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Introduction

Wherever smoothness of its surface is an important characteristic of a
material, there arises the problem of measuring it. Methods being used to
evaluate the roughness of a surface include devices that are based on leakage
of air (presumably rough surfaces provide poorer seals than do smooth sur-
faces), devices that are based on light reflectance. where the surface is illu-
minated obliquely and some measurement made of the reflected light, and
devices that are used to produce a magnified profile by moving a stylus
across the surface of the test material and amplifying its motion with mirror
arrangements or electrical apparatus.

Each of these methods has some limitation. The instruments that depend on
air leakage to measure roughness provide average values which are dependent
on the manner in which the test is conducted and theoretically may be dispro-
portionately affected by large gaps in the test area.

It is also important to note that this type of smoothness measuring instrument
which measures the volume of air between a plane surface and a paper surface
pressed against it, is subject to error because of varying losses of air
through the plane of the sheet or what is called losses that are due to trans-
verse porosity. This type of instrument, widely used in pulp and paper test-
ing is more fully described in T.A.P.P.I. Suggested Method T 479 sm 48,
"Smoothness of Printing Paper," which covers the determination of smooth-
ness with three instruments: the Beklc, the Gurley-Hill S-P-S and Williams.
Comprehensive evaluations of these three instruments point up the deficiency
of these smoothness testers in so far as they cannot cope with transverse
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.	 2 3porosity.	 4—'—'— In study XXV it was concluded that, in the case of very smooth
papers, smoothness readings on this type of instrument are principally a
measure of transverse porosity rather than smoothness.

Both "air leak" and "reflective" apparatus are capable only of providing indi-
ces of surface roughness and not an actual profile of the measured surface.
The objection most often given to types of apparatus that measure surface
profile by means of a contacting stylus is that the stress imposed on the sur-
face of test material by the stylus is usually great enough to distort surface
configurations and thus produce a false image of the surface.

This report describes a new apparatus for measuring surface roughness. It
is believed that this apparatus can be used to measure the surface profile of a
wide variety of materials, including paper. It has been demonstrated that
repeated tests may be made without alteration of paper profile even though the
stylus is moved over exactly the same path on the paper. Thus, in applica-
tion the uniqueness of this apparatus is that it has great sensitivity and can be
used on relatively soft surfaces.

Description of the Profile Gage 

General Description

The profile gage in principle indicates the deviation of a given point in the
surface being measured from a reference plane. The reference plane is
through the highest points in the surface within a 2-inch radius of the given
point. By moving the gage linearly over the surface, the deviation from the
reference plane of the points along a given line is measured.

The profile gage consists of a sensing head, a capacitance displacement gage
and its circuits, an oscillograph, and a means of moving the sensing head
slowly and uniformly over the surface to be evaluated.

--Institute of Paper Chemistry. Instrumentation Studies IX: The Bekk and
Gurley Smoothness Testers. Paper Trade Journal, March 25, 1937.

-Institute of Paper Chemistry. Instrumentation Studies XXV: The Williams
Smoothness Tester. Paper Trade Journal, January 27, 1937.

-institute of Paper Chemistry. Instrumentation Studies XXXVI: The Gurley-
Hill S-P-S Tester. Paper Trade Journal, June 6, 1940.
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Detailed Description of Sensing Head 

The sensing head assembly is shown in figure 1. It consists of a 4-inch-
diameter plane surface with a 1/2-inch-diameter central hole through which a
probe extends, a means of supporting the probe, and a pair of circular plates
that serve as the variable capacitor for the displacement gage. The plane
surface of the sensing head rests upon the highest points of the measured sur-
face, establishing the reference plane. As the gage is moved over the surface
to be measured, the probe follows the profile of the surface. The instantane-
ous position of the probe is indicated by a capacitance displacement gage
which, through associated circuitry, generates a direct current voltage pro-
portional to the deviation of the probe from its initial position. This direct
current voltage is recorded on an oscillograph. By adjusting the sensitivity
and time base of the oscillograph, various magnifications of the profile can be
obtained.

The circular plane surface of the sensing head is a phenolic plastic material
with a smooth turned surface.

Probe tips are ordinary phonograph needles, making available tip radii of
0.001, 0.0025, and 0.0030 inch. The probe needle is mounted at the end of a
very light wooden cylinder, about 2 inches long and 1/8 inch in diameter.
This cylinder is supported by a combination of elastic and inelastic threads so
that it moves freely in the axial direction and is restrained from moving
laterally. Two inelastic threads are attached near each end of the cylinder,
and these are extended radially from the cylinder about 120° apart. Cor-
responding threads at each end of the cylinder are in the same plane. Near
the middle of the cylinder is attached an elastic thread that extends radially
from the cylinder in a plane 120° from the inelastic threads.

The ends of these threads are anchored to the inner surface of a 4-inch-
diameter, thin-wall cylinder, the inelastic threads being of correct length to
hold the small probe-supporting cylinder centered within the larger one. The
elastic thread is extended until the desired tension is obtained. The point
where the elastic thread is attached to the probe-supporting cylinder is adjust-
able to permit introducing an axial component into the tension force of the
elastic thread. In this way, the effective weight of the probe can be reduced
to a low value simply by attaching the elastic thread farther down on the probe
body until it carries the desired fraction of the probe weight.

Capacitance Displacement Gage

The displacement gage consists of a capacitor whose capacitance changes
with displacement, an oscillator incorporating the displacement-sensitive
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capacitor in its frequency-determining circuit, a narrow band limiting ampli-
fier, and a frequency discriminator.

At the top of the probe is a light aluminum disk, 3/4 inch in diameter,
centered on the probe and in a plane perpendicular to it. As the probe is
made of insulating material, this aluminum disk is insulated from its sur-
roundings and serves as the nongrounded plate of the capacitance displacement
gage. Electrical connection to the disk is made through a fine flexible wire.

The grounded plate of the capacitance displacement gage is a 3/4-inch-
diameter disk mounted coaxially on the spindle of a micrometer head. The
micrometer provides a convenient means of adjusting the separation between
the plates, and in addition permits direct calibration of the capacitance dis-
placement gage.

Mounted on the sensing head body is an oscillator that incorporates the plates
on the probe and on the micrometer as the capacitance in its frequency-
determining circuit. The power supply, amplifier, and frequency discrimi-
nator are separate, connected to the oscillator by flexible cables.

The oscillator is a simple Hartley circuit, using a tapped inductor. The
inductor is variable by means of a movable powdered iron core. Output is
taken through a 10-micromicrofarad capacitor from the cathode of the 6C4
vacuum tube to the terminal of a coaxial cable.

The coaxial cable carries the oscillator output to a narrow band, limiting
amplifier. The pass band of the amplifier centers at 5 megacycles and is
about 400 kilocycles wide. The output amplitude of the amplifier is essen-
tially independent of the input amplitude when the latter exceeds 100 milli-
volts. The output stage of the limiting amplifier is a cathode follower which
drives a frequency discriminator. The discriminator delivers about 1 volt
for a 0.2 percent change in frequency, up to a maximum of about plus or
minus 20 volts.

Oscillograph

The oscillograph used can be either a cathode ray type equipped with a
camera, or a galvanometer type. For use with the latter, a high input
impedance direct current amplifier is required.
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Tracing Drive 

In actual practice, it has been found more controllable to move the surface to
be studied while constraining the sensing head from moving. A smooth, flat
surface is provided, on which the paper or other surface to be studied is
mounted. This flat surface is mounted in guides which permit it to move in
its own plane. A rack and pinion, driven through reduction gears from a
fractional horsepower induction motor, provides the motive force. The
motor is of the shaded pole type, so that its torque does not collapse as the
motor is slowed below normal operating speeds. Thus the speed of the drive
mechanism can be varied, as by a mechanical governor on the motor.

The sensing head rests on the surface to be measured and is prevented from
lateral movement by a rigid yoke.

A photograph of the sensing head in position to measure profiles of paper
specimens is shown in figure 2.

Uses and Advantages of Apparatus 

The apparatus described should have wide application in a number of different
areas of materiels evaluation. For example, in the paper products field it
may find use in measuring the profile of paper to establish relationships be-
tween printability and surface roughness; to measure the effect of paper addi-
tives on paper roughness; to study effect of paper machine operating vari-
ables on the profile of paper; to study effect of pulp and pulping process vari-
ables on paper profile.

The apparatus should be useful in evaluating paper plastic materials, such as
plastic table tops. For such applications it could be used to study such
defects as the telegraphing of knots and wood grain patterns of core stock
through to the surface of the plastic covering material.

Other uses could be as a tool to study machining of wood or plastic surfaces.

Study of the surface profile of hardboard or particle board and such related
problems as springback and uniformity of products as affected by different
resin binders are other possible uses.

Although the list of applications of the described apparatus is not endless, it
can be safely concluded it could have application for measuring surface pro-
files of many widely different materials wherever a critical evaluation of
surface profile is desired.
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The advantages of this apparatus over other commercially available apparatus
now being used to measure the roughness of sheet materials are as follows:

(1) The principle advantage is that it can be used on very soft materials be-
cause the force required to actuate the stylus can be made exceedingly small.

(2) It can be used to make a continuous, magnified record of surface contours
rather than an index to roughness that is dependent on how a surface affects
air leakage or how it affects light reflectance.

(3) The profiles obtained are reproducible.

(4) Profile determinations can be made in any direction in the plane of the
sheet.

Results of Profile Measurements on Paper 

Although the apparatus has been used with success on metal, glass, and
plastic surfaces, the major interest and reason for its design have been for
measuring surface profiles of paper materials. The development of this
apparatus was initiated because of a need for a research tool that would
describe paper surfaces more accurately than the methods now generally
recognized as standards in the pulp and paper field.

Further substantiation to support the argument in favor of the profile or topo-
graphic mapping type of apparatus as a means for evaluating surface smooth-
ness can be found in "Instrumentation Studies VIII: An Analysis of 'Smooth-
ness'" by the staff of the Institute of Paper Chemistry.

"A reconsideration of the requirements for surface smoothness testing from
many angles," this report states, "leads repeatedly to the apparent necessity
of avoiding any principles devised for making a single measurement on a
large area of paper as an index purporting to describe the type of surface
peculiarities present. As a consequence it is not to be recommended that any
procedure other than actual topographic tracing of individual irregularities of
surface, including the photometric one devised at the Institute, should receive
the benefit of extensive development."

The measurement of paper profiles offers one of the most challenging surfaces
for profile-measuring apparatus because they are frequently both soft and
very rough.
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Creped paper, such as paper toweling, is an example of such a surface. The
apparatus described in this report has been used successfully on such a sur-
face, as shown in figure 3. Figure 3 also shows repeat profile records made
at the same position on the toweling to show that reproducible profiles can be
made without altering the distribution of fibers forming the paper.

As an illustration of how the new apparatus could be used, a comparison was
made between Bekk smoothness values and the data from profiles made of the
same paperboard with the apparatus described in this report.

Three types of commercial board were tested:

Lot 1. 0.018-inch-thick solid manila plate stock having an average Bekk
smoothness of 6 seconds.

Lot 2. 0.026-inch-thick solid sulfite linerless stock having an average Bekk
smoothness of 20 seconds.

Lot 3. 0.022-inch-thick yellow tint plate stock having an average Bekk
smoothness of 47 seconds.

Four samples of board were tested from each lot.

In order to obtain a true perspective for a visual comparison of the surfaces,
true profiles were made in the machine direction and cross machine direction
for each lot of board. By the term, true profile, it is meant that the magnifi-
cation is the same in the horizontal as in the vertical direction. A sample
true profile for each lot of board is shown in figure 4. The portion of board
evaluated is about 0.1 inch and the magnification shown is about 275 times.
Examination of figure 4 shows that there is no obvious difference between
profiles for lots 2 and 3; however, the profile for lot 1 shows the surface to
be considerably rougher than either lots 2 or 3.

For sake of convenience, so that the profile charts be not too unwieldy, the
horizontal scale was collapsed to about 48 times by slowing down the speed of
the chart recording the profile. In order to amplify the peaks and valleys of
the board surface, the magnification in the vertical direction was increased
to 1,100 times. A representative profile for each of the three boards tested
is shown in figure 5.

Although it is usually possible to separate profiles in order of roughness by
visual examination, it is desirable to be able to assign a numerical index to
roughness. Several methods, though not necessarily equivalent methods,
were considered. For example, the distance between peaks and valleys might
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be used as an index to roughness. The area between the line of the profile
and some arbitrary baseline might also be used as an index.

Another measure of roughness considered was a ratio of the linear distance
along the profile to the length of baseline under the profile. Perhaps the best
index to roughness for the-particular profiles reported here was the statisti-
cal standard deviation of the profile from some arbitrary baseline. Although
this method is somewhat time-consuming, it has an advantage over other
methods in that the location of the arbitrary reference baseline does not in-
fluence the numerical value assigned to the profile.

Calculation of standard deviation were determined from baseline to profile
measurements at 36 intervals along a 7-inch baseline using the formula:

S .D.
.Ex2 - (Ex)2 

N

N - 1

where x is the distance between baseline and profile and N is the number of
measurements in the sample (36).

These standard deviation determinations are presented in table 1 along with
Bekk smoothness values for each of the boards.

Values presented in table 1 are also shown graphically in figure 6. It can be
seen that there is some scatter of data; however, there is considerable dis-
agreement between the two test procedures as to the relative order of smooth-
ness of the boards. The average profile standard deviation for lots 2 and 3 is
0.78 and 0.76, respectively. If these are truly representative values, it
means that the boards have about the same roughness. Bekk smoothness
values, on the other hand, are 20 for lot 2 and 47 for lot 3, indicating a con-
siderable difference in roughness. The reason for this difference was not
definitely established, although conceivably it might be due to differences in
porosity, density, or sizing effects between the two lots of board on the Bekk
smoothness results.

It is interesting to note that profiles made in the machine direction as indi-
cated by standard deviations are generally smoother than those made in the
cross machine direction.
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Conclusions

The apparatus described has been successfully used to measure paper pro-
files over a wide range of•roughness. It is capable of making reproducible
profiles of paper surfaces, indicating that the stress on the paper by the
stylus is not great enough to disturb appreciably the fibers at the surface of
the paper.
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Table 1.--Standard deviations of distance from base line to profile plus 
associated Bekk smoothness values for  three lots l of paperboard

Bekk
smooth-
ness

Seconds 

5

Lot No. 1

:Standard deviation : Bekk
	 :smooth-
: Machine : Cross : ness
:direction: machine :

:direction:

: Mils	 : Mils	 :Seconds 

: 0.310 : 0.386 : 18

Lot No. 2

:Standard deviation : Bekk
	 :smooth-

: Machine : Cross : ness
:direction: machine :

:direction:

: Mils	 : Mils	 :Seconds 

: 0.102 : 0.128 : 50

Lot No. 3

:Standard deviation

: Machine : Cross
:direction: machine

:direction

: Mils	 : Mils

0.089 : 0.148

4	 :	 .324 :	 .321 : 23 	:	 .134 :	 .157 : 44 	:	 .114 :	 .147

6	 :	 .392 :	 .416 : 19	 :	 .165 :	 .150 : 52	 :	 .153 :	 .167.	 .	 .	 .	 .	 .	 .	 ..	 .	 .	 .	 .	 .	 .
7	 :	 .407 :	 .330 : 22	 :	 .166 :	 .161 : 42	 :	 .148 :	 .159

•••

Av. 6	 :	 .358 :	 .364 : 20	 :	 .142 :	 .149 : 47	 :	 .126 :	 .155

hot 1 - A 0.018-inch-thick solid manila plate stock having an average Bekk smooth-
ness of 6 seconds.

Lot 2 - A 0.026-inch-thick solid sulfite linerless stock having an average Bekk
smoothness of 20 seconds.

Lot 3 - A 0.022-inch-thick yellow tint plate stock having an average Bekk smooth-
ness of 47 seconds.





Figure 2. --Showing sensing head, specimen holder and driving mechanism (electrical amplifying
equipment not shown).
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