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Abstract:

RFID technology has been around for many years, but it is only in the past few
years that we have seen a surge in its acceptance and a massive growth in its use.
The high production cost problem of RFID can be eliminated if the conventional
screen printing process can be applied to print the RFID tag antennas. Printing
the antenna is the most critical part of producing an RFID tag.

This study was a true experimental research in nature and aimed to investigate
the process consistency and capability of printing RFID tag antennas via the
screening printing method with a conductive ink, silver-based (Ag) ink, on PET,
PVC, and Wet Strength paper. In addition, the study intended to compare the
differences in consistency and accuracy of printing RFID antennas on three
different substrates. The target values of RFID frequency in this study were set
at 13.56 MHz (HF frequency). Currently, PET and PVC have been frequently
used as substrate materials of RFID labels. Wet Strength paper is commonly
used in the package industry and its low cost is also suitable for mass production
of RFID tags.

To sum up, the specifications of antenna ink film thickness and ink density to
achieve HF (13.56 MHz) frequency were reported respectively when the RFID
antennas were printed on PET, PVC, and Wet Strength paper using screen
printing. In addition, the consistency and capability of the three processes were
analyzed and compared. It is hoped that the study can assist printers in
determining the optimum substrates for printing RFID tag antennas using screen
printing technology.
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1. Introduction

Bar codes and RFID both belong to a group of technologies called Automatic
Identification and Data Capture. People have all become very aware of bar codes
as they have permeated our existence in the last 25 years. In fact, it is tough to buy
something in a store that does not use bar codes these days. But bar codes have
four disadvantages: you have to be able to see them, the bar code cannot be
written on or defaced, you cannot change the data once they are printed, and they
take up space on the object they are printed on. To eliminate those disadvantages,
RFID is the solution. RFID is a means of capturing data about an object without
using a human to read the data. Along with Smart cards, and Magnetic Stripe
technology and a host of others, this is a method of automating our need for data.
Recently, the technique of Radio Frequency Identification (RFID) grabs people’s
attention because it captures data about an object without using a human to read

the data.

1.1 Needs of the Study
RFID technology has been around for many years, but it is only in the past few
years that we have seen a surge in its acceptance and a massive growth in its use.
However, RFID has not been able to replace the current bar code system yet
because of the high production cost of RFID tags, especially the cost of printing
RFID tag antennas. Printing the antennas is the most critical part of producing an
RFID tag. The high production cost problem of printing RFID tag antennas can be
eliminated if the conventional screen printing process can be applied to perform
the printing tasks effectively. According to literatures, screen printing technology
can be used for RFID tag printing, providing significant time and cost savings
compared to traditional etching technology. Therefore, there is a great need to
investigate the possibility of applying screen printing method to print RFID tag

antennas to perform the task of automatic identification and data capture.
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1.2 Purposes of the Study
This study was a true experimental research in nature and aimed to investigate the
process consistency and accuracy of printing RFID tag antennas via the screening
printing method with a conductive ink, silver-based (Ag) ink, on PET, PVC, and
Wet Strength paper. The target values of RFID frequency in this study were set at
13.56 MHz (HF). The purposes of the study were triple fold:
1. to establish the specifications of antenna ink film thickness and ink density,
2. to compare the solid ink density, ink film thickness, and impedance
differences in process consistency and capability of printing RFID antennas
on the three different substrates, and
3. to determine the optimal substrates for RFID tags using screen printing

technology with conductive inks, in terms of process capability.

The reason of selecting PET and PVC as substrates is that they have high
transparency and rigidity. Currently, PET and PVC have been frequently used as
substrate materials of RFID tags. The reason of choosing Wet Strength paper is
that it is commonly used in the package industry, and its low cost is also suitable

for mass production of RFID tags.

1.3 Limitations and Assumptions of the Study

The following limitations must be considered when interpreting the results of this

study:

1.  The RFID antenna used in this study was not randomly selected; instead it
was specially designed for the study.

2. The company taking part to help the screen printing production for the study
had their own experienced printing crews; the authors did not actually
perform the printing process in every detail. This study assumes that there

were no operator effects on solid ink density and ink film thickness,
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although only one experienced operator ran the press during the
experiment.

3. The make, ages, and physical conditions of the press machine used to run
the experiment were not studied. Their effects on the results were therefore
not discussed.

4.  The type of Ag inks, three substrates, and chips were held as constants. This
research did not investigate the consistency of the materials; and therefore,
their effects on the results of this study were not explored.

5. Since the pressroom temperature and relative humidity were well controlled,
their effects on the experimental results were not studied. It is assumed that

there were no temperature and humidity effects on the results of the study.

2. Methodology

This study was a true experimental research in nature and aimed to investigate the
process consistency and capability of printing RFID tag antennas via the
screening printing process with a conductive ink, silver-based (Ag) ink, on PET,
PVC, and Wet Strength paper. The research framework is displayed in Figure 1.
The three factors were PET, PVC, and Wet Strength paper. The dependent
variables were the solid ink density (SID), ink film thickness (IFT), and
impedance (IMPED) of the printed RFID tag antennas.
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Screening printing using Ag ink with target
solid ink density of 0.27, ink film thickness of
10um, and Frequency of 13.56 MHz

A 4

Independent variable

PET
PVC
Wet Strength Paper

A 4

Dependent variable

Ink film thickness (Y)
Solid ink density (Y>)
Impedance (Y3)

Figure 1. Research framework

2.1 The Test Form

A single color test form for the tag antenna was designed for this study (as shown
in Figure 1). The test form is 45mm x 76mm in size and was designed for the

frequency of 13.56MHz.

aﬁ

\

Figure 2. Antenna design (13.56MHz, 45mm x 76mm) for the study
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This section describes the experimental procedures for the study. It consists of

the screen printing plate materials (see Table 1), substrates (see Table 2) and

2.2 Experimental Materials

press setting (see Table 3) for the experiment.

Table 1. Screen plate-making material used for the experiment
Materials Description
Fabric Material PET
Mesh Counts 300 meshes /inch
Mesh Angle 45 degree
Screen Tension 25 N/cm
Thickness of Sensitized 25um
Emulsion
Table 2. Substrates and ink used in the study
Substrates Manufacturer Specification
PET (Polyethylene Terephthalate) g?rgo\r;l?icl))rllasnc Thickness: 200pum
PVC (Polyvinyl Chloride) IgoArI;;r;‘?i : IllaS“C Thickness: 300um
Wet Strength Paper HO Zone Paper Inc. | gsm: 80
Silver-based (Ag) Ink, Flint Conductive Ink for Screen Printing
Table 3. Screen printing press setting for the study
Item Description
Press (semi-automatic) |Liang-Chen Mechanical Company
Screen Printer Mini-Angel Company in Taipei
Press Operator Mr. Lou
Relative Humidity 46~50%
Temperature 25C
Blade hardness 70 degree
Squeegee Angle 75 degree
Squeegee Speed 30 m/min

After receiving the test form, the participating screen printer was asked to print

the test form based on their in-house standard operating procedures and

conditions. During the press runs, the research team was present all the time to

monitor the whole operation process to make sure that the press run was

well-controlled.
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2.3 Experimental Procedure
Two print tests were run with the first operation serving as a pilot test to
familiarize the press operator with printing the test form, while the second
operation served as the actual printing experiment where printed RRID tag
antennas were sampled. After the first press run, the press was shut down and
cleaned, the run counter was set to zero, and the desired materials and conditions

were made ready for the next run.

One hundred printed tags were collected for each press run after the press was
determined to be at equilibrium and the desired solid ink density of .27 and ink
film thickness of 10 microns (pm) (according to the practical experience of the
participating screen printer of the study) were achieved. Consequently, a total of
300 printed tags were gathered for the three runs; and then, 50 printed tags were
systematically sampled for each of the three substrates for a total sample size of
150 (3*50). Finally, an X-Rite® 530 reflective spectrodensitometer using
Murray-Davies equation (n=1) was applied to measure solid ink density (SID) of
the printed tags for this study. It is important to note that each specific measured
area on the sampled tag was read five times to reduce the measuring error. Thus,
the final data entered onto computer for the analysis was a mean of five readings
from the X-Rite® 530. The ink film thickness of the printed antennas was
measured by a high-accuracy digimatic indicator. The impedance of the of the
printed tag antennas was read using a HP 8714ET RF Network Analyzer (T/R)
(300 kHz to 3 GHz) (see Figure 3. below). The target frequency to be achieved
was 13.56 MHz. Finally SPSS 14 and Minitab 14 statistical software packages

were used for data analyses.
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Figure 3. The diagram of antenna impedance measurement

3. Results and Findings

This section describes the overall results and findings obtained through data
analyses. The first sub-section exhibits the descriptive statistics for all the
measurements. The second sub-section shows the analyses of variance to test the
hypotheses whether there was a significant difference in solid ink density, ink film
thickness, and impedance of the antennas among the three substrates of the study.
The last sub-section analyzes the process consistency and capability for printing

RFID antennas on PET, PVC, and Wet Strength paper, respectively.

3.1 Descriptive Statistics
Solid ink density (SID) refers to the light-stopping power of color on substrates,
measured through the complementary-colored filter. In conventional printing
workflows, the setup of solid ink density is a vital factor to achieve an optimum
print. Once the right amount of solid ink density is determined, the RIP software
automatically optimize the steps for the target linearization, that is, enables a
printer to deliver ink on a particular media optimally so that an image’s tones can
be correctly reproduced. Different linearization settings and profile combinations
will affect the final prints. Solid ink density measurement provides an effective

means of monitoring and controlling ink film thickness (Tritton, 1997,
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pp-95-96).

Ink film thickness (IFT) is the most significant of the process variables and the
one most easily adjusted during printing: it can be seen affect many print

attributes such as tone transfer and print density (Tritton, 1997, pp.141-142).

Impedance is a measure of opposition to a sinusoidal alternating electric current.
The concept of electrical impedance generalizes Ohm's law to AC circuit analysis.
Unlike electrical resistance, the impedance of an electric circuit can be a complex
number, but the same unit, the ohm, is used for both quantities. (Wikipedia,
Wikipedia. Retrieved February 26, 2007, from

http://en.wikipedia.org/wiki/Electrical impedance#Definition_of electrical imp

edance)

Table 4 shows the SID, IFT, and impedance basic statistics (mean, standard
deviation, minimum, maximum, and 95% Confidence Interval of the mean) of
the PET, PVC, and Wet Strength paper. The overall average SID value of the
PET was .266 with a standard deviation of .006, .280 for PVC with a standard
deviation of .005, and .266 for Wet Strength paper with a standard deviation
of .005. The average IFT value of PET was 8.860pm with a standard deviation
of .783, 11.300 for PVC with a standard deviation of .741, and 8.670 for Wet
Strength paper with a standard deviation of .688. As for the antenna impedance,
the average number was 27.690 ohm with a standard deviation of 1.687 for PET,
the average was 26.135 with a standard deviation of 1.142 for PVC, and the
average was 27.428 with a standard deviation of 1.183 for Wet Strength paper. It
is important to note that the 95% confidence intervals (95% C.1.) of the means of
SID, IFT, and impedance for the three substrates are listed in the very right-hand
side column of Table 4. However, Table 4 could be used for the specifications

for screen printers to print RFID tag antennas using Ag ink.
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Table 4. Descriptive statistics of solid ink density, ink film thickness, and
antenna impedance on the different substrates

g't’;fgfj N | Mean ]s)tgv'. Min, Max. | 95% C.I. of Mean
PET SID 50 | 0266 | 0.006| 0255] 0.280 (0.264, 0.267)
PVC SID 50 | 0280 | 0.005| 0270 | 0290 (0.279, 0.282)
wet_SID 50 | 0266 | 0.005]| 0260 0275 (0.264, 0.267)
PET IFT 50 | 8.860 | 0.783 | 7.250 | 10.500 (8.638, 9.082)
PVC IFT 50 | 11.300 | 0.741 | 10.000 | 13.000 | (11.090, 11.510)
wet IFT 50 | 8.670 | 0.688| 7.500 | 10.250 (8.475, 8.866)
PET IMPED 50 | 27.690 | 1.687 | 24.858 | 31.034 | (27.211,28.170)
PVC_ IMPED 50 | 26.135 | 1.142| 25719 | 30.960 | (25.810, 26.460)
wet_ IMPED 50 | 27.428 | 1.813 | 25.051 | 31.034 | (26.913,27.944)

3.2 Hypothesis Testing

In this section, One-way ANOVA and Box-plot statistical procedures were
employed to determine whether the differences in solid ink density (SID), ink film
thickness (IFT), and impedance readings of the RFID tag antennas printed using
screen printing with Ag ink on the PET, PVC, and wet strength paper were
significant. The hypothesis being tested was whether the reading difference
among the substrates was equal to zero. The significant level (o)) was set at .05 for
all tests. The results for the SID, IFT and impedance are exhibited in Table 5,
Table 6, and Table 7, respectively.

Hypothesis testing on the SID difference for the three substrates

The hypothesis for testing the SID reading difference on the three different tag

antennas is:
Ho: Wper sip= tpve_sip= et sip

Ha: Wper s # Hpve s, OF UpeT sip 7 Hwet_sip» OTHpve _sip 7 Hwet_sip

As shown in Table 5, the significant value of p is .000 < .05 () and therefore the

ANOVA suggests that Ho be rejected, i.e., at least one pair of the mean SID
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values is significantly different at .05 level. Examining the bottom part of Table
5 (95% Confidence Interval for Mean) in detail, one can conclude that there
existed significantly different SID readings between the pair of PET and PVC
tags and the pair of PVC and Wet Strength paper tags. In addition, the

differences in SID readings were not significant at .05 level between PET and

Wet Strength paper tags.

Likewise, the two straight lines originated from PVC_SID box in Figure 4 (the
box plot of SID readings for the three substrates) indicate the two pairs
substrates with significantly different SID reading were (PET, PVC) and (PVC,
Wet). Among the three substrates, PVC has the highest SID mean values than

the other two substrates have.

Table 5. Hypothesis testing on the SID difference among the three substrates

Source DF SS MS F P
Factor 2 0.007 0.004 120.090 0.000
Error 147 0.004 0.000

Total 149 0.011

S=0.005420 R-Sq=62.03% R-Sq(adj) = 61.52%

Individual 95% CIs For Mean Based on Pooled StDev
Level N Mean StDev  --4--------- fomemmman s fommmmm fomenn-
PET_SID 50 0.26560 0.00586 (--*--)
PVC_SID 50 0.28010 0.00539 (--%*--)
wet_SID 50 0.26550 0.00497 (--*--)

0.2650 0.2700 0.2750 0.2800

Pooled StDev = 0.00542

2007 TAGA Proceedings

436



Boxplot of PET_SID, PVC_SID, wet_SID
0.294 |
0.28+ o
PZaaN

. | |
8 0.27-

0.26 ‘

0.25+ . . .

PET_SID PVC_SID wet_SID

Figure 4. Box plot of SID readings for the three substrates

Hypothesis testing on the IFT difference for the three substrates

The hypothesis for testing the IFT reading difference on the three different tag
antennas is:
Ho: Uper 1rr = Mpve 1T = Mwet IFT

Ha: Wper rr# Upve vrs OF UpeT 1vT 7 Hwet 171> OTHpve 1FT 7 Hwet 1FT

As shown in Table 6, the significant value of p is .000 < .05 (o) and therefore the
ANOVA suggests that Ho be rejected. That means that at least one pair of the
average IFT values is significantly different at .05 level. If we examine the
bottom part of Table 6 (95% C. 1. for Mean), we can conclude that there were
significantly different IFT readings between the pair of PET and PVC tags and
the pair of PVC and Wet Strength paper tags. Moreover, the differences in IFT
readings were not significant at .05 level between PET and Wet Strength paper

tags.
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The same conclusions could be drawn if we examine Figure 5 in detail: the two
straight lines originated from PVC IFT box in Figure 5 (the box plot of IFT
readings for the three substrates) indicate that the IFT readings of PET and PVC
were significantly different at .05level, and those of PVC and Wet Strength
paper were also significantly different. Among the three substrates, PVC has the

highest IFT mean values than the other two substrates have.

Table 6. Hypothesis testing on the IFT difference among the three substrates

Source DF SS MS F P
Factor 2 215.110 107.555 197.450 0.000
Error 147 80.075 0.545

Total 149 295.185

S=0.7381 R-Sq=72.87% R-Sq(adj) = 72.50%

Individual 95% Cls For Mean Based on Pooled StDev

Level N  Mean StDev ----4ee-v-ce--e- e Fimmnmmmnn tomree
PET_IFT 50 8.860 0.783 fimre)
PVC_IFT 50 11.300 0.741 (=)

wet_IFT 50  8.670 0.688 (-*--)

s SR s S s fmmmme
8.80 9.60 10.40 11.20

Pooled StDev = 0.738

Boxplot of PET_IFT, PVC_IFT, wet_IFT

13+

124

o i Ne

1 ‘

PET_IFT PVC_IFT wet_IFT

Figure 5. Box plot of IFT readings for the three substrates
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Hypothesis testing on the impedance (IMPED) difference for the three

substrates
The hypothesis for testing the IFT reading difference on the three different tag
antennas is:

Ho: Uper mmpeEp = Upve mvpED = Hwet IMPED

Ha: Upgr_mvpeD 7 Hpve_ iMpED, OF UpET 1MPED 7 Hwet 1MPED, OTHpve_ 1MPED 7

Hwet 1MPED

As shown in Table 7, the significant value of p is .000 < .05 (o) and therefore the
ANOVA suggests that Ho be rejected. That means that at least one pair of the
mean IFT values is significantly different at .05 level. Examining the bottom
part of Table 7 (95% C. 1. for Mean) more closely, we can conclude that there
were significantly different impedance readings between the pair of PET and
PVC tags and the pair of PVC and Wet Strength paper tags. In addition, the
differences in impedance readings were not significant at .05 level between PET

and Wet Strength paper tags.

The same conclusions could be drawn if we examine Figure 6: the two straight
lines originated from PVC IMPED box in Figure 6 (the box plot of IFT
readings for the three substrates) indicate that the impedance readings of PET
and PVC were significantly different at .05level, and those of PVC and Wet
Strength paper were also significantly different at .05 level. Among the three
substrates, PVC has the lowest impedance mean values than the other two have.
It is important to note that the box plot of PVC_IMPED in Figure 6 shows that
the impedance variation (the height of the box in the middle of the PVC_IMPED)

of PVC was extremely small compared with that of the other two substrates.
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Table 7. Hypothesis testing on the IFT difference among the three substrates

Source DF SS MS F P
Factor 2 69.33 34.66 13.98 0.000
Error 147 364.57 2.48
Total 149 433.90
S=1575 R-Sq=15.98% R-Sq(adj) = 14.84%

Individual 95% CIs For Mean Based on Pooled St
Dev
LS:-'el N Mean StDev ---4--------- fommm s o R Feemnes
PET_IMPED 50 27.690 1.687 (-=---- Feeens )
PVC_IMPED 50 26.135 1.142 (----- R R )
wet_IMPED 50 27.428 1.813 (=mmmn ¥evonn )
B Fomm e fommmmne s fommmn
25.90 26.60 27.30 28.00
Pooled StDev = 1.575

Boxplot of PET_IMPED, PVC_ IMPED, wet_IMPED
31 %
30 ‘ =
294
g 28-
|
\//6
274
264
—_— |
251
PETﬁI’MPED PVCillMPED wetﬁl’MPED

Figure 6. Box plot of impedance readings for the three substrates

3.3 Capability Study
The section is to discuss the process consistency and capability of the observed
attributes for the three types of substrates. The tools used to analyze the
consistency for each variable are Individual Control Chart (I Chart), Moving
Range Charts (MR Chart), and Capability Analysis.

Interpretation of the relative PCR (Cp or Pp)

In capability analysis, overall capability depicts how the process is actually
performing relative to the specification limits. Potential capability depicts how

the process could perform relative to the specification limits, if shifts and drifts
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could be eliminated. The difference between the two represents the opportunity
for improvement. Without both overall and potential estimates, it is hard to
identify the size of the opportunity. Process capability is a measure of how
capable a process is of meeting specifications. A Cp index (PCR) of 1 means that
a process is exactly capable of meeting specifications, while less than 1 means
that it is outside specification limits. Ideally, one would like to see a Cp much
larger than 1, because the larger the index, the more capable the process. Some
practitioners consider 1.33 to be a minimum acceptable value for this statistic,

and few believe that a value less than 1 is acceptable (Ryan & Joiner, 1994).

Determination of the lower specification limits (LSL) and upper

specification limits (USL)

Due to the lack of historical parameters of LSL and USL for the observed

attributes (SID, IFT, and impedance) for RFID tag antennas using screen

printing with Ag ink on the three substrates, a method of determining the proper

LSL and USL is necessary. In this study, the LSL and USL for each attribute are

determined based on the following procedures (Hsieh, 2003; Montgomery, 1997,

pp- 180-229):

1. Construct the trial I and MR control chart of each attribute for the four
plates.

2. Examine every control chart; if it is in control, then use the lower control
limit (LCL) and upper control limit (UCL) as the LSL and USL. If it is in
out-of-control condition (for most cases), reconstruct the control chart
after eliminating all out-of-control points in the initial charts to obtain the
revised values for mean, LCL, and UCL.

3. For each attribute, the difference between revised LCL and UCL of each
plate obtained in the previous step is computed and named 6Gyeyised, 1.€.,
UCL,evised = LCLyevised = OOrevised- Then 30,eyisea OF €ach plate is computed

for the purpose of obtaining the “average 3G,eisea” Of the four plates, 3§
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revised namel}’, Le.,

3Srevised = (30'revised/PET+ 30'revised/PVC + 36revised/wet) /3.

4.  For each attribute, the final LSL and USL are obtained by subtracting from

and adding to the 3S,cyisea, the revised mean of each plate, i.e.,

LSLfmal = Meanrevised - 3Srevised

USLﬁnal = Meanrevised + 3Srevised

5. The LSLgna and USLg,a were then used to assess the relative Process

Capability Ration (PCR) for the revised individual measurement control

chart (I-Chart) of each attribute for the three substrates.

The revised control limits (UCL;eyisea @and LCL,yisea) for the three attributes (SID,
IFT, IMPED) of the three substrates are displayed in Table 8. Table 9 shows the

A

3S,evisea Of the attributes computed from Table 8 by taking the average Oyeyisea Of

the three substrates. The LSLgpa and USLg,a of the attributes for the three

substrates are then computed and exhibited in Table 10.

Table 8. The revised control limits of the attributes for the substrates

PET PVC Wet Strength Paper

LCLrevised UCLrevised LCLrevised UCLrevised LCLrevised UCLrevised

SID 0.249 0.282 0.266 0.294 0.253 0.278
IFT 6.960 10.760 9.455 13.145 6.811 10.529
IMPED 23.080 32.300 25.624 26.080 22.100 32.760

Table 9. The 38 evisea Of the attributes computed from Table 8

3 Srevised

SID

(3crevised_PET_SlD +3Grevised_PVC_SlD +3Grevised_wet_SlD) /3
=(0.017 +0.014 +0.013) / 3
=0.015

IFT

(3Grevised_PET_lFT +3Grevised_PVC_IFT +36revised_wet_lFT) /3
= (1.900 + 1.845 +1.859) /3
=1.868

IMPED

(3Crevised_PET_IMPED 3 OCrevised_PVC_IMPED T3Orevised_wet_IMPED) / 3
=(4.610+0.228 +5.330)/3
=3.389
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Table 10. The LSLgpa and USLg,a of the attributes for the substrates

PET PVC Wet Strength Paper

LSLfmal USLfmal LSLfinal USLﬁnal LSLfinal USLfinal
SID 0.251 0.281 0.265 0.295 0.251 0.281
IFT 6.992 10.728 9.432 13.168 6.802 10.538
IMPED 24.301 31.079 | 22.463 29.241 24.041 30.819

Capability analysis for solid ink density (SID)

The capability analyses of solid ink density for the substrates are exhibited in
Figure 7, Figure 8, and Figure 9. As shown in those figures, PVC has the highest
relative PCR value (Cp = 1.04), followed by the Wet Strength paper (Cp = 1.02),
and PET (Cp = .95). Therefore, this study concludes that the PVC and Wet
Strength paper are barely acceptable substrates for printing consistent ink
density because their relative PCR are only slightly higher than 1.00. Figure 7
also implies that PET is not an acceptable substrate for printing consistent SID

for RFID tags due to the low Cp value (Cp = .95).

Process Capability of PET_SID

LSL USL
Process Data —— Within
LsL 0.25100 — — Overall
Target * ]
usL 0.28100 Potential (Within) C apability
Sample Mean  0.26560 Cp 095
Sample N 50 CPL 093
StDev (Within) ~ 0.00525 CPU 0.98
StDev(Overall) 0.00589 Cpk  0.93
CCpk 0.95
Overall Capability
%« D Pp 085
A\ PPL  0.83
PPU 0.87
Ppk  0.83
Y \ Cpm *
> S
L =~ |!]
T T T T T T T T T
0.252  0.258 0.264 0.270 0.276
Observed Performance Exp. Within Performance || Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL 2702.74 PPM < LSL 6582.74
PPM > USL 0.00 PPM > USL 1671.78 PPM > USL 4459.92
PPM Total 0.00 PPM Total 4374.52 PPM Total 11042.67

Figure 7.
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Process Capability of PVC_SID

LSL UsL
Process Data —— Within
LSL 0.26500 — — Overall
Target * Ny — —
UsL 0.29500 Potential (Within) C apability
Sample Mean 0.28010 cp 1.04
Sample N 50 CPL 1.05
StDev (Within) ~ 0.00479 CPU  1.04
Cpk 104
StDev(Overall) 0.00542 L~
{ ) CCpk 1.04
f ™~ Overall Capability
Pp 0.92
PPL 0.93
PPU 0.92
/ \ o
Y,
N
L — —
— T — T T T T — T T
0.265 0.270 0.275 0.280 0.285 0.290 0.295
Observed Performance Exp. Within Performance Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL 811.63 PPM < LSL  2665.66
PPM > USL 0.00 PPM > USL 935.60 PPM > USL 2985.25
PPM Total 0.00 PPM Total 1747.23 PPM Total 5650.91
Figure 8.
Process Capability of wet_SID
LSL usL
Process Data —— Within
LSL 0.25100 | — — Overall
Target * ] ——— —
UsL 0.28100 Potential (Within) C apability
Sample Mean 0.26550 cp 1.02
Sample N 50 CPL 0.99
StDev (Within) ~ 0.00490 CPU  1.06
StDev (Overall) 0.00500 Cpk 0.9
CCpk 1.02
Overall C apabilit
L pability
\ Pp 1.00
PPL 0.97
\ PPU 1.03
/ Ppk  0.97
Cpm *

T T T T T T T T T
0.252 0.256 0.260 0.264 0.268 0.272 0.276 0.280

Observed Performance Exp. Within Performance Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL  1531.38 PPM < LSL 1865.35
PPM > USL 0.00 PPM > USL 773.82 PPM > USL 967.33
PPM Total 0.00 PPM Total 2305.20 PPM Total 2832.69

Figure 9.
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Capability analysis for ink film thickness (IFT)

The capability analyses of ink film thickness for the substrates are shown in

Figure 10, Figure

11, and Figure 12. As shown in those figures, PET has the

largest relative PCR (Cp = 1.10), followed by the PVC (Cp = 1.01), and wet

strength paper (Cp = .98). Therefore, this study concludes that the PET was the

most acceptable substrate for printing consistent ink film thickness among the

three substrates in terms of relative PCR. Due to the small Cp value (.98) of Wet

Strength paper, the study concludes that Wet Strength paper might not be an

acceptable substrate for printing consistent ink film thickness. However, the Cp

value of PET (1.10) is smaller than 1.33; that means that PET is only acceptable,

but not necessary satisfied, as the substrate for printing consistent ink film

thickness.
Process Capability of PET_IFT
LSL usL
Process Data —— Within
LSL 6.99200 — — Overall
Target * - - —
usL 10.72800 Potential (Within) C apability
Sample Mean  8.86000 cp 110
Sample N 50 CPL 1.10
StDev (Within)  0.56689 CPU 110
StDev(Overal)  0.78672 Cpk 110
CCpk 1.10
Overall Capability
V/ \ Pp 0.79
/ PPL  0.79
N PPU  0.79
/ \ Ppk  0.79
Va Cpm *
N
T T T T T T
7.2 8.0 8.8 9.6 10.4
Observed Performance Exp. Within Performance Exp. Overall Performance
PPM <LSL 0.00 PPM < LSL 491.78 PPM <LSL  8788.74
PPM > USL 0.00 PPM > USL 491.78 PPM > USL  8788.74
PPM Total  0.00 PPM Total  983.57 PPM Total  17577.48
Figure 10.
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Process Capability of PVC_IFT

LSL USL
Process Data —— Within
LsL 9.43200 ] — — Overall
Target * - - —
uUsL 13.16800 Potential (Within) C apability
Sample Mean 11.30000 cp 1.01
Sample N 50 CPL 101
StDev(Within)  0.61646 CPU 101
StDev(Overal)  0.74438 Cpk 101
CCpk 1.01
Overall Capability
Pp 0.84
PPL 0.84
PPU 0.84
Ppk 0.84
Cpm *
T T T T T T T T T
9.6 10.4 11.2 12.0 12.8
Observed Performance Exp. Within Performance Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL  1221.94 PPM < LSL 6045.32
PPM > USL 0.00 PPM > USL 1221.94 PPM > USL 6045.32
PPM Total 0.00 PPM Total 2443.88 PPM Total 12090.65
Figure 11.
Process Capability of wet_IFT
LSL USL
Process Data —— Within
LSL 6.80200 ] — — Overall
Target * - - —
uUsL 10.53800 Potential (Within) C apability
Sample Mean 8.67000 cp 0.98
Sample N 50 CPL 098
StDev(Within)  0.63681 CPU  0.98
StDev(Overall)  0.69131 ggk . g-gg
/ —N e 2.
A\ Overall Capability
Pp  0.90
PPL  0.90
PPU 0.90
Ppk 0.90
Cpm *

A
>

N

7.2 7.8

T T
8.4 9.0 9.6

Observed Performance

Exp. Within Performance

Exp. Overall Performance

10.2

PPM < LSL 0.00 PPM < LSL  1676.53 PPM < LSL 3445.08

PPM > USL 0.00 PPM > USL 1676.53 PPM > USL  3445.08

PPM Total 0.00 PPM Total 3353.06 PPM Total 6890.16
Figure 12.
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Capability analysis for impedance (IMPED)

The capability analyses of impedance of the printed antennas for the substrates
are shown in Figure 13, Figure 14, and Figure 15. As shown in those figures,
PVC has the largest relative PCR (Cp = .96), followed by the PET (Cp = .75),
and wet strength paper (Cp = .65). Therefore, this study concludes that the PET,
PVC, and wet strength paper are all unacceptable substrates for printing RFID
antennas to achieve consistent impedance because their relative PCR are all

smaller than 1.0. The worst substrate to deliver consistent impedance of the

antenna is Wet Strength paper (Cp = .65).

Process Capability of PET_IMPED

Observed Performance
PPM < LSL 0.00
PPM > USL 0.00
PPM Total 0.00

Exp. Within Performance
PPM < LSL 12461.94
PPM > USL 12482.74
PPM Total 24944.68

Exp. Overall Performance
PPM < LSL 22824.72
PPM > USL 22855.81

PPM Total 45680.53

LSL USL
Process Data —— Within
LSL 24.30100 — — Overall
Target * = - —
usL 31.07900 Potential (Within) C apability
Sample Mean  27.69049 Cp 0.75
Sample N 50 CPL 075
StDev (Within) 1.51142 CPU 0.75
StDev(Overall)  1.69591 Cpk  0.75
cCcpk 0.75
Overall Capability
Pp 0.67
PPL  0.67
PPU 0.67
Ppk  0.67
P 7 Cpm *
L=
T T T T T T T T T
24.0 25.6 27.2 28.8 30.4

Figure 13.
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Process Capability of PVC_IMPED

LSL USL
Process Data —— Within
LSL 22.74600 | — — Overall
Target * - " —
usL 29.52400 Potential (Within) C apability
Sample Mean 26.13517 cp 0.96
Sample N 50 CPL 0.9
StDev(Within) ~ 1.17907 CPU  0.96
StDev(Overall)  1.14833 Cpk 0.9
CCpk 0.96
Overall Capability
Pp 098
PPL  0.98
PPU  0.98
Ppk  0.98
1 cpm *
— T T T T T T T T T T T T T
22.8 24.0 25.2 26.4 27.6 28.8 30.0 31.2
Observed Performance Exp. Within Performance Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL 2023.79 PPM < LSL 1581.71
PPM > USL  60000.00 PPM > USL 2025.60 PPM > USL 1583.20
PPM Total 60000.00 PPM Total 4049.39 PPM Total 3164.91
Figure 14.
Process Capability of wet_IMPED
LSL USL
Process Data —— Within
LsL 24.03900 — — Overall
Target * - " —
usL 30.81700 Potential (Within) C apability
Sample Mean 27.42820 cp 0.65
Sample N 50 CPL 0.65
StDev(Within) ~ 1.74163 CPU  0.65
StDev(Overall)  1.82254 Cpk  0.65
CCpk 0.65
/ Overall Capability
Pp 062
/ PPL  0.62
PPU 0.62
/ Ppk  0.62
/ Cpm *
N
/ N
I
T T T T T T T
24.0 25.5 27.0 28.5 30.0 31.5
Observed Performance Exp. Within Performance Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL 25827.94 PPM < LSL 31471.06
PPM > USL  140000.00 PPM > USL 25841.74 PPM > USL 31486.60
PPM Total 140000.00 PPM Total 51669.68 PPM Total 62957.66
Figure 15.
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4. Conclusions and Recommendations

Substrate is definitely a dominant variable affecting the printability of printing
antenna of RFID tags. The results of study can assist the printing industry in
determining the optimal substrates for printing RFID tags using screen printing
technology with conductive ink. It is wise to apply screen printing technology to
print the antennas of RFID tags to reduce the production time and cost. Based on
the experience of the study, screen printing is an optimum printing method, in
terms of process consistency and capability, to save money and simplify the
manufacture process for RFID tags. The key issue is to choose proper materials

for the substrate.

To sum up, the specifications of antenna ink film thickness and ink density to
achieve HF (13.56 MHz) frequency were reported respectively when the RFID
antennas were printed on PET, PVC, and Wet Strength paper using screen
printing. In addition, the consistency and capability of the three processes were
analyzed and compared. It is hoped that the study can assist screen printers in

determining the optimum substrates for printing RFID tag antennas.

This study evaluated the consistency and capability performance on solid ink
density, ink film thickness, and impedance of printed antennas for three
commonly adopted RFID tag substrates in Taiwan. The overall specifications of
the solid ink density (SID), ink film thickness (IFT), and antenna impedance
(IMPED) for PET, PVC, and Wet Strength paper are displayed in Table 4. These
real-world specifications could be incorporated into RFID tag production
process as an evaluation mechanism to ensure the screen printers in Taiwan meet

required quality levels.
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Based the presentation of Figure 7 to 15, Table 11 summarizes the capability
performance of the substrates, in terms of relative Cp indexes, in solid density
(SID), ink film thickness (IFT), and antenna impedance (IMPED). As shown in
Table 11, the PVC and Wet Strength paper appear to be barely capable of
yielding consistent SID because their SID Cp values are just over 1.00 (1.04 for
PVC, 1.02 for Wet Strength paper). As to PET, its Cp value is .95 (<1.00) and
that means PET is not an acceptable substrate for printing RFID tag antennas in
terms of process consistency. According to Table 11, this study concludes that
the Wet Strength paper is not a suitable substrate to print consistent IFT and
impedance attributes for RFID tags because it had smallest IFT and IMPED Cp
value among the three substrates, and its Cp values for IFT and impedance
attributes are both smaller than 1.00. This study therefore concludes that the Wet
Strength paper is the least capable substrate of producing consistent results in
ink film thickness and antenna impedance. Table 11 also indicates that the PET
is the most capable substrate for printing consistent ink film thickness among the

three substrates in terms of relative PCR.

Table 11. Summarized Relative PCR (Cp Value) of the attributes for the three

substrates
PET PVC Wet Strength Paper
Cp Pp Cp Pp Cp Pp
SID 0.95 0.85 1.04 0.92 1.02 1.00
IFT 1.10 0.79 1.01 0.84 0.98 0.90
IMPED 0.75 0.67 0.96 0.98 0.65 0.62

Note: 1 Cp denotes the potential capability; Pp denotes the overall capability
2.Underlined Cp values denote the largest Cp in the group.

However, as shown in Table 11, none of the three substrates was capable of
producing consistent antenna impedance. Therefore the study recommends that a
further research be necessary to investigate the possible special variations in the
screen printing process to print PET, PVC, and Wet Strength paper using Ag ink,

based on the low Cp values of the antenna impedance for the three substrates.
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