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ABSTRACT

Caster of a steerable vehicle wheel is defined herein to be relative to the thrust line of the non-
steerable wheels. This incorporates caster into the “total alignment” concept. A method of
measuring caster in accordance with this definition is derived. The restrictions, limitations, and
accuracy of the method are investigated, and practical implementation procedures are suggested.

THE PURPOSE OF THIS PAPER is to define the caster angle of a steerable vehicle wheel to be
referenced to the thrust line of the non-steerable wheels. A further purpose is to derive and
characterize an optimal method of measuring caster which can be implemented in a practical
manner.

Recent years have seen the development of the “total alignment” concept, which relates the toe
angles of the steerable vehicle wheels to the thrust line of the nonsteerable wheels. Increased
sophistication of vehicle suspension systems has made this more important, while advances in
alignment measurement instrumentation have incorporated the concept and assumed the
corresponding computational burden.

Referencing caster to the thrust angle is part of the total alignment concept, but caster of a
steerable wheel is difficult to measure. It is the angle between the vertical and the projection of the
invisible steering axis onto a vertical plane containing the thrust line of the vehicle. It is not easy to
attach measuring devices to a projection of an invisible axis. Indirect measurement methods are
available that are very accurate, if they are implemented properly and certain restrictions are
observed.

REFERENCING CASTER TO THE THRUST LINE
Caster has been defined as follows:

“6.2.1 Caster Angle — The angle in side elevation between the steering axis and the vertical. It is
considered positive when the steering axis is inclined rearward (in the upward direction) and
negative when the steering axis is inclined forward.” (1)*

* Numbers in parentheses designate references at end of paper.

Positive caster tends to produce a stable steering system by generating counterbalancing torques
about the steering axes as the wheels roll. The torques vary as the steer (toe) angles change. An

antilihrinim ~randitinn avicte wihan tha ctaar annlac Af tha whaale ramain ~ranctant with nA Ariviar_
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applied torque to the steering wheel. Ideally, the front wheels steer the vehicle in a straight line in
this “neutral steer” condition.

Left and right caster must be equal for this condition to occur, other factors being equal. However,
the straight line direction of travel is the thrust line of the nonsteerable rear wheels. If the thrust
angle of the rear wheels is altered, the neutral steer direction of the front wheels no longer
coincides with the thrust line. See Figure 1. The vehicle then rolls in a circle unless the driver steers
the front wheels by applying a torque to the steering wheel. The vehicle “pulls” to the side.

Clearly caster must be defined relative to the thrust line. This is easily done:

Caster Angle — The angle, in side elevation PARALLEL TO THE THRUST LINE OF THE NON-
STEERABLE WHEELS, between the steering axis and the vertical. It is considered positive when
the steering axis is inclined rearward (in the upward direction) and negative when the steering axis
is inclined forward.

This improved definition brings caster measurement in accord with the total alignment concept,
where individual toe angles are referenced to the thrust line of the rear wheels.

CASTER MEASUREMENT METHODOLOGY

Caster cannot be measured directly, since one cannot mount a sensor on an imaginary steering
axis. Instead, caster can be computed from changes in camber as the wheel toe angle is changed.
The methodology is easily derived.

The camber of a steerable wheel is determined by the caster, steering axis inclination (SAl), toe
angle, and the camber angle at zero toe. The equation describing this relation (derived in Appendix
A) is as follows:

sinC =(cos CO-cosCcosT)tan S

-cos C sin T tan K + sin CO (1)

where
C = camber
CO0 = camber at zero toe
K = caster
S = SAl

T = toe (relative to the thrust line)
The variation in camber as the toe angle changes is illustrated in Figure 2.

The caster measurement procedure is to steer the wheel to two toe angles T1 and T2 where
respective camber measurements C1 and C2 are made. Applying (C1,T1) and (C2,T2) to Eq. (1)
yields
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gin G1 = (cos CO — C1cosTihtan 5
—cos C1 sin T1 tan K + sin GO 12y
gin G2 = |cos CO — cos C2 cos T2) tan §
=cos G2 sin T2 tan K + sin GO 3
Subtracting Eq. (3) Irom Eq. (2] gives
s$inC1 —sinGC2= (cos G2 coa T2
=008 C1 cos T1) tan 5
+ {eos C2 sin T2
—cosCGlsinTi)tan K (4)

Solving for caster yields
8in C1 — sin C2 (5}
cos G2 sin T2 — cos C1 sin T

K=tan" {

cos G2 coa T2 —cos C1 cos T1
cos C2 8in T2 — cos C1 sin T1

tan 5)

Note that Eq. (5) is independent of camber at zero toe (C0), which is highly desirable, since CO
need not be measured to Compute caster. Unfortunately, Eq. (5) is dependent on SAl (S), which is
highly undesirable, since SAl is unknown. Dependence on SAl can be made negligible by making
one approximation and one restriction in procedure.

The camber angles measured during this “caster turn” procedure are very small, usually under two
degrees. The approximation cos C = 1 is made, the error at two degrees being only 0.06%. Eqg. (5)
then reduces to

R sinCi—sinC2 cosT2-cosT 1an )
Al eInTZ —minT1  sin T2 — sin T1
{8}

A restriction is made that the “caster turn” be symmetric about the thrust line, that is T2 =-T1. The
usual procedure is to steer to the left to toe angle T1 and measure C1, then steer to the right to toe
angle T2 =-T1 and measure C2. With this restriction, Eqg. (6) reduces to

sin Cl1-sin C2
(sin T2—sin T1

K=tanl

Eq. (7) allows caster to be APPROXIMATELY computed directly from toe and camber
measurements, provided the toe and camber measurements comply with the restrictions discussed
above. The computations required can be simplified even further, especially for use in analog
instruments. If two further approximations are made. These are

tan x = x« pl f 180

gin ¥ = %« pl F 180

where X is in degrees. These approximations are quite good at the small angles commonly
encountered in measuring caster, and their errors tend to cancel when substituted in Eq. (7), which
then simplifies to

180 . C1-C2

pi T2 =T1 &

K=
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LIMITATIONS OF PROCEDURE

The procedure described above and using Eqg. (8) to compute caster will measure caster relative to
the thrust line of the vehicle if two requirements are met:

1) The toe angles T1 and T2 must be measured relative to the thrust line of the non—steerable
wheels.

2) The caster turn must be symmetric about the thrust line, i.e. T2 =-T1.

If the turn is not symmetric, then the second term of the right hand side of Eq. (6) is not zero. In
effect, this produces crosstalk between the measurements of SAI and caster by invalidating the
assumptions that lead to Eq. (7) and Eq. (8).

This can be visualized quite easily. A more rigorous definition of caster is

Caster Angle — The angle, in a vertical longitudinal plane containing the thrust line,
between the vertical and the projection of the steering axis onto the plane.

The caster turn measurement procedure measures the angle in the plane which bisects the total
turn angle. If the thrustline does not coincide with the bisector of the turn, then the projection of the
steering axis onto the plane is at a different angle from the vertical, and so is not the angle defined
to be caster.

This can be intuitively understood in another way. Eq. (8) shows that caster is computed from a
change in camber (C1 -C2) as the wheel is steered through a turn angle (T2-T1), assuming T2 =-
T1. If the turn is offset to as to be the same total amount but asymmetric, then the change in
camber will be different, because camber does not vary proportionately to toe, as Figure 2 shows.

What practical effect does turn asymmetry have on caster adjustment? If caster is measured by an
asymmetric turn procedure and adjusted to be “equal” on both wheels, it will not be equal on both
wheels relative to the thrust line. This may generate a pull to the side if the side-to-side caster
difference is significant and the suspension is sensitive to this difference.

The theoretical accuracy of measuring caster using Eq. (8) is shown in Figures 3 and 4. Figure 3
illustrates the error in measured caster as a function of actual caster for various amounts of turn
asymmetry. Figure 4 illustrates the error in measured caster as a function of caster for various
combinations of SAl and camber at zero toe, assuming a symmetric turn. It is obvious from these
figures that the method is theoretically quite accurate. provided the restrictions in procedure are
met.

PRACTICAL CASTER MEASUREMENT

A practical implementation of this method of measuring caster must adhere to the restrictions
enumerated above. This is most easily accomplished using a microcomputer and electronic toe
and camber sensors. The sensors must be capable of measuring camber and toe during the caster
turn procedure, and toe must be measured relative to the thrust line.

The usual procedure begins with steering a wheel to the left to a specified toe angle, usually -10 to
-15 degrees, and measuring and storing both camber and toe (C1 and T1). The wheel is then
steered to the right to the opposite toe angle (T2 =-T1) where camber and toe are again stored (C2
and T2). Finally, caster is computed using Eq. (8).

Notice that this procedure measures the caster of only one wheel, the one which is steered to the
proper toe angles. If the left wheel is steered to the proper angles but camber and toe are stored
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and caster computed for both left and right wheels, the right caster can be expected to be in error,
since the turn of the right wheel can be expected to be asymmetric. The asymmetry is due to the
difference in turn angles of the two wheels (toe-out-on-turns) and due to total toe, which is usually
not zero. Figure 3 illustrates the seriousness of this asymmetry error.

This asymmetry error can be eliminated by steering the left wheel to the correct angles to measure
left camber and left toe, then steering the right wheel to the correct angles to measure right camber
and right toe. The procedures can be mixed by steering the left wheel to the left, the right wheel to
the left, the left wheel to the right, and the right wheel to the right. Obviously, other variations are
also possible.

A potential error source in this type of steering procedure is hysteresis in the wheel suspension
during the turn. This can be caused, for example, by compliance in rubber suspension parts, in
tires, and in the turnplates on which the tires rest. An optimum procedure is to steer too far to the
left, then steer toward the right to the proper left turn angle and measure camber and toe, then
steer toward the right to the proper right turn angle and measure camber and toe. For example,
steer to the left to -15°, then to the right to -10° and measure camber and toe, then steer to the right
to +10° and measure camber and toe. Recall that caster is computed from the CHANGE in camber
during this steering procedure.In practice, if one steer angle is approached from the left while the
other is approached from the right, the camber change measured during the turn will be in error
due to suspension hysteresis. For example, if camber is offset only 0.05° due to hysteresis, the
error in measured caster is

180 , Q.05

= ——' v —————— degreez {8
casler arror * J0—i(-10) oFOr )

= .14 degress

Certainly this error should be avoided if possible.

Note also that the sensors must have substantial resolution and accuracy to measure caster
properly, especially when their outputs are digitized. If the turn is made to -10 and +10 degrees, Eq.
(8) becomes

180 C1 =02
ot 0-(—10)

= 28648 +(C1 = C2) (10

K=

The resolution of caster is approximately one third the resolution of camber, thus showing the need
for accurate, high resolution camber sensors when measuring caster. Fortunately, this computation
method does not require accurate zero calibration of the camber sensor. Since only the change is
measured, only the range calibration need tee accurate.

PRACTICAL STEERING DURING THE CASTER TURN PROCEDURE

During the caster turn procedure, the alignment technician is required to steer to somewhat precise
toe angles and cause the alignment instrument to record the camber and toe angles. The
intelligence of a microcomputer can be put to good use in directing and automating this activity.

For example, consider the caster measurement procedure used with the C111 Alignment System
manufactured by Hunter Engineering Co. The console directs the steer operations by the use of
“bar graph” indicators which direct the technician to steer to the proper angle by turning the
steering wheel until a moving pointer is centered or “pulled” on a horizontal scale. When the bar
graph is pulled, the wheel is steered to the proper angle, within a small tolerance.

Tha tarhnirian hanine hyv inctriirtinn tha ~rAanenla tn maaciira ractar whirh raennnde hy diractinn
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the technician to steer the wheels to an approximately straight ahead position. At this point the
console records the offset between the front longitudinal toe sensors and the individual toe angles
of the respective front wheels, so that the front toe angles can be measured during the turn
procedure using only these longitudinal sensors. This is necessary because the line-of-sight of the
transverse sensors might be blocked during the turn by large diameter tires.

The console then presents two bar graphs, one for each front wheel, which direct the technician to
steer 10° to the left, within a tolerance of +/ - 1/4 degree. When a wheel is steered correctly and the
sensors' signals are not changing, the console records the camber and toe angles of that wheel,
and turns off the pointer of the bar graph. The process is then repeated with the other bar graph
and the other wheel. The technician may steer the left wheel correctly first, then the right, or vice-
versa, or both may be steered correctly at the same time (provided the steering geometry and total
toe make it possible).

When both wheels have been steered correctly to the left and measurements have been recorded,
the technician is directed to repeat the procedure by steering 10° to the right, within the same
tolerance of +/ - 1/4 degree. After recording the camber and toe readings of both wheels while
steered to the right, the console displays only one bargraph to direct the technician to steer
approximately straight ahead, at which point the caster angles are computed and displayed.

By directing the technician to steer to within 1/4 degree of the correct angle, the turn asymmetry is
held to a maximum of 1/4 degree. Notice that the actual steer angles are measured and used to
compute caster, thereby keeping errors to a minimum.

STEERING USING TURNPLATE GAUGES

It is possible to measure caster by less sophisticated apparatus, but a compromise in accuracy and
turn symmetry must be accepted. A common method is to turn the wheels to the correct angle by
watching the gauges of the turnplates on which the wheels rest, then actuate a switch to record the
camber measurements.

There are several limitations of this procedure. The first is the possibility of offset between the scale
of the turnplate and the toe angle of the wheel relative to the thrust line. A common procedure to
minimize this offset is as follows:

1) Jack the front wheels up so they clear the turnplates.

2) Steer the front wheels straight ahead, so that they have equal toe relative to the thrust line.
3) Rotate the turnplates until their pointers match the toe angles.

4) Lower the front wheels and jounce.

5) Steer and measure caster.

A possible problem with this procedure is that the toe angles change as the wheels are raised, but
the turnplates might not turn to match the wheels as they are lowered. The step of jacking and
lowering the wheels is also highly undesirable from a practical point of view.

A second limitation of this procedure is that the technician must steer the wheel by pushing and
pulling directly on the tire, instead of simply turning the steering wheel. Eliminating the effects of
suspension hysteresis is quite difficult under this condition.

A third limitation is that the actual turn angles are not measured. The computations performed by
the alignment instrument assume the technician steered to the correct angles. If camber is not
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measured at these assumed turn angles, the caster computed will be in error. Figure 5 illustrates
the sensitivity of caster measurement to this error, assuming a symmetric turn.

These limitations can be somewhat overcome by instrumenting the turnplate, such that the console
can correlate the turnplate angle with the actual toe angle, and thereby measure the actual turn
angles. This also eliminates the undesirable step of jacking up the front wheels prior to measuring
caster, but increases the expense, complexity, and maintenance requirements of the turnplate.

MECHANICAL SYSTEMS

Totally mechanical alignment instruments can easily implement this method of measuring caster,
but are subject to the same requirements to produce accurate results. This type of instrument
generally uses turnplates to guide the turn, and so suffers from the same limitations discussed in
the previous section.

Atypical method of measuring camber is to rotate a cam to level a bubble level and then read
camber from a scale attached to the cam. Caster can be measured with this type of camber sensor
if a proper caster scale is used. The procedure is to steer to the left to the correct angle, rotate the
cam to level the bubble level, and rotate the caster scale to indicate zero. Then steer to the right to
the correct angle, level the bubble level, and read caster from the scale.

The caster scale is easily computed from Eq. (8). The procedure requires the technician to steer to
predetermined angles T1 and T2, so the scale factor is

180

GASTER = pja(T2 = T1) CAMBER GHANGE i

STEERING AXIS INCLINATION (SAIl)
SAl is defined in a manner similar to caster:

Steering axis inclination — The angle, in front elevation perpendicular to the thrust line
of the nonsteerable wheels, between the steering axis and the vertical. It is
considered positive when the steering axis is inclined inward (in the upward direction)
and negative when the steering axis is inclined outward.

SAl is essentially an angle similar to caster, but is measured in a plane 90 degrees to the plane in
which caster is measured. SAI can thus be computed from the changes in a camber-type sensor
mounted 90° to the usual camber sensor. (Such a sensor is normally used when adjusting caster.)
The only extra requirement is that, during the turn procedure, the sensor assembly must be locked
to the adapter which mounts it to the wheel, and the brakes must be locked. Such a sensor
measures the same angular change a “camber” sensor would measure if it were mounted on a
horizontal axle at 90° to the wheel axle.

In fact, both caster and SAI can be measured simultaneously during the caster turn procedure. The
alignment instrument must have both a camber sensor and a “caster adjust” sensor, and the
sensor and brakes must be locked, as described above. During the turn procedure, the camber
sensor is tilted to the front or rear, and the angle it measures is altered by the cosine of the tilt
angle. Since this angle is normally less than two degrees, the error introduced is virtually
unmeasurable. The “caster adjust” sensor is tilted in the camber direction in the same manner, and
the error here is also negligible.

SUMMARY

The definition of caster has been expanded such that it is referenced to the thrust line of the non-
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steerable wheels, thereby incorporating caster into the “total alignment” concept. A method for
measuring caster according to this definition has been derived, and the restrictions, limitations, and
potential accuracy investigated. Practical procedures have been suggested for implementing this
method, such that the alignment technician is guided through the procedure in accordance with the
necessary restrictions.
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APPENDIX A — DERIVATION OF EQ. (1)

Of interest herein is the derivation of Eq.(1), which relates the camber of a steerable vehicle wheel
to the caster and SAI angles of the steering axis to which it is attached, to the toe angle to which it
is steered, and to the camber angle when toe is zero.

Refer to Figure 1A, which illustrates a steering axis with an attached axle. The following
assumptions are made:

1) The axle—steering axis assembly is free to rotate about the steering axis.

2) The axle and steering axis each have unit length. (This greatly simplifies the discussion which
follows.)

3) An orthogonal (X,Y,Z) coordinate system exists with the origin at the junction of the axle and the
steering axis. The Y—axis is the thrust line of the vehicle. The Z—axis is vertical.

The following definitions are made:

1) K = caster = the angle between the Z—axis and the projection of the steering axis on the Y-Z
plane.

2) S = steering axis inclination (SAIl) = the angle between the Z—axis and the projection of the
steering axis on the X-Z plane.

3) C = camber = the angle between the axle and the X-Y plane.

4) T = toe = the angle between the X—axis and the projection of the axle on the X-Y plane.
5) CO = camber when toe = 0.

Note that in Figure 1 A all angles shown are positive.

The lower pivot point of the steering axis, point P1, is located at the origin:

P1=(0,0,0)

Qinra tha ctaarinn avie hac 1init lannth tha rnnrdinatac nf tha 11Innar nivint nnint P2 ara actahlichad
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as follows:

X22 +y22 + 722 = 1 tan' Y2/Z22 =—K tan—' X2/Z2 = -S Substituting Eq. (3A) and Eq. (4A) into Eq.
(2A),

Z22 tan2S + Z22 tan2K + 722 =1
Solving for Z2:
Z2=1/~/1+tan2K + tan2S

Let Z2 = g. Substituting into Eq. (3A) and Eqg. (4A):

X2=—-qtan S
Y2 =—q tan K
Thus

P2 =(—gtan S, —q tan K, q) (9A)

One end of the axle is fixed at point P1. When the axle/steering axis assembly rotates about the
steering axis, the other end of the axle moves in a circle. Since the axle has unit length, its movable
end point at zero toe is at point P3, whose coordinates are easily found by inspection:

P3 = (cos CO, O, —sin CO) |

When the assembly is rotated to some toe angle T, the movable end point moves to point P4,
where

sin-1Z4=-C
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cos' (Xafcos C)=T (124)
ain" (Ydjcoa Cl=T (134)
P4 = [cos G c0s T, ¢os C sin T, —sin ) {144}

The angle batween the steering axis and the axle remains constant during this rotation. Thus
angle [P2, P1, P3) = angle [P2, P1, P4] (154)
The angle batwaen two lines In a thres dimenslonal space can be found using direction cosines. The three

direction cosines of a ine are the cosines of the three angles betwean the line and the thres axes. If a line passes
through the argin and throwgh point P= (Xp, Yo, Zp), which iz g unit distance from the origin, the direction cosines of the

line ara
cos D = Xp (16A)
cos Dy = Yp 7a)
cos Dz = Zp (18a)

The angle batwaean two such lines is found by

cos (angle) = cos Dx1 cos Dx2 + cos Dyl ©os Dy2 + cos Dz1 cos Dz2 {194)
The angle [P2, P1, P3) is found by substituting the coordinates of P2 and P23 into Eq. (18A)

cos [P2, P1, P3) = —g tan S cos €O —qg sin CO (20A)
The angle [P2, P1, P4] ks found In a similar manner

cos P2, P1, Pd|= —qtan Scos G cos T —qlanKcosCeinT—gein G f21a)
in light of Eq. (18A). Eq. (21A) Is subtracted from Eq. (204) and divided by q, giving

lanScosCO+sinCO=tan ScosCcos T+ tan Kcos Csin T+ &in G (224)
Reamranging,
$in G = {cos CO = cos G cos T) tan 8 — cos G sin T tan K + sin CO (1)

This equation Is valid for ail combinations of K, 5, T, and C0.

APPENDIX B - A CLOSED FORM SOLUTION TO EQL (1)

Eq. (1) appears at first glance to be unsolvable for camber. A solution exists, however.

8in C = (cos GO — cos G cos T) ten S = cos C sin T tan K + sin CO 1)
Reamranging,

8inC + cos G (cos T tan § + sin T tan K] = cos CO tan 5 + 8in CO =0 189
Lat

Q1 =1 /{cosTtan S + sin T tan K} (28)

Q2 = Q1 jcos CO tan 5 4+ sin CO) {38
Then

MMasnC+cosC-02=0 (48

(21 8in C = Q2)" = (—cos G (58
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@17 gin®C —2 01 Q2 sin © + 027 = cos™C (BB)
=1 - sin'C (TB)
Q17 + 1) 8in®C + (-2 @1 Q2) sin G+ Q2 - 1) =0 (8B)

Eq. (BB) s a quadratic in (sin C). Thus there are two possible roots. Let

A=01t+1 (98]
B=-20Q102 (108
C=02" -1 e
One possible root is
c- -—BEYE -G (128)
2h
The other is
c= —B-VE'-42AC {138
24

Trial examples have shown that Eq. (12B) is valid if SAl is negative while Eq. (13B) is valid is SAl is
positive. Both equations produce the same result if SAl is zero.

Iterative numerical methods also find roots quite well. The equation is very well behaved, allowing
simple methods to converge quickly with high accuracy.

APPENDIX C — COMPUTATION OF FIGURES 2-5

Figure 2 is a plot of camber as a function of toe for a specified combination of caster, CAl, and
camber at zero toe. This was directly computed using Eq. (12B) and Eq. (13B).

Figures 3 and 4 are plots of the errors in measured caster for various combinations of actual
caster, CAl, camber at zero toe, and turn angles. Figure 3 illustrates the sensitivity of the
measurements to turn asymmetry, while Figure 4 illustrates the relative insensitivity to actual SAI
and camber at zero toe when the turn is symmetric. The procedures to plot any given point is

1) Choose K.S, CO, T1, and T2.

2) Use Eq. (12B) or Eq. (13B) to compute C1 and C2 at T1 and T2.
3) Use Eq. (8) to compute the measured caster.

4) Plot (measured caster — K) vs. K.

Figure 5 is a similar plot, but measurements are made at turn angles T3 and T4 while caster is
computed using different angles T1 and T2. The computation procedure is

1) Choose K, S, CO, T1, T2, T3, and T4.

2) Use Eq. (12B) or Eq. (13B) to compute C1 and C2 at T3 and T4.
3) Use eq. (8) with T1 and T2 to compute the measured caster.

4) Plot (measured caster — K ) vs. K.
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Direction of Pull

Figure 1

If the neutral steer direction does not coincide with the thrust line, the vehicle pulls to the side.

Camber
At Zero Toe
Co

Figure 1A

A steering axis with attached axle illustrated the geometry of caster, SAI, camber and toe.

http://www.hunter.com/pub/undercar/2573T/index.htm 9/17/2007



Steering Geometry and Caster Measurement Page 13 of 14

2
Caster = 3.0
1 SAl = 5.0
Cambaer At Zero Tos = 5
- —_
2
E
[ ]
[¥]
o S  — 4
=1 1 1 1 L
=16 =10 =5 1] 5 10 16
Toe
Figura 2
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Caster maasurement armor varies with turn asymmetry,
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Figure 4
Caster maasurameni is relatively insensitive to 541 and camber at zero toe.
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Figure 5
Caster measurements is sensitive to turn accuracy when turn angles are incorrect, even if the turn
is symmetric.

© 2007 Hunter Engineering Company

http://www.hunter.com/pub/undercar/2573T/index.htm 9/17/2007



