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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. To create test objects for this work,
we need a method to produce out-of-round spheres. Starting with factory made ball bearings, this report
describes procedures we have developed to grind, sand, and polish the balls into a deformed shape with
deformations as low as 0.002 inches. Care is taken to make sure surface texture is removed as a clue.
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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 considered perfectly round.
The control spheres can be easily purchased from a variety of sources. For example, our initial studies use
0.500” 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 cues
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.

The following describes a procedure used to distort steel ball bearings so that they have a known eccen-
tricity. The diameter along a selected axis will be reduced by an amount, d. The profile of the modified
sphere will be smoothed to informally maximize local curvature subject to the reduced diameter.

There are many other possible distortions of a sphere which might lead to interesting haptics research.

2 Mathematical Models

We wish to precisely describe the shape into which we will distort the sphere. We assume that at each
pole (as in the north and south poles of the earth) we reduce the diameter by grinding to 2(r − d) where
r is the radius of the sphere and d is the depth of grinding on each of two opposite poles. Such a grinding
operation would typically leave a circular flat area on each pole. We then wish to smooth the contour of the
distorted sphere to eliminate ridges at the edge of the flats (which are easy to detect because they constitute
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Figure 1: Plot of the profile of a smoothly distorted sphere and an ideal sphere to illustrate the type of
desired distortion for r = 0.25, d = 0.01, γ = π/4. For this model, the distortion function is only used
between the points −r

√
2/2 < x < r

√
2/2 or −0.177 < x < 0.177.

an infinite local curvature). This smoothing will be limited to a certain portion of the sphere. Continuing
the analogy with the earth, we will smooth from the poles down to a certain latitude. We will parameterize
this smoothing zone with an angle from the pole, γ. The boundary of the smoothing zone will then be all
the points North or South of 90◦ − γ or the intersection of the sphere with a cone of apex angle 2γ.

Considering a section through the sphere, a function which describes this is a polynomial which intersects
the sphere at a point ±γ from the pole, and which is tangent to the sphere at these points, and further passes
through the point x = 0, y = r − d. This must be an even function and a suitable candidate is

y = ax4 + bx2 + c (1)

ẏ = 4ax3 + 2bx
From this and the boundary conditions we can get:

c = r − d

b =
z1

2x1
+ 2

y1 − r + d

x2
1

a =
z1 + 2bx1

−4x2
1

where x1 = r sin(γ), y1 = r cos(γ), and z1 = tan(γ).
For the example of r = 0.250, γ = π/4, d = 0.020, the sphere and this function are plotted in Figure 1.
A Scilab script for plotting this function is included as an appendix on page 10.

2.1 Distortion Angle, γ

In the example of Figure 1, γ is π/4. In practice it will be easier to reduce γ for smaller values of d, the
depth of the flat. The overall objective is to informally maximize the curvature of the ball while reducing
its diameter by 2d in one direction.

More work could be done to derive curvature as a function of d and γ.
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D (inches) ∆V
0.500 0
0.498 0.03%
0.490 0.37%
0.480 0.87%
0.470 1.37%
0.460 1.87%
0.440 2.87%

Table 1: Weight reduction (in percent) due to distortion where D is the short diameter of the modified
sphere. Note that shape distortion is easily detected at D=0.440.

2.2 Weight

We can use the model to predict the change in weight from the distortion described by the model. The last
section of the Scilab script computes the volume of the distorted sphere and compares it with the volume of
the sphere:

vs =
4
3
πr3

The volume of the distorted sphere is estimated by computing the volume of rotation of equation 1. Volume
of rotation is computed by integrating cylindrical volume shells over r < x < 0 where

ve = π
∑

i

(dx2(i2 − (i− 1)2)(f(idx) +
1
2

(f((i+ 1)dx)− f(idx))

where f(x) is the function of equation 1.
Assuming r = 0.500, γ = π/4 and several values of d, we can estimate the reduction in volume and thus

weight as listed in Table 1.
Because it might be possible for subjects to discriminate the modified spheres based on weight alone,

control experiments should be undertaken to determine the detection threshold for these weight differences.

2.3 Flat Diameters

The diameter of the flat surface obtained in the initial grinding step is a quick guide to how far down you
have ground the sphere. Let the radius of the flat be r̂. Then when the sphere is ground down by d,

r̂ = r sin(cos−1

(
r − d
r

)
) (2)

Using equation 2, we calculate the diameter of the flat, Df = 2r̂. A reference table is given in Table 2 on
page 12.

3 Steel Ball Bearings

The basic metal-working procedures which will be used include grinding, sanding, and polishing. The
procedure will be described below.

3.1 Safety

Use eye protection at all times whenever using motorized grinding or polishing equipment. Use hearing
protection in case of exposure to loud tool noises.

3.2 Holding Tool

A holding tool was fabricated from an 8-12” length of 1” wooden dowel.

1. Using a Forstner bit or end mill, drill a 0.5” hole about 0.3” deep into the end of the dowel. It is
important that the hole be just a bit more than 0.25” deep and have a flat bottom.
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Figure 2: Tool made for holding ball bearings during grinding.

2. Using a saw, cut a slot down through the middle of the hole about 3.5-4” down the length of the dowel.

3. Using a lathe, sander or knife, taper the dowel so that about 1/16” is left around the edge of the hole
and the taper is about 2.5-3.0” long.

4. Drill a clearance hole for a small bolt through the dowel, perpendicular to the slot, and about 1.75”
from the end. Using washers on each end, insert a bolt and nut through the hole. The ball will fit into
the hole and the grip may be tightened using the bolt and nut.

An example tool, holding a 0.500” ball is shown in Figure 2. The slot can be widened below the ball holding
space so that a caliper blade can be inserted to measure the ball diameter in the tool axis direction without
removing the ball from the tool.

3.3 Grinding

The grinding step will achieve the basic reduction in diameter needed to distort the sphere.

1. Using the holding tool, apply the ball to the running belt sander. Hold the tool 90◦ to the belt surface.
Do not press hard on the belt and make brief contacts, frequently checking the diameter of the ball.
Stop when the ball measures 2r − d. You should have a round flat surface on the top of the ball.
Another way to measure d is to measure the flat diameter with reference to Table 2 on page 12.

2. The next step is smoothing the profile of the ball to approximate the function of equation 1. We will
grind a series of cones into the sphere to roughly approximate the surface and reduce the curvature.

3. Using guides marked onto the belt sander platform, hold the tool at 10◦, press the tool into the belt,
and rotate the tool around its long axis. This should create a conical ring of grinding which reduces
the diameter of the flat and smooths it toward the sphere. For deeper flats, repeat this procedure at
20◦ and if necessary 30◦ so that there is a smooth transition between the flat and the sphere.
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Figure 3: Appearance of ball after the main grinding steps have created its flat and smoothing zone.

Now, your sphere should appear to have a small flat, surrounded by one to three rings of grinding
which piece-wise blend the flat into the sphere (Figure 3). Next we will smooth these rings.
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Figure 4: Use a washer as a stand to hold the ball with the ground side up. Then ball holder can be placed
straight down on the ball to prepare for grinding the opposite side.

4. Now smoothly vary the angle between 0◦ and 45◦ while rotating the tool to smooth the edges between
the rings. Go lightly and do not remove a lot of material in this step.

5. At this point, your sphere should be smoothly curved, but have a rough appearance and texture inside
the 45◦ smoothing zone (Figure 5).

6. Repeat this procedure for the other side of the sphere: Remove the ball from the holding tool and
place it upside down on a small washer so that its flat is facing straight up (Figure 4). Press the tool
down on the ball firmly so that the flat sits on the bottom of the tool’s ball socket.

7. Now repeat step 1 until the ball measures 2(r − d). Finally continue steps 2-4 on the second side of
the ball.

3.4 Sanding

1. The next step is to remove grinding marks by sanding with fine grit sandpaper.

2. Prepare a sheet of new 400 grit wet/dry sandpaper and place it face up on top of four layers of cloth or
toweling. The cloth provides a compliant backing to the sandpaper to help it to conform to the curves
of the sphere.

3. Holding the tool upside down and applying light presure, swirl the ball around the sandpaper, con-
stantly changing the angle of your hand and frequently stopping to rotate the tool. Frequently feel the
texture of the ball and stop when no improvement is felt.

4. Repeat this procedure with 600 grit wet/dry sandpaper. This step should remove most of the grinding
marks and result in a smooth feel and a dull matte appearance (Figure 6).

5. Repeat the sanding for the other side of the sphere.

3.5 Polishing

The final step is polishing. We use two methods for polishing the spheres: buffing with a polishing wheel
and jewlers rouge, and using a rock tumbler.
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Figure 5: Appearance of ball after the grinding steps. Profile is smooth but grinding marks are visible.
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Figure 6: Appearance of ball after sanding with 400 and 600 grit paper.

Wheel polishing Use a cloth polishing wheel and a rouge suitable for hard materials such as chrome.
Apply the rouge to the wheel until the white cloth turns a dark red color. Now lightly buff the ball surface
against the wheel, constantly rotating the tool and applying it to the wheel at different angles. From time to
time, wipe all polish from the ball and visually inspect and touch its surface to assess smoothness. Also add
rouge to the wheel. Stop polishing when no improvement is detected. The final surface should be smooth
to the touch throughout the smoothing zone and reflect light but with a duller luster than the unmodified
areas of the sphere (Figure 7).

Repeat for the other side of the ball.

Tumbler Polishing Another method of polishing is using a rock tumbler with a progression of abrasives.
This method will be the subject of another report.
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Figure 7: Appearance of ball after polishing with a wheel and jewler’s rouge. The modified area has a duller
luster than the unmodified ball surface.
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4 SciLab Script

// curmod.sci
// generate and plot smooth profile of modified spheres
//
// Blake Hannaford Dec 2008
//

// Problem Setup

r = 0.25000; // radius of sphere
D = 0.010; // depth of flat
A = %pi / 4 ; // angle of finish zone

//printf("sin of pi/4 is %f\n", sin(A));

Nsamp = 100;

blk=1;
blu=2;
red = 5;

// intermediate variables

x1 = r * sin(A); // x value of edge of finish zone
y1 = r * cos(A); // y " " "
z1 = tan(A); // tangent(!) slope at edge: x = -x1

// curve coefficients:

c = r - D;

b = z1/(2*x1) + 2*(y1-r+D)/(x1*x1);

a = (z1+2*b*x1)/(-4*x1*x1*x1);

printf("\n\n r = %f, d = %f, gamma = %f\n",r,D,A);
printf("Curve Coeffs: a = %6.0f b = %6.2f c = %6.4f\n", a, b, c);

x = linspace(-r, r, Nsamp);

y = a*x.*x.*x.*x + b.*x.*x + c;

sp = sqrt(r*r - x.*x);

plot2d(x, y,style=[blk]);
plot2d(x, sp,style=[blu]);

// Now compute volume of rotation

del = 2*r/Nsamp;

v = 0; vs = 0;
for i = 1:Nsamp/2,
r1 = -x(i);
r2 = -(x(i)+del);
if(r1 > x1) then
v = v + (sp(i)+ 0.5*(sp(i+1)-sp(i)))*%pi*(r1^2-r2^2) ;

else
v = v + (y(i)+ 0.5*(y(i+1)-y(i)))*%pi*(r1^2-r2^2);
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end;
vs = vs + (sp(i)+ 0.5*(sp(i+1)-sp(i)))*%pi*(r1^2-r2^2);
end;

v = 2 * v;
vs = 2 * vs;

printf("Volume of Rotation: Sphere: %f Shape: %f\n",vs, v);
vth = r^3*4*%pi/3;
printf("Volume of Sphere with radius %3.2f: %f\n",r, vth);

printf("Volume ratio of distortion: %f\n", (vs-v)/vs);
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5 Griding Depth vs. Flat Diameter Reference Table

d Df

0.001 0.045
0.002 0.063
0.004 0.089
0.006 0.109
0.008 0.125
0.010 0.140
0.012 0.153
0.014 0.165
0.016 0.176
0.018 0.186
0.020 0.196
0.022 0.205
0.024 0.214
0.026 0.222
0.028 0.230
0.030 0.237
0.032 0.245
0.034 0.252
0.036 0.258
0.038 0.265
0.040 0.271

Table 2: Flat diameter, Df computed for several values of flat depth, d.
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