


conversant 
ALMOST 

EVERYONE 

with phonograph reproduction 
is familiar with the fact that in a 
straight tone -arm the needle enters 
the groove laterally at an angle. 
which has some undesirable effects 
upon the record and upon the qual- 
ity of reproduction. The exact na- 
ture and the quantitative amounts 
of these effects appear to be con- 
siderably less well known. 

It is widely recognized that such 
effects can be corrected by offset- 
ting the tone -aim head and adjust- 
ing its position in respect to the 
center of the turntable. Theory 
dealing with the actual amóunt of 
the necessary adjustments, how- 
ever, is not generally available to 
tone -arm designers and users. The 
purpose of this article is to present 
to phonograph designers, in read- 
ily useful form, quantitative in- 
formation regarding tracking an- 
gle and its effects, and means for 
minimizing these effects in modern 
phonograph equipment. 

It is generally accepted that 
tracking angle produces the follow - 

Tracking Angle 

Distortion due to tracking error can be 

minimized by bending the pickup arm 
and overhanging the needle. Equations 
are developed for determining optimum 
bending and overhang for any given con- 

ditions, and a design chart is provided for 
use with 12 -inch records 

Example of well -designed modern 
tone arm. Proper choice of off- 
set angle and needle overhang 
reduce tracking -error distortion 

to a negligible value 

ing effects: (a) Record wear; (b) 
Distortion; (c) Side -thrust upon 
the record grooves. Much has been 
written in the past ten years about 
these effects. Oftentimes only one 
of them has been emphasized at 
the expense of the others. This re- 
sulted in many offset arm designs 
which were inferior in performance 
to the equivalent straight arms. 

Additional factors have entered 
the picture recently as a result of 
the introduction of home record- 
ing, light -weight pickups, per- 
manent -point styli, and the wide- 
spread use of record changers. In 
order to deal with these subjects 
systematically the various effects 
will be treated in the following 
order: (1) Geometry of the track- 
ing angle; (2) Record wear; (3) 
Side thrust; (4) Distortion; (5) 
Best arm offset; (6) Optimum arm 
design. 

Definition of Tracking Angle 

Let a tone arm having an effec- 
tive length l inches (distance from 
the center of the pivot to the needle 
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point) be mounted on a motor - 
board with its pivot d inches away 
from the center of the record, as 
shown in Fig. 1(a). When the 
needle point is r inches away from 
the center of the record the follow- 
ing relationships exist: 

rs + P - 2rt cos 0 = d2 (1) 
rs + is - 2rt gin l5 = ds (2) 

where O is the angle included be- 
tween the lines l and r, and 4, is 
the tracking angle between l and 
a line tangent to the groove at the 
needle point. Solving for sin 4): 

rin ß = 2l 
+ is 

2lr (3) 

It will be seen that the amount of 
arm overhang D (swing of the nee- 
dle point beyond the center of the 
turntable) is a significant param- 
eter. Taking advantage of the fact 
that d = l - D, Eq. (3) may be re- 
written as 

gin _ r 2lD - Ds 

2i + 4 
21r ( ) 

Equation (4) . is precise in every 
respect, but does not lend itself to 
simple analytical treatment. We 
shall therefore make two simplify- 
ing assumptions, that D' is negli- 
gibly small compared with 21D, and 
that sin 4. = ¢ in radians. When 
this is done, Eq. (4) can be rewrit- 
ten as 

d s 
3l + (5) 
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in Phonograph Pickups 
r °deg = 57.3 h¿ + r) (6) 

The approximations tend to be mu- 
tually compensatory, and Eq. (6) 
provides values of 95 which are cor- 
rect within approximately 1 deg, as 
can be readily demonstrated by 
substituting assumed values of 
variables in Eq. (4) and (6). This 
degree of approximation is ample 
for the problem on hand, and it is 
well justified in view of the labor 
saving which it affords. In all the 
derivations which follow, 95,0a is 
conveniently used. This is multi- 
plied by 57.3 to obtain ,r, for use 
in final calculations. 

Tracking Angle Curves 

Figure 1(b) shows graphically 
the values of 4'a,ó as a function of 
the radius for a 7i -inch arm and 
for various values of arm over- 
hang D. The custom in the early 
'30s was to use straight tone arms 
pivoted in such a manner that the 
needle point passed through the 
center of the record. The tracking 
angle corresponding to this condi- 
tion is represented by curve AA 
for D - O. It is seen that at the 
5.75 -inch radius is 22 deg, and this 
gradually decreases to 7.6 deg at 
the inner radius of 2 inches. The 
thought of a needle point entering 
the record grooves at a substantial 
lateral angle, together with the fact 
that this angle changed throughout 
a wide range of values and thereby 
involved continuous regrinding of 
the tip, was not especially reassur- 
ing to phonograph designers. 

The most obvious answer-that 
of greatly lengthening the tone- 
arm-was found to be impractical 
because oaf motorboard space limi- 
tations. ' A .study of curves similar 
to those of Fig. 1(b) .:ví1icated that 
the remedy might lie in perform- 
ing two operations : (1) Swinging 
the arm beyond the center of the 
record, as exemplified by curves LIE 
in Fig. 1(b) ; (2) Bending or off- 
setting the head through an angle 
ß, approximately equal to the aver- 
age angle over the range of radii 
(this is equivalent to raising the 

zero -degree ordinate on the graph 
to any given value of p). It should 
be noted that ß is measured clock- 
wise from the line connecting the 
needle point with the pivot point; 
it is not, as it is sometimes erron- 
eously assumed, the angle between 
the body and the head of the tone 
arm. 

As an example, if the needle 
point overhang D is lay inch as for 
curve EE in Fig. 1(b), the track- 
ing angle varies from 32 deg -at 6 
inches through 27 deg at 3.3 inches 
back to 32 deg at the 2 -inch radius. 
Now, if the pickup head is bent at 
a 29.5 -deg angle, the departure of 
the needle from tangency is re- 
duced to only 2.5 deg on either side. 
The difference between the track- 
ing angle, ¢, and the offset angle, 
ß, has been termed tracking error 
x, for it indicates how short of per- 
fect the scheme is. 

The above procedure for tracking 
angle correction (giving minimum 
a) appeared to remedy all of the 
straight-arm objections, and it was 
widely adopted in many repro- 
ducers built in the years of 1938- 
1941. This was somewhat unfor- 
tunate, for it was shown later that 
minimum a is not a valid criterion 
of best tracking. 

Record Wear 

The theory behind record wear 
due to improper tracking angle was 
based upon the fact that the spheri- 
cal point of a steel needle rapidly 
wears down to a chisel -point after 
the playing of the first few grooves. 
As the tracking angle varies 
throughout the playing of the rec- 
ord, the chisel -point turns with re- 
spect to the grooves and is con- 
stantly reground, thereby increas- 
ing record wear over and above 
that which would normally exist.' = 

With rare -metal or sapphire - 
tipped needles, the point remains 
spherical for many hundreds or 
even thousands of plays. There is 
therefore little or no justification 
flar fearing increased record wear 
due to moderate amounts of track- 
ing ' angle with modern playback 
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FIG. 1-Diagram showing dimensions 
and angles involved in tone arm de- 
sign, and curves showing how tracking 
angle varies with groove radius for dif- 
ferent values of needle overhang D. All 

linear dimensions are in inches 

equipment if the permanent -point 
needles are not employed beyond 
their rated life. 

Side Thrust 
Due to friction between the needle 

and the groove, there is a force 
F upon the needle point in the di- 
rection of the line tangent to the 
groove. This force is quite inde- 
pendent of the angle which the 
pickup head makes with the groove, 
and it depends only upon the verti- 
cal needle force F. and upon the 
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FIG. 2-Manner in which a sinusoidal wave form is distorted 
due to tracking error 

coefficient of friction µ between 
the needle point and the record 
(F = µF.). The value ofµ varies 
with the type of record material 
and also with the amount of groove 
modulation. For most record mate- 
rials and light needle forces, p, is 
roughly *. With heavy pickups and 
soft records, p. may be considerably 
greater. 

The force diagram at the needle 
point in Fig. 1(a) indicates the ac- 
tion of the frictional force. It is 
seen that F has a tangential com- 
ponent F, which is borne by the 
arm pivot, and a radial component 
F, which tends to pull the pickup 
toward the center of the record and 
which is borne by the inner side of 
the record groove. From the force 
parallelogram it is seen that F, -F 
tan cp. This force is not altered by 
any conceivable twisting of the 
pickup head. For any given record 
and pickup, F, is therefore a func- 
tion only of r and D. 

Take again the case of a 7t -inch 
arm with the needle passing 
through the center of the record, 
corresponding to curve AA in Fig. 
1(b). The tracking angle is 22.5 
deg (tan-' 0.415) at the 6 -inch ra- 
dius and 7.6 deg (tan-' 0.133) at 
the 2 -inch radius. If p. is assumed 
to be *, the side thrust correspond- 
ing to these angles, in a 1 -oz 
pickup, is 0.14 and 0.05 oz respec- 
tively. 

If D is inch as for curve CC in 
Fig. 1(b), the angles are 28 deg 
(tan -1 0.53) and 22 deg. (tan-' 0.40) 
and the corresponding side thrust 
is 0.18 and 0.13 oz respectively. 
Swinging the arm beyond the cen- 
ter of the record thus increases the 
side thrust and keeps it more or 
less uniform throughout the play- 
ing of the record. 

It has been pointed out that mod- 
erate side thrust may not be detri- 
mental because it helps to overcome 
pivot bearing friction. On the other 
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FIG. 3-Frequency modulation effect in phonograph pickup 
output due to tracking error 

hand, the unduly large values of 
D employed in some instances in- 
crease F, beyond the safe point. 
Some phonographs cannot repro- 
duce home -recording records be- 
cause the side thrust becomes large 
enough to pull the tone -arm out of 
the groove toward the center of the 
record. 

Record Changer Requirements 

The effect of arm placement upon 
the side thrust is most pronounced 
at inner radii of the record. This 
makes side thrust of special interest 
in connection with record changers. 
Some changers require a force di- 
rected away from the center of the 
record to actuate the tripping mech- 
anism. In supplying this force, the 
tone arm is aided by the use of low 
and negative values of D. Other 
changers require a force directed 
toward the center of the record. 
This can be aided by the use of 
larger values of D. Such procedure 
may not be consistent with the con- 
ditions of minimum tracking -error 
distortion. In record changers, a - 

slight compromise in distortion 
may be justified if reliable opera- 
tion of the tripping mechanism is 
helped thereby. 

An occasional source of greatly 
increased side thrust is found in 
some of the needles which have re- 
cently appeared on the market. 
Many of these needles are for- 
wardly bent so that the effective 
value of D is increased by * to 
inch. In general, there are no ap- 
parent ill effects due to the use of 
such needles; however, instances 
are known when tracking has been 
impaired because of increased side - 
thrust. 

The effect of sidethrust can be 
kept within safe limits if it is 
recognized that the tone arm is 
often called upon to track at groowe 
radii less than 2 inches. Becriuse 
of this, a minimum radius cif 1e 

inches is used in all the following 
calculatións pertaining to 12 -inch 
records. When this precaution is 
observed, side thrust developed 
with optimum values of D is quite 
harmless in low -weight pickups. 

Distortion 

When the axis of the pickup 
cartridge is not tangent to the 
groove, the needle motion is not 
perpendicular to the groove, giving 
rise to distortion. Mathematical 
analysis of this distortion has been 
made by Baerwald'. The simplified 
derivation given below helps to 
bring out the essential physical 
factors involved and yields results 
which are sufficiently accurate for 
all intents and purposes. The solid 
line in Fig. 2 represents a sine - 
wave modulated record groove, and 
the dotted line is the distorted sinu- 
soid representing the needle mo- 
tion when a = 30 deg. 

When a = 0, the equation of 
needle point displacement is the 
same as that of the groove. (Elas- 
tic deformation of the record mate- 
rial and pinch effect are neglected). 
Assume that initially the needle 
point is at O and a = 0. When the 
groove travels a distance x (from 
O to X), the needle moves from 0 
to P and its lateral displacement y 

in inches equals 

y --- A sin 2ax/X (7') 

where A is maximum groove amp- 
litude in inches, and A is th,e wave- 
length of groove modulation in 
inches. However, if the tracking 
error a > 0, the needle point moves 
to Q .instead of P ; in so doing it ad- 
vances 'norizontally a distance ap- 
proximately equal to d = ya, where 
a Is in radians. This is approxi- 
mate, but close enough for our pur- 
pose. Instead of being at X, the 
horizontal projection of the needle 
point is now at X,. The equation of 
the motion described by the needle 
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point is 

yt = A sin xi = A sin 
211- 

(x {- ya) (8) 

Substituting in Eq. (8) the ex- 
pression for y in Eq. (7) now 
gives 

Zrrx 2Aa 2rrx 
yt A sin ( +,r 

A 
sin 

If the groove moves with a veloc- 
ity of V inches per second, then 
x = Vt and f = V/X cycles per sec- 
ond, and 

yt=A sin (wt+wr--emw/ cut) 

What is of interest is not y, but 
the lateral motion of the needle 
point, which is y, = y,/cosa; there- 
fore, 

(9) 

(10) 

yz =cos a sin ( wt + w y a sin wt) (11) 

Frequency -Modulation Effect 

Examination of Eq. (11) shows 
that there is a slight increase in 
playback level due to the 1/cosa 
term, and frequency modulation of 
the signal. In Eq. (10), let y' 
A sin tp. Differentiating >G to ob- 
tain instantaneous angular veloc- 
ity w,, 

w2 w;= =wVa cos wt 

w,= w(1+wAa cos cut) 

The instantaneous frequency of 
the signal is thus modulated at a 
rate equal to its own frequency 
and with a frequency deviation of 
wAa/V. This is of special interest 
when the wave is complex, consist- 
ing of a large -amplitude, low -fre- 
quency fundamental f and a small - 
amplitude higher -frequency com- 
ponent f,. This effect is indicated 
graphically in Fig. 3. It may be 
shown that f, is modulated at a fre- 
quency f by the amount given in 
parentheses in Eq. (12). In a man- 
ner identical to other frequency - 

(12) 

modulation phenomena, this gives 
rise to inharmonic terms having 
frequencies (f + f1), (f + 2f1), etc. 
Analysis of the nuisance value of 
this distortion is somewhat com- 
plex' but the overall results may be 
roughly estimated from harmonic 
analysis of Eq. (11) . This equation 
may be expanded algebraically into 
its harmonic components : 

A r ¡wAa 
yz = 

COs as 
Lain wt cos 

V 
sin wt 

+ cos wt sin II w 
V 

a sin cot)] I 

It will be shown later\\\ that nor- 
mally wAa/V<0.06 radian; there- 
fore, with an error not in excess 
of 1 percent, one 

`` 

may state that 

S1 
/wyasinwt)rwVa 

sin wl 

cos 
w A a r sin wt 1 

Substituting these simplifications 
in the expansion of Eq. (11) gives 

A ¡ wAa 1 
Y2 

cos a em wt + sin wt cos wt 

cos 2V 
yz - A (sin wt + co A « 

sin 2 cat) (13) 

Second Harmonic Distortion 

Equation (13) consists of a 
fundamental and a double -fre- 
quency term, representing second 
harmonic distortion. Distortion is 
given by the modulus of the second 
term in parentheses: 

Percent 2nd harmonic 

(amplitude) _ Va 
X 100 

This is on an amplitude basis; on a 
velocity basis harmonics are ac- 
centuated in proportion to the fre- 
quency, hence 

Percent 2nd harmonic 

(velocity) - w 

V 
a 

X 100 (15) 

For ease in interpreting Eq. (15) 
let the angular velocity w, of the 

(14) 

record be 2a times speed in rps. 
Then the linear groove velocity is 
proportional to the radius, and 
hence V = corr. Inserting this in 
Eq. (15) gives 

Percent 2nd harmonic = 
w A a X 100 (16) 
w, r 

From Eq. (16) the following is con- 
cluded : 

(a) Distortion is proportional to 
the ratio between tracking error a 
and groove radius r. The ratio a/r 
may therefore be considered as an 
index of distortion. If distortion 
is not to exceed a given value 
throughout the playing of the rec- 
ord, this value of a/r must not be 
exceeded. 

(b) Differentiating Eq. (7) with 
respect to time, it is found that 
maximum groove modulation veloc- 
ity equals (AA. Distortion is 
therefore directly proportional to 
the velocity of groove modulation. 

(c) Distortion is inversely pro- 
portional to the speed of the record. 
For equal distortion, more careful 
tracking angle correction is re- 
quired in 33 -rpm discs than in 78 - 
rpm discs, other factors being the 
same. 

Example of Distortion 

As a specific example of distor- 
tion due to straight arms, assume a 
modulation amplitude of 0.0017 
inch and a frequency of 250 cps, 
equivalent to a modulation velocity 
wA of 2.67 inches per second. These 
conditions are chosen because they 
constitute a maximum velocity on 
an Audiotone test record which has 
a constant amplitude characteris- 
tic from 50 to 250 cps and a con- 
stant velocity characteristic there- 
after. In a 78 -rpm record w, = 
21r(78/60) = 8.16 radians per sec- 
ond. Now, take the case of a 
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FIG. 4-Graphical procedure for determining the best arm offset angle for 
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straight pickup with the needle 
passing through the center of the 
record. From Eq. (5), tracking 
angle (and, in this case, tracking 
error a) equals r/2l radians and 
a/r equals 1/2l radians per inch. 
Substituting these values into Eq. 
(16), it is found that, in the con- 
stant -velocity portion, distortion is 
constant at all radii and equals 2.2 
percent. This constancy is to be 
expected from considerations made 
in connection with Eq. (16). 

It is doubtful that this amount 
of distortion is significant in the 
majority of phonograph apparatus. 
However, questions arise regard- 
ing distortion on records with levels 
higher than the Audiotone. 

The relative levels of modulation 
velocity may be determined by ex- 
amination of the width of reflected 
light patterns.' Comparison of pat - 
ern width of commercial pressings 
with the Audiotone record indicates 
that the former exhibit modulation 
levels 2 to 2i times greater than the 
latter. Therefore, in playing com- 
mercial recordings, a tracking er- 
ror distortion of 4 to 6 percent may 
be expected with straight-arm re- 
producers. These values are com- 
parable to other distortions found 
in phonograph reproduction ; no one 
should expect, therefore, startling 
improvements in fidelity due to 
elimination of tracking error. How- 
ever, even a moderate amount of 
distortion added on top of other 
distortions in the system may be- 
come greatly annoying, especially 
in extended -range systems. 

Determining Arm Offset 

To determine the proper arm off- 
set for any given D, we use track- 
ing angle curves like those in Fig. 
1(b). Curves for four selected 
values of D have been drawn in 
Fig. 4. In each instance we shall 
find the value of ß for the least a/r, 
corresponding to the least distor- 
tion possible with the given D. In 
so doing we shall also have solved 
the converse problem: "What 
should D be for an arm of given ß"? 

In Fig. 4(a), 4> is shown for the 
condition of l = 7.5 inches and D 
= 0. Tracking angle 0 varies 
from 22 deg at the 5.75 -inch radius 
to 6.7 deg at the 1.75 -inch radius. 
For straight arms a = 0, and a/r 
= 22/5.75 - 3.8 deg per inch. This 
has been found to produce distor- 

tion of from four to six percent. 
Consider now the arm which is 

offset at an angle of 10.3 deg. Here 
a at 5.75 -inch radius is 22 - 10.3 = 
11.7 deg; a at 1.75 -inch radius is 
10.3 - 6.7 = 3.6 deg. For both ra- 
dii, a/r is now 2 deg per inch. 
Offsetting the arm 10.3 deg has re- 
duced distortion by a ratio of al- 
most 2:1. 

An offset of 10.3 deg produces 
lowest distortion in a 7.5 -inch arm, 
if D equals zero. This can be easily 
verified by repeating the above cal- 
culations for values of ß other than 
10.3 deg. If one extends two lines 
from the 10.3 -deg point on the 
zero -inch ordinate to the two 
terminals of the ¢ curve, as shown 
in dotted lines in Fig. 4(a), it be- 
comes apparent that the slopes m, 
and m2, in degrees per inch, are 
equal and opposite. It is not diffi- 
cult to reason out that this is a 
necessary and sufficient condition 
for least a/r. Therefore, in deter- 
mining the arm offset for any given 
D, the following procedure may al- 
ways be employed: 

Draw the 0 -curve corresponding 
to the given l and D between the 
limits r, and r2. Extend straight 
lines just bounding the 0 -curve on 
each side from a point ß on the 
zero -inch ordinate such that the 
slopes m, and m2 are equal and op- 
posite. Angle ß is then the offset 
angle yielding least tracking error 
distortion. This procedure is valid 
for any and all values of 1, D, r, 
and r,. 

In the instance when the slope 
lines touch the two extremities of 
the 0 -curve (as in the above ex- 
ample), ß can also be found analy- 
tically without any difficulty. Track- 
ing angles 0t and 02 in radians at 
radii r, and r, are 

bl = r,/21 -{- D/ri (17) 

4'2 = r2/21 + D/r2 (18) 

If the two slope lines are equal, 
(fi - 0i)/ri = (02 - ß)/r2 (19) 

Substituting Eq. (17) and (18) 
into (19) and solving for ß, radians, 

1 

ß - r22 
D 

+1l (20) 20 
1 + 1 

r, r; 

If D = 0, 
1 

i 

(1 1) (21) 
ri r2 

This gives the best arm offset 

ß= 

when the needle passes through 
the center of the record. If ß = 0, 

D 1) (22) 
rig r22 

This indicates that straight arms 
should be underhung for least dis- 
tortion. 

Equation (20) represents a fam- 
ily of straight lines. This family, 
for 12 -inch discs, is given in Fig. 
5, and it extends from the 0 -deg 
ordinate to the inclined dotted line 
labelled "Limit of simple placement 
equation." 

For values of D greater than in- 
dicated by the limit line, Eq. (20) 
is no longer valid because the lower 
slope -line ml touches the 0 -curve 
at a point other than 0.,. Such a 
situation is shown in Fig. 4(b) for 
a 7.5 -inch arm when D = 3/8 inch. 
For the least a/r, ß is now found 
to be 20.3 deg by employing the 
graphical method given before. 
The analytical relation between /3 

and D is given in this instance by 
D= 

1 

T2 TZ 

2 l 
1+ (32 -1) 

(rd 
(23) 

The derivation of this equation is 
not difficult, but it is tedious 
enough to be relegated to the Ap- 
pendix. The family of curves rep- 
resented is a set of curved lines 
which are extensions of the 
straight lines of Eq. (20). 

A careful study of Fig. 1(b) or 
Fig. 4 reveals that progressive in- 
crease of D (and use of the cor- 
responding best ß) diminishes the 
distortion index a/r. This is shown 
by the diminishing angle between 
the two bounding lines in, and m,. 
In the instance of D = 3/8 inch 
given above, a/r is 1.0 deg per 
inch, which is a 4:1 decrease com- 
pared with a straight arm. 

As D is increased further, the 
point is finally reached when a/r 
is minimum and, distortionwise, 
optimum arm design is achieved. 
This is shown in Fig. 4 (c) where 
a/r is only 0.6 deg per inch. In Fig. 
5, the relation between ßoPt and 
Dop, is given by the straight dotted 
line labeled "Line of optimum arm 
design." 

Example of Excessive Offset 

Beyond the optimum point, the 
upper slope -line m, passes through 

(11 
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conversant 
ALMOST 

EVERYONE 

with phonograph reproduction 
is familiar with the fact that in a 
straight tone -arm the needle enters 
the groove laterally at an angle. 
which has some undesirable effects 
upon the record and upon the qual- 
ity of reproduction. The exact na- 
ture and the quantitative amounts 
of these effects appear to be con- 
siderably less well known. 

It is widely recognized that such 
effects can be corrected by offset- 
ting the tone -aim head and adjust- 
ing its position in respect to the 
center of the turntable. Theory 
dealing with the actual amóunt of 
the necessary adjustments, how- 
ever, is not generally available to 
tone -arm designers and users. The 
purpose of this article is to present 
to phonograph designers, in read- 
ily useful form, quantitative in- 
formation regarding tracking an- 
gle and its effects, and means for 
minimizing these effects in modern 
phonograph equipment. 

It is generally accepted that 
tracking angle produces the follow - 

Tracking Angle 

Distortion due to tracking error can be 

minimized by bending the pickup arm 
and overhanging the needle. Equations 
are developed for determining optimum 
bending and overhang for any given con- 

ditions, and a design chart is provided for 
use with 12 -inch records 

Example of well -designed modern 
tone arm. Proper choice of off- 
set angle and needle overhang 
reduce tracking -error distortion 

to a negligible value 

ing effects: (a) Record wear; (b) 
Distortion; (c) Side -thrust upon 
the record grooves. Much has been 
written in the past ten years about 
these effects. Oftentimes only one 
of them has been emphasized at 
the expense of the others. This re- 
sulted in many offset arm designs 
which were inferior in performance 
to the equivalent straight arms. 

Additional factors have entered 
the picture recently as a result of 
the introduction of home record- 
ing, light -weight pickups, per- 
manent -point styli, and the wide- 
spread use of record changers. In 
order to deal with these subjects 
systematically the various effects 
will be treated in the following 
order: (1) Geometry of the track- 
ing angle; (2) Record wear; (3) 
Side thrust; (4) Distortion; (5) 
Best arm offset; (6) Optimum arm 
design. 

Definition of Tracking Angle 

Let a tone arm having an effec- 
tive length l inches (distance from 
the center of the pivot to the needle 

By B. B. BAUER 
Chief Engineer 

Shure Brothers, 
Chicago, Ill. 

point) be mounted on a motor - 
board with its pivot d inches away 
from the center of the record, as 
shown in Fig. 1(a). When the 
needle point is r inches away from 
the center of the record the follow- 
ing relationships exist: 

rs + P - 2rt cos 0 = d2 (1) 
rs + is - 2rt gin l5 = ds (2) 

where O is the angle included be- 
tween the lines l and r, and 4, is 
the tracking angle between l and 
a line tangent to the groove at the 
needle point. Solving for sin 4): 

rin ß = 2l 
+ is 

2lr (3) 

It will be seen that the amount of 
arm overhang D (swing of the nee- 
dle point beyond the center of the 
turntable) is a significant param- 
eter. Taking advantage of the fact 
that d = l - D, Eq. (3) may be re- 
written as 

gin _ r 2lD - Ds 

2i + 4 
21r ( ) 

Equation (4) . is precise in every 
respect, but does not lend itself to 
simple analytical treatment. We 
shall therefore make two simplify- 
ing assumptions, that D' is negli- 
gibly small compared with 21D, and 
that sin 4. = ¢ in radians. When 
this is done, Eq. (4) can be rewrit- 
ten as 

d s 
3l + (5) 
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95 and the angle between m, and 
m, again increases-and so does 
distortion and side thrust. This 
condition occurs in a number of 
pre-war arms. 

Figure 4(d) shows proper place- 
ment of a 7i -inch arm having an 
offset angle of 30 deg. The best 
value of D here is 0.78 inch. 

The derivation of the best place- 
ment equation is given in the Ap- 
pendix. For least distortion, the 
relation between ß (radians) and 
the corresponding D (inches) is as 
follows: 
D= 

2(( l\ ll(1/\41+_ 
(ß 

+ 1) 

(24) 

This equation represents a series 
of lines which are practically 
straight and which are shown in 
Fig. 5 extending beyond the "Line 
of optimum arm design." Figure 5 

can be used, therefore, as a uni- 
versal chart for properly locating 
arms with pre -determined ß, or for 
determination of ß in arms requir- 
ing a given amount of overhang 
because of tracking reasons. 

Optimum Arm Design 

Keeping in mind the procedure 
for obtaining best ß, the following 
conditions are fulfilled when a/r is 
minimum: (1) Both extremities 
of the 4) -curve touch the upper 
slope -line m2; (2) The lower slope 
line m, is equal and oppositely 
slanted (m1 = -m2) and just 
touches the lower side of the 
4) -curve. 

This situation is shown in Fig. 
4(c). The relation between 1, r, r,, 
D, and ß corresponding to this in- 
stance will now be derived. 

The slope of the line tangent to 
the 4) -curve and passing through ß 
is given in the Appendix as 

m = 1/21 - ß2/4D radians per inch (25) 

From condition (1) above, 
- ß 02 - ß (26) 

r2 

Substituting values of 4,, and 4), 

from Eq. (17) and (18) and solv- 
ing for ß gives 

ß=Dr,+r2 
r1 r2 

From condition (2), ß - mr1 = 
Substituting the values of ß from 
Eq. (27), m from Eq. (25), and 
4), from Eq. (17) and solving for 
D, 

(27) 
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FIG. 5-Design chart for tone arms used with 12 -inch records, in which mini- 
mum groove radius r, is 1.75 inches and maximum groove radius r, is 5.75 inches 

r1 
2 

D = 
rr (( l 1 

inches (28) 

lL \1 + r2/'+ rx] 
Substituting this expression for D 
in Eq. (27) now gives 

r,t1- 
ß = \ r2 radians (29) 

1[y4, l+ 12+ ra 
The values of ß and D as given 

by Eq. (28) and (29) provide the 
minimum distortion attainable in a 
pivoted tone arm, and they should 
always be employed in tone -arm 
design unless this is not feasible 
because of other considerations. 
The reduction in distortion over 
the straight-arm situation is 
roughly 6:1. This renders track- 
ing error distortion completely 
negligible. 

APPENDIX 

To derive the equation of arm 
placement in the region of tan- 
gency, it is first necessary to find 
the slope m, of the lower slope - 
line tangent to the 4) curve and 
passing through the point ß on the 
zero -inch ordinate. The slope of 
the line connecting ß with any 
point on the 4) -curve is 

- ß ß 
m r r r (30) 

Substituting the value of 4) from 
Eq. (5) gives 

21 + ß 
m - (31) 

The point of tangency occurs 
when the slope is minimum; differ- 
entiating Eq. (31) gives 

dm ß 2D 
dr r2 rI (32) 

For minimum slope m dm/dr = 
0, and 

ß = 2D/r (33) 

Substituting Eq. (33) in Eq. (31), 
m, = 1121- i32/4D (34) 

In order to fulfill the procedure for 
least a/r, m2 must equal -m or 

m2 = ß2/4D - 1/21 (35) 
But the upper slope m, equals 

m2 = (4)2 - ß)/r2 (36) 
Substituting (6.2 from Eq. (18) and 
m2 from Eq. (35), Eq. (23) is 
obtained. 

Beyond the point of optimum 
arm design, m, makes contact with 
4)1 instead of 4),. Equation (36) 
becomes 

m2 = (4'1 - ß)/r, (37) 
Substituting 4), from (Eq. (17) and 
m2 from Eq. (35), Eq. (24) follows. 
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