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NIST within U.S. Department of Commerce
NIST promotes U.S. innovation by advancing 
measurement science, standards, and technology
6,100 Employees/Associates
NIST partners with ~1,300 manufacturing specialists 
through 400 manufacturing extensions
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NIST → Economic Growth



Manufacturing = 12.1M U.S. jobs & 61% exports
$8.8B forecasted spending in 2015 on metalcutting
equipment, an increase of 37% over 2014
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Manufacturing = Economic Growth

http://www.mmsonline.com/cdn/cms/1214-MMS-infogrfx-2014_x2-1_lowRes.jpg

http://www.mmsonline.com/cdn/cms/1214-MMS-infogrfx-2014_x2-1_lowRes.jpg


Machine Tool Degradation is unavoidable and 
causes faults & unplanned downtime
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Degradation Affects Production

http://reliabilityweb.com/index.php/articles/lubrication_fmea_the_big_picture/

Presenter
Presentation Notes
Most of the degradation within machine tools is from mechanical wear from usage. Typical sources of errors within feed drive systems are due to pitting, wear, corrosion, and cracks of the system components such as guideways and recirculating balls.

http://reliabilityweb.com/index.php/articles/lubrication_fmea_the_big_picture/


Linear axis performance defined by error motions
Tolerances = 20 μm & 60 μrad over 1 m of travel
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Wear Changes Performance
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Wear

http://www.machinerylubrication.com/Read/66
4/wear-bearings-gears

Presenter
Presentation Notes
Over a machine tool’s lifetime, emerging faults lead to performance degradation, lowering accuracy and repeatability. The wear changes the performance of the machine tool. According to international standards, for a meter of travel, the tolerances of the error motions should be within 20 µm and 60 µrad. We define the linear axis performance as these error motions, and our goal is to track these error motions periodically over production time in order to diagnose the health of the linear axes.

http://www.machinerylubrication.com/Read/664/wear-bearings-gears


Faults/failures → 10s of $Billions (> new machines!)
Routine tracking of performance can be expensive 
in time & equipment

Industry challenge: “Machine health in 5 min?”

?
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How Is Performance Tracked?

http://www.apisensor.com/use
r-story-carter-ats/

http://www.renishaw.com/en/qc20-
w-ballbar-system--11075

1-2 days 30-60 minutes

Presenter
Presentation Notes
Laser measurements might take 1-2 days to measure a machine tool, but gives accurate values. Circular test method described in ISO 230-4. Double ballbar is a fast method, taking 30-60 minutes. Online measurements?

http://www.apisensor.com/user-story-carter-ats/
http://www.renishaw.com/en/qc20-w-ballbar-system--11075
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Technical Concept

IMU Method

DAQ Equipment
Data

Inertial 
measurement unit 
(IMU) measures 
changes in error 
motions
6-DOF
IMU could   
answer industry 
challenge:

Non-intrusive
Quick Ref: Vogl G.W., Donmez M.A., and Archenti A. (2016) Diagnostics for geometric 

performance of machine tool linear axes. Annals of the CIRP 65(1): 377-380. 

Presenter
Presentation Notes
The use of an inertial measurement unit (IMU) is attractive for on-machine condition monitoring… “invisible” and relatively quick with potentially no setup if inside the machine. As seen in this figure, an IMU is mounted to a linear axis. The axis is moved back and forth at three speeds (fast, moderate, and slow) to capture data for different frequency bandwidths. This data is then ‘fused’ to estimate the changes in the 6-degree-of-freedom (DOF) geometric errors of the axis. Because the linear axes are stacked, coordinate transformations may be used with all 6-DOF errors to estimate the errors at the functional point. Ideally, data would be collected periodically to track axis degradation with minimal disruptions to production. This could answer the industry challenge for quick knowledge of axis wear.



IMU uses precision MEMS inertial sensors
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IMU Sensors

9 cm
Triaxial

Accelerometer
Triaxial Rate 

Gyroscope

a frequencies correspond to half-power points, also known as 3 dB points

Presenter
Presentation Notes
What is an inertial measurement unit? It is composed of three accelerometers and three rate gyroscopes, one pair for each axis, X, Y, and Z. In the IMU seen here, we have one triaxial rate gyroscope and one triaxial accelerometer. The triaxial sensors give us a small size of the IMU at 9 cm long. The key is that all sensors are MEMS-based, and can hence get down to 0 Hz in measurement. Also, the sensors have sufficiently large bandwidth of 100s of Hertz and low noise on the “micro” scale.



Compare IMU-based results to laser-based results
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Linear Axis Testbed

IMU

Laser

 

Linear Axis

Presenter
Presentation Notes
A testbed was designed for evaluation of the IMU-based method, as seen here. The testbed includes a linear axis, an IMU (a bigger one seen here), a commercial laser-based system for measuring the geometric errors of the axis, and a direct current (DC) motor with encoder for motion control. While the metrology system measures the motion of the carriage with respect to the base of the linear axis, the carriage-mounted IMU measures the changes in the inertial motion of the carriage. The commercial metrology system is able to measure straightness and angular error motions over the travel length of 0.32 m with standard uncertainties of 0.7 µm and 3.0 µrad. The laser-based system is used for verification and validation (V&V) of the IMU-based results.



Results are averaged across runs (5, 10, ..., or 50)
Convergence within 5 μm or 15 μrad for < 10 runs
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Convergence via Averaging

Data is collected over and over again for 
same path to achieve convergence

Pitch

Presenter
Presentation Notes
The data fusion method is not very useful without convergence. Why? Because using sensors for micro-level performance metrology is not easy! The sensor noise needs to be “averaged out”, in a sense. How do we average? One run is composed of a fast, a moderate, and slow speed data. That data produces an error motion, as seen in the previous slides, via the data fusion process. However, many runs of data are collected, usually up to 50 for research purposes. We then average 5 or 10 or up to 50 of those runs. An example is seen here for pitch angle on the testbed of the previous slide. 10 runs is usually sufficient for convergence within 5 mm or 15 mrad, which means the IMU-based method has the potential to estimate geometric motion errors with a test uncertainty ratio (TUR) of at least 4:1 per ISO 10791-1.



Example: Converged error motions from IMU match 
those of laser-based system
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General Results

Errors within ±11 µm, ±2.3 µm, 
and ±13 µrad (k = 1) for 

positioning, straightness, and 
angular error motions

Presenter
Presentation Notes
In addition to convergence, the estimated error motions should match those of the laser-based commercial system. The testbed has the laser-based Reference system there for a purpose: to always verify and validate the IMU-based results. These plots compare the laser-based and IMU-based results… positioning, straightness, and angular errors. The standard deviations of the differences are 11 µm, 2.3 µm, and 13 µrad for the linear positioning, straightness, and angular error motions, respectively. Lower-frequency deviations are partly due to thermal drift, since the reference and IMU data were collected hours apart. Also, the IMU data is smoother because it’s the average of 50 runs, which the laser-based results are not as averaged.
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Small IMU on Machine Tool

Presenter
Presentation Notes
The IMU was attached to the worksurface of a machine tool at the shops at the National Institute of Standards and Technology (NIST) in Gaithersburg, MD. The controller is running G-code, and a LabVIEW-based data acquisition system is collecting data as the axis move back and forth fast, moderate, then slow speed for each of 50 runs. What you are about to see is video of the process. The important thing to note when you watch the video is that the LabVIEW system and the machine tool are NOT connected. There is a “firewall” between them. No communication. So, in order to keep data acquisition synced for hours of data collection, synced between LabVIEW system and machine tool, the LabVIEW system is constantly using an algorithm to check for motion or no motion, and that time information is used for the syncing. I’ll play this video and you’ll see the LabVIEW display on the left show motion or no motion as the machine on the right moves…



Each run uses 3 different axis speeds
0.02 m/s (‘Slow’), 0.1 m/s (‘Moderate’), 0.5 m/s (‘Fast’)
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Data Collection

Presenter
Presentation Notes
That video was for the Fast speed. Here is a video showing slow, moderate, and then fast speed, which is one run. 50 of these runs were collected for each setup.



IMU on X-axis work subplate while Y travels
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Small IMU on Machine Tool

YY

Y

AB

C

Presenter
Presentation Notes
The industrial IMU was designed for industrial application. Thus, repeated testing of the IMU on machine is required, to determine how well the IMU-based method can detect various types of degradation. You can see here that we attached the IMU to the worktable at one of three different locations (A, B, or C) and the Y-axis travels between Y = 0 m and Y = 0.5 m. Hence, IMU data was collected for 50 runs at each location. As usual, the three speeds for data collection are 0.5 m/s (fast speed), 0.1 m/s (moderate speed), and 0.02 m/s (slow speed). Furthermore, data was collected for V&V with the laser-based Reference system, the same one you saw on the testbed.
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Error Motions – IMU vs. Reference

Presenter
Presentation Notes
The IMU data was processed to yield the estimated translational and angular error motions at the three worktable locations (A, B, and C). Assuming that the worktable is sufficiently rigid, the estimated error motions are translated via homogeneous transformations from each of the three worktable locations (A, B, and C) to the center point P of the worktable. In theory, the estimated error motions at the center point P should be independent of which of the three sets is used for the homogeneous transformation. The data from the Reference system is also shown in the figures (as thinner lines) for comparison purposes. At each worktable location, Reference data was collected for 5 runs, which were averaged to produce the curves seen in Figure 6. The standard deviations of each set of 5 runs was also used to produce the shaded 95%-confidence zones in Figure 6. Thus, the shaded zones represent a contribution towards, but not the total of, the measurement uncertainty. As seen on the right-hand side, the estimated translational errors from the IMU data match each other respectively to within 5 µm. Also, the estimated error motions from the IMU match those from the reference system to within about 5 µm. Also, as seen in the left-hand plots, the estimated angular errors from the IMU data match each other respectively to within about 5 µrad, and match the reference system to within about 8 µrad. The slight differences may be due to differences in error type (inertial for IMU, while relative for the Reference system) as well as to sources of uncertainty.





IMU can live within machine tool for seamless 
integration
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Small IMU on Machine Tool

Y-axis Way Cover 
Unattached

Y

X

Presenter
Presentation Notes
In the previous video, you saw the IMU on the worktable, but the IMU can be placed almost anywhere. For this machine tool, the X-axis is stacked on the Y-axis. That means in the previous video, as the Y-axis moved, the IMU was measuring that motion but with some influence of the coupling between the X- and Y-axes. Thus, we are going to investigate this influence in further work. But for now, our focus is on the method itself.
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Mechanically simulate degradation via 2-axis motion
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Small IMU on Machine Tool

Presenter
Presentation Notes
In this experiment, the IMU is commanded to vibrate in the BLUE Z direction as the axis moves in the RED X direction, as seen in this video. The 2-axis motion simulates mechanical degredation. We varied the amplitude A of the degradation from 0 µm to 20 µm. The frequency also changes as the axis moves. The idea here is to test the limits of frequency and amplitudes detectable with the IMU. Also, this data was collected as part of a collaboration with a manufacturing consulting firm, TechSolve, that was interested in our IMU-based methodology for the future of smart machine tools.



Mechanically simulate degradation via 2-axis motion
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Small IMU on Machine Tool

IMU

Commanded

2 ∗ rms

2 ∗ rms

Presenter
Presentation Notes
The IMU data was collected and processed, and was then high-pass filtered. The top plots are the filtered straightness values according to the commanded path, and the bottom plots are the filtered straightness values from the IMU. Each curve represents a different value of the amplitude A, from 0 µm to 5 µm to 10 µm to 20 µm.  Then, to develop a simple metric, the root-mean-square of both sets was taken and plotted versus the known amplitude. Ideally, in the plot on the right, the blue curve from the IMU should match the red one from the commanded motion. Of course, there are differences. For example, even with no commanded motion, there is motion because there is already straightness error… notice how the black curve in the bottom plot is not zero when A is zero. That means that the blue curve will never reach zero as A goes to zero. Also, when A is large, the commanded accelerations are too large for the machine tool, so the sharp peaks in the top plot are not physically possible and are shallower in reality, in the bottom plot. That makes the blue IMU metric curve shallower than the red commanded curve. Yet, even with these differences, the IMU-based method can track linear axis degradation on a micrometer-scale even with a simple metric.
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Rail was degraded to represent typical spalling
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‘Spalling’ on Rail

Simulated Spalling

Presenter
Presentation Notes
A handheld grinding tool was used to degrade the rail to represent spalling.



Rail was degraded to represent typical spalling
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‘Spalling’ on Rail

Simulated Spalling

LengthDepth

Presenter
Presentation Notes
This slide shows the relative depth, location, and length of the degradation zone in the raceway groove for each of the fifteen (15) test stages. The spalling zone increased from stage to stage by 0.5 cm increments from 0 mm total length to 75 mm total length.




Angular error motions show increasing “spalling”
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Initial Diagnostics

 

   

Case 0

Case 3

Case 6

Case 9

Case 12

X
Z

Y

Presenter
Presentation Notes
This slide shows the angular error about the Z-axis for select cases. The rate gyroscope data collected at three different axis speeds was used for the analysis. 50 runs with averaging with the IMU-based method.



Metric of angular errors shows increasing “spalling”
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Initial Diagnostics

IMU

REF

X
Z

Y

Presenter
Presentation Notes
A metric was created based on integration of the changes in error motions relative to the initial stage (no degradation). Note that the top plot (based on IMU data) should match the bottom plot (based on Reference data). The agreement is good. Differences are currently under investigation because the diagnostics are very new.




Metric of translational errors also tracks “spalling”
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Initial Diagnostics

IMU

REF

X
Z

Y

Presenter
Presentation Notes
Note that the top plot (based on IMU data) should match the bottom plot (based on Reference data). The agreement is good. Differences are currently under investigation because the diagnostics are very new.
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Method is viable for “smart” machine tools

31

Conclusion

Ballbar
Systems

Laser-
Based 
Systems

Vibration-
Based 
Systems

IMU-based 
Method

Cost ~$20K ~$70K ~$5K ~$6K

Time 30 minutes 8 hours < 1 minute 15 minutes

Accuracy 1 µm 1 µm /
5 µrad

N/A 5 µm /
15 µrad

6DOF No Yes No Yes

Setup change 
not required

No No Yes Yes

Presenter
Presentation Notes
Did we meet industry challenge? Health in 5 min? 5 runs ≈ 5 minutes of motion per axis. Track changes of 6-DOF error motions. Towards smart machine tools with self-prognosis.
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Thank You

Questions?
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