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CASE-IN-POINT
APPLICATION NOTE

STEP HEIGHT MEASUREMENT (THICKNESS) OF COPPER FoOIL
OR EV BATTERY FILM ON A ROLLER RIG

Leverage MTI Instruments’ Digital Accumeasure System to measure the thickness of the material used as anode and cathode

plates in a rechargeable Li-lon Battery Cell.

INTRODUCTION

This white paper describes, in detail, how Non-Contact Measurement systems can be
used to measure the thickness of the material used as anode and cathode plates in a
rechargeable Li-lon battery Cell. Figure 1 describes the elements comprising a Li-lon
battery cell. The cathode is comprised of copper foil coated with a compound made
up of active material (lithium ions), a conductive additive (graphite) and a binding
agent. The anode is made of aluminum foil with active material, additive and binder. A
separator (dielectric) and electrolyte complete the construction. Emerging solid-state
electrolyte materials promise to add more capacity to each cell.
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Figure 1. Simplified Structure
of a Li-lon Battery Cell

TESTING SET-UP

A test rig (Figure 2) was constructed to measure the thickness of copper foil which is typically found in EV battery cathode plates. The
EV cathode would be coated with a cobalt graphite mixture. The graphite coating was not used in this testing because it is fragile and
easily flakes off during the testing. Previously the system manufacturer has verified that measuring the coating thickness is easily done as

the coating is very conductive.

Figure 2. Foil Thickness
Test Rig
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TesTt SET-UP

Three probes have been set up to measure the thickness (step height) and deployed as shown in Figure 3. Probe 1is facing
the roller and Probe 2 is facing the copper foil. Probe 2 is located about 45 millimeters inboard of probe 1. Probe three is
installed on the right side of the roller and facing the bare roller. The copper foil is an endless loop joined by Kapton tape.
The rig consists of a 100 mm VFD drive roller (top dull orange), a 100 mm conductive measurement roller, (with encoder)
(silver roller located below drive roller) and a tension roller to keep the foil taut. The tension roller also has tilt adjustment to
keep the foil tracking in the same position.

Figure 3. Probe Locations in the Test Rig

Probes 1and 3 measure the bare roller during the test. Probe 2 is over the copper foil. The probes are all connected to an
Digital Accumeasure non-contact measurement system. (Figure 4) The measurement roller grounds the copper foil back to
the Accumeasure amplifier through the rig's chassis. The probes were gapped to about 500-600 um by watching the Digital
Accumeasure probe monitor outputs.

Figure 4a. Non-Contact Measurement system (MTI Digital Accumeasure
model D400.) Unit is a 4-channel unit, however only three are utilized for this
test.

Figure 4b. Rear of Digital Accumeasure showing the encoder inputs, the power
input and the USB computer interface.

It is important to note that the probes must be mounted normal to the tangent where the foil is flat against the roller. This
mounting location is critical to the success of the measurement. Additionally, the working roller should be captured on both
sides (box frame) as opposed to a single bearing. This prevents tilt of the roller and further error. The working roller is also
conductive and provides a ground return of the foil to the Accumeasure amplifier.

Figure 5. Proper probe
mounting is critical

to the success of the
measurement.
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TesTt SET-UP

An encoder (Figure 6) is used to synchronize the probe readings with the roller position. The encoder is a quadrature with 360
pulses per rev, providing Output A, Output B and Output Z (which is a 1/revolution signal).

It is a 360-count index encoder with quadrature output resulting in 1440 quadrature counts per revolution. The Z index pulse

from the encoder resets the counter in the D400 back to 0. The encoder is connected to the Accumeasure as shown in Figure
7. (Reference MTI's app note https://mtiinstruments.com/applications/connecting-encoders-to-mti-digital-accumeasure/ for
more information on using quadrature encoders.)
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Figure 6. The Quadrature encoder is
connected to the roller shaft via a flex
coupling

Figure 7. Encoder wiring connections to the Accumeasure unit.

DigiTAL ACCUMEASURE SET-UP

The three probes used in this experiment are ASP-250M-ILA. They have a base measurement range of 250 um which is a little
too small for this application. The Digital Accumeasure D400 also has the capability of electronic range extension. We can eas-
ily extend the range of the probes by 4 or 5 times to sense larger gaps and provide more gap clearance. The amplifier D400
used has the ability of 4X and 5X range extension. We will also set the frequency response of the amplifier to 500Hz as the
maximum roller speed to be used here is 200 RPM or 3.3 Hz. Since the roller diameter is 100 mm the surface velocity at 200
RPM is 1036.2 mm/sec. with a probe sensing area of 3.53 mm we would need an amplifier frequency response of ~ 293 Hz, so
500Hz is fine for this application.

Position Inputs Settings X
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Figure 8. Accumeasure D400 set-up: Encoder inputs turned on, probe filters
are set to 500Hz set and 4X (Imm max gap.)
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THE TEST

We want to measure the step height of the copper foil on the roller but the run out of the roller will influence that. Rollers are
not perfectly round, and they may have bearing wobble too. If we record the run out of the roller by measuring the difference
between probe 1and 2 (without foil) for a 360-degree revolution (1440 encoder counts) we can generate an error file that
could be subtracted off the step height readings to correct for roller run out. While this isn't perfect it should get us down to
less than a couple of microns of error.

To get a single revolution (for run out correction) the working roller was rotated 360 degrees without copper foil and the data
was recorded using monitor mode. The monitor mode data was then saved as a CSV and copied to an Excel file. Figure 9 is
the plot of the difference between the two probes after normalization to an average of 0, and 0 and is the error we need to
account for when measuring step height. Subtracting this run out (probe 1 minus probe 2) from the step height measured by
the MTI D400 Basic Measurements program would then give us an accurate foil thickness.

Next, we place the foil on the test rig and collect data in monitor mode. In this case we taped the foil together so we will see
a big spike in the data where the foil has been joined. Figure 10 is the displacement of the three probes. Note: EV battery foil
is similar to copper foil in that it is conductive and could be used, but the graphite composite material was found to not be
durable enough for endless loop testing. Eventually the graphite flakes off after handling and multiple rotations.

3 Rev's of the foil by time

Roller runout
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Figure 9. Normalized roller runout. It's Probe T minus
Probe 2 then minus the average value of the runout
waveform.

Figure 10. Raw data from three revolutions of the foil
wrap.

Fig 10 is the raw data from the three probes after the copper foil was placed on the step height rig and the rig was run for
three revolutions of the foil as seen by the tape splice passing. This data was collected using the Digital Accumeasure monitor
mode and then the data was saved as a CSV so it could be further processed as an Excel file. The blue plot is Probe 1. The or-
ange plot is Probe 2 which is over the copper foil and the grey plot is Probe 3 which is over the right side of the working roller.
The Y axis is microns and the X axis in this case is simply time which is roughly 20 ms per count (not encoder counts). Three
passes of the copper foil loop equal about 10 revolutions of the silver measurement working roller.

The data was then saved to an Excel spread sheet file for further processing. Small deviations on the orange plot are wrinkles/
dents in the copper foil cause by mishandling of the foil while mounting the foil. Wrinkles cause false thickness deviations

but can be smoothed out with mathematical averaging. The copper foil used was 2 mils thick (50um). The probes are not yet
calibrated to the foil as we are more interested in looking at deviations caused by the roller runout.

Step height

-15.0

Figure 1. Probe T minus Probe 2 (step height)
without runout correction.
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THE TEST

Any deviations from zero are caused by actual foil thick-

ness change and asynchronous bearing run out and dents Foil thickness corrected for runout

or deformations in the copper foil. Asynchronous runout 60.0

is caused by the ball bearings holding the measurement W
roller. The standard deviation o was computed as 2.17 um e

in this case. Some noise in the reading is noted and is due i

to a combination of amplifier noise and minor foil thick-

ness changes, (dents, tooling marks), VFD drive noise etc.. 30,0

200

The third probe in the sketch was planned for further test-

ing was needed to see if we can get rid of the asynchro- 100
nous error. In this case and with further computations it
did not seem to help but in some cases where really bad 00
0 200 400 600 800 1000 1200 1400 1600

bearing runout occurs it may help.

Figure 12. Actual foil thickness with variation as seen after

The final foil thickness plot for a single revolution of the the test rig was calibrated to the actual foil thickness.
measurement roller is shown in Fig 12.

In summary step height thickness measurements on rollers will have roller run out embedded in the thickness data, but with “ac-
tive roller run out correction” we have proved that 2um or less accuracy is possible to achieve when using only 2 probes. This

is especially useful if the target to be measured is flimsy and is using roll to roll processing methods. It is likely there already is a
conductive roller in the process that could be used for measurement purposes. Trying to measure unconstrained metallic film
thickness in free air such as that found with EV battery electrodes is difficult. Making the measurement on a roller provides much
more accurate result.

Foil Thickness Using Three Probes To Also Account for Roller Tilt. Using three capacitive probes to characterize roller run out,
and tilt is more difficult but in theory should provide a more accurate foil thickness. The calculations below are intended to pro-
vide an explanation and guideline on using the three probe method.

From Figure 13, we can see the pk-pk of blue curve (Probe 1) is smaller than one of the gray curve (Probe 3). This means the
runout of left side (Probe 1) is smaller than the right side (Probe 3).

The repeatability of the blue curve cycles is worse than the repeatability of the gray curve cycles. This means the bearing of left
side is worse than the right side.

Table 1. Encoder test data from csv files

- A B C D
R e e A S YV Encoder Probel Probe2 Probe3
iin? AVA AVAVAN NNV 6673268 4520541 5513793
" ' / / \ 6626833 4484812 5511184
w NWM 669.1051 4540405 5514497
- ” 6664081 4504716 5518350
\[ r BE7.3564 4522202 5515578
=] | 670333 4544739 5518944
- 6704841 3353895 5517235
PR ML IS NI NN TR N 671883 4559327 5516983
NAVAVAVAVAVAVAVIAYA TS 6629613 4487068 550755

6674555 4522416 5515726
662779 4486394 5512793
667.7481 4523411 5518902
BEO.2464 4541204 5517381
666.6315 4506724 5521118
6674141 4522625 551866
6704791 4545542 552.1T1%
6704197 329.1153 551.9622
6721876 4562532 5521708
6631014 4488759 5510286
667 5827 4524505 5518047
662850 448697 5515368
BE7.7Bl14 4522392 5520219
669453 4542507 5519613
6666713 4508244 5522774
6676101 4524971 5522239
ET0S005 4547308 552336
672044) 4563176 5522732
6634092 4490163 5513393
667.7688 4526277 552154

Figure 13. Comparison of left- and right-side probe
data highlights differences in roller runout and bearing
performance.

o

The shape of the curve cycles of orange (Probe 2) is more
like blue curve (Probe 1) in terms of pk-pk and repeat-
ability, because Probe 2 is closer to Probe 1. Of course,
the shape of the orange curve is not the same as the blue
one, because it is also affected by Probe 3.

We can rank all the test data by rising encoder order and
draw the Probe 1 and Probe 3 curves (Table 1):

LI R T B Rt R B R e e e e e et B e e = (L == = = = (= = = P =]

www.MTlInstruments.com www.Vitrek.com
800.342.2203 858.689.2755
M VITREK 5 info@vitrek.com



THE TEST

From a graphical depiction of the data from Table 1 (Probe 1 -blue and Probe 3-red), we can see the pk-pk of Probe 1is smaller,
but thicker. This means the run out of left side is smaller, but the bearing is worse, larger bearing gap. This is the same as we
found from the previous picture.

——
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Figure 14. Graphical depiction of tabular data reveals differences between Probe T and Probe 3.

We can also calculate the average and variation of Probe 1and Probe 3 at each position, from encoder 0 to encoder 1439. Then
we get the images shown in Figures 15a and 15b:

HEEEE

Figure 15a. The average of Probe 1 (blue curve) and of Probe
~= 3 (red curve) from encoder positions 0 to 1439.

L

Figure 15b. The variation of Probe 1 (blue
curve) and of Probe 3 (red curve) from
encoder O to 1439. i -
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From the above two images, we can draw the following conclusions:
1. The runout of Probe 1 location and Probe 2 location are not same in terms of not only the values, but also the peak
and valley locations. This means the runout of Probe 1 location is not synchronized to Probe 3.

2. The bearing of left side is much worse: large gap (variation), and not smooth (many peaks within one revolution).

From the table below, we can see the run out of Probe 1 location is 41.6um, and the run out of Probe 3 location is 84.6um. The
maximum bearing related errors at Probe 1 location is 11.2um, and the maximum bearing related errors at Probe 3 location is
3.3um.

I :] | Ll ] 1 L [}
Encoder Position Average of Frobe 1 Average of Probe 2 Variation of Probe 1 Variation of Prebe 2

Li] 0. 2911 0. 110955556 9. 1997 1. 1394

1 0. 41944 0, 39981 9, 4086 1.1429

2 0. 2299 0. 595644444 9. 1851 0. 9967
3 0. 53732 0. B9419 9, 4454 9, 9075
1431 -0, 55911 =2, 1004 8. 7609 0, 9516
1432 -1, 50191 -1.83512 8. 8104 1.202
1433 -0. 831125 -1. 4591125 8. T285 0. 7873
1434 =0. 2771 -1.3582 B. 8525 1. 0474
1435 =0, 19047 =1.11288 £, 6653 0. 9089
1436 0. 480083889 =0. TTOT55556 B. 4599 0. BaT2
1437 0. 490655556 =0, 515322222 9, 0824 0. 9958
1438 0. 13844 =0, 35307 9. 0613 1. 1441
41, 64741111 B4, G4UTAHET 11, 2479 3, 34908

(HAX-NIN) (MAY-NIN) {(MAX} (1K}

Taking a closer look at the test rig, we mounted probe 1, 2 and 3 at the locations below (Figure 16.)
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Figure T6.
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THE TEST

If the bearing gaps are 11.2 and 3.3um at Probe 1 and Probe 3, the roller at Probe 2 will move 9.23 or 7.58um. If we don't use
Probe 3 for calibration, we don't know how much the roller moves at Probe 2, so we use 11.2um (Probe 1). The error will be 11.2-
9.23=1.97um or 11.2-7.58=3.62um. If the distance between Probe 1 and Probe 2 is larger, we will get larger error.

For the calibration, we should use 3 probes to measure the roller surface, so we have the following:

* Probe 1readings: Ali=L1+rli+gTi
* Probe 2 readings: A2i=L2+r2i+g2i
* Probe 3 readings: A3i=L3+r3i+g3i

Where L1, L2, L3 are the nominal distance from Probe 1, Probe 2 and Probe 3 to the roller surface. r is runout, and g is distance
that roller moves due to bearing gap. i is the encoder count from from 0 to 1439.
When testing, we have the following readings:

* Probe 1readings: Blj=L1+r1j+g]
* Probe 2 readings: B2j=L2+r2j+g2j-T
* Probe 3 readings: B3j=L3+r3j+g3j

Run out is the roller characteristic and it will not change.

* rlj=rli, here j=i=0, 1, 2........ 1439
* r2j=r2i, here j=i=0, 1, 2....... 1439
* r3j=r3i, here j=i=0, 1, 2........1439
The bearing gap error could change. So glj is different from gTi; g2j is different from g2i; g3j is different from g3i.
« A2i-B2j = L2+r2i+g2i-L2-r2j-g2j+T=T+g2i-g2
« Ali-B1j = L1+rli+gli-L1-r1j-g7j = gli-gTj
* A3i-B3j = L3+r3i+g3i-L3-r3j-g3j = g3i-g3j
And,
« g2i- g2j=(( gli- glj)*D2+( g3i- g3))*D1)/(D1+D2)
Where D1 is the distance from Probe 1to Probe 2 and D2 is the distance from Probe 2 to Probe 3.
So, A2i - B2j=T+((gli-g1j)*D2+( g3i-g3j)*D1)/(D1+D2)=T+(( Ali Blj)*D2+( A3i-B3j)*D1)/ (D1+D2)
Thus, the final formula is:

Foil thickness (T)=(A2i-B2))-((A1i-B1))*D2+( A3i-B3))*D1)/(D1+D2)

Where ATi, A2i, A3i are from the calibration table, D1, D2 are from the mounting location of probes and B1j, B2j and B3j are the
measurement data.

In summary, we can see that using three probes to remove the effect of probe offset/roller tilt is a little more difficult. Although
you should get a more accurate answer, the simplicity of the two probe approach may be the best compromise.

For questions regarding this article, or for more information on MTI Instruments Accumeasure Non-Contact Measurement
systems visit www.MTlInstruments.com, e-mail sales@MTlInstruments.com or call (800) 342-2203.
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