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ABSTRACT: The coefficient of variation (CV) in yarns is
the most important evenness characteristic in textile pro-
cessing and quality control. This article develops a new
infrared device for monitoring the coefficient of variation
in yarns, based on on-line measurement of the yarn diame-
ter, during the yarn manufacturing process. The device is
composed of a 555 astable oscillator, four pairs of infrared
emitters and receivers, a summing amplifier, an inverting
amplifier, an alternating current (AC) to direct current
(DC) converter, a unity-gain second-order Sallen-Key low-
pass filter, and a data acquisition system. The optimum
values of some factors with the circuit, including the oscil-
lator frequency, amplified gain, cutoff frequency of the

low-pass filter, sampling time, and number of sampling
data to be averaged in the moving average method, are
systematically chosen by the Taguchi method to reduce
the variance in the output voltage of the device. The CV
based on measured yarn diameter data is transformed to
that based on mass profiles. The experimental results
reveal that the CVs evaluated by the infrared device are
close to those by the Uster Evenness Tester, which is veri-
fied by the statistical analysis of variance. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 106: 2342-2349, 2007
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INTRODUCTION

The coefficient of variation (CV), defined as the mass
variation per unit length or the diameter variation of
yarns, has been the most important evenness charac-
teristic in textile processing and quality control." The
yarn irregularity often makes yarns tend to break in
spinning, weaving, and knitting, and causes periodic
faults with fabrics in finishing and dyeing. More-
over, the appearance, hairiness, strength, and pro-
ductivity of yarns are critically influenced by the
yarn CV, which directly affects the cost and quality
of a product. Hence, monitoring the yarn CV is one
of the important ways to enhance product quality.
Currently, the Uster Evenness Tester has been
widely used to measure the yarn CV; however, it is
not suitable for on-line measurement in a yarn-man-
ufacturing environment, because it is sensitive to
both temperature and humidity. Therefore, we de-
velop a new infrared device to evaluate the yarn CV
as precisely as the Uster Evenness Tester, and it is
able to work on-line during yarn production proc-
esses. The device also has merits of low cost and a
common way of signal transmission to a computer.
Any environmental disturbance and circuit noise
will deteriorate measurement accuracy of the device.
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DISCOVER SOMETHING GREAT

We use the systematic Taguchi method in circuit
design so as to reduce the effect of the disturbance
and noise on the measurement.

In the past years, the yarn CV has been measured
by pressure rollers, air flow, radiation, photoelectric
elements, capacity, microwave, and image process-
ing. Tsai and Chu® developed a new photoelectric
sensor that measured the yarn diameter and yarn
CV on-line. The data acquisition system consisted of
a 12-bit A/D converter, a 8255 I/O board, and
industrial microcomputer based on a 80486-25 pro-
cessor. The yarn CV was calculated by the measured
yarn diameter and the area-compensation method.
The experimental results showed that the mean of
ten CVs is 17.8% for the inhomogeneous radiant flux
and 15.4% for the homogeneous radiant flux with a
13.9-tex ring-spun yarn, compared with 14.3% for
the Uster Evenness Tester. The photoelectric sensor
could work when the yarn moved and vibrated, and
was immune from the influence of temperature and
humidity. However, the light emitting diode (LED)
with the sensor, directly driven by a higher current,
had a shorter life, and the sensor was sensitive to
environmental light. Sparavigna et al.® revealed that
the yarn CV was evaluated with an optical meas-
uring system, sensitive to the light absorbed and dif-
fused by a moving yarn. The system was composed
of two light emitting diodes, two charge coupled de-
vice (CCD) cameras, two amplifiers, and the digital
acquisition system connected to a computer with a
RS232. The thickness of the yarn was converted into
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a proportional electrical voltage called a yarn signal
by the optical system, and the CV was calculated
based on the yarn signal. Although the optical sen-
sor was suitable for on-line measurement of yarn
CVs, it was subject to environmental constraints,
high cost, and long computation time. In melt spin-
ning, on-line measurements of fiber diameters have
been developed by the existing commercial measure-
ment devices. Kikutani et al.* developed a diameter
measurement system by three diameter monitors, en-
abling us to measure the movement of diameter pro-
files based on the back-illumination principle. The
monitors provided a noncontact technique for accu-
rate measurement of diameters within 2 mm in the
spinline velocity of 10,000 m/min. Nevertheless, the
cross-sectional shape of as-spun fiber was noncircu-
lar, and the on-line measurement of fiber thickness
by a single direction might not be the true diameter.
Rovere et al.”” presented that the fiber diameter was
measured on-line by taking high speed flash photog-
raphy and viewing the negatives under a Nikon
microscope with a micrometer eyepiece. To provide
an accurate reference standard, a fine wire of known
diameter was photographed simultaneously with the
spinline. The camera and flash were mounted on a
traverse system that permitted measurements at
many positions along the spinline. However, the
measured fiber diameters were often higher than off-
line measurements due to burred edges of fibers.®

This article develops an infrared device to monitor
the yarn CV based on on-line measurement of the
yarn diameter, which can work in a yarn-manufac-
turing environment. The device involves the 555
astable oscillator, summing amplifier, inverting am-
plifier, alternating current (AC) to direct current
(DC) converter, unity-gain Sallen-Key low-pass fil-
ter, and data acquisition system. For extending the
life and reducing the cost of the device, the device
uses an astable oscillator to trigger the infrared LED
and applies the serial communication to send the
signal to a computer. Since the serial communication
easily causes transmitted noise, we adopt the mov-
ing average method to reduce the noise. To alleviate
the effects of environment disturbances and circuit
noises on the output voltage, we systematically
select the optimum values of some factors with the
device circuit by the Taguchi method.” The factors
include the oscillated frequency, amplified gain, cut-
off frequency, sampling time, and number of sam-
pling data to be averaged in the moving average
method. An emitter light directs to a yarn and its re-
ceiver senses the yarn shadow. The device finally
outputs the yarn diameter in a voltage signal. The
diameter data are used to calculate the CV and the
CV is then transformed to that based on the yarn
mass. The results are compared with those by the
Uster Evenness Tester.

THEORY

Unity-gain secon

d-order Sallen-Key
low-pass filter'®"

A second-order filter is generally characterized by
the filter type, gain, center frequency, and filter qual-
ity factor. For an ideal low-pass filter, it completely
eliminates signals above the cutoff frequency, and
perfectly passes signals below the cutoff frequency.
Changing the gain or center frequency alters the am-
plitude or frequency scale on an amplitude response
curve, but the shape remains the same. The quality
factor determines the relative shape of the amplitude
response. The general second-order low-pass filter
has the transfer function of the form

Hy
1 1
2t oest1

0

H(s) = @

where Hj is the gain, wy is the center frequency in
radian, and Q is the quality factor. The filter has the
best gain accuracy because its gain is independent of
component values. Its architecture is shown in the
block of the low-pass filter of Figure 1. At points a
and b, the current equations with parameter s by the
Kirchoff’s law are written as

Va*VH:Vb*Vu_’_Vb*Vu

2
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where V;, = Vj,. By combining egs. (2) and (3), we
get the transfer function as follows:

Vi 1

H(s) =——=
(%) Vir C5C6Ry9R305? + Cs5(Ro9 + Rzg)s + 1

(4)

Comparing eqgs. (1) and (4), we obtain Hy = 1,
1/(,0% = C5C6R29R30, and 1/Q(00 = Cs(R29 + R30). Since
®y = 2nf,, where f. is the cutoff frequency of the
low-pass filter in Hertz, the cutoff frequency and
quality factor in the filter are given by

fe= S S— ®)
¢ 2ny/Ry9R30C5Cs
0- VR29R30C5C6 ©)

~ Cs5(Rao + Rao)

Taguchi experiment design'?

To deal with complex design of experiments in a sim-
ple way, the Taguchi method adopts systematically a
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Figure 1 Circuit layout of the infrared device.

special design of the orthogonal array (OA) to study
the entire parameter space with a small number of
experiments. The OA is a matrix arranged in columns
and rows. Each column represents a control factor.
Meanwhile, each row represents the state of the con-
trol factor. Each experiment trial is carried out based
on its factor-level combination in each row. Since the
variance in the output voltage of the device is to be
minimized, the smaller-the-better characteristic is
used for the quality analysis as follows:

1 n
SN = —10 x log,, (EZ ﬁ) @)
i=1

where n denotes the number of repetition data in
each trial and y; represents the ith measured quantity.
The larger SN ratio indicates the better quantity char-
acteristics.

The means of SN ratios at the same level for all con-
trol factors are computed to give the response table.
The optimum factor-level combination is selected
based on the highest response values in the response
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table. Moreover, the predicted SN ratio n at the opti-
mum factor-level combination can be calculated as

n=mny+

M=

(ﬁi - nm) (8)
1

where 7; denotes the mean response, n represents
the mean of total SN ratios, and p is the number of sig-
nificant factors identified via the analysis of variance
(ANOVA) and F-test.

Finally, a confirmation experiment is performed to
verify the reproducibility of the experiment, based
on the confidence interval (CI) by Eq. (9). Once the
error between the predicted and experimental SN
ratio is within the interval of —CI and CI, the experi-
ment is demonstrated to be reproducible.

Cl= )

ch.l.vz X Ve X

<1 + ij dof; /Nd> +1/r

i=1

where F, 1 r, represents F-ratio, o denotes the risk, v is
the number of degrees of freedom associated with the
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Figure 2 555 Astable oscillator.

pooled error variance (V,) of the experiment, N, repre-
sents the trial number of OA, dof is the degrees of free-
dom associated with significantly factors, and r is the
sample size for the confirmation experiment, r # 0.

Coefficient of variation®®

In handling large quantities of data statistically, the
CV is commonly used to define their variability and
is thus well-suited to the problem of expressing yarn
evenness. Currently, it is probably the most widely
accepted way to quantify irregularity. The yarn CV
based on the diameter data is given by the following
expression:

VVq

where d =137 d; is the mean of yarn diameter

data and V; = >0 (d; — d)?/(n —1) is the variance.
We can transform the yarn CV based on measured

diameter profiles to that based on mass profiles. The
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relationship is constructed based on a geometrical
and statistical model to evaluate the effects of the
measuring field length. We assume that the geomet-
rical shape of a yarn cross section is circular and the
density of a yarn is uniform along the yarn length.
The expectation of yarn mass can be expressed in
terms of the diameter statistics as follows:

m:‘;—”{Vﬁdz} 11)
where p is the density of a yarn. Under the assump-
tion that the diameter values of a yarn are normally,

independently, and identically distributed, the var-
iance of mass can be expressed as

2
Vi = () {4d’vy +2v3} (12)
4
The yarn CV based on mass profiles, defined as
CV =V, /m, and modified by a coefficient of 1/2,

is given by
CVgy/4+2CV;
cy— 1YaVET

(13)
2 14CV3

EXPERIMENTAL RESULTS

The infrared device is composed of the 555 astable
oscillator, summing amplifier, inverting amplifier,
AC to DC converter, unity-gain Sallen-Key low-pass
filter, and data acquisition system, whose circuit lay-
outs are shown in Figures 1 and 2. The infrared de-
vice generally suffers from the environment distur-
bances, the noise of circuits, the distortion of sam-
pling signals, and the noise of serial communication.

TABLE I
L6 Orthogonal Array and SN Ratios
A B C D E
Trial Oscillated Amplified Cutoff Sampling ~ Average SN
no. frequency (kHz) gain frequency (Hz) time (ms) number ratios
1 1 1 1 1 1 24.44
2 1 2 2 2 2 27.32
3 1 3 3 3 3 12.19
4 1 4 4 4 4 23.64
5 2 1 2 3 4 14.28
6 2 2 1 4 3 22.29
7 2 3 4 1 2 11.37
8 2 4 3 2 1 22.67
9 3 1 3 4 2 18.19
10 3 2 4 3 1 16.96
11 3 3 1 2 4 25.71
12 3 4 2 1 3 26.03
13 4 1 4 2 3 15.72
14 4 2 3 1 4 26.68
15 4 3 2 4 1 9.67
16 4 4 1 3 2 16.06
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Figure 3 Placement of four pairs of emitters and receivers.

To alleviate the effects of the disturbances and noises
on the device, we attempt to choose the optimum
values of factors, which include the oscillated fre-
quency (Factor A), amplified gain (Factor B), cutoff
frequency (Factor C), sampling time (Factor D), and
number of sampling data to be averaged in the mov-
ing average method (Factor E), to reduce the var-
iance in the output voltage of the device. Factors A
and C are the frequencies in Hertz. Factor D is the
time in milliseconds. Since a four-level factor has
three degrees of freedom, five four-level factors
require fifteen degrees of freedom. In general, the ex-
perimenter should seek the smallest OA, which has
at least fifteen degrees of freedom. Here, an L, OA
with five columns and sixteen rows as shown in
Table I is used. This array has fifteen degrees of free-
dom and can handle five four-level factors. Thus,
only sixteen experiment trials are required to study
the entire parameter space.

The 555 astable oscillator is used to generate a
square wave at a desired frequency. The square wave
is fed into a transistor that drives an infrared LED
emitter on and off very rapidly. The frequency f in
Hertz is calculated by f =1/Ci(R; +2R;) In 2, and
the duty-cycle D is computed by D = Ry /(Ry + 2R;).**

TABLE II
Level Values of Factors
Level A B C D E
1 4 1 25 20 10
2 8 2 50 10 20
3 12 4 100 5 30
4 16 6 150 1 40

HUANG AND TANG

TABLE III
Response Table
Level A B C D E
1 21.90° 18.16 22.13% 22.13 18.44
2 17.65 23.31° 19.33 22.86" 18.23
3 21.72 14.73 19.93 14.87 19.06
4 17.03 22.10 16.92 18.45 22.58%

? Denotes the highest value of each factor among the
four levels.

The duty-cycle generally cannot overstep 50%; other-
wise the 555 integrated circuit (IC) will be damaged
immediately. Thus, with the selection of C; = 0.1 pF
and R; = 270 Q, we set the oscillator frequencies at 4,
8, 12, and 16 kHz for four-level values to give the re-
sistor R, of 1645, 767, 463, and 314 Q, respectively.

The infrared LED receivers have been triggered off
by oscillated signals that are close to emitter frequen-
cies. When an emitter light directs to a yarn, its re-
ceiver senses the yarn shadow and outputs a voltage
signal. Since the cross section of a yarn may not be cir-
cular, we place four pairs of emitters and receivers,
each having an angle span of 45° with another one,
around a circle with the yarn passing through the cen-
ter as shown in Figure 3. Thus, the yarn diameters
viewed from four angles are measured in signals Vs,
Ve, V7, and Vg. The four signals merge and flow
through the resistor Ry in the summing amplifier. If
the resistors Rys, Ry, Ri7, and Rys are equal to R, the
signal Vy is proportional to the sum of the four signals
as Vo= —Ryg/R(Vs+ Vg + V74 V5),"® where the
amplified gain is Ri9/R. With R = 10 kQ, we set the
four-level values of the amplified gain at 1, 2, 4, and 6
by selecting Ry9 of 10, 20, 40, and 60 kQ, respectively.
The summing amplifier is then connected to the
inverting amplifier, which is the unity gain because
the resistor Ry is equal to the resistor Ry, for trans-
forming the signal Vy to the inphase receiver signal
V1o- We convert the signal V; into a pure DC signal
V11 by an AC to DC converter,'® which involves a half
wave rectifier and feed-forward compensation. The
compensation sums the half wave rectified signal and
the signal V, to provide a full wave signal. The time
constant must be much greater than the maximum pe-
riod of the signal Vy, for reducing the gain error at

TABLE IV
Analysis of Variance
Factor SS dof 1% F
A 80.77 3 -
B 183.17 3 61.06 2.97
C 54.91 3 -
D 162.71 3 54.24 2.64
E 49.54 3 -
Pool error 185.22 9 20.58
Total 531.1 15

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Relationship between voltage and yarn diameter.

high frequencies. The time constant, R,sC,, is about
0.2 s by choosing Rpg = 22.2 kQ and C4 = 10 pF. The

signal Vy; is calculated by Vi1 = RygVig { 1 L} with

Ry~ Rxs
R25 =20 and R27 =10 kQ.

The output signal of the infrared device is small,
allowing it to be partially obscured by the noise of
the device and its amplifier. If the cutoff frequency
of a low-pass filter is high enough to allow the
desired frequencies of signals to pass, the overall
noise level can be reduced. The unity-gain Sallen—
Key low-pass topology'” is shown in Figure 1, where
the quality factor Q is usually lower than 3. The
capacitors Cs = Cg = 0.1 pF, the resistor Ry = 10 kQ,
and the resistor Rsy of 400, 100, 25, and 11.6 kQ give
the four-level values of 25, 50, 100, and 150 Hz,
respectively, for the cutoff frequencies by Eq. (5); thus
the low-pass filter has the quality factor Q of 0.15,
0.29, 045, and 0.50, respectively, by Eq. (6).

The data acquisition system uses an ADC0804
chip to convert the analog signal Vi, into the digital
signal. We connect pin CS of the chip to the ground
so that the ADC0804 chip is always enabled.'® The

V12 is limited to a voltage between 0 and 5 V by set-
ting the reference voltage of 2.5 V and connecting
pin Vin) to the ground. The signal V7, is converted
into the digital signal whose decimal value is calcu-
lated by 5V4,/255. Furthermore, an AT89C051 micro-
controller connects the ADCO0804 to the Hin232 chip,
and controls the analog to digital conversion. The
Hin232 accepts the standard digital logic value
between 0 and 5 V and converts it to the RS232
standard of +10 and —10 V based on four capacitors
C1z, C13, C14, and Cy5 of 22 pF. The data acquisition
system will send a stream of values to the computer.

The four-level values of five factors are listed in
Table II. We choose the quality characteristic of the
standard deviation in the output voltage of the de-
vice, which is transformed into the SN ratio defined
by the smaller-the-better characteristic as in Eq. (7).
The number of repetition data is 10. The SN ratios
for sixteen experiment trials are shown in the last
column of Table I. The mean of SN ratios for the
oscillated frequency (Factor A) at level 1 can be cal-
culated by averaging the SN ratios for Trials 1-4.
The mean of SN ratios for each level of the other fac-
tors can be computed in a similar manner. These
mean values are summarized in the response table
as displayed in Table III. The optimum factor-levels
are selected by the highest response values marked
by “*” in the subscript, which are Al, B2, Cl1, D2,
and E4. Al, B2, C1, D2, and E4 represent the oscil-
lated frequency at Level 1, amplified gain at Level 2,
cutoff frequency at Level 1, sampling time at Level
2, and number of sampling data to be averaged at
Level 4, respectively.

ANOVA is performed by the SN ratios and calcu-
lated F-ratios with each factor. The contribution of
factors with significantly lower variation than other
factors can be pooled to estimate the total variation
in the experiment. The pooled factors are indicated

TABLE V
CV Comparison Between the Infrared Device and Uster Evenness Tester

Cotton

Polyester (115d/36f)

Polyester (230d/48f)

Infrared Infrared Infrared
No. device (%)  Uster (%)  Error (%)  device (%)  Uster (%)  Error (%)  device (%)  Uster (%)  Error (%)

1 21.29 21.67 1.74 16.96 16.89 —0.41 17.15 17.51 2.08
2 21.41 20.98 —2.04 17.52 17.08 —2.58 16.78 17.70 5.19
3 21.09 22.01 4.20 17.19 16.98 —1.23 17.79 17.79 0.02
4 21.74 21.32 —1.96 16.49 16.50 0.05 17.45 17.59 0.79
5 21.93 21.35 —2.70 17.01 16.94 —0.43 17.08 16.95 -0.78
6 21.17 22.08 4.12 17.01 17.46 2.60 17.80 17.53 —1.55
7 20.65 21.50 3.96 17.27 17.44 0.98 17.24 16.65 —-3.54
8 21.18 21.99 3.70 17.24 17.59 1.99 16.90 17.57 3.79
9 20.78 21.56 3.61 17.63 17.58 —0.29 17.51 17.46 -0.31
10 21.55 21.17 —1.80 17.09 17.68 3.33 16.53 17.37 4.84
Mean 21.28 21.56 1.30 17.14 17.21 0.41 17.22 17.41 1.09
Variance 0.158 0.140 0.100 0.152 0.177 0.123
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TABLE VI
Closeness Justification of CVs Obtained by the Infrared Device and Uster Evenness Tester
Cotton Polyester (115d/36f) Polyester (230d/48)

Between Within Between Within Between Within

groups groups groups groups groups groups
SS 0.41 2.69 0.03 227 0.18 2.70
dof 1 18 1 18 1 18
14 0.41 0.15 0.03 0.13 0.18 0.15
F 2.72 0.21 1.19
Critical value in F 441 441 441

by symbol “~" in Table IV. The results show that
significant factors, B and D, are those whose F-ratios
are bigger than Fy 1539 at the risk of 0.12.

The confirmation experiment is of utmost impor-
tance in the design of an experiment. The estimated
SN ratios of the standard deviation in the output
voltage using these optimum settings can be com-
puted by Eq. (8). When comparing predicted and ex-
perimental values, good agreement may be assured
if the error between them is within the interval of
—CI and CI. The CI is calculated to be 6.63 by Eq. (9),
where o0 = 012, vo = 9, Fy1239 = 295, N; = 16, and r
= 10. In this case, the experimental and predicted val-
ues are 30.26 and 26.59, respectively; as a result, the
error is 3.67 within the interval of —6.63 and 6.63.
Hence, the results show good reproducibility of ex-
perimental data.

Steel bars with diameters of 0.08, 0.18, 0.30, 0.41,
0.48, 0.61, and 0.68 mm were used to construct the
relationship between the diameter and output voltage
of the infrared device. The relationship, shown in Fig-
ure 4, is approximated by a polynomial y = 18.097x°
— 63.709x" + 72.312x — 26.026, where y and x indicate
the yarn diameter and voltage, respectively. The infra-
red device is installed at the front of the Uster Even-
ness Tester. The yarn passes the infrared device and
the Uster Evenness Tester at a speed of 25 m/min and
testing time of 4 min. Three kinds of yarns, cotton,
polyester (115d/36f) and polyester (230d/48f), were
used. In the infrared device, the yarn shadow thick-
ness is measured in the voltage, which is amplified,
and then the voltage is transformed to the yarn diame-
ter based on their relationship. The yarn evenness is
evaluated by the coefficient of variation, CV, defined
by a ratio between the standard deviation and the
mean of yarn diameter data as in Eq. (10). The CV is
then transformed to the CV based on the mass per
unit length by Eq. (13). The yarn CVs by the infrared
device are compared with those by the Uster Even-
ness Tester as displayed in Table V using the same ten
pieces of yarns. The relative errors in CVs between
our device and Uster Evenness Tester are from —3.54
to 5.19%. The mean and variance of ten CVs are also
computed and listed in Table V. The relative errors in
mean values between our device and Uster Evenness

Journal of Applied Polymer Science DOI 10.1002/app

Tester are blow 1.30%. The closeness of yarn CVs
obtained by our device and Uster Evenness Tester is
verified by the one-way ANOVA, in which the sums
of squares (SS), degrees of freedom (dof), variances
(V), and F ratios (F) are computed in Table VI. When
the tabled critical value in the F ratio at the risk of 0.05
is larger than the calculated F ratio, we accept null hy-
pothesis that the infrared device and Uster Evenness
Tester perform equally. That is, the yarn CVs obtained
from our device are close to those from Uster Even-
ness Tester. Therefore, our device can evaluate the
yarn CV as accurately as the Uster Evenness Tester,
and unlike the Uster Evenness Tester, it can be in-
stalled in a yarn-manufacturing site to monitor the
yarn CV.

CONCLUSIONS

This article develops a new infrared device to evalu-
ate the yarn CV based on on-line measurement of
yarn diameter, and the device is immune from
severe influence of temperature and humidity. A
data acquisition system uses a serial communication
port to collect the yarn shadow thickness in a volt-
age signal. The device circuit is designed by using
the Taguchi method to systematically determine the
optimum values of some factors so that the environ-
ment disturbances and inherent circuit noises have a
reduced effect on the output voltage of the device.
The experimental results demonstrate that for yarns
of cotton, polyester (115d/36f) and polyester (230d/
48f), good agreement in CVs between our device
and Uster Evenness Tester is justified by ANOVA.
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