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Introduction
During the first integration test of the drives, with part of the mount for Project40 completed, we 
encountered a problem with the clutch and, potentially, the torque capacity of the servo.  While we 
didn't see a similar problem on the altitude drive, a precautionary analysis indicates that we will once 
the full mass of the telescope is in place.

This paper shows how we calculate the torques that appear at each mechanical interface in the drive 
train. The key concepts are center of gravity, moment of inertia and the rotational force equations.  All 
of the equations are embedded in the Center of Mass3.xls spreadsheet in Sheet 1, while Sheet 2 in the 
spreadsheet contains the design evaluation table.

The analysis indicates that we should add a 5:1 planetary in-line gear into the drive train on both the 
azimuth and altitude drives in order to reduce the torque load on the SiTech gearbox, to bring the 
torque requirements on the servos within their specifications. Incidentally, the additional gear down 
gives us some additional improvements in angular resolution for pointing accuracy.

Center of Gravity
The balance point of the telescope on the rocker box and secondary assembly is estimated from a 
combination of the measured or estimated masses of components of the assembly and the distance of 
their respective centers from an origin.

CG=
∑ mi y i

∑ mi
 (Equation 1)
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A counterweight becomes one of the components as a method to move the center of gravity down, 
toward the origin, making the balance point of the rocker box and secondary assembly adjustable. It 
just becomes one of the masses with a distance in the center of gravity calculation.  For the Project40 
telescope, we have measurements or estimates for each of these masses and we can use them to 
calculate the overall center of gravity of the rocker box-secondary assembly.

Table 1
The A-frame and the base plate and azimuth ring are not part of the rocker-secondary assembly, so they 
don't figure into this center of gravity calculation, but we'll need them later, both for the total mass of 
the scope and for calculating moment of inertia about the azimuth axis.  Notice that we have assumed a 
20 lb. counterweight to move center of gravity down a tad to 18.368 inches above the bottom of the 
rocker box. That's where the altitude axis is centered.  I've used inches so that our next calculations will 
have convenient dimensions.

Moment of Inertia
The moment of inertia of an object is a measure of how  mass is distributed around an axis of rotation. 
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Origin is bottom of rocker box From bottom
Center point 18.368

mass (lbs) d (inches)
Secondary Mirror 5.0 115.547
Top spider, secondary mount, cage 23.0 122.041
Truss tubes @ 4.5lb per tube x8 36.0 70.520
Tertiary diagonal mirror 2.5 29.002
Plywood altitude segments 9.0 0.000
Focuser and eyepiece 15.0 29.002
Mirror 170.0 6.385
Rocker box 308.0 9.500
Counterweight 20.0 -2.000
A-frame 98.0

164.0
Total 850.5
Base plate and Az Ring



It is the equivalent of mass in Newton's linear motion force equation for rotational kinematics. The 
equivalents for force and acceleration are torque and rotational acceleration.
F=m a (Equation 2)
Force = mass times acceleration
=I  (Equation 3)
Torque = moment of inertia times rotational acceleration

Since we have two axes, we have two different moments of inertia in altitude and azimuth. And for the 
azimuth axis, the moment of inertia will vary from that when the telescope is pointing at the zenith to 
that when the telescope is pointed at the horizon, since some objects with appreciable mass are moved 
much further away from the rotational axis.

We can estimate the moment of inertia by making some simplifying assumptions. For the components 
of the rocker box and secondary assembly moving around the altitude axis, we assume that they are 
masses located at their individual centers of gravity on a vertical line passing through the origin and 
normal to the altitude axis. The moment of inertia about the altitude axis of each of the components 
estimated in this way is:

I=m r 2 where r is the distance from the center of gravity to the axis. (Equation 4)

Then the total moment of inertia of the entire rocker box and secondary assembly is just the sum of 
these moments:

I=∑ mi ri
2 (Equation 5)

To estimate the moment of inertia about the azimuth axis we break the moment of inertia sum into two 
sections. When the telescope is pointing at the zenith, we only need one of the sections. We make the 
simplifying assumption that the total mass of the telescope is spread evenly in a cylinder of arbitrary 
height whose axis is the azimuth axis. The moment of inertia of a cylinder about its axis is:

I=m r2

2
(Equation 6)

We can total the mass measurements and estimates for all of the rocker box and secondary assembly, 
plus the weight of the A-frame, base and azimuth bearing surface and assume that they are the mass of 
that cylinder. When the telescope is pointing at the horizon, then the mass of the base plate and A-frame 
are combined in the same kind of cylinder. For the rocker box-secondary assembly, we know the center 
of gravity of each component and its distance from the altitude axis which intersects the azimuth axis. 
We use those masses and distances of those centers of gravity to sum the moments of inertia across the 
scope.  The table shows these calculations. I assumed a cylinder diameter of 45 inches and converted 
all of the pounds to ounces to get oz-in2 moments of inertia.
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Table 2

Torque
We have one of the needed values to calculate torque or force required to move the telescope in both 
axes. The other one we need is the acceleration.  We choose a 90° slew (π/2 radians) that happens in 30 
seconds as the fastest we want the telescope to move. A slew consists of an acceleration up to the 
midpoint and a deceleration to the destination. Since

=0 t1
2
t 2 (Equation 7)

where= the rotation of the mass
  and0 = the starting rotation velocity (zero in our case)
  and t = the elapsed time
  and= the rotational acceleration, then

=1
2
 t 2, and rearranging (Equation 8)

=2
t 2 (Equation 9)

We calculate the acceleration required to reach the midpoint of the slew (a rotation of π/4 radians) in 15 
seconds:

= 2
4152

=.00698 radians / sec2
    (Equation 10)

And since we know the acceleration and the moment of inertia, we can calculate the continuous torque:
= I  (Equation 11)
alt=.00698 radians /sec27,268,543=25,372oz-in (Equation 12)
az90=.00698 radians/ sec23,444,525=12,024 oz-in (Equation 13)
az0=.00698 radians /sec28,329,643=29,067oz-in (Equation 14)

These values of torque are the force required to apply a constant acceleration to the telescope mass 
along the respective axes during a slew to a maximum speed at the halfway point and a constant 
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Origin is bottom of rocker box
Center point 18.368

Moment of Inertia (oz-in 2̂)
mass (lbs) d (inches) Altitude Axis Azimuth Axis 90Azimuth Axis 0

Secondary Mirror 5.0 115.547 755,489 755,489
Top spider, secondary mount, cage 23.0 122.041 3,955,258 3,955,258
Truss tubes @ 4.5lb per tube x8 36.0 70.520 1,566,627 1,566,627
Tertiary diagonal mirror 2.5 29.002 4,523 4,523
Plywood altitude segments 9.0 0.000 48,585 48,585
Focuser and eyepiece 15.0 29.002 27,138 27,138
Mirror 170.0 6.385 390,592 390,592
Rocker box 308.0 9.500 387,573 387,573
Counterweight 20.0 -2.000 132,758 132,758
A-frame 98.0 396,900

164.0 664,200
Total 850.5 7,268,543 3,444,525 8,329,643
Base plate and Az Ring



deceleration to a speed of zero at the destination of the slew.  Out of curiosity, we calculate the top 
speed of rotation at the middle of the slew:

=
0

2
t (Equation 15)

=2
t

(Equation 16)

=

2
4

15
=.105 radians/sec or 6 degrees per second or 1 rpm. (Equation 17)

Gear Ratios
To choose a servo motor that will work to move the telescope at this acceleration continuously during a 
slew, we need to calculate the torque that the motor must deliver.  From the shaft of either axis, a drive 
wheel pushes a surface to move the telescope. The 5-inch drive wheels push against a large diameter 
surface to move the telescope about their respective axes. In the case of the azimuth axis, the ratio is 
44:5 or 8.8:1, and in the case of the altitude axis, the ratio is 50:5 or 10:1.

The drive wheel is, in turn, driven by a pair of gears in a SiTech gearbox that have a 320:28 or 11.4:1 
ratio.  The 28 tooth spur gear is on the shaft of the motor plus gear and the gear ratio of the one-piece 
servo is 9.9:1.  The servo itself has a continuous torque capacity of 2.2 oz-in and a no-load RPM of 790 
rpm.
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Each gear ratio applied to the motor is multiplied times the motor torque in turn until we reach the 
telescope axis. And the same is true in reverse. Knowing the torque required to  move the telescope at 
the desired slew rate, we can calculate the torque required at each mechanical interface:

Table 3

This turns out to match the specs of many of the servo motors offered by Pittman. More about the Ticks 
per rev row in the table later.

The Clutch
During our first integration test, we observed that with the azimuth clutch tightened finger tight, the 
drive wheel slipped instead of driving, but could move the telescope if we gave it a little help. It could 
also move the telescope in one direction but slipped until helped in the other direction. If we take this 
observation as evidence that we were just at the limit of the torque transfer capacity of the clutch, and if 
we think of the clutch as a device that doesn't transfer torque above a certain threshold (to protect the 
motor from being twisted beyond its liking when dragging the telescope in rotation), then we can 
calculate the torque threshold. 

In the first integration test, the mount included only the rocker box, the A frame and the base plate with 
azimuth ring. The altitude moment of inertia almost disappears: 12,627 oz-in2 . The azimuth moment of 
inertia is smaller than for the complete scope, but not by much: 2,344,950 oz-in2 compared to 3.4MM 
oz-in2 . Given the same slew acceleration requirement, the torque we were delivering at the azimuth 
shaft was 8,185 oz-in, and the output of the SiTech gearbox was 930 oz-in. If we asked it to deliver 
more than that, it just slipped, as designed.  Look at the torque in Table 3: the gearbox torque row tells 
us that in order to move the fully assembled telescope, we need  torque out of the gearbox to reach 
3,300 oz-in at the azimuth axis and 2,500 oz-in at the altitude axis. That's a factor of 3.5 and 2.7, 
respectively, greater than the actual clutch torque threshold.

The clutch is an important part of the design. Many of our docents will be much more comfortable 
dragging and slewing than running the telescope from The Sky. Dan Gray, the person behind SiTech, 
suggested the solution – add some more gear train between the gearbox and the azimuth shaft to reduce 
the torque required to be supplied by the clutch. Probably it should be greater than the factors above to 
ensure that we aren't right on the edge of the clutch torque threshold.

If we insert an in-line gearbox between the SiTech gearbox and the drive wheel shaft, and we choose a 
5:1 ratio to give our design some insurance in the form of reducing the torque requirement from the 
SiTech clutch well below its threshold, then our torque calculations from Table 3 are changed.
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Alt Axis Az Axis 90 Az Axis 0
Shaft Torque 25,372 12,024 29,076
Gearbox torque 2,537 1,366 3,304
Motor+gear torque 222 120 289
Motor torque 38 20 49
Motor rpm 674 593 593
Ticks per rev 1,348,740 1,186,743



Table 4

Finding Working Gear and Motor Designs
With the equations described so far built into a spreadsheet with result sets like those in the tables, it's 
possible to try different values for all of the inputs. With three different goal values and three knobs to 
turn, it's difficult to find all of the designs that will work so that we can make sure that we will not 
overlook a good alternative.  

The three figure of merit equations that we are trying to balance are:

• The torque required of the SiTech gearbox, keeping it below the threshold where the clutch 
works

• The torque of the motor, keeping it below the continuous torque rating

• The RPM of the motor, keeping it below the no-load RPM rating

The three figures of merit depend on multiple variables, but there are three that are drivers of all three 
of the figures of merit.

• Slew time assuming a slew distance of 180 degrees

• Gear ratio of the add on gear box 

• Motor gear ratio

While we could consider other values as variables in a complete ground-up design change, keeping all 
other variables constant to reflect the current design is a less radical approach to choosing how to solve 
the clutch problem.

The three figure of merit equations are shown below. The derivations are in the Appendix.
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Alt Axis Az Axis 90 Az Axis 0
Shaft Torque 25,372 12,024 29,076
Gearbox Add on 2,537 1,366 3,304
Gearbox torque 362 195 472
Motor+gear torque 32 17 41
Motor torque 5 3 7
Motor rpm 4,721 4,154 4,154
Ticks per rev 9,441,180 8,307,200



•

G0=
 I az0 S

45T 2 Raz RG1

(Equation 18)

where
G0=torque on the SiTech gearbox
I az0=moment of inertia about the azimuth axis with scope at horizon, a constant 8,329,643
S=slew distance in angular measure, a constant 180 degrees
T=slew time in seconds, an input variable
Raz=gear ratio between drive wheel and azimuth shaft, a constant 8.8
RG1=gear ratio of the add on gearbox, an input variable

•

M=
 I az0 S

45T 2 Raz RG1 RG0 RM

(Equation 19)

where
M=torque on the motor shaft, before the motor gearbox
RG0=gear ratio of the SiTech gear box, a constant, 11.43
RM=gear ratio of motor gear box, an input variable

•

RPM M=
RM RG0 RG1 Raz S

3T
(Equation 20)

where
RPM M=speed in rpm of the motor

With this set of interacting equations for the three figures of merit we are trying to optimize, there may 
be an analytic solution, but setting up a spreadsheet with the three input variables in all possible 
combinations of values within the ranges we want to examine allows us to calculate the resulting values 
for the three figures of merit and then to filter the resulting figure of merit columns for the results we 
want.

The ranges I chose to evaluate on the inputs were: 

• T (slew time to move 180 degrees): 15s, 30s, 45s, 60s, 90s, 120s

• RG1 (gear ratio of the add on gearbox): 1, 2, 3, 4, 5, 6, 7, 8 , 9, 10:1

• RM (gear ratio on the motor planetary gearbox): 1, 5.9, 6.3, 19.5, 60.5, 187.7, 218.4

The limits on the figures of merit were are dictated by the motor specs for the three classes of motors:

• 8000 series servos have a no-load speed of 8,500 rpm or less and a max continuous torque of 
1.8 oz-in 

• 9000 series servos have a no-load speed of 34,000 rpm or less and a max continuous torque of 
7.3 oz-in

• 14000 series servos have a no-load speed of 66,000 rpm or less and a max continuous torque of 
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18.9 oz-in

And, while I evaluated slew speeds slower than 3 degrees per second (60 seconds to move 180 
degrees), I don't really think slower speeds are acceptable. We can always slow the slew speeds in the 
controller configurations, but we can't increase speeds if the mount design doesn't allow it.

The 8000 series servos have no design options that allow the slew speed to be any faster than 90 
seconds. I think that takes them out of the running. The 8000 servos are what we bought from Mel.

The 9000 series servos have one design that works at 45 seconds for slew time, and several that work 
for 60 second slew time.

Table 5

The choices are for add on gearboxes that range from 6 to 10:1 gear ratios and  motor gearboxes that 
are either 5.9 or 19.5

The 14000 series servos have two designs that work at 45 seconds for slew time and all versions of the 
14000 with gearbox work at 60 seconds.

Table 6

A 45 second slew time corresponds to 4 degrees per second and in both cases of the 9000 and 14000 
series servos, the design requires the highest gear ratio available from the particular planetary gear 
maker I found. There may be other makers with different ratios available, but I suspect that the lower 
we go on the add on planetary gear, the less backlash we will suffer and the more within the design 
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Slew Time (T) Ratio – add on Ratio – Motor RPM – motor

45 10 19.5 587 3 26,149
60 6 19.5 551 2 11,767
60 7 5.9 472 7 4,154
60 7 19.5 472 2 13,728
60 8 5.9 413 6 4,747
60 8 19.5 413 2 15,689
60 9 5.9 367 5 5,340
60 9 19.5 367 2 17,650
60 10 5.9 330 5 5,934
60 10 19.5 330 1 19,611

Torque – 
Gearbox

Torque – 
Motor

Slew Time (T) Ratio – add on Ratio – Motor RPM – motor

45 10 5.9 587 9 7,912
45 10 19.5 587 3 26,149
60 6 5.9 551 8 3,560
60 6 19.5 551 2 11,767
60 6 65.5 551 1 39,525
60 7 5.9 472 7 4,154
60 7 19.5 472 2 13,728
60 7 65.5 472 1 46,112
60 8 5.9 413 6 4,747
60 8 19.5 413 2 15,689
60 8 65.5 413 1 52,699
60 9 5.9 367 5 5,340
60 9 19.5 367 2 17,650
60 9 65.5 367 0 59,287
60 10 5.9 330 5 5,934
60 10 19.5 330 1 19,611
60 10 65.5 330 0 65,874

Torque – 
Gearbox

Torque – 
Motor



specs of the gearbox we will be. My choice for the design would be either the 9000 or 14000 servos 
with 19.7:1 gearbox on the motor and an add on gearbox between the clutch and the drive wheel with a 
ratio of 5:1.  

Coda
A word about ticks per rev, as promised.  With the 19.7:1 (the actual gear ratio) for the motor gearbox 
and a 5:1 add on gearbox, the torque calculations and ticks per rev resulting look like this:

Table 7

Ticks per rev are a measure of the resolution of corrections that the controller can make to the pointing 
location of the telescope. The azimuth ticks per rev translate to 0.05 arcseconds per tick. This is right at 
the recommended ticks per rev by the SiTech users and maker, 10 to 20 million ticks per rev. The 
altitude axis using this design will also be well configured for accurate pointing.
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Alt Axis Az Axis 90 Az Axis 0
Shaft Torque 25,372 12,024 29,076
Gearbox Add on 2,537 1,366 3,304
Gearbox torque 507 273 661
Motor+gear torque 44 24 58
Motor torque 2 1 3
Motor rpm 11,259 9,906 9,906
Ticks per rev 22,517,100 19,812,571



Appendix
This appendix shows the derivations of the three equations for figures of merit in the choice of the 
motors and gear ratios for the drives. The three figures of merit represent the goals of the design:

• G0 the torque that the SiTech gearbox is required to maintain in order to move the telescope 
through a slew. We know from the torque analysis of the drive train and from our experiments 
that torque threshold of the SiTech clutch in the gearbox is 600 oz-in. 

• RPMM the speed of the motor is limited by the specifications of the motor.

• M The torque that the motor must maintain (not the maximum torque), per its specifications.

The equations for each of these figures of merit must reduce to constants and as few input variables as 
possible, as each variable increases the dimension of the solution space. In this analysis, the three 
irreducible input variables are slew time (T), gear ratio of the add on gearbox (RG1), and the gear ratio 
of the motor gearbox (RM).

Figure of Merit for Torque at Output of SiTech Gearbox

G0=
 I az0 S

45 T 2 Raz RG1

(Equation 18)

where
G0=torque on the SiTech gearbox
I az0=moment of inertia about the azimuth axis with scope at horizon, a constant 8,329,643
S=slew distance in angular measure, a constant 180 degrees
T=slew time in seconds, an input variable
Raz=gear ratio between drive wheel and azimuth shaft, a constant 8.8
RG1=gear ratio of the add on gearbox, an input variable

The torque on the add on gearbox divided by the add on gearbox gear ratio gives the torque on the 
SiTech gearbox output:
G0=G1/RG1

Since RG1 is an input variable, we need to find a value for the torque on the output of the add on 
gearbox. 
G1=az /Raz

Raz , the gear ratio for the azimuth drive wheel on the azimuth bearing plate, is a constant (8.8) and we 
find a value for the torque on the azimuth shaft.
az0= I az0 

Iaz0, the moment of inertia of the telescope about the azimuth axis when the scope is pointed at the 
horizon (altitude=0), is a constant (8,330,000 approximately).  Acceleration is a function of the slew 
distance and the slew time. This relation assumes that the drive will move the telescope in rotation with 
constant angular acceleration until it reaches the midpoint of its slew distance and then will rotate with 
constant angular deceleration until it reaches its destination.
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=22
360

S
2


2
T


2

=22
360

S
2

4
T 2 

=8
360

S
T s

= 
45

S
T 2

Substituting  in the relation for az0  we get:

az0= I az0

45

S
T 2

Substituting az0 in the equation for G1  we get:

G1=

45

I az0
S

T 2 Raz

And, finally, we substitute this expression into the equation for G0

G0=

45

I az0
S

T 2 Raz RG1

We now have G0 in an equation with input variables T and  RG1.

Figure of Merit for Torque at Output of Servo Motor

M=
 I az0 S

45T 2 Raz RG1 RG0 RM

(Equation 19)

where
M=torque on the motor shaft, before the motor gearbox
RG0=gear ratio of the SiTech gear box, a constant, 11.43
RM=gear ratio of motor gear box, an input variable

The torque on the output of the motor is equal to the torque exerted by the output of its integrated 
planetary gear divided by the planetary gear ratio:
M=GM /RM

Likewise, we can work our way back to the torque on each component piece in the same way:
GM=G0 /RG0 the torque exerted by the output of the SiTech gearbox;

G0=G1/RG1 the torque exerted by the output of the add-on gearbox;
G1=S /Raz the torque exerted by the output of the azimuth shaft.

Now, we have another relation for the azimuth shaft torque:
S=I az0  , and, 

S=I az0

45

S
T 2
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With this equation, we can start the substitution process, backwards, until we get to M again.

G1=I az0
S

45T 2 Raz

G0=I az0
S

45 T 2 Raz RG1

GM=I az0
S

45T 2 Raz RG1 RG0

M=I az0
S

45 T 2 Raz RG1 RG0 RM

This is Equation 19, and it gives this figure of merit in terms of the three input variables 
( T , RG1 , RM ).

Figure of Merit for Motor Speed

RPM M=
RM RG0 RG1 Raz S

3T
(Equation 20)

where
RPM M=speed in rpm of the motor

The angular speed of the motor in radians/second is converted to RPM.

M=RPM M
2
60

The speed of the motor is related to the speed of the shaft by the product of all of the intermediate gear 
ratios.

RPM M=RM RG0 RG1 Raz RPM s

From the first Figure of Merit discussion, we have the acceleration:

= 
45

S
T 2

From rotational kinematics we know:

2=0
22

In this case 0 is zero and  is the angular distance through half of a slew, which we take to be 

90º or 

2 radians. Since half of the slew takes half of the time T, we get:
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S
2=2S

2
2
360

S= 2
360

S 

Substituting the acceleration:

S= 2S
360

S
45T 2= 22 S 2

16200 T 2=

90

S
T

We convert from radians/second to RPM and substitute to get the final figure of merit equation:

RPM s=

90

S
T

60
2

= S
3T

RPM M=
RM RG0 RG1 Raz S

3T
This Figure of Merit (Equation 20) is written in term of the three input variables, again.
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