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Abstract

How well can people detect shape with their fingers? How accurately can they discriminate between
two small shapes? To study this problem, the Biorobotics Lab will test people’s ability to detect which of
two spherical ball bearings is “perfect” and which is out-of-round. An earlier report described grinding
procedures for making precise distortions of spheres. The spheres then must be polished to remove
surface texture cues that might confuse the experiment. This report describes polishing methods used to
achieve uniform texture on the spheres, and also a system for precisely measuring the profile of a circular
cross section of the distorted and polished spheres.
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1 Introduction

It is of interest to determine how well humans can detect distortions of spherical objects and to discover the
stereotyped movements, coined “Exploratory Procedures” by Lederman and Klatzky, which they use to make
such descriminations. In order to conduct experiments in this area, a supply of spheres must be available
with precisely specified distortions, as well as control spheres which are considered perfectly round. The
control spheres can be easily purchased from a variety of sources. For example, our initial studies use 0.4996
inch diameter ball bearings made of highly polished, hardened steel. If a subject is to detect deviations from
perfect sphericity, they may use a variety of cues, depending on how the reference spheres are distorted.
These queues may include

• Eccentricity.

• Texture.

• Local Curvature.

We wish also to distort these spheres in precisely defined ways, ideally to determine a sensory threshold
for a specific attribute. However, not all of these cues are variable independently. Since a sphere is defined
as a surface of constant local curvature, any amount of eccentricity would also change local curvature.

There are many other possible distortions of a sphere which might lead to interesting haptics research,
however more straightforward results will be obtained if we can set just one of the above three variables as
an independent one, and minimize variations on the other two.

This report concentrates on polishing spheres to eliminate texture as a clue and also metrology to measure
the local curvature of the spheres.
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Figure 1: Tumbling machines (Lortone, Mukilteo WA) used for polishing modified and control spheres.

2 Tumbler and Vibratory Polishing

The goals of polishing our test spheres are to

1. Elimininate texture differences between modified parts of the ball and the unmodified parts of the ball.

2. Elimininate texture differences between the modified balls and control balls.

3. Give the balls a smooth texture.

Tumbling abrasive machines work by rolling a cylindrical container containing the parts to be smoothed
and an abrasive compound. Vibratory polishing works similarly except that the container is vibrated rather
than rolled. Plastic pellets are sometimes added to the abrasive to keep all elements circulating inside the
tumbler. Vibratory polishing is somewhat faster than tumbling but the machines are more expensive and
noisy. We selected a low cost 3-barrell tumbler from Lortone, Inc. Mukilteo WA. We bought a second one
so that we can have more than three cylinders going simlutaneously.

2.1 Abrasives

We have evaluated the following abrasives from Graves Inc., Pompano Beach, FL,
(http://www.gravescompany.com).

• 60/90 Tungsten Carbide

• 120/220 Tungsten Carbide

• 500/600 Tungsten Carbide

• “Green Dry” rouge coated walnut shells

• “Deburring Powder”

The numerical rating of carbide abrasives, as with sandpaper, goes up inversely with particle size and
thus lower numbers remove material faster but produce a rougher surface. “Green Tumble Dry” material
appeared to be small particles about the density of walnut shells but coated with green paste-like material..
“Deburring Powder” appears to be corn meal, perhaps treated with some chemicals.
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When brand new ball bearings were tumbled with “Green Tumble Dry” for 3 days, they emerged with
their mirror finish intact and were visually indistinguishable from new balls. The same was true of balls
tumbled in “Deburring Powder”. Balls tumbled with tungsten carbide abrasives emerged with a dull finish.
The coarser abrasive produced the darkest finish and the finish appeared lighter as the ball was progressively
tumbled through finer abrastives.

2.2 Methods Used

2.2.1 February 2009

20 balls (10 modified, 10 controls) for the Feb/March 2009 experiments were polished with the following
sequence:

Step Grit Type Duration
1 60/90 Tungsten Carbide 6 days
2 120/220 Tungsten Carbide 5 days
3 500/600 Tungsten Carbide 4 days
4 Green Dry Walnut Shells 4 days

Each run contained 20, 0.5in balls and about an equal volume of plastic pellets. Enough compound was
used to completely cover the balls when the barrel was open.

To reduce mess and cleanup, we did all polishing dry.
It was observed that the 60/90 abrasive was rather aggressive on the control balls. The unground diameter

of each ball was reduced by about 0.001” to 0.4990”. It might be better to reduce or eliminate the 60/90
step, especially if 400/600 paper is used on the ground surfaces prior to tumbling.

3 Metrology

3.1 Ball Measurement Machine

A machine was designed for the precise measurement of the profile of processed balls. A Mitutoyo digital
indexing gauge with 0.0001 inch resolution was used. The machine (Figure 2) consists of a bearing spindle
with a cylindrical ball holder. The bearing is provided by an old hard drive, whose chassis is mounted below
the top plate of the machine. The ball holder has a cylindrical hole in it which supports the ball with a
slightly beveled inside edge 7.5mm in diameter. The spherical tip of the indexing gauge contacts the ball at
its equator. A 360◦ protractor six inches in diameter is affixed to the ball holder. The protractor is rotated
by hand and the value of the dial gage is read. A flap folds down onto the ball and makes point contact
with the top of the ball via a polished metal surface. A 280 gram weight is placed on the flap to make sure
the ball stays seated firmly in the ball holder and resists side forces from the indexing gauge. The side force
applied by the gauge was about 100 grams.

3.2 Ball Measurement Procedure

For consistent results, a uniform procedure should be followed when operating the machine.

1. Orient the protractor so that 0◦ is pointing to the mark on the base plate.

2. Make sure the ball and ball holder are clean.

3. Place the ball to be measured in the ball holder. If the ball is a modified ball:

(a) Grasp the ball in the digital caliper.
(b) While applying moderate compression force to the caliper wheel, wiggle the ball with your other

hand until the caliper has ”found” the smallest diameter.
(c) Rotate the ball inside the caliper jaws so that its serial number is facing up.
(d) Place the ball into the ball holder holiding the caliper horizontal.
(e) Release the caliper.

4. Put down the flap and push on it to verify the ball is seated in the ball holder. (the ball must displace
the gauge tip a few mm.)
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Figure 2: Measurement machine for ball profilometry. Protractor disk is rotated by hand to each measure-
ment angle.
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Figure 3: Three ball profile measurements taken with a reference ball. Maximum error is 0.0031 in. Average
of the three measurements is shown as green triangles.

5. Apply the 280gr weight to the flap to keep the ball in place.

6. Lightly push the red “ZERO/ABS” button on the Mitutoyo gauge. Repeat if necessary, supporting
the gauge to prevent motion while pushing.

7. Record “0” for 0◦ in your spreadsheet or notebook.

8. Note your measurement interval. We assume 10◦ here.

9. Smoothly move the protractor counterclockwise to the 10◦ mark (reading at the edge of the disk).

10. Record the dial gauge reading and repeat. Be sure to note the minus sign at the left edge of the
Mitutoyo display.

11. Do not reverse the motion of the protractor. If you overshoot, just take the reading if the overshoot
is less than 5◦. If it is more than 5◦, rotate the protractor about 30◦ in the opposite direction, and
move it slowly to 10◦ before the current reading. Verify the measurement is within 0.0002 of your last
measurement. Then move 10◦ and make the new measurement.

12. When you get all the way around (360◦) the value should be close to zero. If the magnitude of your
measurement at 350◦ is greater than 0.0015, then we should presume that the ball has slipped and the
entire measurement should be repeated.

3.3 Calibration

The machine was calibrated with an unmodified factory sphere of diameter 0.4996 inches. The indexing
gauge was zeroed with the protractor at zero degrees. Relative measurements were taken at 10◦ intervals.
Three measurements were repeated on 14-Apr-2009. The results are plotted in Figure 3.

The average of the six measurements including those of Figure 3 will be subtracted from measurements of
test balls. A single test ball measurement, corrected in this manner showed peak error magnitude of 0.0003
inches.

3.4 Data Analysis

We want to find a measure of the curvature of the ball at each point around its circumference. Curvature is
defined as the inverse of the radius of a circle which describes the curve at each point1. In polar coordinates,
the curvature can be computed as

K(θ) =
r2 + 2ṙ2 − ṙr̈

(r2 + ṙ2)3/2

1http://wikipedia.org/Curvature
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Figure 4: Data analysis of simulated data. (L to R): Sphere profile, first two derivatives plotted on the circle,
calculated curvature.

where

ṙ =
dr(θ)
dθ

r̈ =
d2r(θ)
dθ2

An important aspect of this computation is that when the curve r(θ) is not available in closed form, two
the derivatives ṙ, r̈ must be evaluated numerically. Numerical evaluation of derivatives is complicated by the
tendency of derivative estimates to have infinite bandwidth and amplify any noise due to measurement noise
and quantization.

3.4.1 Estimation of Derivatives

A scilab script was written to estimate the derivatives and compute curvature. The script uses the convo-
lution operator to estimate derivatives and simultaneously filter the data to reduce the effect of noise. The
convolution operator used was

h = [-1, -1, 0, 0]

based on a data set, rm which is sampled every degree. Thus to generate estimates of the two derivative
functions we use

ˆ̇r = h ∗ rm

ˆ̈r = h ∗ ˆ̇r

Where ∗ is the convolution operator. The estimate of curvature is thus

K̂(θ) =
r2m + 2ˆ̇r

2
− ˆ̇rˆ̈r

(r2m + ˆ̇r
2
)3/2

3.4.2 Interpolation

An additional factor is that it is time consuming to acquire 360 data points around the sphere with our
current manual machine. Initial measurements were acquired only every 10 degrees. We used the scilab
interpolation function to interpolate values between the 10 degree samples to 1 degree resolution.

The interpolation and the width of the convolution window undoubtedly affect the curvature measure-
ment. Further analysis is ongoing to verify that a reasonable compromise is achieved between noise sensitivity
and curvature accuracy.
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Figure 5: Analysis of data from three measurements of a factory-new control ball. Measurements shown
with open circles. Interpolation plotted as solid line. (L to R): Sphere profile, first two derivatives plotted
on the circle, calculated curvature.

3.4.3 Testing

The algorithm was tested with synthetic and measured data. First, a distored sphere was simulated using the
Scilab script in Section 3.5.1. The resulting simulated ball profile contained a flat on top (between 90±12.5◦
degrees) as well as a parabolic bulge between 180◦ ± 60◦. The parabolic distortion was expressed as follows:

rm(θ) = r0 +D((1− ((θ − 180)2/602) 120◦ < θ < 240◦

Where r0 is the nominal radius, 0.2498 inches, and D is the distortion magnitude, in this case 0.006”.
The simulated data was generated at 1◦ degree intervals and did not use the interpolation method.

Results for the simulated data are given in Figure 4. The flat is visible at the top of the plotted profile,
but the parabolic distortion is too small to be easily seen at the left edge. The derivatives (especially the
second derivative plotted in green) show transients at the start and end of the flat, as well as at θ = 120◦, 240◦
which are the start and end of the parabolic distortion.

Curvature is 4.0 as expected over most of the circle. Curvature shows big increases at the edges of the
flat and goes to zero along the flat as expected. The parabolic distortion is evident as a very slight increase
in curvature between 120◦, and 240◦. The curvature transients are negative at the boundary of the parabolic
distortion since the correspond to a slight concavity in the local surface.

3.5 Final Calibration

The machine measurement error curve (Figure 3) was measured on different days and found to be repeatable.
The scilab script was modified to substract the measured systematic error from the data set.

First, we made three measurements of a factory-new sphere and analyzed them as described above. The
results are given in Figure 5. The deviation from the factory specified radius of 0.4996 inches is plotted on
an expanded scale in Figure 6. The measurements are all within

0.4991 < r < 0.5001

Note that we are making a relative measurement compared to the radius at θ = 0◦. Thus the absolute
accuracy of the balls average radius is unknown.

The minimum and maximum curvature was 3.70 and 4.57 inches−1 respectively. The noise in Figures 6
and 5 (Right) indicates either noise in the measurement or imperfections in the factory balls.

Next, three sets of measurements taken every 10 degrees around a tumbler-polished control ball were
acquired and processed. The results are given in Figure 7.

The minimum and maximum curvature was 3.2 and 5.0 inches−1 respectively. .
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Figure 6: Magnified Ball profile (radius vs. angle) from three measurements of a factory-new ball. Error is
bounded by 0.5×10−4 inches.
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Figure 7: Analysis of data from three measurements of a tumbler-polished control ball. Measurements shown
with open circles. Interpolation plotted as solid line. (L to R): Sphere profile, first two derivatives plotted
on the circle, calculated curvature.
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3.5.1 Scilab Script for Generating Simulated Data (curv.sci)

// Analyze curvature of data in polar coordinates
// Steps:
// 0) obtain measured data rm(th) (theta in degrees)
// 1) use a convolution filter to get dr/dtheta and 2nd derivative
// 2) compute curvature

// Wikipedia: Curvature
//K = (r^2+2*rt^2 - r * r2t2) / (r^2 + rt^2)^(1.5)
blue = 2;
green = 3;

dtd = 1 // delta theta in degrees

////////////////////////////////////// Data Generator
// SIMULATION
//
// Set up simluated data, rm
//
r0 = 0.2498; // inches - radius of ball
alph = 12.50; // deg -- 1/2 angle of flat
N = 0.000 ; // inches - noise variance
D = 0.006 ; // inches - size of smooth bump

r(1:dtd:359)=r0;

/////////////////
// make a "flat"
//
d= r0*(1-cos(alph*2*%pi/360));
//
for (t=(90-alph):dtd:(90+alph))
r(t)= sqrt((r0-d)^2 + ((r0-d)*tan((90-t)*2*%pi/360))^2 );
//r(t)=r0*0.99;
end;

// Simulate noise with sinusoid

//t = 4*(1:dtd:359)*6.28/360;
//noise=0.0005*sin(t)’;

// Gaussian white noise
noise = grand(359,1,’nor’,0,N);

// Smooth (parabolic) bump

for(t=(120:1:240))
noise(t) = noise(t) + D*(1.0 -((t-180)^2./60^2) );

end;

rm=r + noise;
//////////////////////////////////////////////// End of data generator
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3.5.2 Scilab Script for Data Analysis (c1.sci)

// Analyze curvature of data in polar coordinates
// Steps:
// 0) obtain measured data rm(th) (theta in degrees)
// 1) use a convolution filter to get dr/dtheta and 2nd derivative
// 2) compute curvature

// ******** input files must have 3 columns!!

//clear;

//clf(0);
//clf(1);
//clf(2);
//clf(5);

//inputfile = "BH_data_17-Apr-09.csv";
//inputfile = "Ball2flats.csv";
inputfile="NewControl3Meas.csv";

AC = 3; // Data column to analyze

// Wikipedia: Curvature
//K = (r^2+2*rt^2 - r * r2t2) / (r^2 + rt^2)^(1.5)
blue = 2;
green = 3;

dtd = 1 // delta theta in degrees
r0 = 0.24996; // nominal radius

///////////////////////////////////////// Read in the calibration data

fd = mopen(’avgerror.csv’,’r’);

ML = 36;

for i=1:ML,
cal(i)=mfscanf(fd,"%f");

end

mclose(fd);

///////////////////////////////////////////// Read measurements
fd = mopen(inputfile,’r’);;

ML = 36;

for i=1:ML,
M(i,:)=mfscanf(fd,"%f,%f,%f");

end
mclose(fd);

tm = 0:10:350;
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M = r0 + M * 0.0001; // scale to inches of radius

for(AC=1:3) do /// overplot all three cols

M(:,AC) = M(:,AC) - cal(:);

x = 1:ML;

/////////////////////////////////// Interpolate to 360 degrees

t= 0.1: 0.1 :36;

yd=splin(x,M(:,AC)’);
rm=interp(t,x,M(:,AC)’,yd);

t=t*10;

///////////////////// Data Analysis /////////////////////////

///////////////////////////////////////
// visualize the data

for(i=1:(ML)) do
tht = 10*(i-1)*2*%pi/360;
xm(i) = M(i,AC)*cos(tht); ym(i) = M(i,AC)*sin(tht);

end;

// visualize the interp data
for(t=1:dtd:360) do
tht = t*2*%pi/360;
x(t) = rm(t)*cos(tht); y(t) = rm(t)*sin(tht);

end;

scf(0);

f = get("current_figure");
f.figure_size=[500,500]; // make it a square frame so a circle looks circular

plot2d(xm,ym,style=-9); // plot original data as circles
plot2d(x,y,blue,’011’, ’ ’, [-.30, -.30, .30, .30]); // plot interpolated data
title("Measured Sphere Profile");
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scf(5);
t = 1:1:360; tm= 10 * (1:ML);
plot2d(tm, M(:,AC)’, style=-9);
plot2d(t,rm,blue,’011’, ’ ’, [0, 0.230, 360, 0.270]);
title("Magnified Sphere Profile");

// filter the data and differentiate it with a convolution
//

// Convolution kernel
L=4;
h = [-1, -1, 1, 1] / L;

// divide by delta theta
dth = dtd * 2* %pi / 360.0 ;

//////////////////////////////////// dr/dtheta
rt=convol(h,rm)/dth;

// offset corrections for tail ends added to vector length by convol.
t1 = L/2; t2 = 360+L/2 -1; t3 = 360+L-3;

rt = rt(t1:t2);

rt(1) = 0.0; rt(2) = 0.0; rt(360) = 0.0; // clear derivative transient

///////////////////////////////////////// 2nd derivative
rt2=convol(h,rt)/dth;

rt2=rt2(t1:t3);

///////////////////////////////////////
// visualize the dr/dtheta

rd = 0.25 ; // derivative plotting offset radius
r1m = 0.25 ; // scale factor for visualizing 1st deriv.
for(t=1:dtd:360) do
tht = t*2*%pi/360;
x(t) = (rd+r1m*rt(t))*cos(tht); y(t) = (rd+r1m*rt(t))*sin(tht);

end;
//
scf(2);
f = get("current_figure");
f.figure_size=[500,500]; // make it a square frame so a circle looks circular

plot2d(x,y,blue,’011’, ’ ’, [-.30, -.30, .30, .30]);

//

//
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// ///////////////////////////////////////
// // visualize d2r/dtheta2
//
rd = 0.25 ; // derivative plotting offset radius
r2m = r1m*r1m ; // scale factor for display of 2nd deriv
for(t=1:dtd:360) do
tht = t*2*%pi/360;
x(t) = (rd+r2m*rt2(t))*cos(tht); y(t) = (rd+r2m*rt2(t))*sin(tht);

end;
//
//
plot2d(x,y,green,’011’, ’ ’, [-.30, -.30, .30, .30]);

title("Radial Derivatives (scaled)");

/////////////////////////////////////////// Compute curvature

K = (rm.*rm + 2*rt.*rt - rm.*rt2)./((rm.*rm + rt.*rt)^(1.5));

x=1:360;
scf(1);
plot2d(x,K,blue,’011’,’ ’,[0, -0.5, 360, 10]);

title("Computed Curvature");

end;
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