to, hard disks, removable magnetic disks, 

removable optical disks (e.g., compact disks and digital video disks), magnetic 

cassettes, memory cards or sticks, random access memories (RAMs), read only 

5 memories (ROMs), and the like. 

The above description is intended to be illustrative, and not restrictive. 

For example, the above-described examples (or one or more aspects thereof) 

may be used in combination with each other. Other embodiments can be used, 

such as by one of ordinary skill in the art upon reviewing the above description. 

JO The Abstract is provided to comply with 37 C.F.R. §1.72(b), to allow the reader 

to quickly ascertain the nature of the technical disclosure. It is submitted with 

the understanding that it will not be used to interpret or limit the scope or 

meaning of the claims. Also, in the above Detailed Description, various features 

may be grouped together to streamline the disclosure. This should not be 

15 interpreted as intending that an unclaimed disclosed feature is essential to any 

claim. Rather, inventive subject matter may lie in less than all features of a 

particular disclosed embodiment. Thus, the following claims are hereby 

incorporated into the Detailed Description as examples or embodiments, with 

each claim standing on its own as a separate embodiment, and it is contemplated 

20 that such embodiments can be combined with each other in various combinations 

or permutations. The scope of the disclosure should be determined with 

reference to the appended claims, along with the full scope of equivalents to 

which such claims are entitled. 

131 



What is claimed is: 

1. A method for automatically examining an instrument probe coupled with 

a mechanical testing instrument configured to performing mechanical testing at 

5 micron scale or less, the method comprising: 

determining if an instrument probe use threshold is achieved, the 

instrument probe is coupled with a transducer, and the transducer is configured 

to move the instrument probe, measure an instrument probe indentation depth 

and measure force applied to the instrument probe through the transducer, and 

10 determining ifthe instrument probe use threshold is achieved includes one or 

more of: 

15 

20 

counting a number of transducer operations, and 

determining ifthe number of transducer operations is greater than 

a transducer operation count threshold, or 

measuring one or more of the instrument probe indentation depth, 

force applied to the instrument probe through the transducer or a sample 

mechanical parameter of a sample, and 

determining the instrument probe use threshold is met if one or 

more of the instrument probe indentation depth, force applied to the 

instrument or the sample mechanical parameter is outside of one or more 

of a specified indentation depth threshold range, a specified force 

threshold range or a specified sample mechanical parameter threshold 

range of the sample; and 

conducting a probe check operation once the instrument probe use 

25 threshold is achieved, the probe check operation includes: 

30 

aligning the instrument probe with a diagnostic sample, 

indenting the instrument probe into the diagnostic sample, 

measuring one or more of the indentation depth, indentation force 

or a sample mechanical parameter with the transducer, and 

determining the instrument probe requires one of calibration or 

replacement if one or more of the measured indentation depth, the 

measured indentation force or the sample mechanical parameter are 

outside of an indentation threshold range, an indentation force threshold 
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range or a sample mechanical parameter threshold range of the diagnostic 

sample, respectively. 

2. The method of claim 1, wherein determining if the transducer operation 

5 count threshold is achieved includes adjusting the transducer operation count 

threshold according to one or more of the material tested with the instrument 

probe and the force applied to the probe through the transducer. 

3. The method of claim 1, wherein determining if the transducer operation 

1 O count threshold is achieved includes adjusting the transducer operation count 

threshold according to a specified accuracy range. 

4. The method of claim 1, wherein aligning the instrument probe with the 

diagnostic sample includes moving the diagnostic sample beneath the instrument 

15 probe. 

5. The method of claim 4, wherein moving the diagnostic sample beneath 

the instrument probe includes one or more of translating and rotating a sample 

stage surface, wherein the sample stage surface includes a stage receptacle 

20 flange housing one or more diagnostic samples. 

6. The method of claim 5, wherein moving the diagnostic sample includes 

translating the sample stage surface along an X-axis and a Y-Axis. 

25 7. The method of claim 5, wherein moving the diagnostic sample includes 

rotating the sample stage surface around a Z-axis. 

8. The method of claim 1, wherein moving the diagnostic sample beneath 

the instrument probe includes a combination of translating and rotating a sample 

30 stage surface from a first sample location where the instrument probe is aligned 

with the first sample location to a second diagnostic location where the 

instrument probe is aligned with the diagnostic sample. 
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9. The method of claim I, comprising conducting a probe calibration if one 

or more of the measured indentation depth, the measured indentation force or the 

sample mechanical parameter are outside of the indentation threshold range, the 

indentation force threshold range or the sample mechanical parameter threshold 

5 range, respectively, the probe calibration including: 

10 

performing one or more indentations with the instrument probe against 

the diagnostic sample, each of the one or more indentations are conducted 

according to a specified array of one of indentation depths or indentation forces, 

each of the indentation depths and indentations forces are different; 

measuring one of the indentation force or the indentation depth of each of 

the one or more indentations according to the specified array of indentation 

depths or indentation forces; 

associating the respective measured indentation forces or the measured 

indentation depths with the corresponding indentation depths or indentation 

15 forces of the specified array; 

calculating a probe area function for the instrument probe according to 

the relationship between the associated indentation forces or indentation depths 

with the indentation depths or indentation forces of the specified array; and 

calibrating functions for generating one or more of modulus and hardness 

20 values for a sample according to the probe area function. 

10. The method of claim 9, comprising conducting the probe check operation 

after calculation of the probe area function, and detennining the instrument 

probe requires replacement if one or more of the measured indentation depth, the 

25 measured indentation force or the sample mechanical parameter are outside of 

the indentation threshold range, the indentation force threshold range or the 

sample mechanical parameter threshold range of the diagnostic sample, 

respectively. 

30 11. A method for automatically examining a transducer response of a 

mechanical testing instrument configured to perform mechanical testing at 

micron scale or less, the method comprising: 

determining if a transducer operation threshold is achieved, the 

transducer is coupled with an instrument probe, and the transducer is configured 
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5 

10 

15 

20 

to move the instrument probe, measure the instrument probe movement and 

measure the force applied to the instrument probe through the transducer, and 

determining if the transducer operation threshold is achieved includes one or 

more of: 

counting the number of transducer operations, and 

determining if the number of transducer operations are greater 

than a transducer operation count threshold, or 

determining that the transducer operation threshold is achieved if 

the transducer measures a force or displacement outside of a normal 

operating force or displacement range, respectively; and 

conducting a space indentation operation with the transducer once the 

transducer operation threshold is achieved, the space indentation operation 

includes: 

moving the instrument probe into a position where the instrument 

probe will not engage a surface during the space indentation, 

applying a specified voltage to the transducer, 

measuring the movement of the instrument probe caused by the 

application of the specified voltage, and 

determining the transducer requires one or more of calibration or 

service if the movement is outside of a specified movement threshold for 

the specified voltage. 

12. The method of claim 11, wherein determining ifthe transducer operation 

threshold is achieved includes adjusting the transducer operation count threshold 

25 according to one or more of the material tested with the instrument probe and the 

force applied to the probe through the transducer. 

13. The method of claim 11, wherein determining ifthe transducer operation 

threshold is achieved includes adjusting the transducer operation count threshold 

30 according to a specified accuracy range. 
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