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ABSTRACT 

.An instrument based on the Chapman Printing Smoothness Tester 

has been devised to D3asure the distribution of paper surface roughness 

variations in the wavelength region between l/6 and l/90 of an inc~ .. 

The measurement is made by scanning a small spot of light over the con­

tact interface between a smooth glass block and the paper surface., 

Light scattered from the interface at a shallow angle is proportional to 

the area of optical contact l.ying within the spot, and is detected by a 

sensitive photamultiplier tube. A frequeney analysis of this time-va:r,y­

ing photomultiplier signal yields a band-limited noise spectrum corres­

ponding to the rand.om distribution of optical contact areas, along with 

distinct peaks at the f'requencies corresponding to the regular pattems 

of the woven wire screen upon which the paper was initiall.y formed, (the 

wire mark).. A quantitative assessment of the wire mark intensity may be 

made by taking the ratio of the average component of the photomultiplier 

tube signal at the f'requency of the wire mark pattern to the total 

average value of' the signal .. 

Surface roughness spectra may be taken with the instrument on 

both the top and wire aides of paper samples under pressure, and in both 

the machine and cross-machine directions of the paper .. 

Typical surface roughness spectra of' Canadia.n newsprint papers 

having a wide range of wire marks are illustrated, and the effect of the 

applied pressure on the surface rougbness speetrogra:m. is shawn. llso 

included is a detailed discussion of the problem of assigning a specifie 

wire mark value to a paper sample on the basis of its surface roughness 

spectrogram .. 
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I : INTRODUCTION 

1.1 The Problem of Wire Mark 

One of the major factors limiting the speed of newsprint paper 

machines in Canada is the problem of wire mark, which is the iBiprint lert. 

on the underside of paper when it is formed by draining a suspension of 

papermak:ing fibres through a moving woven wire screen in the Fourdrinier 

papermaking process. Because this woven wire screen (the Fourdrinier 

wire) generally bas a different number of strands per inch in the 

direction in which the machine runa (the machine· direction) from the 

number of strands per inch in the opposite direction, (the cross-machine 

direction); vire mark patterns have two different fundamental wavelengths. 

For example, the underside of paper made on a typical newsprint machine 

with a 68 x 52 mesh Fourdrinier wire will exhibit a period.ic surface 

variation with a wavelength of 1/52 inch in the machine direction and 

1/68 inch in the cross-machine direction. The intensity of the wire mark 

pattern lett on the finished paper is determined not only by the physical 

properties of the individu&! fibres in the paper machine stock, but also 

by the pressure-temperature-time history or the stock from the time it 

first impinges on the Fourdrinier wire to the time it leaves the last 

calender roll. Little can be done to assess the importance of the various 

factors involved in the creation of wire mark until an instrument bas 

been devis~d to measure it • 

.Uthough generated on the paper machine, wire mark manifesta 

itself as a problea primar1ly by interfering with the desired ink distri-



-2-

bution in the wire aide printing of the finished paper.. Because of its 

periodic nature, even a weak rire mark pattern is easlly recognized b;y 

the h1111811 e;ye. 

1 .. 2 The Measurement or Wire Mark 

The aethod &dopted for the me&Surellllnt or wire mark will be 

necessarlly detel"'lined b;y the wa;y in which vire mark is detined. Perhaps 

the aost basic definition is the e:xtent to which the substance ot the 

sheet is arranged in the regular pattern of the l"ourdrinier wire. The 

•thod ot Parker and Attwood l) involTing lllll.tiple transmission 

J3-radiographs is based on this definition. B;y means of successive 

translations of the paper between exposures, a photographie negative is 

obtained which ma;y be scanned b;y an optical densitometer to form an 

est:imate of the periodic component of small scale basis weight variations. 

The aethod. is time-consumi.ng and does not lend itselt to the rapid 

comparison ot large &amples. 

A second 118t.hod based on the above definition involves viewing 

the sheet by transaitted light and measuring the eomponent of transmission 

intensit;y variations at the wire mark frequency. The Q.N.S/K .. Formation 

Tester described b;y Burkhard et al .. 2) -.;y be used to assess wire mark in 

this wa7, although with severely limited spatial resolution. The optical 

tranSJd.ssion aethod has several attendant drawbacks, in that it eannot be 

used on opaque or coated papers and cannot dif'terentiate between the top 

and wire aides or a sheet.. In addition, the Q.N.S/K .. instrument does not 

measure rire mark as seen by a printing press, in that the masurellBnt is 
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not perfol"JJISd whilè the paper is under pressùre. A.tteçts to examine a 

printed sheet for vire mark b7 reflected light vith a modified Q.H.S/K. 

Fo:raation Tester 3) have been f'urther complicated b7 the introduction of 

inking variables into the test procedure. 

An alternative viev of vire mark to that proposed above is based 

on the postul.ate that vire mark interferes vith printing because it is a 

propert.7 of the vire aide surface of the paper. Wire mark Jd.ght be 

defined then as the extent to vhieh the contact area between the paper 

and a completely smooth surface is distributed at the vire mark apaeing. 

Prior to the ineeption of this project, no instruments to measure vire 

mark on the basis of this latter definition were known to erlst. 
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II BASIC PROPOSA.LS 

2.1 Specific!tions for the Wire Mark Meter 

As the tirst step in the design of an instrument to aeasure 

wire mark by a determination of the periodic component in the distribution 

of contact area between a paper sample and a saooth hard surface, the 

following list of specifications was drawn up:-, 

a) the instrument was to be able to measure vire mark over the 

spatial frequency range of l/10 to 1/100 of an inch, and to 

be able to differentiate elearly between machine direction 

and cross-machine direction wire marks; 

b) the method was to be applicable to opaque or coated papers, 

but was not to include printing of the paper as a mandator.r 

part of the test procedure; 

c) the measurement was to be made over an area of at least one 

square inch while the paper was subjected to pressures 

typical of those encountered in the printing process. 

AU of the above specifications could be met it was felt, by 

the suitable modification of a Chapman Printing Smoothness Tester, 4) an 

optical instrument used to determine the average fractional area of 

contact between a paper sample and smooth glass priam under pressure. 

During the early development of the latter instrument it was 

noted by Chapman 5) that paper surfaces with the sa.me average fractional 

area of contact might have that contact area distributed in different 
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ways: in large irregular areas; in small irregular areas; or, in the case 

of a heavil,y ld.re-marked sample, in areas regularly spaced at the wire 

mark frequency. 

A. photograph of a heavily wire-marked newsprint sample as seen 

through the inspection port of the Chapman Printing Smoothness Tester is 

given in Figure 1. The prominent machine direction wi.re mark of this 

sample appears as a series of parallel bars about 3/8 of an inch apart 

running from the top to the bottom of the photograph. Due to the optical 

properties of the pape~to-glass interface, points of optical contact 

appear bright, wbile regions of nonoptical contact remain dark. The 

explanation for this phenamenon may be found from the diagram of the 

optical system of the Chapman Printing Smoothness Tester given in 

Figure 2. 

2.2 The Operating Principle of the Chapman Printing Smootbness Tester 

In the Chapman Printing Smoothness Tester, the paper sample to 

be measured is elamped between the upper glass eompoœd prism and the 

lower glass backing plate by bydraulic pressure applied from below. A. 

tungsten fUament light bulb fioods the sample from above with a condensed 

beam of white light, whUe two independant phototubes mounted opposite 

separate faces of the compound prism observe the sample from two diffe~t 

angles. Light falling on the paper and refiected back upwards through 

points of optical control can reach both phototubes, because the indices 

of refraction of the paper and glass are almost the same.. Light refiected 

back upwards at points of nonoptical contact however, (where the actual 
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interface is air-to-glass, rather than paper-to-glaas), undergoes st:rong 

refraction due to the difference in the refractive indices of air and 

glass, and is confined to a 41° cone around the normal at thoae pointa, 

The upper phototube, located within a 41° cone for all pointa on the 

aample 1 can thua aee light renected from the entire paper-to-glass 

interface; wbile the lower phototube, located outside a 41° cone for all 

points on the sample, can see light only from points of optical contact. 

Beeause the intensity of illumination at both phototubes is proportional 

to the intensity of the incident illumination and to the brightness of 

the paper sample, the fractional ~rea of contact between the paper and 

the glass 7JJB.Y be derived from a relatively simple equation involving only 

two instrument constants and the ratio of the phototube currents. 5) 

2,3 Scanning of the Paper-to-Glass Contact Interface 

From the above description of the operating principle of the 

Chapman Printing Smoothnesa Tester, it is apparent that by a canning a 

small point source of 1ight in a timewise-1inear fashion over the paper­

to-tJ.ass contact interface, an electrieal signal g(x) may be derived from 

the lower phototube representing the intensity of light renected from 

the interface at the position x. The instantaneous magnitude of g(x) will 

be proportional to the local intensity of illumination incident on the 

paper sample l(x); to the area of the seanning light spot A; to the local 

brightness of the paper b(x); to the local fraetional area of contact 

within the light spot k{x); and to the luminous sensitivity of the photo-
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detector M. 'l'hus, we mB.J' write 

g(x) • A·M•l(x)·b(x)•k(x) 

However, since scanning or the sample is perrormed at a constant velocity 

v - r, we may equally well consider the photodetector signal as the time 

runction 

g(t) • A·M•l(t).b(t)•k(t) 

'l'he time average, or D.C. value, or this signal which is given 

by 'l' 

I a ~ 5O g( t) dt 

will then be proportion&! to the average brightness or the paper, B; to 

the average intensity or illumination, L; to the luminous sensitivity or 

the photodetector, H; to the scanning spot size, A; and rinally to the 

average rractional area or contact or the paper with the prism, K. 'l'hus 

we may write I • C1 •B•L•H•A•K• 

In order to determine the magnitude or the various periodic 

component.s of g( t.), t.he signal g( t.) may be passed tbrough a bandpass 

.f'Uter network whose response to a unit impulse input is h( t). The .f'ilter 

network output then will be given by 

j(t) - s: g(t-ll)·h(,\).d/1 

Because j(t) is the output or a bandpass filter howeyer, it 

will necessaril.y" have zero mean value : i.e. 

lim l (! j(t)•dt - 0 
'f..-... 'l'Jo 



One possible way of measuring j(t) is to talee its absolute value by tull-

wave rectification; i.e. let 

p(t) - j(t) 

and th en to take the time-average value of p ( t) : 

lsT i • T p(t) dt 

0 

Because the processes of filtering, full-wave rectification, 

and averaging are all linear processes, (in the sense that for each 

process the output amplitude is directly proportional to the input 

&llplitude), the value of i will be proportional to the same factors as 

was the original time function g(t), but in addition, the magnitude of i 

will be strongly in:tluenced by the characteristics of the bandpass filter 

network. In order to perform a meaningful frequency analysis of the 

signal g( t) then, it is essential that the mid-band gain and Q or the 

fil ter network be kept constant for ail values of the mid-band frequency. 

It the latter requirement can be met, then we may write 

where Wf representa the time-average value of the rectif'ied components of 

g(t) that are passed by a filter of mid-band frequency f'. 

It is apparent then that the ratio of' the average rectified 

!iltered signal to the average value of signal 
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will be proportional to the compone nt of g( t) lying within the passband 

of the filter; but will be independent of the intensity of illumination, 

L; the average brightness of the paper sample, B; the luminous sensitivity 

of the photodeteetor, M; the size of the scanning light spot, A; and the 

average fractional area of contact, K. 

The signal g( t) however, is a time-wise linear representation 

of the spatial distribution of contact between the paper sample and the 

glass prism, and thus the spectrum of contact area distribution for a 

given paper sample may be obtained by performing a frequency analysis of 

g(t) in the manner outlined above. The magnitude of the spectrum. at the 

frequency corresponding to the wire mark wavelength could then be expected 

to give a quantitative assessment of wire mark. It must be borne in mind 

however, that the spatial wavelength range which may be an&lyzed will 

have both upper and lower bounds. The upper frequency limit will be set 

by the size of the scanning light spot, A, (since no detail may be 

resolved on the paper surface which is smaller than the effective spot 

size); 'While the lower frequency limit will be governed by the minj mum 

number of cycles which appear in the course of a single scan of the sample. 

2.4 The Proposed Definition of a Wire Mark Index 

On the as~tion that the paper surface could be repetitively 

scanned every T seconds, a formal definition of wire mark was proposed, 

based on the Fourier series expansion of the photodetector signal g(t). 
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a cos n 
2n 1ft + cJ> n 

T 

the tille-average or D.C. value of the signal g(t) would be equal to a
0

, 

while the Fourier series component of the signal at any frequency 

f • 21,;7( would be an. In particular, at the wire ·mark frequency where 

f = 2{ w, the Fourier series component would be aw, and the wire mark 

index proposed was th us: 

2.5 The Effect of the Average Fractional Area of Contact on the Proposed 
Wire Mark Index 

It was pointed out by Dr. A.A. Robertson of the Institute staff 

that the above analysis indic a ting the ratio ir /I to be independent of K, 

the average fractional area of contact of the paper with the prism, falls 

to take into acco1mt the variation of ir due to the variation in contact 

waveform with changes in K. 

This important question was attacked by considering the 

benaviour of the proposed wire mark index for a fictitious •ideally wire 

marked" sample in the Chapman Printing Smoothness Tester. It was assumed 

that the surface profile of the sample was purely sinusoïdal at the wire 

mark frequency (Figure .3(a)), and that as the pressure applied to the 

sample was increased, the average fractional area of contact K could be 

increased from 0 to 100 per cent. The distribution of optical contact 
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along a given scanning line and the resultant photodetector signal g(t) 

tor K • 50 per cent are given in Figures 3(b) and 3( c). (A true square-

wave photodetector signal could be generated only by scanning the contact 

interface with an intinitely small light spot). 

For the general case of Figure 3(d), where the photodetector 

signal has the value unity during the period of optical contact from 0 

to 0( , and the value zero during the period of nonoptical contact from ex 

to 27r, the proposed wire mark index was found to have the value 

2-12 v w.M. (<X) - - 1 - cos o<:.. 
~ 

This function is plotted in Figure 3(e). The proposed wire 

mark index is thus seen to be zero for continuous optical contact, rising 

to the value 4/rr for a square-wave contact distribution, and reaching 

the value 2 for very brief pulses of contact at the wire mark frequency. 

Since the behaviour of this function is in good agreement with physical 

intuition conceming the severity of wire marks, (i.e. smaller values are 

assigned to natter surfaces), the definition of the wire mark index 

W.M. was tentatively adopted. 

2.6 The Choice of a Scann!ng Waveform 

In order to analyze the distribution of optical contact area 

over the paper surface by means of a frequency ana1ysis of the photo­

detector signal g( t), the generating light spot must scan over the contact 

interface at a constant velocity. In addition, in!'ormation is also 
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desired about the contact area distribution in two specifie directions: 

the machine and cross-machine directions of the paper. A rectangular 

scanning raster, formed either by sawtooth or triangular sca:nning wave-

forms, was thus dictated. 

2 .. 6.1 Sawtooth Scanning Waveforms 

The choiee of a sawtooth seanning waveform presented two serious 

problems. The tiret of these is that retrace blanldng of the ligbt source 

between consecutive line scans and between frames, (in order to prevent 

very high frequency components f:rom being introduced into the photo­

detector signal g( t) during the retrace periode), necessarily' introduees 

negative pulses into g( t) at both the line and frame frequencies. Furthel'l­

more, beeause the instantaneous values of g( t) will rarel;r be the same at 

the end of one scan and the beginning of the next at a totall;r different 

position on the sample, both positive and negative going step functions 

are introduced into g( t) at both the line and frame scan rates. Harmonies 

ot these pulses are certain to interfere with the frequency analysis of 

g(t), as they do in the Q.N.SjM. instrument. 2) 

2.6.2 Triansul;ar Scanning Waveforms 

The altemative choice of triangular seanning waveforms offered 

a solution to both of the above problems, since no retrace bl&nld.ng 

circuitr,r would then be required, and no e.xt.raneous pulses would be 

introduced into the fil ter circuitry. These two advantages were felt to 

outweigh by far the inherent difficulty of generating suitable triangular 
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wave sweep waveforms, and the latter ehoice of waveform. was thus ad.opted. 

2.7 The Problem of the Freguency Stability of the X-Axis Sweep Generator 

One of the most important aspects of the design of the bigber 

frequency swe.,p generator, (arbitrarily designated the X-axis sweep 

generator), was the problem of frequency stability. 

On the assumption tbat 

a) there are a wire marks per inch; 

b) the X-axis sweep genera tor runs at x cycles per second, 

with two complete scans of the paper per cycle; 

c) the distance scanned at the paper surface in the X direction 

is d inches; 

then the scanning speed v of the ligbt spot over the paper surface will 

be given by v • 2xd inches per secondi while the frequeney fw of the 

electrical signal corresponding to the wire mark will be given by 

fw • l!lV' • 2dmx cyclesfsecondo 

It was suggested that the desired wire mark range fromm • 10 

per inch to m • 100 per inch could be most easlly covered by an electrical 

filter in the audio frequency range; say from fw • 1 KC. to fw • 10 KC. 

For an X-axis sweep widtb of d • 1 inch, the X-axis sweep rate becomes 

f 
x- w -

2dm 
1000 • 50 cyelesjsecondo 

(2)(1)(10) 

The problem. of obtaining frequency stability in the X-axis 

sveep ~erator ( which would be essential in order to calibra. te the 

electrical filter in term.s of spatial frequency at the paper surface) 
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could then be solved by synchronizing the X-axis sweep generator with the 

power line frequency of 60 cycles per second, and either tuning the f'ilter 

over the range 1.2 to 12 KC., or reducing the X sweep amplitude to 0.866 

inches. 

The latter alternative, (although subsequently dictated in 

practice by the revamped optical system of the Wire Mark Meter), was not 

f'avoured for the following reasono The X sweep amplitude representa the 

longest uninterrupted distance scanned on the paper surface, and in order 

to perform a statistically signif'icant frequency analysis, at least !ive 

periods of the lowest frequency being analyzed should be present in a 

single X sweep, ten periods being preferable o 

2.8 The Limitation Imposed on the Size of the Scanning Lisht Spot 

The limiting factor which arises at the high frequency end of 

the spectrum is the aize of the generating light spot o Beeause no detail 

finer than the effective spot size can be resolved by the scanning 

technique, it vas considered desirable to make the effective diameter of 

the light spot at the paper-to-glass interface no larger than 1/5 of the 

shortest wavelength being analyzed, i.e. not larger than 0 .. 002 inches .. 

2.9 The Limitation lmposed on the Selectivity of the Filter Circuitrz 

Because the spatial resolution of the Q.M.SfM. Formation Tester 

was severely limited by the use of fixed· 1/3 octave bandwidth electrical 

!ilters in the frequency analysis eircuitr;y, it was felt that the corres­

ponding filter circuitr;y of the Wire Mark Meter should be eontinuously 
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variable in !requency, and should have as high a Q as possible, consistent 

vith reasonable anal.ysis times. 

It has been shawn. that the time required to per!orm a valid 

!requency analysis o! a periodic signal with a uni!orm power spectrum. 

depends only on the proportional standard error required and the bandwidth 

o! the !Uter employed. 6 ) I! Sn representa the true power contained in 

a given harmonie o! the signal g(t), and '(jn representa the r.m..s. error 

in the determination o! that power, then the number of harmonies N in the 

passband of the !Uter required to obtain a proportional standard error 

()n/Sn will be fi . Thus for a proportional standard error of 5 per 

cent, there m.ust be 400 harmonies in the passband of the ruter, and uaing 

a rut er vith a Q of 20 at 5 KC. would require a record which is 

( lt~O x 5~) • 8 ; 5 o! a second long. A Q of 20 was accordi.ngly proposed 

for the !Uter circuitry as a good compromise between high resolution and 

short analysis time. The corresponding analysis tilaes required for the 

sam.e proportional standard error at 1 KC. and 10 KC. are obviously 8 

seconds and 4/S o! a second respeetively for a filter with a Q o! 20. 

2.10 The Time Reguired to Completelz Scan a Paper Sam:ple 

At this juncture, it was proposed that the low-frequency or 

Y-axis sweep should rm1 at 3 cycles per second, with an amplitude of one 

inch at the paper surface. The resultant raster would then contain 20 

linas per frame, and 6 frames per second, as ahown. in Figure 4. 

It was decided not to synchronize the X and Y sweep generators, 

in order that the raster would not always sweep out the same pat tem on 
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the paper surface. On the assumption that n complete X scans are perf'ormed 

during the time required for m complete X scans, (where m and n are 

integers), the scanning pattern will not repeat itself' exactJ.y until all 

m complete Y scans have occurred. If the X and Y scan rates are in the 

ratio of 20.001 to 1.000, a total of' $-1/2 minutes will elapse before the 

scanning pattern is repeated at a Y scan rate of 3 cycles per second. 

This supertieial ana.J.ysis however ignores the tact that two scans ditter-

ing in position by less than one-halt of the size of the scanning spot 

will be essentially identical. A m.ore realistic upper bound tor the time 

required to repeat a particular scan is given by the ratio of the height 

of the raster to one-half' of the effective spot size. For a spot aize of' 

0.002 inches, and a raster height of one inch, a total of about 1000 

different scans are possible. At an X sweep rate of 60 cycles per second, 

a maximum of about 15 seconds would then be required before a given sean 

could be repeated. 

2.ll The Error in the Observed Wire Mark Freguene:v 

As may be seen from the complete scanning raster depicted in 

Figure 4, the use of triangular sweep detleetion wavef'orms means that the 

X sweep direction eannot be exaetly parallel to either the machine or 

cross-machine directions of the paper sample being exa.JD.ined. As a con-

' sequence, the observ-ed wire mark frequency f'w will always be lower than 

the true wire mark frequeney fw. If the ratio of X to Y sweep rates is 

as large as 20 : 1 however; the Observed wire mark f'requency 
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' .rw 
f - ~ rw (1 - 1/800) 
w -v 1 + 1/400 

will be easentiall7 identical to .rw• 

2.12 The Choice of a Scanqing Msthod 

In order to preserve a 1inear relationship between the distri-

bution of optical contact over a given scanning line and the corresponding 

photodetector signal, a somewbat stringent linearity tolerance of 1 per 

cent was proposed for the X sweep waveform. Sueh a high linearity 

requirement a.t a rate or 120 scans per second seemed to preclude the use 

of mechanical scanning systems., It was therefore proposed to use a 

fiying spot cathode-ray tube as a scanning light source, and to image the 

spot on the C.R. tube screen onto the paper-to-glass interface through 

the compound prism or the Chapman Printing Smoothness Tester by means of 

an intermediate lens. The proposed optical system is depicted in 

Figure 5. 

2,13 The Choice of a Photodetector 

Because the intensity of the spot on the C.R. tube screen would 

be low, it was expected that a photomultip1ier tube would be necessary to 

detect the refiected light signal; and in order to achieve as high a 

1uminous efficiency as possible, the photamultiplier and flying spot 

scanner tube were chosen as a matching pairo It was .round that the P16 

phosphor of the type 5ZP16 fiying-spot CoR. T. has the peak in its 1uminous 
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output at a wavelength of .3825 Î; ao that the type lP21 photomultiplier 

tube ahould be choaen, aince the peak in its spectral sensitivity curve 

occura in the region of 4000 1. 

2.14 The Propoaed Black Diagram of the Wire Mark Mater 

The complete block diagram proposed tor the instrument is given 

in Figure 6. 

2.14.1 Generation of the Sca.nnin.g Raster 

Generation of the scanning raster on the C .. R. tube screen would 

require an electromagnetic detlection yoke~ suitable X and Y sweep 

circuitry, and a well-regulated high voltage D .. C. power supply to provide 

ultor and :focusaing electrode potentia.ls for the C.R. tube. 

2.14.2 Detection of the Retlected Light Signal 

Conversion of the light signal at the paper-to-glass interface 

into an electrical signal g( t) would be accanplished by the photanulti­

plier tube whose photocathode potential would be derived :from a well­

regulated high-voltage D.C. power supply .. 

2.14.3 Analysis of the Photodetector Signal 

.Anal.ysis of the resultant signal. g( t) would require three 

:functional units: a D.C .. -coupled video amplifier to preserve the full 

bandwidth o:r the P .M. tube signal while reducing its source impedance; a 

tilte.ring amplifier with constant Q.ll constant gainjl and variable :frequenc.y 
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to extract the Fourier series coœponents of the signal g(t); and an 

averaging amplifier to take the D.C. value of either the video amplifier 

output., or the rectified output of the filtering amplifier. 

2.14.4 Output DisplaY 

It was proposed initially to display the averaging amplifier 

output simply by means of a panel œ'ter; with an auxiliary strip-chart 

recorder to be included later if its use for the plotting of surface 

roughness spectra were warranted. 
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lli : IMPLEMENTATION OF HABDWARE 

3.1 Functions ot the Electronic Syste.a of the Wire Mark Heter 

As •:r be seen from the block cliagraa ot the instrument given 

in Figure 6, the tvo priaar;r ~etions of the electronics inTolved. in the 

Wire Mark Heter are the generation of the raster on the screen ot the 

fi;ri:ng-spot C.R. tube, and the subsequent anal;rsis of the photoaultiplier 

tube signal. In order to accomplish these tunctions, however, both 

control circuitr.r and Tarious low and high Toltage power supplies are 

necessar;r. 

3.1.1 The P .M.- Tube High Voltage Power Supply 

. Wherever possible, coaerciall;r obtainable units vere purchased 

to perfora specifie tlm.ctions in the instrument. For example, the 

photomultiplier tube high Toltage power suppl;r chosen vas an N.J.E. 

Kodel S-325, whieh is capable ot clelivering from 500 to 2500 Tolts at 

·~ 10 ·id.. with lesa than 5 mV. total ripple, noise and hum. In addition it 

provides a Ter;r stable output voltage, with an output drift of lesa thaa 

0.1 per cent OTer an eight hour period. Reaote turn-on ot the high 

Toltage output vas the onl;r modification necessar:y to this unit. 

3.1.2 The C1R. Tube High Voltage Power Supplz 

The C.R. tube high voltage power suppl;r ehosea vas a Spel.lllaa 

Model RG,30, providing a well-regulatecl D .. C .. output voltage ot 15 to 30 KV. 
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at 1 liA. as a source of accelerating potential, and a lw voltage output 

of 4 to 6 KV. for electrostatic focussing of the C .. R. tube. .!gain, raote 

tUJ."'''l--ll of the high Toltage. oll'ttput vas the oal7 modification necessar;y. 

3.1.3 The C.R. TUbe Deflection Yoke 

The electromagnetic deflection yoke chosen was a Syntronic 

Instl'Uil8D.ts Type Y-16-!6P,. which has a double push-pull configuration, 

and requires lOO liA. peak currents for half-screen-width deflection of a 

SZP16 operated at an aecelerating potential of 22.S lV. 

3.1.4 Law Voltage Power Supplies 

Low voltage power for both the sweep and analyaia circuitr;y is 

drawn from three low voltage power supplies, a Lambda Model C282 giving 

+450 volts at 200 mA., and two Model C281 Lambda unite delivering ± 250 

volts at 200 mA. 

3.2 fhe Scan Generation Circuitrz of the Wire Mark Mater 

Because of the higb. coat of c01111118rciall7 available triangular 

wave tunction generators, it vas decided to attempt constructiœ of these 

units; especially since the I sweep oscillator would be line synchronized, 

and the Y sweep oscillator would have to be tuned only' OTer the narrow 

frequene;y range of about 1 eps to 6 eps. The ehoice of such a low Y sweep 

trequeney obviously dictated that the Y sweep circuitr;y wolilld have to be 

D.C.-coupled throughout, and it was aceordingly decided to Eke the I 

sweep circuitr;y D.C.-coupled as well in the interests of interchangeahility 
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and econOIIQ" of design, Thus two completely" ind.ependent D.C.-coupled ;o 

watt push-pull power amplifiera were required .. 

3,2,1 The Generation of Triangular Wave Sweep Waveforms 

The ehoice of a balanced push-pull defiection yoke, while 

eli:ainating the problems associated with singl.e-ended output eircuit:r;r, 

introduces the alternative problem of generating two complementar:r wave­

torms with which to drive the output stages., Two complementar:r triangular 

waveforma could be generated siJD.ultaneously" by integrating two comple­

mentar:r square wave signa].s, either by •ans of IiC networks directly, or 

by •ans of operational. amplifiera as integrators. 'l'he latter method was 

ruled out as i.mpractical however, since it would be required that the 

square wave signale have zero mean value, in order that the time integral 

of the square wave not increase or decrease indefinitely .. 

3 .. 2 .. 2 The Generation of Complementarz Square Wave Simals 

'l'wo complementary 60 cycle square wave signale could be 

obtained, it was reasoned, from the plate and cathode of a triode phase 

inverter stage, while the input to the phase inverter could be obtained 

by suitably" ampli.fying and clipping the 60 cycle line voltage., Appropriate 

3 eps square wave signals could likewise be obtained from a phase 

invert.er stage, but the problem then arose of finding a 3 eps sine wave 

oscillator. It was felt that a more satisfactoey solution to the whole 

problem would be to construct similar 60 eps and 3 eps triggering 

oseillators with which to drive identical bistable D.,C.,-coupled multi-



- 23-

vibrators. The plate voltage waveforms of the multivibrators then would 

be the required complementary square waves. 

3,293 The Choice of Triggering Oscillator 

The initial design of the sweep generator section utilized 2021 

gas thyratrons as relaxation oscillators for triggering purposes, but they 

were found to be very unstable with time :~ drifting eontinuously in 

frequency as they warmed up.. Although the 60 cycle oseillator eould be 

periodicall1 returned to line synchronization, the law frequency oseillator 

could not always be reset; and since the Y sweep amplitude of the raster 

on the C.R. tube screen was inversely proportional to the Y sweep oscil­

lator frequency, it was finally found necessar,y to replace the gas tb7ra­

tron relaxation oseillators with triode blocking oscillators. (In order 

to have :multivibrator output frequencies of 60 eps and 3 eps, the actual 

frequencies of oscillation of the higb and low frequency oscillators have 

to be 120 eps and 6 eps respectively).. The complete cireuitry for both 

types of oscillator are given in Appendix I ~ Figure A. 

The overall bloek diagram of the X and Y sweep circuitry is 

given in Figure 7.. The detailed circuitry of the :multivibrator-integrator 

section will be round in Appendix I g Figure B; while the detailed X and Y 

sweep power amplifier circuitr,y appears in Appendix I ~ Figure C .. 

J.2.4 The Correspondance Between Actual and Desired Sweep Waveforms 

The two square wave signala at the plates of the multivibrator 

have a peak-to-peak amplitude of 150 volts, and are connected to two 
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identical ~ networks to ground. (Figure 7) The effective value of' R is 

determined by the parallel resistance of' Bi, R2, and R
3

, so that the ~C 

time constant r of the network is thus 

The actual sveep waveform Fa ( t) at the point P in Figure 7 is a 

series of' positive and negative-going exponentials superimposed on an 

average D.C. level, as shown in Figure S(b). The equation of Fa(t) is 

given by 

Fa.lt.) = --.5+ {?s[{ 1- e -~)]- Jso[{t- e-(y;)j( Uc (t-'T')] 

+Iso[ (t-e -(;pJJ] [ u. (h~'l')J - t - + • .. } 
.J 

"' -5 +75{ [ t-e-71-J- 2 [ 1- e-(~)][u.(-t-'11] 
+2(1-e-~f'r'J][ u,{t-z'T')] - + ... } 

~ -sns {[ \-~XÎf)j- a[ f:;J-(fo)(:4T)i[ u. ~-T~ +- J 
where u

0 
(t-T) representa a unit step .function beginning at the time . 

t • T. 
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The desired waveform Fd(t) is depicted in Figure S(c), and its 

equation is given by 

Fd (tJ .. -5 + s {[ ty'l' J - e [ ~[ uo(-1:-'Ji~ +2 [ t;,errJ[ u. (t-2'1')] 

+ - + - (- )n 2 [ t;'l'][ 1!./t-n'l'l] 

In order to make the actual and desired waveforms agree as 

closely as possible, it is only necessar,y to make the ~ time constant 

) of such a value that 7} • f i.e. such th&t j = 15T .. 

The difference between the two curves will be given by the 

second order term l/2(t/']' )2, and will have a value of only 1/450 when 

7 • 15T, which is weil within the desired linearity tolerance of one 

per cent. 

3.2.5 Linearization of the Output Current Waveforms 

Having thus obtained two complementary triangular wave signala 

of suitable amplitude and with the desired linearity, it was then only 

necessar.y to ensure that the magnetic detlection yoke current waveforms 

were made linearly proportional to the input voltage waveforms. This 

step was accomplished by means of two identical inverting operational 

amplifiera which were used to drive the input grids of two type 6550 beam 

power pentodes. The push-pull deflection yoke was connected between the 

6550 plate leads and the +450 volt low voltage power supply, wbil.e current 
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teedback signala to close the loops around the operational a:mplitiers 

were obta~ed from adjustable resistors in the 6550 cathode retums to 

ground. Fi.xed resistors in the cathode leads provide convenient test 

points for monitoring the total cathode cur:rent • 

.3.2.6 FaU-5afe Design Features Incorporated into the Sweep Cireuitrx 

In order to protect the output pentodes from cu:rrent overloads 

due to the taUure of the triggering oscillator, multivibrator or 

ope rational amplifiera, 150 mA. .ruses were placed in the 6550 cathode 

leads. 

.Because quite some time is required tor the D.C. voltages at 

point P of Figure 7 to come to their stead:y-stage values a.rter the 

instrument is tiret switched onj) no D.C. voltages are applied to the 

operational amplifiera until the sweep generators have been running for 

seyeral minutes. In addition, shunt diode limitera were placed at the 

operational amplifier inputs to clamp their input signala at about -ll 

vol.ts in the event of taUure of the mreep generating circuitr,y. (This 

feature vas proven invaluable during the period when tempermental gas 

thyratrons were used as sweep oscillators). 

3.2.7 Adjustment of the Peak and Ayerage Values of the Defiection. 
Currents .. 

... 
The peak a:mplitude of the defiection currents œa:y obrlously be 

set b:y means of the variable cathode resistors in the output stage, while 

. the pos~tion of the raster on the C .R.'f. screen is determined by adjusting 

.· 
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the average D.C. level ot the input voltages to the operation&! amplifiera 

at point P. 

3.3 Control Circuit17 of the Wire Mark Meter 

In ord.er to protect the fiying-spot C .. R.. tube from the 

application of aecelerating potential in the absence of defiection 

currents in the yoke, or control grid. bias, somewh&t elaborate control 

circuitry was designed to pertorm the tollowing f'unctions~ 

a) apply ±. 250 volt potentials to the bloeking oscillators and 

multivibrators of the sweep circuit:ry, and to the ope ra­

tional amplifiera or the anal.ysis circuitry during the 

WARMUP mode. 

b) apply ± 250 volt potenti&ls si:m.ultaneously to the opera­

tional amplifiera and screen grids of the 6550 power 

amplifiera during the STANDBY mode, enabling the sweep 

circuit:ry to be adjusted .. 

c) apply accelerating potential to the C .. R. tube, and high 

voltage to the P.M .. tube during the ON mode. 

lt was turther desired that transter to the ON mode from the 

STAND BI mode could be performed onl.y' if the follow::lng criteria vere met: 

a) all three low voltage power supplies vere at least · 80 per 

cent or the ir nominal value .. 

b) the lead supplying control grid bias to the C.R. tube was 

connected to the C.R. tube enclosure. 
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c) the cable connecting the defiection yoke to the sweep 

circuit power amplifier was properly plugged in. 

Furtherm.ore, it anr ot the three low voltage power supplies 

were to tail during normal operation, the instrwœnt was to return auto­

matically to the WARMUP m.ode. 

The complete circuit diagram of the control circuitry devised 

to .fultU the above requirements is given in Appendix I : Figure D. 

3.4 Protective and Satety Circuitry of the Wire Mark Meter 

A low reverse-leakage semiconductor diode and a large storaae 

capacitor were used to ma.ke the tille constant or the C .R. tube control 

grid bias much longer than the time constant ot the accelerating potential 

power supply, in ord.er to protect the C.R. tube in the event ot power line 

voltage !allure. 

An electrical interlock on the C.R. tube enclosure prevents the 

application or accelerating potential with the C .R. tube exposed, while 

a simil.ar switch on the inspection port cover o! the Chapman Printing 

S1100thn.ess Tester tums off the P .M. tube power supply betore room light 

is admitted to the photomnltiplier tube housing. 

3.5 The Analysis Circuitr:.t. ot the Wire Mark Meter 

A photograph of the complete Wire Mark Meter is given in 

Figure 9. On the lett is the modified Chapoan Printing Sm.oothness Tester, 

surmounted by the C.R. tube enclosure; while on the right is the main 

cabinet containing the control, sweep, and an&lysis cireuitry. 
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3.5.1 Connection to the Photomultiplier Tube 

Because the photomultiplier tube and analysis circuitry were 

necessarily several reet apart, careful consideration bad to be given to 

the problem ot connecting the P .M. tube to the video amplifier. Becauae 

the photomultiplier tube beh&ves as a very wea.k (1 uA.) current source, 

careful shielding of the anode lead is necessaey, but then the shunt 

capacitance Cs of the shielded cable bas an adverse eftect on the avail­

able bandwidth of the P .M. tube signal. One solution to the problem 

would be to place a simple cathode-follower stage close to the P .M. tube 

in its light-tight enclosure, but then the n.c. level of the video signal 

would be lost. The problem was solved by designing the video amplifier 
. 

with an input cathode-follower stage, and connecting the shield of the 

P .M. tube lead to the cathode-follower cathode. If the gain of the input 

cathode follower stage is G, then the effective shunt capacitance Cr of 

the input lead may be reduced by a factor of (1-G). Assuming a source 

impedance for the P.M. tube of R • 106 ohms, a shunt cable capacitance 

Cs or lOO pt, and a cathode follower gain G of 0.9, the half power band­

width fl/2 or the input circuit will be given by 

(This value was later confirmed experimentally by observing the video 

amplifier ou.tput 'While applying Z-axis modulation to the C .R. tube with a 

variable trequency audio generator.) 
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3,5,2 The Video Amplifier 

As ~ be seen from the detailed circuit of Appendix I 

Figure E, the video amplifier consista of a. high-gain D,C.-coupled 

operational. amplifier with extended trequeney response. 7) Full negative 

teedback was applied through a one megohm resistor, so that the video 

amplifier o~put is thus one volt per microampere of P .M. tube anode 

current, The bandwidth of the amplifier ab ove was e:x:perimentally 

verified as greater than lOO KC .. ; well beyond the highest frequencies 

present in the video signal. Drift of the D,C. output level is corrected 

by means of a small variable bias voltage applied to the ditferential 

input grid of the input stage. 

3.5,3 The Averasing Amplifier 

Determination of the average D,C, level of the output of the 

video amplifier and the rectified output of the filtering amplifier is 

accomplished by the averaging amplifier, which uses the same basie 

operational amplifier circuit as in the video amplifier, but with its 

input and feedback impedances auch tbat the overall amplifier behaves as 

a low-pass tilter of variable euto!'f~frequencyll and with a D,C .. gain 

variable between 10 and 50 timeso Having an adjustable cutoff-frequeney 

&llaws the operator to choose a suitable time constant for damping the 

output panel meter, which is connected directly aeross the amplifier 

output. As in the case of the video amplifier, long term drift may be 

corrected by means of bias applied to the differential input tendnal. 
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3.,5,4 The Filteri.ng Amplifier 

The most ambitious aspect of this projeet was undoubtedly the 

development of a suitable filtering amplifier to extraet the Fourier 

series eomponent of the video signal. Althougb. it was definitely felt 

that the Q and gain of the filtering amplifier shoUld both be independent 

of frequeney over the range of 1 KC. to 10 KC., it was by no m.eans cert.ain 

whether or not a Q of 20 would be the optimum value. In rlew of the 

limited frequency range requirem.ent, and the uncert.ainty of the Q require-

ment, it was decided to attempt construction of suitable filter1ng 

cireuitry using an operational amplifier in conjunetion with a Twin-T 

feedback network. 

The null frequeney f
0 

of the unloaded TwinPT network, whose 

elements are R, R, R;2; c, C, 2C (Figure lO(a))~is given by f
0

= 2 -i"ac· 
At this frequency, the magnitude of the transfer function of 

the network is a minimum, and it may be shawn that by eonnecting the 

network as in Figure lO(b), a frequency selective amplifier is formed 

whose overall gain G is given by 

G-
~)] 
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The effective Q of this amplifier may then be shown to be 

rJpf'J;: = [ 1 ] 
""( " "' W 71_ - Wo/" 1>'2w 7W. o I.J 2 ' 

A frequency selective amplifier was thus proposed using the 

circuit of Figure 10( c), w'here in the overall gain G • -Re /Rj_ and the 

effective Q~ Ro could be adjusted independently. 
4R.r . 

It was soon round, however, that correct loading of the Twin-T 

network is extremely important for feedback amplifier applications. S) 

The simplified analysis gi ven above falls to take into account both the 

loading effect of the Twin-T network on an amplifier with finite output 

impedance, and the effect of loading of the Twin-T network itself by the 

feedback resistor Rf. The input impedance of the unloaded Twin-T network 

at its null !requency is given by zin • [R;~. [ 1-j], 8Dd is inversel,y 

proportional to the null frequency. In order to prevent the variation in 

· input. impedance of the Twin-T network with frequency from changing the 

overall gain G of the amplifier, it was round necessary to drive the 

Twin-T network with a high-transconductance cathode-follower stage. 

Variations in the bandwidth of the Twin-T network with frequency due to 

the loading effect of the feedback resistor Rf were also alleviated by 

interposing a cathode-follower stage between the Twin-T network and R.r• 

Ex:tremely close JIB.tching of the elements of the Twin-T network 

was found necessary. The capacitive elements were formed by silvel"'-mica 

capacitors padded to 0 .. 1 per cent tolerance. The resistive elements 
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were formed by deposited carbon resistors selected to a tolerance of 0.1 

per cent; and connected in series vith three ganged precision wire-woœd 

potentiom.eters. In actual !act, it turned out that the praetical upper 

limit to the effect Q of the filter amplifier was determined by the 

mechanical backlash and tracking error of the wire-wound potentiometers. 

B;y means of switched eapacitors in the Twin-T network, the 

amplifier may be tœed over tvo ranges 0.6 to 2.4 KC. and 2.4 to 9.6 KC. 

With the effective Q fixed at about 20, the gain of the amplifier is 

constant to within ± 3 per cent of the gain at 5. 0 KC over both the high 

and lov frequency ranges. The complete circuit diagram of the filtering 

amplifier is given in .Appendix I g Figure F. 

Half-wave rectification of the filter amplifier output is 

provided by a low reverse-leakage semiconductor diode with a resistive 

load. 

3, 5. 5 Operation of the A.nal::rsis Cireuitry 

A diagram ahowing the interconnection of the various œits of 

the analysis circuitr.r is given in Appendix I : Figure G. The main 

FUNCTION sviteh, Sl, bas the following six positions, starting from the 

position indieated. 

a) ME'l'ER ZERO - The input of the averaging amplifier is 

grounded and the averaging amplifier bias circuit adjusted 

to give zero output on the panel meter. 
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b) VIDEO ZERO - The video amplifier input is lef't open­

circuited with its output connected to the averaging 

aaplifier input, and the video amplifier bias adjusted to 

give zero output on the panel meter. 

c) CALIBRATE METER - The video amplifier input is conneeted 

to an extemal calibrating circuit with a known D.C. output 

and a known 5 KC. A.c. output. The gain of' the averaging 

amplif'ier is adjusted to ma.ke the output meter read tull­

seale. 

d) CALIBRATE FILTER- The f'ilter &JlPlifier is tuned to 5.0 KC. 

and interposed between the video amplifier output and the 

averaging amplifier input. The gain of' the filter amplif'ier 

is adjusted so that the output meter reads tull-scale. 

e) HEAD VIDEO - The input of' the video amplifier is connected 

directly to the photom.ultiplier tube anode, and the P.K. 

tube high voltage power ~upply is adjusted auch that the 

average D.C. level of' the video signal drives the output 

meter to f'ull-scale. 

t) HEAD FII:rER- The filtering amplifier is agai:â interposed, 

between the video and averaging amplifiera, and the panel 

meter reads the fil ter output directly. A surface roughness 

spectrogram may then be taken by tuning the filter amplifier 

with the built-in synchronous motor while simultaneously 

recording the averaging amplitier output. 
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In addition, in ord.er to prevent etray pickup, the P'Ulf;TIOI 

switch groœds the external. calïbrator input in positions a, b, e, t; and 

the tUtering amplifier input in positions a, b, c, e. 

A shunt resistance ot 22 m.egohms to ground is kept on the 

photomultiplier tube anode lead in ord.er that it will not be le!t open­

circuited. 

3.5.6 Ex:ternal Calibrating Circuitty; 

Because the accurac:y to 'Wbich the components ot the video signal 

may be determined is governed directly by the accuracy ot the test signal 

used to calibrate the analysis circuitey, a special ex:t.ernal calïbrating 

source was buUt. The extemal calibration source may in turn be rapidly 

checked at an:y time for the accuracy ot the ratio or its A.c. to D.C. 

outputs by means or an oscilloscope. The precision of this setting ot 

the calïbrating circuit is better than 0.1 per cent, and is independant 

ot the oscilloscope calibration. The circuit diagram or this external 

caJ.ibrat.or is given in Appendix I : Figure H. 



IV : GBBRAL DISCUSSION 

lt,l The Lack of Resolution in the Initial Besults 

Early at te~~pts to measure wire •rk with the instrument were 

not at &11 promising: initial surface roughness spectra taken on heavil,­

wire-aarked papers over the range of 30 to 90 marks per inch revealed 

onl.y' a very smal.l CCI!IpOnent at the ex:pected wire mark frequenc,-. No 

component attributable to wire mark could be found at ali in the surface 

rougbness spectra of lightl,- wire-marked samples. 

It was also found that the time-average value of the video 

signal from. the near and far aides of the paper sample ditfered by" a factor 

of almost three-to-one. When this variation occurred at the low frequenc,­

(Y scan) rate, it became necessary to heavily overdamp the output panel 

meter in order to estillate the time-average value of the averaging 

amplifier output. As a consequence, about fitteen seconds were required 

to take a aingle output reading, and about ten minutes to plot a single 

surface rouglmess spectrum.. 

The eomparison of about a dozen such surface rQugbness spectra 

however, reveaJ.ed one most significant tact: in addition to the lack of 

wire mark peak, all the speetra decreased unifol"JIIly in amplitude from the 

low to the high frequency end, Sinee it was expected that the high 

trequency eomponents of the video signal vould be at least as strong as 

the lov frequeney components, it became apparent that the overall system 

was also sutfering from a serious lack of resolution. 
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!·1·* Measurement of the Bandwidth of the Photodetection System 

In attempting to find the causes of this lack of resolution, the 

tiret step taken vas to measure the electrical bandwidth of the photo­

aultiplieJ.'I-rldeo amplifier combination. This vas done by placing an oiled 

sheet of opal glass in place of the paper sample in the Chapman Smootbness 

Tester, wbile appl.ying Z,..axis modulation to the C .R. tube. The half-pover 

bandwidth of the system was then folDld to be just below 20 KC., as 

expected. It was also folDld that the intensity modulation of the C.R. 

tube with a square vave signal of a given trequency increased the tilteJ.'I­

ing amplifier output by a factor of about 1.25 with respect to sine wave 

modulation of the sam peak-to-peak amplitudeo This result compared 

favourabl.y' with the expected increase of 4/1( predicted by theory. 

4.1.2 Measurement of the Effective Spot Size of the Scanning Light Spot 

The second step taken in the search tor the factors limiting 

the resolution of the instrument was a measurement of the effective size 

of the scanning light spot at the paper'l=to-glass contact int.erface. This 

was done by means of t.he edge-sweep test, which is pertormed by repeat.edl.y' 

scanning the light spot over a narrow dark bar of known width, and by 

compa.ring the time required tor the resultant video signal to fall to lje 

ot its initial value to the time required tor the spot to traverse the 

dark band. 9) (The method sutfers from a lack of precision, but gives an 

estimate of the effective spot size to witbin about ten per cent). 
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Such measurements indicated that the effective spot size at the 

paper-to-glass interface was about 0.02 inches, rather than the desired 

value of about 0.002 inches • 

.By means of the sa.me edge-sweep test it was then determined 

that the effective spot size at the C.R .. tube screen was less than 0.01 

inches, which i.mplied that although the optical system reduced the over­

all raster by a factor or 2.3, yet it increased the aize of the scanning 

light spot by a factor of more than two. 

!·2 fmprovements in the Optical System 

The optical system of the instrument was accordingly rebuilt, 

using an 80 lllll. focal length f2.8 coated anastigmat lens in place of the 

simple lens used previously. The OYerall deDJ&gnification of the new 

optical system was measured as 3.3 : 1, while the resultant spot size at 

the paper-to-glass interface was reduced to lesa than 0.006 inches when 

both the optical lens and C.R. tube were critically focussed. Although 

not meeting the design eriterion of 0.002 inches, this value of spot size 

was considered just acceptable. 

A.t the sam.e time it was discovered that the three-to-one 

variation round in the video signal amplitude .from one side of the sample 

to the other was attributable partly to the difference in optical paths 

between the two aides of the sa:mple and the photomultiplier tube, and 

partly to misalignment of the photomultiplier tube with respect to the 

priam. With caretul. alignment of the P .M. tube, the average video signal 

amplitude from one side of the sample to the other eould be kept within 
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the range of about three-to-two. It was further realized that b;y keeping 

the high frequenc;y scanning direction ac ross the width of the sa:mple, the 

unavoidable variations in video signal level due to optical path differ­

ences. would occur at 60 eps, rather than at .3 eps. As a consequence, 

much less d.amping of the output panel met er was necessary, and complete 

surface roughness spectra could then be taken mueh more rapidly. 

4.2.1 Disadvantages of the Rebuilt Optical System 

The revamped optical system was not without its attendant draw­

backs, however. Because the largest raster whieh eould be genera.ted on 

the face of the five inch diameter f'l.ying spot C.R. tube was only three 

inches square, the high demagnification of the focussing lens limited the 

maximum size of the raster on the sample to about 0.9 inches square. The 

design criterion of a one inch square sa:mple area was th us no longer met. 

In addition, b;y fixing the orientation of the sca.nning raster vith respect 

to the priam, the design criterion of measuring both the machine direction 

and cross-machine direction spectra on the same sample became attainable 

only by releasing the h;ydraulic pressure applied to the backing plate and 

pbysicall;y rotating the sample through ninety degrees. This latter pro­

cedure was more tille consuming and considerably less desirable than simply 

rotating the electromagnetic deflection yoke around the neck of the 

fl;ying-spot C.R. tube. 
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4.3 lmproveaents in the X and Y Sweep Circuitrx 

It was at this juncture that the decision was made to eliminate 

the gas thyratron relaxation oscillators of the X and Y sweep circuitry. 

Several hundred hours of operation bad proven that they vere ext.remely 

temperature sensitive, dritt.ing badly in .f'requency as they warmed up, or 

sometimes completelf ceasing to oscillate. Because a failure o.f' the X 

sweep oscillator lett only a very slowl1 moving spot on the C.R. tube 

screen, whereas failure of the Y sweep oscillator le.tt. a rapidly moving 

spot, the X sveep oscillator was changed first to the triode blocking 

oscilla tor described earlier. 'l'he same circuit was subsequently easilf 

adapted to the lower frequency o.f' the Y sweep oscillator. Both blocking 

oscilla tor circuits have since proven themael ves to be very reliable and 

stable wi.th respect to temperature. 

4.4 The Problema of Thermal Drift 

The:rmal drift, however, remains a problem in several other areas 

of the instrument, particularly in the D.C.-coupled multivibrator stages 

immediately !'ollowing the I and Y sweep blocking oscillators. Both 

multivibrator anode wavefo:rms are square waves whose upper value (about 

+225 volts) is relatively stable, but whose lower value (about +75 volts) 

is subject to considerable thermal drift. This disparity of behaviour 

oceurs because the higher anode voltage level oecurring during eut-off of 

one triode section is deter.mined solely by the resistive voltage divider 

connected to the anode lead, whereas the lower anode voltage level is 

essentially determined by the plate current which flows when the triode 
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is turned full on. This latter current is heavil.y innuenced b;y the 

emission of the tube, which in turn is quite sensitive to the operating 

temperature. The lower anode voltage level then drills downwa.rd con­

tinuousl;y as the sweep circuit power amplifier cbassis warms up. 

The D.C. levels of the input voltages applied to the following 

operational amplifier stages however, are necessaril;y related to the 

average D.C. levels of the lllUltivibrator anode voltages, with the result 

that the average D.C. levels ot the currents fiowing in the denection 

;yoke dritt stea.dily upward as the instrument warms up. In order to 

prevent excessive plate current in the sweep circuit power output stages, 

it is thus necessa.ry to monitor the output power pentode plate currents 

continuousl;y during warmup ot the instrument. 

Some thermal dritt also occurs in the outputs of the video and 

averaging amplifiera, but the total drift voltages during a one hour 

period a.tter warmup represent less tha.n tive per cent of the full scale 

output ot the instrument, and these are easil;y corrected b;y mea.ns of the 

appropria.te bias controls. 

4.5 The Faults in the Filtering Amplifier Circuitty 

Because the tiltering amplifier is A.C.-coupled, no correction 

tor its output drift is req,uired. It does have however, severa! other 

faults. Foremost among these is the lack of reproducibilit;y among the 

settings of the three sections of the three-gang wire-wound potentiometer 

which forma the variable element of the Twin-T filter network. Mecha.nical 

b•cklash, rather tha.n disagreement between the sepa.rate resistance-versus-
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rotation curves, would seem to be the problem here. 

A second serious !ault in the filtering amplifier lies in the 

nonlinearity of the transfer characteristics of the selliconductor output 

rectifier. Appreciable nonlinearity is apparent for output meter readings 

in the lowest 10 per cent of the seale, so that it is neeessary to change 

the gain of the filtering amplifier by a factor of three to keep the o~t­

put me ter reading in the upper half of the scale. 

4.6 Capabilities of the Completed Instrument 

In spi te of the drawbacks detailed ab ove, the completed 

instrument nonetheless meets the majority of its design objectives. 

Specifically: 

a) the instrument is capable of measuring wire mark over the 

spatial frequency range of l/6 to l/90 of an inch, and can 

clearly differentiate between machine direction and cross­

machine wire marks. 

b) the method is applicable to both opaque and eoated paper 

samples, and does not include printing of the paper as part 

of the measurement procedure. 

c) the m.easurement is made over an area of approximatezy one 

half' of' a square inch while the sample is sub jected to 

pressures typical of those encountered in the printing 

pl'locess. 
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V : EIPERIMENTAL RESULTS 

llthough wire mark representa a continuing problem in the lfire­

side printing or many grades of paper, the measurement of wire mark and 

the subsequent alleviation of the wire mark problem will be of the greatest 

significance to the newsprint industry. For this reason, by far the most 

work done with the Wire Mark Meter to date bas been on newsprint paper 

grades. 

5.1 'l';ypical Surface Rougbness Spectra of Newsprint 

Surface roughness spectra (i.e. plots of the distribution of 

contact area vs. spatial frequency) have been taken on a wide variety of 

newsprint samples as part of a comprehensive study of the wire mark 

proble111. in Canadian ~~wsprint. 10) 
~. 

From the wide selection of samples obtained for the above pro-

gram, particular specimens from different paper ndlls which displayed 

strong, average, and weak wire marks were chosen by the author. Surface 

rough:ness spectra were then tak:en on both the top and wire sides of the 

sheets, and in both the machine and cross-machine directions. 'l'o 

f'acilitate intercomparison among the spectra, a1l sa.mples were subjected 

to the same prism pressure of 300 psi, and all spectra were recorded to 

the same scale. 'l'he machine direction spectra (both top and wire side) 

are depicted in Figures 11, 13, and 15 for the samples displaying strong, 

average, and weak wire marks respectively; while the corresponding cross-
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machine direction epectra are given in Figures 12, 14, and 16. 

5.1.1 Cbaracteristics of Top Side Spectra 

The tirst observation which may be made tram these curves is 

that the top side spectra lie close to, but in general below, that of the 

corresponding vire side curves. In addition, the top aide spectra are 

relative!,. nat, displaY'ing no pronounced peaks. 

5.1.2 Characteristics of Wire Side Spectra 

The vire side spectra on the other band, all display peaks. In 

the case of the machine direction curves, the se peaks are seen to occur 

in the region of 50 marks per inch, whereas in the case of the cross­

machine direction curves, peaks oecur in the regions of 65 and 45 marks 

per inch. In addition, the vire aide machine direction spectra of news­

print otten exhibit a small peak in the neighbourhood of 17 marks per 

inch, as ma1 be seen in Figure ll .. 

The spatial trequencies of all these peaks JfJ&'I' be direc't1y 

related to the structure of the Fourdrinier vires upon which these papers 

vere made. One of the most cOJIIIIIOn types of Fourdrinier vire used in the 

newsprint industr.r is a twill-woven vire with a mesh count of 68 x 52, 

i.e. having 68 strands per inch in the cross-machine direction and 52 

strands per inch in the machine direction. The peaks in the cross-machine 

direction spectra near 70 marks per inch, and the peaks in the machine 

direction speetra near 50 marks per inch thus correspond directly to the 

!undamental mesh count of the Fourdrinier wire. Lesa apparent is the 
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origin of the cross-machine direction peaks near 45 marks per inch and 

the machine direction peaks near 17 marks per inch. These frequencies, 

bowever, are seen to be 2/'3 and 1/3 respectively of the fundamental cross­

machine direction and machine direction .frequencies; and they are therefore 

also directly related to the mesh count of the Fourdrinier wire upon which 

the paper was initially formed. It has been folDl.d in general that the 

2/3 subhal"DDIOlic of the cross-machine direction peak has almost as great 

an amplitude as the fundamental, whereas the 1/3 subhar.m.onic of the 

machine direction peak is usually very weak, or absent entirely. These 

obse:rTations are attributed to the nature of the twill weave pattern used 

in the weaving of Fourdrinier vires .. 

The magnitude of the .fundamental vire mark peaks is seen to vary 

considerably among various commercial newsprint samples. A.s an example, 

the machine and cross-machine direction vire mark peaks for the stronglJ' 

wire-marked sample (Figures 11 and 12) are 1.3. 7 per cent and S.S per cent; 

whereas the corresponding peak heights for the weakly vire-marked sample 

(Figures 15 and 16) are only 6.6 per cent and 7. 2 per cent respectively. 

The direct comparison of peak heights in the ab ove manner, 

however, falls to take into account the •random noise• component of the 

spectra, the magnitude of which refiects the overall roughness of the 

paper surface. Kuch greater variations are foun.d to exist between 

indirldual suples when the difference between the peak heights and the 

average levels to be axpected in the absence of a w1re mark peak are 

compared. For want of a better name, these differences have been called 
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the •excess height• differences, and are Ulustrated in Figure 17. As 

an example, the •excess height• differences in the case of the strcnglr 

wire-marked saaple (Figures 10 and ll) are 8. 7 per cent and 2.2 per cent 

in the machine and cross-machine directions, whereas the corresponding 

differences for the weaklJ wire-marked sample (Figures 15 and 16) are 

only 1.6 per cent and 1.5 per cent. 

5. 2 The Choice of a Wire Mark Index 

Two possible indices tor the quantitative assessment of wire 

mark thus present themselves: the peak height of the curve, ~; and 

the excess height, Ah. The questiœ th en arises as to which of the se 

two possible crite$ would be a. better mea.sure of vire mark. In 

addition, should both machine directiœ and cross-machine directiœ wi.re 

mark readings be combined into a single wi.re mark index; and i! so, in 

what aanner? 

One way or answering these questions would be to compare the 

peak height and excess height readings derived from the Wire Mark Meter 

tor a. given series of samples with readings on the same samples taken by 

an independant instrument alrea.dy known to be capable of assessing vire 

mark. Unfortunately, no auch independant instrument is known to exiat. 

5.2.1 The Correla.tiœ of Wire Mark Mater Readinga With Visual Gradins 

Becauae wi.re mark does not actual.ly manifest itael! as a problem 

œtil the final printing of paper, it is olten rega.rded as a paper 

printabUity problea. It is not aurprising, there!ore, th&t wire mark is 
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eommonl7 assessed by the subjective method of the visual grading or 

printed samples; i.e. the intensity or ld.re mark on a given sample is 

evaluated by comparin.g it ld.th a ld.de selection of standard aamples beaJ'I­

ing ld.re marks or different intensities. 

It was accordingly proposed to assess the suitability of the 

Wire Mark Meter as an instrument for the objective determination of vire 

mark by means of a controlled experiment in which the Wire Mark Keter 

ranJ.d.ng of a series of unprinted newsprint samples was to be compared 

vith the subjective ranking or an identical series or printed samples by 

a panel of competent judges. In order for this to be a valid comparison, 

the following conditions were deemed necessaey: 

a) the selection of newsprint samples bad to cover the range 

between heavfi1 w:ire-marked and lightly wire-marked in a 

fairljr uniform. manner; 

b) the printed samples bad to be essentialljr identical to 

their unprinted counterparts, and all bad to be printed in 

an identical manner; 

c) the panel of judges bad to be competent, unbiased, and not 

infiuenced in their judgement or w:ire mark by extraneous 

factors such as the brightness or formation of the samples. 

A total of twenty different newaprint saçles eovering the 

complete range of C0111B8rcial Canadian newsprints from heavily ld.re-marked 

to lightljr ld.re-marked vas thus examined in the Wire Mark Meter, under 

the supervision of Mr. 'l' .s. Duchnicki. Complete spectra were taken in 



the machine and cross-machine directions, and the heights of all peaks 

and the corresponding background levels read ott and recorded. An 

identical set of samples was then printed by the NPIRI wedge method ll) 

on the Institute Vandercook proof printing press, and the resulting 

prints ranked in order of increasing wire mark by a panel of three 

independant judges, of which the author was a mellber. 

Correlations were th en sought by Mr. Duchnicki between the 

average subjective ranking of the printed samples and various possible 

wire mark indices derived from the Wire Mark Meter readings on unprinted 

samples. The strongest correlations were round to occur when the sum of 

the machine direction and cross-machine direction measurements was used; 

while it appeared that the simple peak heigbt of the curve at the wire 

mark frequency was somewhat better as a wire mark index than the excess 

heigbt index. 

Proposed Wire Mark Index 

Peak Height - hmax 

Excess Height - 6 h 

Rank Correlation 
Coefficient 

0.75 

0.65 

Neither of these correlation coefficients was deemed by the 

judges to be remarlcabl.y good, and a close exanrlnation was theretore made 

of al1 the samples involved in the test. It was round that in several 

cases a wide disparity existed between the Wire Mark Meter ranking and 

the subjective ranldng of similar samples, and that this disparity could 

be attributed to a tendency of the jud.ges to be intluenced by the large 
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scale formation defects in the samples. Accordingly, a second set or 

samples was printed, but in this latter case, the heavily-inked portions 

were blanked off before being ranked by the judges. Considerable changes 

were evidenced in the ranking of particular &amples, while the rank 

correlation coefficients were round to increase accordingly. 

Proposed Wire Mark Index Rank Correlation 
Coefficient 

.9.3 

.92 

On the basis of these resulte, both of the proposed wire mark 

indices would appear to be equally good. From a study of the wire mark 

intensity on experimental pressure-formed handsheets however, lO) it 

would appear that because the excess height index Ah takes into account 

the difference between the periodic and random surface roughness 

variations, it is to be preferred somewbat over the peak height index 

hmax. 

The author is indebted to Mr. T.S. Duchnicki for permission to 

report the above results. 

5.2.2 Theoretical Considerations in the Choice of a Wire Mark Index 

The above observations lead naturally to a discussion of the 

fundamental problem of analyzing the photodetector signal g( t). It will 

be remembered that the method or analysis which was initially propoeed 

and subàequently rollowed was to take as an index of wire mark intensity 
1 

the ratio or the time-average value of the rectified filtered component 



- .50 -

of g( t) to the time-average value of g( t). This procedure in affect 

yields the relative amplitude spectrum of g(t). 

A JIIOre conventional approach, certainly as far as the co-.uni-

cations engineer is concemed, would have been to tak:e as an index of 

wire mark intensity the ratio of the time-average value of the squared 

filtered component of g(t) to the time-average value of g(t) squared. 

This latter procedure would in fact yield the relative power spectrum of 

g( t); that is to say, it would reveal the way in which the power avail­

able in g(t) is distributed with frequency. If, indeed, it is desirable 

to distinguish between the random and periodic components of surface 

roughness, (as the resulta of experimenta vith pressure-formed handsheets 

would seem to indicate), then the following technique could be used: 

a) Fraa the plot of the relative power spectrum of g{t) 

determine the power in the vire mark components at various 

frequencies in the machine &Dd cross-machine directions as 

~, s2, s3, etc. 

b) Determine the corresponding values of the random noise 

levels near the above vire mark frequencies as N1, N2, N3, 

etc. 

c) Tak:e as an index of wire mark the sum of the power of the 

individual wire mark peaks minus the Bllll Of the power of 

the adjacent random noise levels. 
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Such an index would obviously be zero tor a unitonn spectrum or randOIIl 

noise, and would indicate directly the relative power in the wire mark 

camponents or g(t). 

The question immediately arises however, as to how tpe power 

in the wire mark cœponents or g( t) would be related to the way in which 

the printability or paper is attected by wire mark. The tollowing points 

should be considered: 

a) The conversion !rom the surface profile or a paper sample 

to optical contact is highl.y' nonlinear. The loss or optical 

contact occurs at papel'-to-prism separations or the order 

ot one quarter or the wavelength or the light used, roughl.y' 

0.1 microns. Typical ink film thicknesses, however, are 

in the range or 5 microns' while the depressions in a paper 

surface may be as large as 25 microns or more. Thus, 

although the photodetector signal g( t) may be a linear 

tunction or the distribution or optical contact between a 

paper sample and the priam ot the Chapman Printing Smooth­

ness Tester, it will certainly not be a linear function or 

the surface profile or the paper sample. Furthermore, &ince 

g( t) carries no information about depressions in a paper 

surface deeper than about 0.1 microns, there could exist an 

intinite number or different paper surfaces all or which 

would give the same photodetector signal g( t). This 

obsel"V'ation is probably the most serious theoretical 
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eriticism of the prineiple of operation of the Wire Mark 

Meter. 

b) The unner in which a paper surface accepta ink during the 

printing process is an ext.remely complex fœction of I'J8.DT 

factors, including the depth and spatial distribution of 

the depressions in the surface, the compressibility of the 

paper, and the rheologi.cal properties of the printing ink. 

c) The relationship which exista between the actual. spatial 

distribution of printed areas on a paper surface, and the 

ability of the human brain to pereeive a regular pattem 

in that distribution, is a problem of psyeholog,y which 

remains to be claritied. 

In view of the multiplicity of factors involved in the gener­

ation and perception of wire mark on paper, the re does not 1eem to be any 

reason to suppose that the power spectrum of the photodetector signal 

g(t) would give any better measure of the "printing wire mark• of paper 

than does the amplitude spectrum. 

Finally, in view of the good correlations foœd to exist. between 

the printing vire mark determined by visual. grading, and Wire Mark Meter 

readinga derived from the amplitude spectrum or g( t), the addition or an 

r .m. s. volt.ter to the analysis circuitry in order to determine the 

power spectrum of g( t) has not been considered worthwhile. 
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5.3 Additiœs to the Wire Ma,rk Meter 

One of the f'unctiœs of the Wire Mark Meter included by the 

author in the original design specifications of the instrument vas the 

ability to autOII&tical.l.y plot the surface rougbness spectrum. of a paper 

sample, As the instru:m.ent developed, it became increasingly apparent 

that this ability would in tact be highly desirable. 

fhe addition of a small synchronous motor and reduction gear 

drive to the three-gang wire-wound potentiometer of the filterina 

amplifier vas carried out by Mr. T.S, Duchnicki. Under his supervision, 

a Westronics Model Sll-A'l' Potentiometric Strip Chart recorder vas al.so 

added to record the output of the averaging amplifier, 'l'he se additions 

proved to be extremely useful, in that they permitted the plotting of 

surface roughness spectra from 90 marks per inch dawn to 6 marks per 

inch in lesa than 90 seconds. 

2•4 'l'he Effect of Priam Pressure on the Surface Roughness Spectrum. of 
Newsprint 

Early surface roughness spectra plotted on a point-by~point 

basie had revealed that the distribution of optical contact of newsprint 

exudned in the Chapman Printing Smoothness 'l'ester was very sensitive to 

the pressure to which the sample was subjected during measurement. 

In order to illustrate this effect, a series of surface rougb-

ness spectra were recorded by the author for two completely different 

newsprint samples under applied pressures of 100, 300, and 500 psi. 'l'he 

machine direction and cross-machine direction spectra taken on a heari.ly 
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vire-marked newaprint sample are given in Figure 18 and Figure 19 

respectively; wbUe the corresponding curves for a newaprint sample be&l'l­

ing an average vire mark appear in Figure 20 and Figure 21. 

The first observation that may be made concerna the average 

level of the spectra: the higher the applied pressure, the lower the 

average leTal. It is toward the high frequency end of the spectrum. th&t 

this reduction is most pronounced, howeTer, in accordance with the !act 

thàt an increase in pressure will reduce the nU11lber of small areas of 

contact by causing them to merge into larger ones.. Note that the 

reduction in &Tarage leTal caused by a pressure increase from 100 to 300 

psi is much lees than the reduction in &Tarage leTal caused by a pressure 

increase from 300 to 500 psi. Further increases in the applied pressure 

produce progressiTely smaller reductions in the average leTal of the 

spectrum, in direct agreement vith the variation in fractional contact 

area vith pressure as originally described by Chapaan.. 5) 

The spectrum or Figure 18 illustrates not only the effect of 

pressure on the surface roughness of newsprint, but also the phenomenon 

of a •!1'0zen-in" wire mark. Note that the peak height of the curve at 

the fundallental machine direction wire mark frequency remains alatost 

unarrected by a five-fold increase in the applied pressure, whereas the 

corresponding cross-machine direction peak height falls considerably for 

the 8&llllt increase in pressure. For this particular newsprint the excess 

height index for the machine direction wire mark increases by a factor of 

almost two as the applied pressure increasea from 100 to 500 ps~. 
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In contrast, the peak value of the machine direction wire mark 

for the newsprint sample bearing only an average wire mark (Figure 20) is 

seen to fall with increasing pressure al.most as much as the average random 

noise level. The exeess height index for this sample is thus al.most 

independant of the applied pressure, as are the excess heights of the 

cross-machine direction wire marks of both the above newsprint samples. 

It is quite conceivable that the variation in the excess height 

wire mark index with pressure might be used as a measure of the relative 

11hardness 11 of wire mark impressions. This possibility, however, remains 

to be investigated. 

In order to permit the intercomparison of the spectra of various 

newaprint papers, a priam pressure of 300 psi has been adopted as a 

standard value for the routine measurement of wire mark; .firstly because 

it is typical of pressures encountered in the printing of newsprint, and 

secondly because little change in the surface roughness spectrum occurs 

with increased pressure. 

5. 5 Reproducibility of Surface Roue;hness Spectra at a Single IDeation 

Because the law frequency Y scan generator is not s,ynehronized 

with the high frequency X scan generator, successive scanning rasters do 

not cover the same area on a sample. As a consequence, the re is a certain 

amount of variation in the output of the averaging amplifier, whether it 

reads the tilDe-average value of the output of the video amplifier or the 

recti.fied output of the filtering amplifier. As a result of this variation, 

successive roughness speetra taken on a given sample are slightly 



-56-

different. The extent of this disagreement may be gathered from Figure 22, 

which shows eleven consecutive surface rougbness spectra taken by the 

author on the same sample at three minute intervals under a constant 

applied pressure of 300 psi. 

Each of the individua.l spectra has been displaced upward by an 

&mount corresponding to 1-1/2 per cent contact area. The strong machine 

direction wire mark peak near 52 marks per inch shows little variation 

between successive runs in comparison to the weak third subharmonic com-

ponent near 17 marks per inch. 

The analysis of the measurements made on the eleven curves gave 

the following results: 

Mean Value Standard 
Deviation 

Peak Height of Fundamental 
Wire Mark Peak 9 .. 6% .25% 

Random Noise Level Adjacent to 
Fundamental Wire Mark Peak 5.1% .w 

Excess Height of Fundamental 
Wire Mark Peak 4.5% .25% 

In view of the known variability in the properties of paper with 

location, these resulta are considered to be quite acceptable. If desired, 

the precision of the measurement may be enhanced by using a longer time 

constant in the averaging amplifier, coupled with a slower rate of 

rotation of the filtering amplifier frequency control. 

In order to determine the optimum time to scan through the 

frequency spectrum of a given type of paper, however, it would be necessar.y 
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to have same idea of the variability of the surface roughness spectrum 

from one location to another for that type of paper. Preliminary etudies 

on newsprint seem to suggest that with the present combination of 

averaging amplifier time constant and rate of frequency scanning, time is 

better spent in taking separate spectra at several different locations 

rather than attempting to determine the spectrum precisely at one parti­

cular location. 
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VI DISCUSSION, POSSIBlE IMPROVEMEN"l'S, AND CONCLUSION 

6.1 General Discussion 

The Wire Mark Meter has now been in use as a laboratory 

instrument at the Institute for almost one and one-h&lf years. During 

that time it bas yielded considerable insight into tne surface roughness 

of newsprint under pressure and the problem of wire mark in Canadian 

newsprint papers. A teehnical report describing the instrument and some 

of its findings has been published. 12) 

An intensive study of the problem of wire mark in newsprint, 

involving a comprehensive survey of commercial Canadian newsprint papers 

with the Wire Mark Meter, is currently being undertaken by Mr. T .s. 

D hn. k. 10) 
UC 1C l.o 

Preliminary results of additional work by the same author 

would seem to suggest that a very high correlation may exist between the 

random noise leval of a surface roughness spectrogram of a newsprint 

sample at frequencies well-removed from the fundamental wire mark peaks, 

and the overall printability of the sample as judged by visual grading. 

If this should indeed turn out to be the case, the possibility exista 

th&t the Wire Mark Meter might find application as a "nonprinting• 

predictor of the printability of newsprint. 

The general opinion of the instrument would thus seem to be that 

it is a highly successful research tool for the study of wire mark, and 

that it holds considerable promise as an instrument for studying the 
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relationships between the surface contact of paper under pressure and 

its fin&l printability. 

In spi te of its suc cess in the laboratory, however, the opera t­

ing principle of the Wire Mark Meter does not appear to lend itself to 

immediate application in the paper mill. Even if continued use of the 

instrument in the laboratory succeeds in delineating the ~les of the 

various factors involved in the generation of vire mark on paper, the 

nature of the optical system and the time requirements of the an&lysis 

process would appear to preelude the use of the Wire Mark Meter for the 

monitoring, recording, or controlling of the wire •rk on pa.per while it 

is moving. 

6.2 Possible lmprovements to the Wire Mark Meter 

Experience with the Wire Mark Meter has shown that the utility 

of the instrument eould be greatly enhaneed by certain modifications and 

improvements to the optical, bydraulic, and eleetronie systems of the 

instrument. Wit.h regard to the electronics systems, considerable impn:>ve­

ment could be made in both the scan generation and analysis eircuitry. 

6.2.1 Possible Improvements in the Optie&l System of the Wire Mark Meter 

The most serious of all the changes in the instrument which have 

been proposed so far would be the complete redesign of the optieal system 

of the Chapman Printing Smoothness Tester to adapt it speeific&lly for use 

in the Wire Mark Meter. Because there is no need for the upper photocell 

used in the Chapan inetrum.ent, (Figure 2), the corresponding upper face 
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of the compound prism could be completel.y' eliminated. With a suitable 

relocation of the photomultiplier tube, and a reduction in the length 

of the lower face of the compound prism, the main prism block 

could be reduced in height from four inches to lesa than three. As a 

consequence, the focal length of the main focussing lens could be reduced, 

and the lens and fiying-spot C.R. tube brought much closer to the prism. 

The resultant optical system would be far less eumbersame than the present 

one. 

Better orientation of the photomultiplier tube with respect to 

the compound priam and the introduction of a suitably located aperture 

could both be used to m&intain the average level of the refiected light 

signal seen by the photomultiplier tube essentially constant over the 

entire area being scanned. Credit for the latter suggestion is due to 

Mr. J.G .. Buchanan. 

In addition, the area scanned could be made at least one inch 

square at the paper surface, so that both machine direction and cross­

machine direction spectra could be recorded on the same aam.ple simpl.y' by 

rotating the scanning raster. This feature would be partieularl.y' useful 

in the analysis of small experimental paper samples made in the laboratoey. 

6 .. 2.2 Possible Improvements in the Hydraulic System 

Considerable improvement eould also be effected in the hydraulic 

system used to appl.y' pressure to the lower glass bac king plate.. Changing 

the present system to an air-loaded type would permit constant pressure 

loading of the paper sample, and would elimina te the gradual relaxing of 



- 61-

the applied pressure which occurs in the present design as the paper 

:yields in COIIlpression during the .first .few minutes a.fter loading. I.f this 

&il"-loading o.f the hydraulic system were per.formed by selecting the output 

o.f one o.f several .fixed law-pressure air regulators, (set for example to 

give priam pressures o.f lOO, 300, or 500 psi), good reproducibility o.f the 

applied pressure could be obt&ined on &l.l sa.mples, and the annoying pro-. 

blem of accidentall.y overshooting the desired pressure largely OTercome. 

6.2.3 Possible lmprovements to the Scan Generation Circuitq 

Insofar as the scan generation circuitry is concemed, the 

problem o.f defiecting the beam in the .flying-spot C .R. tube is essenti.al.ly 

a problem of obtaining a sutficient number of ampere-turns in the 

defieetion yoke. Although direct coupling to the yoke must be used, it 

is extremely wasteful to employ two D.C. power amplifiera dissipating over 

one hundred watts in their output stages alone to drive a load consuming 

less than five watts of actual power. Because thermal dri.ft is such a 

problem in both the present scan generation and analysis circuitry, the 

elimination o.f the existing sweep circuit power amplifiera would be highly 

desirable. 

One possible alternative would be to replace the present high­

impedanee defiection yoke with a law-impedance type, and to drive it by 

means o.f direct-coupled push-pull power transistors. Linearity of the 

defiection currents could be aehieved in the same mann.er as with the 

present system; that is to say, by using negative current .feedbaek through 

high-gain operational ampli.fierso Solid-state plug-in operational 
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amplifiera are now comm.erciall.y available and would be a natural choiee 

tor this tunetion. 

Becauae of the higher defleetion yoke eurrents involved in a 

law:-impedance system however, and the suseeptibility of transistors to 

f'ailure f'rom high transient reverse voltages, eareful attention would have 

to be paid to the damping of' the defleetion yoke in auch a system. 

One very attractive possibility that should be investigated is 

the use of the operational amplifier - power output stage eombination as 

an integrator with whieh to derive the triangula~wave deflection voltages 

directly, instead of' deriving them from. an Rr-C network. In order to do 

this, the eurrent feedbaek path eould be made through a large capaeitor, 

while the input impedance to the operational amplifier would be puNly 

resistive. 'l'he input signal fed to this eombination would then have to 

be a true zero mean-value square wave, or else the average level of the 

output eurrent would drift continuously. This latter problem could be 

avoided by parallelling the output eapacitor with a suitable resistance, 

so that the D.c. gain of the system remains fixed. In this way the 

average level of the output current eould be set by varying the average 

value of the input square wave signal, while the gain of the over&ll 

system could be adjusted by varying the eurrent feedbaek resistor, as is 

done in the present B.fStem. 

Two transistorized bistable D.C.-eoupled multivibrators !or the 

generation or the required X and Y sweep circuit square wave signale 

would norma.l.ly present little problem, but th,e •on• and "off'• eolleetor 

voltage levels of' sueh multivibrators would undoubtedly be highly 
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temperature sensitive. This latter di.fficulty would be even more acute 

than it is with the present vacuum tube circuitr;y. One possible way of 

avoiding the problem however, might be to use a pair of low temperature-

coefficient zener diodes connected back-to-back in order to define the 

peak values of the square wave signala fed to the following circuitr;y. 

Triggering of the X sweep multivibrator at 120 eps would be 

most conveniently done by differentiating a clipped and full-wave 

rectified sine wave signal derived from the power line voltage. 

Only one function would th en remain to be provided g that of a 

low-frequency square wave oseillator for the Y sean generator. Ideally, 

this function would be provided by additional solid-state ci.rcuitr;y in 

order to simplify the overall power supply requirements of the instrument. 

One possible solution to this problem could be provided by a 

system devised by the author for the low-frequency pulsing of a small 

rotar,y solenoid. The deviee provides a ehoiee of pulses at several 

different repetition rates between 1/4 and 2 eps, al1 in time synehronism 

vith the power line frequency. Basieally all that is required is a small 

synchronous cloek motor driving a sixto eight inch diameter opaque disk 

inside a light-tight enclosure. Small pilot lights set at various radii 

from the center of the disk are mounted facing one side of the disk, 

while light-dependent resistors are mounted opposite the pilot lights on 

the other aide. Small holes are drilled in the disk at the appropriate 
t 

radii. The rate of rotation of the disk and the number of holes at a 

given radius are the determining factors in setting the repetition rate 

of the light flashes on the various light-dependent resistors. 
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In this application, a choice of three or four photo-resistors 

could be provided; with the desired one selected by connecting it into a 

suitable B-C network to provide triggering pulses to the Y sweep multi­

vibrator. The basic system is capable of supplying pulses at fixed 

repetition rates over a frequency range of at least ten-to-one 1 and bas 

the two virtues of being both temperature independant and synchronized 

with the power line frequency. In the present case, this latter feature 

would ensure that the same path would always be swept out on a given 

paper sample, and would thus help to turther reduee the variation in the 

average level of the photomultiplier tube signal. 

6.2.4 Possible ImQrovements in the Analysis Circuitrz 

Considerable improvement could also be made to the analysis 

eircuitry of the Wire Mark Meter along the same lines as suggested above 

for the scan generation circuitry. 

One of the most obvious steps that could be taken would be to 

replace the vacuum tube operation&! amplifier used as a video amplifier 

with a solid-state plug-in unit. Several of the modele now commercially 

available are true eurrent amplifiera, and would thus be ideally suited 

to the problem of uplit'ying the weak photomultiplier tube current-source 

signal. Because such a module would genera te neither heat nor light, and 

should require infrequent checking, it could be profitabl.y mounted in the 

same enclosure as the photomultiplier tube itself. The averall bandwidth 

of the video amplifier would then no longer depend on the effective 

capacitance of the shielded cable running from the P .M. tube and prism 
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housing to the rest of the analysis circuitey. 

The second obrlous step to be taken in improving the ana.J.ysis 

circuitey would be the replacement of the present vacuum tube averaging 

amplifier with its solid-state counterpart. Little problem ought to be 

encountered in this step. 

Far more thought would bave to go into modification of the 

f'Utering amplifier section of the ana.J.ysis circuitry. Now that the 

operating principle of the Wire Mark Meter bas proven itself in the 

laboratoey, and now that the cbaracteristics of the filtering amplifier 

are fairly well de.f'ined, the best procedure would seem to be to incor­

porate into the instrument a commercial audio frequency spectrum ana.J.yzer. 

In order to do this, however, an instrument must be round tbat bas constant 

gain and constant Q from at least 500 eps up to 10 KC. or more; and which 

could al.so be modified to allow for semicontinuous mecbanical tuning. 

Ideally, such an instrument would include provision for a continuously 

variable Q up to a value of at least 20. With auch a .f'eature, the effect 

of altering the electrical. resolution of the ana.J.ysis circuitey could be 

readi.ly investigated. Finally, since most commercial audio spectrum 

analyzers include a quasi-r.m.s. detector and output indicator, it would 

be necessary to gain access directly to the output of the fil ter circuitey. 

(If such a detector were included, however, it would be veey interesting 

to actually compare the wire mark indices derived from the relative 

amplitude spectra and relative power spectra of a series of unprinted 

paper samples, with the visual grading of a similar set of printed samples.) 
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To avoid the need for recalibration of the filtering amplifier 

evecy time a change in its gain is required, provision should also be 

made to include a calibrated attenuator network at the output of the video 

amplifier section of the analysis circuitcy. If this step were taken, the 

extemal calibrating circuitcy would then be needed only for occasional 

checking of the analysis circuitcy. 

One final area of the analysis circuitcy would then remain to 

be improved: that of the auxiliacy strip-chart recorder. It would be 

most convenient to have the semi-automatic tuning of the spectrum analyzer 

start and stop the recorder chart-drive motor, and to have special chart 

paper printed with the time axis corresponding to the calibration of the 

filter of the spectrum analyzer. 

6.3 Conclusion 

The development of the Wire Mark Keter has been a most stimul­

ating and rewarding project. From the time of its inception almost three 

years ago, the project has involved problems in optics, mechanics, 

electronics and paper technology. 

It is the author's fond hope that the development of the Wire 

Mark Meter will prove to be a significant contribution to the field of 

pulp and paper research. 
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