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1.0 Abstract There has been some discussion at recent SAWE International Conferences
regarding the creation of a SAWE sponsored mass properties seminar, with the ultimate goal being
the certification of Mass Properties Engineers by the SAWE.  This paper presents a review of the
methods used to measure Center of Gravity Location, Moment of Inertia, Product of Inertia, and
Weight.  The authors have attempted to discuss all the elements of mass properties measurement,
so that this paper can be used as a textbook.  This will be condensed and edited at a later date for
incorporation into the SAWE Weight Engineering Handbook.

Much of the material in this paper has been gleaned from previous papers written by the senior staff
engineers at Space Electronics (Boynton, Wiener, and Bell).  We have provided a bibliography at
the end of this paper which references some of these papers, so that readers wishing to delve further
into these subjects can obtain information on mathematical derivations of error sources, etc.

2.0  Steps in Making a Mass Properties measurement
There are 9 steps required to measure the mass properties of an object:

2.1 Define  the particular mass properties you need to measure and the required
measurement accuracy Sometimes this task has already been done by someone else, but
other times you may be asked to measure mass properties without being given much
guidance regarding what is to be measured or the accuracy required.

2.2 Choose the correct type of measuring instrument This choice will be driven by the
availability of existing equipment, accuracy required, cost, and suitability for the
measurement environment (i.e. production vs. research).

2.3 Define  the coordinate system on the object to be used as the mass properties
reference axes  Any object has an infinite number of values for CG location, moment of
inertia, and product of inertia, depending on where the reference axes are assigned.  The axes
may be related to the geometric centerline of the vehicle, a line of thrust, or may depend on
the attachment interface to another stage of the vehicle.  

2.4 Define  the position of the object on the mass properties measuring machine  There
are an infinite number of ways a payload can be mounted on a mass properties machine.
While the mass properties of the payload are fixed, the measured data will be dependent on
the orientation of the payload relative to the measurement coordinate system.  We are talking
about basic position, not how accurate this position is.  For example, a rocket can be
mounted on the machine with its nose up or its nose down.  The fins can be parallel to the
X axis of the machine or the Y axis (or for that matter can be oriented at any angle).  To
avoid confusion, you need to make a drawing or sketch of the position of the payload on the
machine, so you can interpret the measured data correctly.  The X axis of the mass properties
instrument will not necessarily correspond to the X axis of the payload.

2.5 Determine the dimensional accuracy of the object being measured This can be the
limiting factor on accuracy.  For example, you can=t measure CG of a cylindrical object with
an accuracy of 0.005 inch if the outer surface of the object has a runout of 0.020 inch.
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Figure 1 - Standard “A” for Aircraft, Bombs, and missiles

2.6 Design the fixture required to mount the object at a precise location relative to the
measuring instrument This will require a means of determining the location of the
measurement axis of the instrument as well as a means of accurately supporting the object
on the instrument.

2.7 Verify the position of the object on the instrument. There are clever  techniques which
can make this relatively easy.

2.8 Make the mass properties measurement.  This can be the quickest part of the job.

2.9 Report  the mass properties data  After the measurement is made, you will have to
report the data to someone else.  You need to define which axis is X, which axis is Y, etc.
Your X may be someone else's Y.  Even within one company, one department may call the
roll axis X and another department may call it Y.  If you submit the data without defining
the axes, each group will use its own set of coordinates in interpreting the data.  These
problems can be minimized by  using the Recommended Practice for Mass Properties
Reporting which is summarized in the figures below.   No amount of discussion will replace
the value of a single sketch showing the orientation of the payload and definition of the
measurement coordinate system.
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Figure 2 - Standard “S” for vehicles which orbit the earth
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3.0  Establishing a frame of reference (relating payload and
instrument coordinate systems) 

3.1 Choosing the frame of reference  The flight dynamics engineer works with two
different vehicle frames of reference: the body frame, defined by the structure of the missile,
and the inertial frame, defined by the mass properties of the vehicle.  Many people involved
with mass properties do not fully understand the difference between these two frames of
reference, or how you translate vector quantities from one frame to the other (a process
involving Euler angles and an ordered sequence of three matrix rotations about the axes of
the source frame). 

The body frame is a reference system which is related to the physical structure of the
vehicle.  This frame is easy to define for a perfect ideal vehicle shape, but may be hard to
locate on a real vehicle, because of loose manufacturing tolerances and other practical
problems.

The inertial frame is a reference system defined by the principal axes of the vehicle.  This
can be crudely calculated, but it is necessary to make measurements of the real vehicle to
accurately determine the location of this inertial frame relative to the body frame.
Measurements are made on a mass properties instrument which determines CG location,
moments of inertia, and (if necessary) products of inertia.  These measurements define the
inertial frame relative to the body frame within the tolerance limitations of both the structure
and the measuring instruments.

Often the goal is to align the two frames of reference so one principal axis coincides with
the roll axis, etc.  This is not always the goal, however.  Certain reentry vehicles are
deliberately designed with a misalignment to produce a coning action during reentry, and
smart weapons scan the target in a circular pattern by using a similar misalignment.

3.2 Interpreting the data The following is a review of some general characteristics of mass
properties data which must be observed when deciding on the orientation and coordinate
system to be used for mass properties measurements.

3.2.1 Moment of inertia can only be positive, so there is never any uncertainty regarding
sign. However, you should determine whether this magnitude should be expressed about the
geometric centerline of the vehicle or about its CG, about an axis parallel to the geometric
centerline or rotated so the data is about the principal axes.  In most cases, there will not be
a big difference in these three magnitudes. This can lead to confusion, since it will not be
immediately obvious that the wrong data is being presented.  Space Electronics mass
properties instruments always report MOI and CG relative to the instrument centerline.  If
user data is entered, then these properties will also be reported relative to the payload datum
and coordinate system.
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3.2.2 Center of gravity coordinates can be positive or negative. You should determine
whether your positive axis agrees with the definition of axes used by the recipient of your
data.  Furthermore, CG distance can be expressed along a coordinate system defined by the
geometry of the vehicle or along the principal axes.  We recommend you provide a sketch
which clearly shows the axes and their algebraic signs.

3.2.3 Product of inertia can also be positive or negative.  Since this quantity is derived by
multiplying the incremental masses by two different distances, the POI sign is even more
prone to error than the sign of the CG data.  We frequently hear the comment: "I can
calculate POI, but I never get the sign right".  What usually happens is not that the sign is
wrong, but that the mass properties engineer and the recipient of his data are using different
coordinate systems.  

3.2.4 About vs. along  Moment of inertia is expressed about an axis.  CG coordinates can
be expressed as a distance along an axis or as an unbalance moment about an axis (CG along
X corresponds to the CG unbalance moment about Y or Z).  POI is relative to two axes. (or
it can be a tilt angle in a plane defined by two axes).

Six types of information are required to establish a mass properties reference system:

1. The location of the reference axes origin.
2. The mathematical symbols used to define the reference axes.
3. The zero point along each axis
4. The direction of positive values along each axis.
5. The positive direction for rotation about each axis
6. A zero rotation angle reference about each axis

3.3 Dimensional Errors - In the previous section we discussed the definition of axes and
polarities.  In this section we are concerned with the difference between the ideal and the real
object.  In order to make accurate measurements, the payload must have precisely defined
measurement axes.    If the object is a smooth ground cylinder, then it is obvious where the
axes are located.  However, on real parts,

! flat surfaces are not perfectly flat; 
! round surfaces are not perfectly round;
! concentric surfaces are not exactly on the same center;
! perpendicular surfaces are not exactly perpendicular;
! some surfaces are soft or poorly shaped (cork, thick paint).

The effect of all these non ideal conditions is that the datum for the payload coordinate system can
be no better than the accumulated uncertainties of the datum surfaces.  
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Figure 3

Recommendation: When you first receive an object
to measure, do a dimensional inspection of the
object.  If the object outer surface is less accurate

Often mass properties are defined relative to a coordinate system that includes the centerline
of a vehicle, and two orthogonal axes located at a specific missile "station" (distance along
the centerline).  What do you do if the missile is made of three different sections, each with
its own centerline?  Until the measurement axes have been defined to the satisfaction of all
parties involved with mass properties, there is no sense proceeding.

3.3.1 Unrealistic CG tolerances  Your CG measurement accuracy can only  be as good as
the machining accuracy of the reference datum.  For example, if you must measure and
correct the radial CG of a rocket within 0.003 inch of the centerline of the rocket motor
flange, and you dial indicate this flange and find that it is out of round by 0.015" TIR, then
the specification for CG accuracy is impossible to achieve.  However, there may be a
common sense compromise which will allow the measurement to proceed.  For example, you
might discover that the flange is close to an ellipse, so you can establish a center of the large
and small diameter and relate the CG to that point.  A@ best fit circle@ program is often used
to locate a centerline for out of round cylindrical parts.  You may find that there is a flat or
other anomaly area on the flange, so you can ignore that part and base your center on the part
that appears more round.  

A better solution might be to find out what is really the point of the specification.  For example, it
might turn out that what is really required is that the CG be centered on the exit cone of the rocket
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motor when this motor is rotated to a straight ahead position.  If you know this, then you can
negotiate a much more meaningful test which accomplishes the flight objective.

3.3.2 Determining realistic mass properties tolerances  To determine if the stated tolerances are
realistic, the payload uncertainties, fixture uncertainties, and instrument uncertainties must be
determined and compared to the specified measurement tolerances.  The sum of these three
uncertainty sources must be less than the measurement tolerance by a factor of at least 3 with a factor
of 5 or more being desirable.  To determine the object uncertainties a two step analysis is
recommended.  Keep in mind, this analysis is just for the object.  Another, similar, analysis must be
performed as part of the fixture design process to be sure that the fixture does not use up more than
10 or 20 percent of the allowable mass properties measurement tolerance.
 

STEP 1 = Calculate the required mechanical dimensional tolerances necessary in order to be
10 times better than the accuracy specification for mass properties.  For example, if CG
accuracy required is 0.005 inch, then you must know the location of the reference axes to an
accuracy better than 0.0005 inch. .

STEP 2 = Do a dimensional inspection of the object.  If the object outer surface or other
datum surfaces have accumulated tolerances less accurate than the tolerances calculated in
step 1, then you have a problem.

In cases where there is no precise surface on the object and the critical axis is the
aerodynamic centerline, then this can be determined using multiple measurements at different
heights along the object and then entering this data in a computer program which determines
the best fit solution.  Space Electronics manufactures a system consisting of a very rigid dial
indicator stand with two electronic dial indicators.  The outputs of the dial indicators are
connected to the computer, automating the process of determining the single line which
represents the geometric centerline of the vehicle.

3.3.3 Dimensional tolerance for product of inertia measurement Objects which are spin
balanced must generally be dimensionally defined even more accurately than those requiring
CG measurement.

Tolerances for product of inertia are trickier to calculate.  The best approach is to first
calculate the axis tilt corresponding to the object POI tolerance, and then relate this to TIR
runout of two reference diameters or between a reference diameter and a perpendicular axis.

3.3.4 Establishing hard points on the object  If you have an influence in the early stages
of a design, maybe you can convince the project engineer to add two precision datum rings
to the object.  This will give you a reliable interface for your fixture and will also give you
something to measure to determine if the object is located correctly in the fixture.  The
example below is for a rocket. But could apply equally well to a satellite.  Engineers who
align the guidance system will find these rings invaluable.  Motor nozzles can be located
relative to these rings. 
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Figure 4 - Precision rings eliminate
uncertainty regarding measurement axes

Figure 5 - Standard Generic Fixtures Available from Space Electronics
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4.0 Choosing a fixture
The number one source of measurement error in most mass properties measurements is the
inability to accurately position the object being measured relative to the measurement axis
of the instrument.  Traditionally this has been accomplished using a precision fixture which
supports and locates the object.  For horizontal measurements of cylinders, vee blocks are
commonly used.  For vertical cylinders or cones, an adjustable fixture is often used and the
object is centered using dial indicators.  Rectangular objects are usually fixtured using a grid
plate fixture that has "fence" type end stops which interface with a precise pattern of holes
on the fixture. 

4.1 Importance of fixturing accuracy  The accuracy of mass properties measurement is only
as good as the accuracy of the fixture used to support the payload.  If you are measuring a
smooth ground cylinder, then fixturing accuracy of 0.001 inch is not hard to achieve.  This
is a typical accuracy when fixturing a shaft for a turbine rotor.  Objects such as this have
precision surfaces where the bearings are supported.  Not only are these surfaces almost
perfectly round and true, they also generally lie along a longitudinal axis within 0.001 inch
TIR.  When you're in the jet engine business, fixturing is relatively easy because everything
is made so precisely.

Many satellites represents the mass properties engineer's worst nightmare.  There is no outer
skin or controlled "hard point".  It is just a clutter of irregular objects attached to a thin walled
structure, and is so fragile that it can only be held at certain places, none of which are
dimensionally controlled within the tolerances required for the measurement accuracy
needed.  

4.2 Mass properties fixtures perform three basic functions:

4.2.1.  The fixture must locate the object in a repeatable and rigid manner relative to the mass
properties instrument.  For maximum measurement accuracy, the nominal CG of the object
should be as close as possible to the measurement axis of the instrument.  For spin balancing,
the axis of rotation of the object must be coincident with the axis of rotation of the balancing
machine.

4.2.2..  The fixture must provide a means to precisely relate the object coordinate system to
the mass properties instrument coordinate system, so that measurements made relative to the
machine axes can be expressed relative to the object axes.

4.2.3. The fixture should be balanced relative to the measuring instrument so that the full
range of the instrument is available to measure the object.  Static balance is adequate for CG
and MOI measurements, but fixtures must be dynamically balanced for POI measurements.
With the advent of computer controlled balancing machines, it is no longer necessary to have
the fixture balanced perfectly.  However, we recommend that fixture unbalance be no greater
than 5 times the balance specification for the object.   

4.3 No Detachable Parts  Any detachable or movable parts or hardware on the fixture
complicate the process of obtaining accurate tare measurements.  Avoid using mounting
hardware if possible to simplify measurement of fixture tare.  For moment of inertia, all
mounting hardware must be included in the tare readings.  If hardware is necessary, then it
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must be made rigidly captive so that it remains with the fixture when the tare reading is made.
For CG measurements, the hardware should be symmetrical about the centerline so it does
not introduce unbalance.  If possible, the hardware should be oriented vertically, so that a
change in the amount of thread engagement will not alter the tare CG or MOI.

4.4 Low Windage  Design of the fixture should minimize aerodynamic drag.  This is
important for both POI and MOI measurements.  Excess windage will result in increased
damping during MOI measurements. The error due to drag can be reduced by measuring in
a helium atmosphere (see SAWE Paper 2024 entitled "Using Helium to Predict the Mass
Properties of a Object in the Vacuum of Space", by Boynton, Bell, and Wiener).  If the fixture
is used for spin balancing, the outer surface should be as smooth as possible to reduce the
forces due to turbulence, which will obscure the forces due to unbalance, limiting the
sensitivity of the machine.  It may be desirable to make a shroud around the fixture.  The
shroud shape and clearance will influence the POI measurement.

4.5  Provisions for loading the object in the fixture   If the object weighs more than about
75 pounds, then some thought must be given on how to mount it in the fixture.  If these
concerns are not addressed up front, considerable delay and cost may be incurred later.

4.6 Verifying object position  If possible you should design the fixture so the position of the
object can be verified after it is installed in the fixture.  This may require that you provide
access openings in the fixture so the object can be probed with a dial indicator.  Never assume
that the precision of the fixture will insure that the object is located correctly.  Variations in
object diameter and runout can result in unacceptable fixturing errors.

4.7 Defining the instrument axes  High accuracy mass properties machines such as the
Space Electronics KSR series have a mounting table which rotates, making it easy to
determine the measurement axes with great precision.  The measurement axis is simply the
center of rotation of the object mounting table.  Often the object can be dial indicated to align
the object with this axis.  The 0 degree mark on the mounting plate usually corresponds to the
+X axis and the 90 degree mark corresponds to the +Y axis.  One of the best ways to assure
repeatable fixture positioning is to use a round pin to engage the instrument center bushing
and a diamond pin (relieved locating pin) at a relatively large distance from the center to
provide angular alignment.  

CG instruments which use the 2, 3, or 4 point weighing method do not have a rotating
mounting plate and therefore have no well defined measurement axis. This constitutes a major
source of error and is one of the reasons why the three point reaction force method of CG
measurement is less accurate than the rotating table method.  

4.8 The four basic types of object/fixture interfaces  There are four basic types of
object/fixture interfaces:

4.8.1 attachment point interface, where the fixture emulates the actual interface between the
object and a mating part.  This is suitable for rocket/missile stages.



12

4.8.2 hard point interface, where a system of hard points or rings is used for inspection,
alignment and assembly reference.

4.8.3 adjustable interface, where the object has no well-defined hard points and a
sophisticated (and time-consuming) method must be used to determine the position of the
axes.  The fixture is then adjusted to move the object so its axes are coincident with the
machine axes. A novel method of dealing with the problem of fixturing irregular objects
involves the use of video imaging equipment.  A TV camera is mounted above the object, and
views the object as it is slowly rotated.  A digital computer acquires the video images and
calculates the mean center of the vehicle. If the object is a cone, then the camera can view two
different heights and direct the operator to adjust both concentricity and tilt.

Figure 6 – Adapter/Mounting Ring Fixture Simulates the Actual Attachment Surface

4.8.4  calculated interface, where the object is placed in approximately the correct position,
a measurement is made with the object in this position, electronic probes sense the position
of the object relative to the machine, and the data is then corrected mathematically so it is
expressed relative to the object axes.

4.9 Vee block fixture  Cylindrical objects are often supported in a vee block fixture. The vee
block does not depend on exact fit between diameters, since the cylinder sits tightly in the
vee, no matter what its diameter is. One end of the object can be slid against a stop to
establish the location along the length (X axis).  The object can be rolled to an angle of  0o,
90o, 180o, and 270o to allow you to measure both radial axes.. 

4.10  Measurement tricks - turning uncertainties into correctable errors   It's easy to
measure the mass properties of a perfect cylinder.  Not only can the object be located
precisely relative to the instrument, but if the object is fixtured in a vee block, several
valuable tricks can be used to maximize measurement accuracy.
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4.10.1 Trick number 1.  The cylinder can be turned end for end and re-measured.  This
establishes the location of the end stop.  If the cylinder were a uniform solid and it were
fixtured so one half its length were exactly on the centerline of the instrument, then turning
the cylinder end for end would give the same CG location.  In practice, the CG is not usually
centered along the length, and the end stop is not located at exactly half the distance from the
center of rotation of the instrument.  However, if we know the length exactly (which is easy
to measure), and we make a CG measurement from either end, then we can eliminate the
fixture end stop uncertainty and correct the end stop position error.  This method works for
real test objects as well as cylinders as long as the test object can be turned end for end in the
fixture.

First measure the CG from one end as shown in position 1, the left view of figure 7.  This
gives the distance from the machine center CG1.  The turn the part end for end and measure
CG2 as shown in position 2.   The two CG locations (for any object) will be equidistant from
the mid line of the part at L/2.  This attribute permits calculating the CG offset (d) from the
end stop (for position 1).

d = L/2 + (CG1 - CG2)/2

If several test objects of the same type are to be measured, the true end stop location may also
be determined and used as a reference datum distance (R) as measured from the measurement
axis.  This distance will be:

R = L/2 - (CG1-CG2)/2

For successive part measurements the CG offset from the datum (d) then becomes R + CG1.

In practice, you should locate the end stop so the nominal payload CG location is as close as
possible to the measurement axis of the instrument to eliminate second order uncertainties.



Figure 8-Work Reversal Method Eliminates Fixture Error

4.10.2   Trick number 2.  The cylindrical test object can be rolled 180o in the fixture (vee block) and
remeasured.  This establishes the centerline of the vee block.  

The process here is similar to the end for end case.  If the vee block were centered on the measurement
axis of the instrument, rolling the object 180o will change the sign of the CG offset, but the magnitude
will remain the same.  If the magnitudes differ, then this indicates that the vee block is not exactly
centered.  You then have two choices: if there is a large difference, then you can reposition the vee; if
the difference is small, then computing half the difference between the two readings gives the true CG
offset.  As in the previous case, the exact position of the adaptor no longer has any effect on the
answer.  If several test objects must be measured, the fixture offset may be calculated and used as a
correction for the measurements.

Note: Tricks 1 and 2 are called the "work reversal method".

Note: This method eliminates fixture position error, but does not eliminate errors shown below due to
poor fit in the fixture. 

NOTE:.  It is very important to note that these methods only work if the cylinder is round and square,
and the vee block contacts the cylinder on precision surfaces.  Otherwise, you have no way of
separating fixture misalignment from machining errors in the fixture.



4.11   Effect of fixturing error

4.11.1   Effect of fixturing error on mass properties
measurements  Dimensional inaccuracy in fixtures
adds directly to the inaccuracy of mass properties
measurements.  For example, if fixture error causes the
test part to lean slightly to one side, then the instrument
will indicate an apparent CG offset.  Rotating the test
table 360 degrees will not detect this lean error, since it
causes the test object CG to go through a maximum and
minimum reading in a manner similar to that which
occurs for true CG offset.  This same lean for a tall
slender object will cause a horizontal shift in mass at the
upper end of the object causing an inaccurately large
MOI to be measured.  The POI measurement will also
be adversely affected.  Fixturing is generally more
critical for CG and POI measurements than MOI, as
discussed below.

4.11.2   Effect of fixture error on CG  Fixturing
errors in the horizontal plane have a direct one to one
relationship to CG error.  A 0.01 inch fixturing error
translates to a 0.01 inch measurement error.   The goal
for fixturing accuracy should be about one fifth to one
eighth of the allowed CG tolerance.  For example, if 
object CG must be within +/-0.008 inch of the
centerline of the object, then to meet the one eighth goal,
the interface surface of the object must be round and
concentric with the centerline within +/- 0.001 inch.

The interface must also be perpendicular to the
centerline to a tolerance that insures the part does not
lean more than 0.001 inch at
the CG height, causing an erroneous CG offset.  The
required tolerance for lean can be calculated from the
formula: 

TIR = DX/8H

where TIR = total indicator vertical runout at diameter
D of the object/table interface
X = CG offset tolerance of object    
H = CG height of the object



Figure 10 - Solid metal calibration weight simulates mass and diameter of
low density rocket.

This formula results in a perpendicularity tolerance which is one eighth the allowed CG offset,
X.  The tolerance on perpendicularity is surprisingly tight for most tests.  For a rocket with a
100 inch CG height, an interface diameter of 10 inches, and a CG offset tolerance, X, of +/-
0.004 inch, the required perpendicularity (to meet the 1/8 ratio) would be 0.000,050 inch TIR! 

Clearly, this is impossible. One solution is to mount the object on a tilt/translation fixture and
center the object at the CG height.  A more practical and cost effective solution is to fixture
the object horizontally to avoid this difficult perpendicularity requirement.  

4.11.3   POI:     The magnitude of POI error is proportional to the difference between the axial
and transverse moments of inertia of the test item (if these are equal, then alignment is not
critical; if they are very different, such as would occur with a long thin shaft, then alignment is
the limiting factor in measurement accuracy). Never measure POI without first dial indicating the
object at two different heights to make certain the object is centered and does not lean. Do not
rely on the fit in a fixture to establish position.  For a slender object, a runout at the top of the
object of 0.005 inch TIR may be enough tilt to cause the object to fail the POI specification.  If
you then add correction weights to compensate for this, you will be creating an unbalance!

MOI:  Fixturing accuracy is not critical except if the payload is tall and thin.  The reason for this
is that the error is proportional to the square of the ratio of radius of gyration ("k") and fixture
offset error ("d").  Generally the fixturing error is less than 1% of the radius of gyration, so the
resulting error will be less than 0.01%.  This relationship is derived below, using the well-known
formula for translations of axes.

4.11.4   Using a Precision Dummy Payload  One very convincing method to verify fixture
accuracy is to construct a precision test weight with known mass properties which interfaces
with the fixture in the same way as the real payload.  For example, this weight might be a simple
cylinder of constant diameter.  If the mass of a solid cylinder would be too large, but you need a
large diameter to interface with the fixture, you can use a small diameter solid cylinder with a
larger diameter disc attached to each end.



Figure 4  - A good way of fixturing an object for POI measurement is to dial indicate the object and
adjust its position.

5.0 Methods used to measure CG Location There are three basic static methods
used to measure the CG of an object and 2 dynamic.  Static methods depend only on the force of
gravity acting through the test object CG and are preferred over dynamic methods. 

In contrast to static methods, the dynamic methods require spinning the object or oscillating it to
measure MOI in several positions.  Consequently, dynamic methods are generally less accurate and
more difficult to accomplish than static methods.

5.1  Static Methods
Unbalance Moment Method This method uses a pivot axis which supports most of the
weight of the test object.  The table CG machine senses the overturning moment produced by a
displacement of the test object CG from the pivot center of the table.

Multiple Point Weighing Method --(also called "3-Point Weight and CG Instrument") or 
"Reaction Method")  The CG of an aircraft is traditionally determined by placing scales or load
cell platforms under the three wheels of the aircraft and calculating the CG location from the
difference in force measurement at these three points.  An instrument can be constructed on this
same principle, wherein a test platform is supported by three or more load cells.



Figure 7 - Partially choked flow through small orifices produces dynamic
centering of air bearing.

Mechanical Repositioning Method  This method uses a pivot axis which supports all of the
weight of the test object.  To measure CG, the object is moved so that a balance is achieved
about the pivot point. 

5.2  Description of Unbalance Moment
Method This method uses a pivot axis which
supports most of the weight of the test object.  The
pivot is shown as a knife edge in the following
illustration. However, modern instruments use a
spherical air bearing as the pivot. A force
transducer senses the overturning moment
produced by a displacement of the test object CG
from the pivot center of the table.  Measuring this
moment and dividing by the test object weight will
yield the CG displacement from the center. 

5.2.1  Instrument pivot type  -  Pivot friction affects the sensitivity of the instrument.  The best
instruments use a gas bearing.  Crossed-web flexures are equally low in friction, but they have a
bending moment which can result in a non-linearity for soft transducer machines.  Knife edges
have moderate sensitivity when new, but they rapidly deteriorate as the edge is worn down and
are easily damaged.  Roller or ball bearings have relatively high friction which seriously limits
accuracy. These bearings can also be damaged by impact.

Air Bearing Pivots Air bearings consist of a precision rotor and a precision stator separated
by an air gap that is less than 0.0005 inches thick.  Air is introduced to the gap through jewel
orifices that meter the air and provide dynamic centering of the bearing.  Machining accuracy on
these bearings is better than 30 millionths of an inch.  This is what makes air bearings so
expensive and difficult to make.



Dynamic centering action Contrary to intuition, air bearings have greater stiffness and
precision than any other type of bearing.  

The reason is that an air bearing is a dynamic device.  If air is supplied through a single opening
to the gap between the ball and the cup of a spherical air bearing, then the bearing would only
operate successfully if the external forces were exactly in the center of the upper plate.  A side
load would cause the rotor of the bearing to move sideways so that one edge rubbed against
the stator.  Increasing the amount of air pressure in the plenum of the bearing would not
improve the situation, since the additional available air would flow out the side which had the
larger gap.  

Air bearings made by Space Electronics minimize this effect by using independently supplied
segments and small diameter jewel orifices which operate in a partially choked condition.  

Under conventional operation with the payload centered on the interface table, the amount of
air flow through each orifice is such that a pressure drop of approximately one half the pressure
in the plenum occurs.  

A minute movement of the rotor of the bearing results in a restriction of the flow on the side of
the bearing which has the smaller gap and an increase in flow on the opposite side of the
bearing.  This produces a self-compensating or centering action of the bearing, since a
reduction of the air flow on the low side increases the pressure in the gap on that side and an
increase in flow on the high side reduces the pressure on that side.  Proper selection of orifice
sizes and cavity configurations permits the bearing to remain centered within about .0001 when
subject to side loading.

5.2.2  Instrument Transducer type  -  The best instruments use an active force restoration
transducer (introduced to the CG measurement industry in 1988 by Space Electronics) to
measure moment..  This type of transducer can be built with a dynamic range of 300,000 to 1,
a linearity of 0.001%, is very stiff (so that lean error is minimized), and has excellent overload
protection.

Load cells can be used in place of the active rebalance transducer.  These have high stiffness,
but overload protection is very poor, so that the instrument has to be protected by air cylinder
lockouts or other means while the test object is being loaded.  Dynamic range of the load cell is
limited to about 2000 to 1.  

A third transducer type is a torsion rod/LVDT system which measures the lean angle that
results from the unbalance moment.  These transducers have good overload protection, but they
are very soft, so that lean error is large for tall test objects and considerable time is required for
the system to stabilize after the test object is installed or rotated.  Linearity and dynamic range
are slightly better than load cells.



Instruments can also be made which contain no electrical transducer.  These instruments use
sliding weights or weights which are driven by a lead screw. These instruments are sensitive and
linear; their disadvantage is that there is no electrical output to a computer or printer, and  skill
and time are required to make a measurement. 

5.2.3  Rotary table CG instrument Adding a rotary table to the CG instrument greatly
improves measurement accuracy.  Most systematic errors are automatically eliminated or can
be eliminated in machine setup.  The table rotates the test article to four locations (0, 90, 180,
& 270 degrees) where static CG measurements are made.  

! The axis of measurement becomes the center of rotation of the table. This eliminates
the need to accurately determine the relationship between the instrument pivot axis and
the mounting surface of the instrument. 



Figure 15 

!  For cylindrical test parts, or parts that can be accurately located in a fixture with a
cylindrical reference surface at the nominal CG location, a dial indicator may be used to
bring the part or fixture centerline concentric with the center of rotation of the
instrument to within extremely close tolerances.  This eliminates zero reference offset
errors.  

!  For tall cylindrical parts, two dial indicator readings may be made: one close to the
table and another at a location well above the table.  A tilt table, shimming, or other
means of adjustment, will allow the operator eliminate errors due to the part axis leaning
away from the machine rotational axis.

! Another common system error occurs from improper leveling of the machine.  This
causes lean, which may be interpreted as CG offset.  With the rotary table machine, this
error is eliminated by taking readings for each axis which are 180 degrees apart.  The
lean error is equal for both measurements and is therefore subtracted from the result.

! Taking two readings for each axis also eliminates other systematic errors such as
transducer zero offsets.

5.2.4  Spherical gas bearing rotary table instrument When the rotary table concept is
implemented with a spherical gas bearing, the resulting instrument is capable of higher accuracy
than any other method.  The bearing acts as both a pivot and a rotary table.  The use of a gas
bearing makes it easy to design an instrument which can measure both CG and Moment of
Inertia.  For maximum accuracy, the overturning moment produced by a displacement of the
test object CG from the center of rotation of the table is sensed using a force restoration
transducer.  Measuring this moment and dividing by the test object weight will yield the CG
displacement from the center.  This type of instrument does not measure weight so a separate
scale must be used.  The weight data can be automatically acquired by the mass properties
machine software and used to calculate CG location.



The Object in the photo  is supported on spherical air bearing.  Inverted torsion pendulum measures
moment of inertia and force restoration transducer measures two-axis center of gravity location.

Photo shows Space Electronics Model KSR Mass Properties Instrument with object mounted in vee
fixture.  Both center of gravity and moment of inertia are measured in a single setup.  Instrument CG
measurement uncertainty is +/- 0.001 inch and moment of inertia measurement uncertainty is 0.1%.



Figure 16  Basic elements of the Space Electronics Model KSR instrument.  The spherical gas bearing
creates both a precision rotary table and a frictionless pivot.  Active force rebalance transducer
measures overturning moment due to CG offset from center of rotation.

SUMMARY OF BENEFITS & SHORTCOMINGS

Benefits:

1. Accuracy is higher for this type of instrument than any other method.
2. This instrument is easily configured to measure MOI as well as CG moment.
3. Fixturing error is minimized since the rotary table allows cylindrical parts to be dial indicated.  4.
Levelling error is eliminated by using the rotary table to take data readings at test part locations which
are separated by 180 degrees. 

Shortcomings:

1. A separate weight platform must be used to determine test part weight.
2. It is a more expensive system for CG measurement than the 3-point method.  (Cost is less than the
spin balance method).
3. It is slower than the 3-point method which may make it less suitable for high volume use. 



Figure 17  Multiple Point Weighing CG Machine - Fast and easy to use - moderate accuracy.

Figure 18

5.3  Multiple Point Weighing Method -- A test platform is supported by three or more load
cells, and the CG location is calculated from the difference in force measurement at these three
points.  In the past, the accuracy of this method has been limited by the dynamic range of load
cells, so that these instruments were not suitable for projectile and missile measurements.  The
introduction of force rebalance technology to CG measurement by Space Electronics in 1988
has reduced force measurement errors by a factor of 30.  When this technology is applied to
the Multiple Point Weighing Method, accuracy improvement is great enough so that this method
now becomes acceptable  for many applications.  This instrument measures weight as well as
CG.

5.3.1  Calculating weight and CG location

To determine part weight (W) and CG coordinates X and Y, three force transducers are typically used
to support a frame which in turn supports the object.

where A, B, and C are force readings on the three force transducers.



To determine CG, take moments about A, where X and Y are the CG measurement coordinates.
If all the transducers outputs are set to zero when fixturing is in place, the equations above are used to
determine the CG location of the test part.  In practice, tare readings are subtracted from the part

measurements and the values above represent the net A, B, and C forces required to support the part
weight and CG offset moment.

SUMMARY OF MAJOR BENEFITS AND SHORTCOMINGS 

Benefits

1. Measures both CG and weight.
2. By using the latest force rebalance transducers and optimum geometry,  sensitivity is adequate for
most applications 
3. For a given CG offset moment capacity and part weight, it is the lowest cost automatic system. 
4. It is most suitable for very heavy parts with tight CG location tolerances
5.This is the fastest CG measurement method.  Total time to make a measurement of 2 axis CG is less
than 30 seconds.

Shortcomings

1. A separate instrument must be used to measure MOI if this quantity is required.
2. It is highly sensitive to and not readily correctable for lean error caused by leveling.
3. The machine axis zero point is difficult to define. Unlike rotary table machines, the object cannot be
dial indicated.  Fixturing errors may be relatively large.

5.4   Repositioning Method of Cg Measurement  A third method of CG measurement is
the free-pivot method where the test object is balanced on a pivot and allowed to tilt.  The test
object is moved relative to the pivot of the instrument until a balance is obtained. Some means is
then required to measure the final position of the object  This method of CG measurement is:

Inexpensive
Very time-consuming 
Generally the least accurate of all methods



Figure 19

The first two techniques discussed do not require an “instrument”.  CG is measured using
common objects that are laying around the lab.  Both of these methods have a fundamental
flaw: there is no accurate method to transfer the answer to the coordinate system of the test
object.

5.4.1  Hanging pivot If an object is suspended from a knife-edge, the CG of the object will lie
directly below the center of pivot of the knife-edge.  The position of the test object is moved
relative to this pivot point until a balance condition is achieved. Torpedos and projectiles can
sometime be measured using this method.  

Hanging systems such as this one where the test object CG is always below the pivot point
have the disadvantage that their sensitivity is low.  Shifting the lateral CG of the test object
results in only a small change in the level condition of the instrument. The amount of tilt which
results from a CG offset is a function of the CG height difference between the object and the
knife edge.  Reducing this distance increases sensitivity.  However, it also increases
measurement time, since the object rocks back and forth at a slower rate when sensitivity is
increased.   Each time the item is moved, the operator must wait for the system to settle again. 
In this respect, this method is like using the old beam balance scales. For very sensitive
systems, it can take hours to make a single measurement.  (In contrast, force rebalance
techniques are up to 100 times more accurate but only require seconds for a single
measurement).

The sensitivity of the instrument is directly dependent on the accuracy of the means used to
detect the level of the instrument.  Bubble levels are available with the sensitivities as great as
one division for an angle change of 0.00005" per ft.  A more practical figure to use in
determining level accuracy, however, is approximately 0.002" per ft., since the position of the
bubble level relative to the measurement axis of the instrument is difficult to adjust to a closer
tolerance than this.   Even the smallest error in the position of the bubble level relative to the
structure of the instrument results in a large error in measured CG location.  



This method is extraordinarily tedious to use.  The object must be lifted and repositioned 10 or
20 or 30 times, depending on the accuracy required.  Each time the swinging must be allowed
to damp out and the level condition read.  Since there is no readout to indicate how far to move
the object, the process is strictly trial and error.    The initial cost of this method is the lowest of
any type of CG measuring technique, but often the labor required to make a measurement more
than offsets the cost, causing this method to be in fact, the most expensive of all techniques.

Once you have obtained an accurate balance, how do you relate the final position of the object
to the pivot axis of the knife edge? Unless you can do this accurately, you have accomplished
nothing by tediously balancing the object.  One method is to use a transit. You center the
crosshairs on the knife edge pivot and then swing down to view the object. The object is
marked, and then removed from the CG fixture and placed on a coordinate measuring machine,
where the location of the mark is measured.  Generally the accuracy of this method is about
±0.040 inch.

5.4.2  Measuring CG using a “broom handle”  The simplest method of measuring CG is to
balance the object on a round rod.  This method only works if :

a) the object has a low profile
b) the object has a rigid surface that will not be indented if its entire weight is supported
on a narrow rod
c) the surface of the object is flat and smooth.

Since the total CG of the test object lies above the pivot axis, the object can tip in either
direction when the pivot point is near its CG.  This deadband results in an error in CG location.
The magnitude of this error is proportional to the amount of angular tilt of the test object which
is permitted.  Reducing this tilt will decrease the magnitude of this error.  However, the small
amount of travel makes the instrument extremely tedious to operate - there is no advance
warning that the balance point is being reached and extremely fine adjustments of the test part
position must be added to prevent overshooting this very narrow point.

To get a better feeling for the problems in using this method, lay a ruler at a right angle on top of
a round pen.  You will notice that the ruler can never be made to balance on top of the pen. 
The reason is that the CG of the ruler is above the pivot point (contact point between objects),
so that the ruler has two states of  equilibrium. The trick to using this method is to roll the pen in
one direction until the ruler flops over, and mark the contact point with the pivot; then roll the
pen in the other direction and mark where it flops back.  The CG of the ruler is near the center
of these two points. (It is not exactly at the center, because of pivot friction, and the error
introduced by inequalities of tilt angle when the object is at rest at its two equilibrium positions). 
This method works pretty well for a ruler, because it is long and thin.  The length allows you to
limit the amount of tilt, and the low CG height limits the deadband. 

Now try using this method to measure the CG of a coffee cup.  You will notice that the distance
between the two CG marks increases, since the CG is higher and moves a greater lateral



Figure 20

distance when the cup moves from one equilibrium state to another.   Furthermore, it is hard to
limit the tilt so that it is equal in both directions. 

One catch to this method is that there is no way to accurately transfer the answer to the
coordinate system of the object.  You can see when the object tilts, but how do you relate this
location to the CG along the length of the object?

Note: Cylindrical objects cannot be tested using this method, since this would result in the
intersection of two rounded surfaces, causing the entire weight of the object to be supported on
a single point.  In most instances, the object would be damaged.  Furthermore, the object will
tend to rotate about a vertical axis, so that its orientation relative to the pivot axis will be
altered.

5.4.3  CG Measuring structures which make use of repositioning The concepts discussed
above can be incorporated into an instrument with a mounting surface and an accurate
relationship between pivot and center pilot on the mounting surface.  These instruments require
the object to be moved.  Therefore, they represent obsolete technology and are mentioned only
to make this summary historically correct.

Figure 20 illustrates the same type of instrument in an unstable condition.  There is no vertical
counterweight so that the CG of the moving system is above the pivot point for any test object. 
Rotation stops are provided to prevent excessive motion of the test object.  This unstable
condition results in a hysteresis or deadband that limits the accuracy of the instrument. 
Decreasing the gap between the stops reduces the deadband, increasing sensitivity.  It is
impractical to reduce this gap more than a certain amount.  The ultimate accuracy with this type
of instrument can be obtained by leveling the instrument with one stop in contact, and then
moving the object until the platform tips.  This technique has, in effect, reduced the deadband to
zero.  

Figure 21 illustrates a stable type of free pivot instrument.  In this instrument, the lower
counterweight  is adjusted vertically until the total system CG is slightly below the pivot point. 



Figure 21

The instrument will then exhibit maximum sensitivity but will be stable. This instrument will only
work for an object which has a straight surface and can be slid sideways in the fixture.

One type of re-positioning CG instrument which we used to manufacture in the 1970's
consisted of a test platform which is mechanically coupled to a counterweight.  A motion of this

test platform results in an equal and opposite motion of the counterweight maintaining the balance of the
structure of the instrument when the test part is re-positioned.

All free balance CG measuring systems have the same disadvantages.  The measurement is
extemely tedious to perform, since re-positioning of the object often requires that it be lifted
temporarily. After the object is moved, the new position of the object must be determined in
order to identify the location of the object CG.  This is the major accuracy limitation of this
method.  In contract, the object is fixture at a precisely known location when using moment
measuring instruments. Repositioning instruments often require a relatively elaborate fixture
which is usable for only one particular type of test part..  The sensitivity of the techniques which
pivot the test part above or below its CG is very poor, but the sensitivity of the methods which
approximately align the pivot axis with the CG is high.  However, these high sensitivity systems
require the use of vertical counterweights; errors in the alignment of these counterweights with
the pivot axis of the instrument can cause large measurement errors unless the structure is re-
balanced after each height adjustment is made.  Unstable free balance systems have the
additional disadvantage that the test operator has no way of knowing when he is approaching a
balance condition.



SUMMARY OF BENEFITS AND SHORTCOMINGS

Benefits

1.  Lowest cost method.
2. Can achieve high sensitivity (but not necessarily high accuracy).
3.  Inherently safe in explosive environments.

Shortcomings

1.  Accuracy is generally limited because of difficulty of determining location of object 
2.  Tedious and time consuming to operate.
3. Can’t be used for irregularly shaped objects.
4.  Accuracy depends on skill of operator.

5.5  Dynamic methods of measuring CG
In contrast to the methods described above, these methods require that the test object must be
moved during measurement.  The data obtained during these measurements is related to
product of inertia as well as CG; some method must be used to eliminate the effect of product
of inertia in order to derive CG location. 

Spin Balance Method -- The test object is rotated and force transducers sense the reactions
on the bearings which support the part during rotation.  These forces are due to both gravity
and centrifugal force (the higher the spin speed, the less significant the gravity force is).  The CG
location of the part may then be separated from the dynamic unbalance of the part using
calculations that involve the magnitude of the bearing forces and their phase relationship.  This
method was used extensively before the 1970's, when force measuring technology was rather
crude.  However, since the development of single-point load cells with solid state amplification
there is no longer any justification for using this method.  

Moment of Inertia Method -- The test object is mounted on an inverted torsion pendulum
(moment of inertia instrument) and successive moment of inertia measurements made for at least
three positions of the test object.  The CG location can then be calculated from the small
change in MOI which results from moving the principal axis of the object.

These methods are described in more detail in the following sections..

5.5.1  Spin Balance Method of Measuring CG -- The test object is rotated and force
transducers sense the reactions on the bearings which support the part during rotation.  These
forces are due to both gravity and centrifugal force (the higher the spin speed, the less
significant the gravity force is).  The CG location of the part may then be separated from the
dynamic unbalance of the part using calculations that involve the magnitude of the bearing forces
and their phase relationship.  Spin balance machines rotate the test item at speeds ranging from
50 RPM to 10,000 RPM and measure the reaction forces acting against the bearings in the
machine due to dynamic unbalance (a combination of CG offset and product of inertia). 



Figure 22 - The spin balance method of CG measurement is expensive and accuracy is often
very limited..

At first analysis it might appear that it doesn't make any difference whether CG is measured in a
static or a dynamic mode.  However, there are a number of considerations which make the spin
method of CG measurement unsatisfactory.  If you need to measure the longitudinal CG of a
long test object, (i.e. 10 meter long rocket), then static measurement is the only way.  Spinning
such a test object would require tremendous power and generate high winds in the test
laboratory.  If you are measuring the CG of a partially filled fuel tank, then the fuel will ride up
the sides of the tank if you spin it, because of the centrifugal force. This results in an erroneous
CG measurement.  If the test object has extended solar panels, then centrifugal forces may
damage or deflect them.  For objects with a large CG offset, the force limits of the transducers
will be exceeded if you spin the part.  If a part has a very large product of inertia unbalance,
CG measurement will be more accurate in the static mode, since the small CG forces do not
have to be separated from the larger POI forces.  Finally, and perhaps the most important
consideration, when an irregularly shaped object is spun, aerodynamic forces cause large
variations in the measured CG offset, severely limiting measurement accuracy.

Using a balancing machine to reduce unbalance  --  A spin balance machine is the ideal device
to balance an object which rotates.  For this application, it makes little difference whether the
unbalance is caused by CG offset or product of inertia; the goal is to reduce the unbalance to
acceptable limits.  The balancing machine will instruct the operator as to the ballast weight
which must be added to achieve balance. Since the ultimate goal is to reduce unbalance, a 5%
error in measurement has little consequence.  For large unbalances, this 5% error means that a
20 to 1 reduction is balance is possible for each iteration.  It would be hard to do better than
that even if the machine were more accurate, since balance weights are not always the correct
mass and it is hard to place them in exactly the right location.  When balance has been
achieved, a 5% error also has little consequence: 5% of a very small unbalance is insignificant.



Using a balancing machine to measure CG --The situation is totally different when a balancing
machine is used to measure CG rather than correct unbalance.  In this case, the effect of
product of inertia unbalance must be subtracted from total unbalance to obtain CG.  Often the
product of inertia term is much larger than the CG term, so that the CG is proportional to the
difference between two similar large numbers.  In effect this is similar to weighing a man by
having him drive a dump truck onto a truck scale, obtain the gross weight, and then have the
man step out of the truck, and get the net weight of the truck. The difference is the weight of the
man.  A static CG machine does not respond to product of inertia at all, since there are no
centrifugal forces.  On a balancing machine, however, CG measurement accuracy will be
severely limited if the product of inertia of the object is large.  This situation is  likely to occur if
a tall rocket is measured.  The rocket must be mounted vertically in the machine since the
windage in the horizontal mode would be so great that the test lab would become a wind tunnel. 
It is not uncommon is these instances for product of inertia forces to be as much as 100 times
greater than the forces due to CG offset.  Since these product forces must be subtracted from
the CG offset forces, a 5% error in the measurement of the product forces will result in a 500%
error in CG measurement!

SUMMARY OF BENEFITS AND SHORTCOMINGS

Benefits

1.  By selecting spin speed, machine can be either low sensitivity/high offset range or high sensitivity/low
offset range.
2.  Sensitivity can be very high at high spin speeds. However, in most cases maximum spin speed is
limited by structural limits or the windage of the test object. 
3.  Measures product of inertia as well as CG.

Shortcomings

1.  High product of inertia of test item often obscures CG, limiting accuracy.
2.  Air turbulence during spin can produce a large uncertainty in CG measurement   Some objects
cannot be spun because solar panels or other protrusions would break off due to windage forces.
3.  On some test items, spinning alters their CG.  Other items cannot tolerate the centrifugal or vibratory
force that would occur at the spin speed.
4.  Cost of this type of instrument is higher than any other.
5.  Fixturing must rigidly support the test item when being subject to relatively high vibratory forces
during spin.  This makes fixture design much more expensive and difficult than fixtures for static
machines.

5.5.2  Moment of Inertia Method of Measuring CG -- The test object is mounted on an inverted
torsion pendulum (moment of inertia instrument) and successive moment of inertia measurements made
for at least three positions of the test object.  The CG location can then be calculated from the small



Figure 23 - Center of gravity is determined using  the parallel axis theorem.

change in MOI which results from moving the principal axis of the object.  This method was developed
by Space Electronics in the early 1970's and described in SAWE papers #1169 and #1440.  As these
papers show, this is the least accurate method of CG determination.  Its only advantage is the low cost
if you already were in possession of a MOI instrument.

Center of gravity is determined on a torsion pendulum by making use of the parallel axis theorem.

If the moment of inertia of the object about axis A-A through its CG is IA, then the moment of inertia
through axis B-B is

IB = IA + d2M

Where M is the mass of the object and "d" is the distance between axis A-A and axis B-B.  Note that
the minimum measured moment of inertia of an object occurs when the axis of measurement coincides
with the CG of the object.

For the object shown in Figure 23 above the longitudinal CG can be determined by mounting the object
in a vee block fixture on a moment of inertia instrument; several moment of inertia measurements are
then made at different object positions to determine the object location resulting in the smallest
measured moment of inertia.. When the measured moment of inertia is a minimum the CG of the test
object is coincident with the axis of measurement.

This is an extremely tedious procedure, and requires some means of determining part position
at minimum moment of inertia.  Furthermore, this method only works for single axis CG.  A
better method is to measure moment of inertia at three known positions and calculate CG from
this data using the methods described in the SAWE papers referenced above. Referring to
Figure 24, the distance the test part was moved is known, the two values of moment of inertia
are measured, the test part is weighed to determine the value of M, and the distance to the CG,
db , is calculated.

If the displacements between the three measurement positions are made small, then the
sensitivity of this method is abysmal.  Accuracy of better than 0.1 inch is difficult to obtain.  If
the displacements are made large relative to the radius of gyration of the test object, then the
accuracy improves from a theoretical standpoint.  However, torsion pendulums do not operate
successfully with large CG offsets, due to the gravity pendulum error, so that the increased
measurement error partially offsets the gain in sensitivity, and the accuracy of measurement is
still worse than other methods. 



Figure 24 - Test object is repositioned in vee blocks until point of minimum
moment of inertia is determined

SUMMARY OF BENEFITS AND SHORTCOMINGS

Benefits
1.  If you already have a moment of inertia instrument, it can be configured to measure CG with
relatively little extra cost. 
2.  Machine performs with creditable accuracy when measuring small diameter solid steel test weights
(unfortunately very few real test objects are of this type).

Shortcomings

1.  Accuracy is poor for realistic test parts (ones whose radius of gyration is considerable larger than
the CG offset from the center of the instrument).
2.  Each measurement requires the test object to be positioned in three different locations, so that an
elaborate and expensive fixture is required.
3.  The instrument does not give a direct readout of CG, so that corrections cannot be made to the
object and the resulting CG shift observed.
4.  Error increases dramatically if the machine is even slightly out of level.
5.  Test items containing fluids cannot be measured accurately
6.  The test is tedious to run.



6.0  MOI measurement 

Every engineer knows he can measure moment of inertia by hanging an object from a wire, twisting it to
start it oscillating, and then timing the period of oscillation.  However, anyone who has actually tried this
finds that the object swings from side to side and rocks up and down rather than rotating smoothly
about an axis, making it difficult to accurately time the period of oscillation.  Furthermore, there are a
number of practical problems involved in hanging most test articles from a wire.  How do you attach the
wire to the object?  Where do you attach the upper end of the wire (particularly if the object weighs
more than 1000 kg)?  How do you calibrate the device, and what do you do to correct for the change
in calibration when the weight of the test object stretches the wire?

6.1 Inverted Torsion Pendulum  Modern moment of inertia instruments consist of an inverted
torsion pendulum which oscillates in a rotational sense and a means of measuring the exact
period of oscillation of the torsion pendulum. Instead of hanging from a torsion rod or wire, the
test object rests on a precision rotary table attached to the top of the instrument.  Low friction
bearings support the table and payload while constraining  the motion of this torsion member to
pure rotation. Air bearings provide the best performance.  Unlike custom-made hanging wire,
trifilar, or compound pendulum systems, measurements are made about a well defined axis, a
minimum amount of fixturing is required, and elaborate computational techniques are not
necessary.
.
The measurement of the moment of inertia of the test part is based on the change in the natural
frequency of oscillation of the torsion pendulum resulting from the addition of the test part mass. 
This change in natural frequency is compared with the change in natural frequency which occurs
when a calibration mass of known moment of inertia is placed on the instrument.

Step 1  The object is secured to the table with its CG aligned with the axis of the bearing.  The
part is rotated and released.  It will then oscillate about the fixed axis of the instrument and the
total time for one complete oscillation can be displayed on a digital period counter.  The total
combined moment of inertia of the test object, its fixture, and the instrument itself can be
calculated from the formula:

Ix = CTx
2 TOTAL MOMENT OF INERTIA

where Ix is equal to the total moment of inertia, C is the calibration constant of the instrument, (a
function of its torsional stiffness), and Tx is the period of oscillation in  seconds.

Step 2  The test object is then removed from the instrument and the "tare" moment of inertia of
the instrument and the fixture determined by measuring the oscillation time period without the
test object.

Io = CTo
2 TARE MOMENT OF INERTIA



Figure 25

Step 3  The moment of inertia of the test object is then the difference between the total inertia
and tare inertia.

I = Ix - Io NET MOMENT OF INERTIA OF OBJECT

in order to establish the value of the calibration constant, C, of the instrument, MOI calibration
standards are measured.  MOI calibration standards are precision weights of simple geometry,
known mass and known physical dimensions. 

The calibration procedure is identical with the procedure for measuring the moment of inertia of
a object of unknown MOI, except that in the computation, the inertia is a known quantity and
the value of the calibration constant is the unknown which must be solved for.

 Because the weight of the object is supported by the air bearing, these instruments are linear
over a wide range of test part weight and moment of inertia.  Only a single calibration
measurement is required to establish the value of the calibration constant used for all
measurements.



6.2   Description of MOI Instrument

A greatly simplified cross section view of a MOI instrument is shown in figure 25.  The
instrument consists of three basic parts: an air bearing, a torsion rod, and a photocell system for
timing the period of oscillation.  The test part is first mounted in a test fixture (designed and
fabricated by the user) which locates the test part in proper orientation to the measurement axis
of the instrument and couples the test part rigidly to the interface table of the instrument during
the testing.  The test fixture itself is aligned with the interface table of the instrument through the
use of a precision pilot in the interface table.  

To measure the moment of inertia of the test part, gas pressure is applied to the storage cavities
in the gas bearing.  The gas then flows through small diameter orifices to the gap between the
gas bearing and the interface table, floating the interface table on a film of gas.  The damping in
the torsion pendulum therefore consists only of the internal damping in the torsion rod.  The
interface table is temporarily twisted in a counterclockwise direction until it contacts  a stop;
then it is sharply  released, resulting in an oscillatory motion of the interface table due to the
stiffness of the torsion rod (which is rigidly attached to the interface table and clamped to a
flexure at its lower end).  The time period of oscillation is then measured by connecting a digital
period counter to the photoelectric timing sensor. As the interface table oscillates, a timing pulse
is emitted as the table reaches its mid-point of oscillation when traveling in a clockwise
direction.  The first timing pulse starts the counter, a second timing pulse stops the counter
exactly one period later.

6.3 Keeping the Test Part CG Coincident with the Rotational Axis  It is important that
the center of gravity of the test part and fixture be positioned so that it is as close as possible to
the rotational axis of the torsion pendulum.  Otherwise measurement error will increase for a
number of reasons.

Most significant of these is the so-called "gravity pendulum" error which occurs because the
axis of rotation of the torsion pendulum can never be made exactly vertical.  If a part is rotated
about an axis which does not fall on its center of gravity, then the force of gravity acting through
the center of gravity will tend to bring the center of gravity to its low point (i.e. the direction in
which the axis of rotation of the torsion pendulum is tilted), resulting in a change in the effective
calibration constant of the instrument.  This effect can be minimized by leveling the table and re-
positioning the test part so that its center of gravity lies close to the rotational axis of the
instrument.

A second source of error with offset center of gravity is the classical axis translation error. 
Mathematically, this increase is equal to the test part mass times the square of the offset
distance.  Since this increase can be exactly calculated, it can be subtracted from the measured
moment of inertia; therefore it does not constitute an uncertainty.   For small offsets, (less than
.01 times the radius of gyration) this effect is negligible.  For larger offsets, instruments are
available which measure both CG and MOI.   The software then automatically reports the MOI
about the center of oscillation and about the CG.  To utilize this feature, the test part must be
weighed.



If it is desired to measure a test part through a point other than its center of gravity, the most
accurate method of accomplishing this is to first measure the moment of inertia of the part about
its center of gravity and then mathematically translate this measured value to the new axis by
adding the translation factor R2 M where R is the distance between the CG axis and the desired
axis, and M is the mass of the test part.  This procedure also requires the weighing of the test
part.

6.4 Effect of air mass - For large lightweight objects, the measured mass properties are often
different from the calculated values.  In particular, measured moment of inertia can be 10% to
20% larger than calculated.  The reason for this is that air has significant mass and alters the
mass properties in two ways: 

1. Air trapped inside  the payload will increase its mass by an amount equal to the unoccupied
volume in the payload times the density of air (0.0754 pounds per cubic foot).  For example,
the air trapped in a 4 foot diameter, 2 foot long satellite weighs approximately 4 lbs.  We call
this the entrapped air effect.

2.  Air dragged or pushed along by any protrusions on the outer surface of the payload can
dramatically increase moment of inertia.  For example, the roll moment of inertia of a missile
flying in air is much larger than the roll MOI of the missile in a vacuum.  We call this the
entrained air effect.

How you handle this difference depends on whether the payload operates in the vacuum of
space or in air.  If the payload flies in a vacuum, then measured values must be decreased to
eliminate the effect of air mass.  The best way of doing this is to make a second measurement in
helium and then extrapolate the value in vacuum (see SAWE paper No. 2024 by Boynton and
Wiener).  Calculated values remain unchanged.

If the payload flies in air, then measured values remain unchanged and represent the true mass
properties.  

6.5 Minimum MOI which can be measured
Moment of inertia instruments have an amazing dynamic range.  A MOI instrument which is
designed to measure objects weighing up to 3000 pounds can often detect the change in MOI
due to the addition of an object weighing 0.1 pound.  However, accuracy is reduced when the
MOI of an object is smaller than the tare MOI of the instrument. The error is primarily due to
thermal expansion and contraction of the instrument and fixture during the time between tare
and object MOI measurement. For example, if a payload has a MOI of 10 lb-in2, and the
instrument has a tare MOI of 10,000 lb-in2, then a 0.1% change in tare due to an ambient
temperature change will result in a 100% error in the measured MOI of the payload.  Reducing
short-term temperature change can increase the usable range of an instrument.  We have found
that improved accuracy can be achieved by simply shutting off the heating or air conditioning
system during the interval of time between tare and object measurement. Temperature control
systems that frequently cycle are not desirable.



Figure 26
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6.6 Damping

Air bearing MOI instruments themselves have very small losses, and the effect of this damping
can generally be ignored.  For payloads which introduce significant damping though air
turbulence while oscillating, the actual period of oscillation is greater than the undamped natural
period by an amount determined by the damping ratio, z.  If the torsion pendulum is being used
as an instrument to measure moment of inertia, then the measured moment of inertia will be
greater than the true value.  This error can be eliminated if the following equation is used in
place of equation XX.  The quantity z2 is the error.

I = C T2 (1-z2)

In order to make use of this equation, the value of the damping ratio, z, must be determined. 
This is accomplished by noting the rate at which the amplitude of oscillation decays.  If we
define the logarithmic decrement as the natural logarithm of the ratio of any two successive
amplitudes, then the log decrement, d, of the starting amplitude, ao, as compared to the peak
amplitude, an, after n cycles have elapsed is given by the equation:

d = 1/n (ln  ao/an)

For small values of z, the logarithmic decrement, d, can be related to z by the following
relationship.

d = 2 B z



If we now count the number of oscillations of our torsion pendulum, n, for a decay in peak
amplitude of 10/1, we may combine the above equations and solve for the error resulting from
damping.

% error due to damping : 100 z2

A graphical solution to this equation is given in figure 28.  To correct the measured value of moment of
inertia, the amount shown on the graph should be subtracted from the measured value to yield the true
value.  Note that the error is insignificant if more than 50 oscillations are required for the amplitude to
decay to one tenth of its original value.



6.7  Hanging wire torsion pendulum   Although hanging wire pendulums are not accurate
enough for satellite and missile measurements, they are useful for measuring the MOI of an
aircraft.  In fact, no torsion pendulum instrument currently exists which is large enough for
aircraft measurement, so there is no choice. Fortunately, the MOI tolerance of an aircraft is not
critical and the resulting accuracy is acceptable.

This method consists of hanging an object from a wire, twisting it to start it oscillating, and then
timing the period of oscillation.  Although it sound like a simple device, the structure required to
support the upper end of the wire can be very expensive, and some accurate means is required
to time the period of oscillation. One problem with the hanging wire method is that the object
swings from side to side and rocks up and down rather than rotating smoothly about an axis,
making it difficult to acquire accurate time period data.

It is essential that the center of gravity of the object be aligned horizontally with the center of the
torsion rod.  Otherwise, the moment the object is released, there will be a couple generated and
the motion of the pendulum will be sideways as well as torsional.  There is a serious practical
problem when measuring heavy objects using this method: how do you attach the object and
adjust its position so the CG is in the center of the rod?

A single hanging (steel) wire has a torsional stiffness (k) which is proportional to the fourth
power of the diameter:

where L = length and d = diameter (inches)

The equation of motion for this pendulum is:

However, the actual period of oscillation will not follow this formula because the wire stretches
under load, and there will be both a swinging pendulum effect and a rocking pendulum. Typical
measurement uncertainty with this method is about 3%.

It is possible to hold the object level and eliminate the rocking mode of oscillation by using three
wires rather than one.  This is called a trifilar pendulum. It is the method most commonly used
for large heavy payloads such as aircraft.  Unfortunately, using three wires introduces a
nonlinearity.  As the pendulum twists, the wires restrain each other, causing the object to lift
slightly.  So the torsion constant becomes a function of  test object weight as well as torsional
stiffness. The oscillation period will increase as oscillation amplitude decreases.  Therefore, it is
necessary to use a timing system that triggers at a specific amplitude.

When using a single wire system, it is obvious when the object CG is misaligned, because the
object will hang at an angle. However, if you use a trifilar pendulum, the object will not tilt
appreciably, so some independent means is necessary to align the object CG such as
incorporating load cells into the wires to adjust for equal loading of all three wires.



Shown here is a Space Electronics POI series Spin Balance Machine with a 12,000 pound
capacity.  An “L” Fixture permits 3-axis measurement by rotating the test object about its
horizontal axis.  The unique gas bearing design of the Space Electronics POI series Spin
Balance Machines allows measurement of dynamic unbalance, product of inertia (POI),
moment of inertia (MOI), and center of gravity (CG) with a single setup.  Its slow spin speed
(10 - 300 RPM) minimizes centrifugal forces on the payload during dynamic unbalance
measurements.  



Figure 29

7.0 Measuring Product of Inertia

There are two methods which can be used to measure POI:

1.  The object can be rotated in a spin balancing machine, and the reaction forces measured against the
bearings.  POI can then be determined by performing calculations that involve the magnitude of the
bearing forces and their phase relationship.  For the measurement of rockets and satellites, the spin
speed is usually about 100 RPM.  This minimizes the effect of air turbulence.  A special high sensitivity
spin balance machine is required, which differs greatly in construction from the type of high speed
balancing machine that is used to measure automobile crankshafts and jet engine rotors.

2.  Objects such as control fins and satellites with extended solar panels cannot be measured using the
spin method, because of the large, non-repeatable errors which are introduced by the entrained and
entrapped air and turbulence. In these instances, product of inertia can be determined by making a
series of moment of inertia measurements with the object oriented in 6 different positions.  Product of
inertia can then be calculated using formulas which involve the rotation angles of the different fixture
positions.  Moment of inertia is measured by oscillating the object on a torsion pendulum.  Since the
object moves very slowly during this measurement, there are negligible centrifugal and windage forces
exerted on the object.  Furthermore, the mass of the entrapped and entrained air can be compensated
for by making a second set of measurements in helium, and extrapolating the data to predict the mass
properties in a vacuum



.SPIN BALANCE METHOD

Product of inertia is generally measured using a spin balance machine. In this type of machine, the
object is rotated at a fixed speed, and the reaction forces against the upper and lower spindle bearings
are measured.    Product of inertia is then calculated automatically by the machine's on line computer,
using formulas that involve the vertical spacing between the upper and lower bearings, and the height of
the CG object above the mounting surface of the machine.  The CG location of the part may be
separated mathematically from the dynamic unbalance of the part.

7.1 Balancing Machine Theory --  When the test object spins, there are two forces acting
through the CG of the object: gravity forces acting downward and centrifugal forces acting
horizontally (the higher the spin speed, the less significant the gravity force is).  The magnitude
of the downward gravity force is equal to the weight of the object in pounds (M1).  The
magnitude of the horizontal centrifugal force is:

Centrifugal force (lbs) F1 = M1 x R1 x S2

where M1 = mass of unbalance in slugs
R1 = radius of CG in feet
S = speed in radians per second



Converting the mass into weight and the speed into RPM:

                W1 x R1 x (RPM)2

(lbs) F1 = ------------------
35207

where W1 = weight of unbalance mass in lbs
R1 = radius of CG of unbalance in inches
RPM = speed of rotation in RPM
35207 = constant to transform units

The forces applied to the bearings of the balancing machine will depend on the geometry of the
balancing machine and the type of unbalance.  If neither a CG offset or a product of inertia
unbalance is present in the rotating test object, then the forces on the bearings will be zero.  A
product of inertia (with no CG offset) results in equal forces being applied 180 degrees out of
phase on the two bearings (the couple due to the product of inertia is offset by an equal couple
on the bearings of the balancing machine).  A CG offset will cause a different force to be
applied to each bearing.  In order to evaluate the accuracy of a balancing machine in measuring
CG, it is necessary to know the relative values of POI and CG offset.  For a flywheel, POI is
usually small, and the balancing machine will be able to accurately measure CG offset.  For a
tall rocket, the reverse is true.

If the goal of the measurement is to ballast the test object for minimum POI and CG offset
about a particular axis, then the measurement becomes much more accurate.  As the unbalance
is reduced in successive iterations, the residual unbalance can be measured on a more sensitive
scale and the magnitude of POI can be reduced so that some CG sensitivity results. 

To calculate the CG offset from the measured bearing forces, we can make use of the fact that
the sum of the moments around each transducer must be zero (since the system is stable). 
Independent calculations can be made at the X and Y axes, and the resultant of these two
calculations determined to yield the magnitude and angle of the CG offset.

7.1.1 Two transducers are required to separate POI from CG offset In order to separate
the unbalance due to POI from the unbalance due to CG offset, it is necessary to use a force
transducer on each of the spindle bearings in the balancing machine. Then both CG offset and
product of inertia are obtained in a single measurement.  If two measurements are made, then it
is theoretically possible to use a single transducer to measure both CG and product of inertia. 
Static measurements are first made to determine CG offset.  Since the gravity component of
CG offset does not change with speed, it could be concluded that this component can be
separated from POI.  In the real world, however, it doesn't work.  The reason is that the large
forces resulting from the CG offset must be subtracted from the smaller forces due to POI. 
Since the CG offset is measured under static conditions where forces are small, there is an
error.  This small static force error becomes a very large error when spinning at 100 RPM.

7.1.2 Errors due to air turbulence The force on the transducers of the balancing machine 
increases as the square of spin speed.  In some POI machine designs, the transducers chosen



Figure 31 Typical Shroud Installation

are velocity pickups whose sensitivity also increases with speed.  The net effect in this case is
that the sensitivity of these balancing machines increases as the cube of the speed. At first it
might seem that there would no limit to the sensitivity which could be obtained with this method. 
However, there are a number of factors which limit the speed of the machine.  

The machine must be rigid enough not to go into resonance at high spin speeds.  The test item
must be strong enough to withstand the centrifugal forces.  The outer surface of the test item
must be smooth and round, so that the test item will not fan the air and create turbulence. Solid
metal shafts, such as turbine rotors, are smooth and round and may be spun at a high speed
when balancing them.  Aerospace hardware, however, usually cannot be spun above 200 RPM
without damage occurring, and windage forces on the irregular outer surface of the vehicle
increase as the square of the spin speed, so that the random vibration produced by air
turbulence provides another limitation.   This vibration limits the real sensitivity of the balancing
machine.    

The error due to air mass can be minimized by surrounding the spin balance machine with a
shroud.  Typical shrouds are cylindrical in overall shape and adjustable in height and radius so
that they can be made to enclose the spinning object as closely as possible.  Additional
improvement can be obtained by placing a circular cap on the shroud to close the overhead
opening. 



 The objective is to enclose the smallest possible volume of air, while allowing the test object to spin
with adequate clearance.  The walls of the shroud must approximate a smooth cylinder as much as
possible.  This will allow all of the air within the shroud to turn at the same rate as the test object and
minimize the resulting forces on the transducer.  Note: the need for a shroud is not a special requirement
of a particular balancing machine.  Any balancing machine manufactured by any company will have the
same limitation.

SUMMARY OF BENEFITS AND SHORTCOMINGS

Benefits

1.  By selecting spin speed, machine can be either low sensitivity/high offset range or high sensitivity/low
offset range.
2.  Sensitivity can be very high at high spin speeds. However, in many cases maximum spin speed is
limited by structural limits or the windage of the test object. 
3.  Measures CG and well as product of inertia.

Shortcomings

1.  Air turbulence during spin produces uncertainty in measurement; 
2. Some objects cannot be spun because solar panels or other protrusions would break off due to
windage forces, or they cannot tolerate centrifugal or vibratory force that occurs at the spin speed.
3.  Spin balance machines are expensive.

7.2 Moment of Inertia  Method of Measuring POI
This method uses a torsion pendulum to determine POI by making use of the relationship
between POI and MOI of an object.  Special fixtures must be constructed to  move the object
to a number of  positions while keeping both the object and the fixture CG near the center of
oscillation.  The moment of inertia of the object is measured in each orientation.  The tare MOI
of the fixtures must then be measured and subtracted from the measurement with the object. 
The net MOI of the object in the different orientations is then used to determine the POI of the
object  The calculations are quite complex, so an on-line computer is used.

To better understand the concept, refer to Mohr’s Circle on the following page.  The axes of
minimum and maximum moment of inertia correspond to the axes where the product of inertia is
zero.  These are called the principal axes. The product of inertia is a maximum at an angle of
45o   from these principal axes.

If the test part were fixtured so that it could be rotated through an angle C about a horizontal
axis (i.e. the Z axis) and MOI measured about numerous axes in the X-Y plane, including the X
and Y axes, the MOI would be found to vary sinusoidally.  If the angle C ranges over 180
degrees, the maximum and minimum values of MOI can be seen in a plot of MOI vs C.  
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The axes about which the maximum and minimum MOIs are measured are the Principal
Axes.  For all other axes the moment of inertia IAxy, about an axis (A) in the X-Y plane
at an angle C from the +X axis, and the product of inertia Pxy, are related through the
equation:

Solving this equation for Pxy forms the basis for the MOI method of POI determination.

7.2.1 NUMBER OF MOI MEASUREMENTS  For the general case, the total number of
MOI measurements needed for POI calculations is nine: three in each of three mutually
perpendicular planes.  If the intersections of these planes are selected to be the coordinate
axes, then the MOI about each of these axes will be common to two planes, thus reducing the
total number of measurements to six:  three about the X, Y, and Z axes, and three about axes at
45 degrees between the X-Y, Y-Z, and Z-X axes.  If vacuum data is required, the same six
MOI measurements must also be repeated in a helium atmosphere.
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7.2.2 Mohr's Circle for Moments of Inertia

Given:

(1)  The moment of inertia values IX' IY for an object about its
center of gravity, where the center of gravity lies at the origin of a
set of mutually perpendicular axes X-Y.

(2)  The corresponding value for the product of inertia, PXY'

Mohr's circle is then constructed using the layout geometry
shown below.  The following information may then be obtained.

(1)  The location of the principal axes about which the moments
of inertia are maximum and minimum and the products of inertia
are zero.

(2)  The corresponding maximum and minimum values of
moments of inertia.

(3)  The moments and products of inertia for any
other set of mutually perpendicular axes  A-B
whose origin lies at the center of gravity of the
given object and rotated C degrees  from the
original axes X-Y.  Reference, the figure to the
right.

(4)  The maximum values for the products of
inertia about axes located 45o from the
principal axes.

Layout Geometry

The radius of the Circle is:



SUMMARY OF BENEFITS AND SHORTCOMINGS

Benefits

1.  The cost of a moment of inertia instrument is much less than the cost of a spin balance machine. If
you already have a moment of inertia instrument, it can be configured to measure POI at a relatively
minor cost. (However, the cost of fixturing and labor is considerably greater than for spin balancing
machine measurements).
 2. This method puts a minimum stress on the object being measured and is ideal for fragile satellites
which cannot be spun on a balancing machine.
3.  The effect of air mass and turbulence is minimized.

Shortcomings

1.  Accuracy is poorer than with a spin balance machine.
2.  Each measurement requires the test object to be positioned in up to nine different positions, so that
elaborate and expensive fixturing is required.
3.  The test is very tedious to run and labor cost is high.  Measuring the POI of a single object can
require as much as 10 hours including set up.
4.  The instrument does not give a direct readout of POI, so that corrections cannot be made to the
object and the resulting POI shift observed.
5.  Error increases dramatically if the machine is even slightly out of level.

8.0 Considerations in Choosing a Mass Properties  Instrument  There are a
wide variety of mass properties measuring instruments available today.  The choice of which one to use
in part depends on what properties you want to measure, the accuracy required, the degree of
automation required, and budgetary restrictions.  If you are measuring CG, you need to determine
whether you need to measure along a single axis, or along more than one axis (some CG instruments
are only capable a single axis measurement).  In addition, you need to choose the size of the instrument. 
This is usually governed by the weight of the largest object you need to measure.

Since CG sensitivity decreases as the size of the instrument gets larger, the selection of an instrument
may involve a tradeoff.  Frequently, management attempts to purchase an instrument which will serve
present and anticipated needs.  This may result in the selection of too large an instrument, resulting in
limited accuracy for the present requirements.

8.1 What properties you want to measure  -- There are instruments available which measure
only one mass property; Center of Gravity Location (CG), Moment of Inertia (MOI), Product
of Inertia (POI), Weight or Mass.  Many instruments can measure 2 or more of these
properties due to inherent characteristics or by adding relatively low cost options.  Using a
combined function instrument often eliminates the effort, cost,  and risk involved in moving the
test item to another instrument and/or fixture.   Some of the most common dedicated and
combined instruments measure:



Dedicated
CG (measured statically) only*
MOI only
POI and CG (measured dynamically) 
Weight only

Combined
CG and Weight
MOI and CG (measured statically)
POI, and CG (measured both
     statically and dynamically)
MOI,  POI, and CG (measured
     dynamically)
MOI, POI, and CG (measured both
     statically and dynamically)

* Static measurement of CG depends on measuring a moment balance condition where forces are generated only by
gravity.  Dynamic measurement of CG involves moments generated by gravity and  by centrifugal forces generated
as the test article rotates.

Need to measure both CG and MOI  -- In order to measure MOI, you will need an instrument with a
gas bearing rotary table.  Instruments such as the Space Electronics KSR series have this combined
capability.

Need to measure both CG and weight -- Multiple point weighing type instruments have this capability. 
These instruments are available with three load cell technology or with the more accurate force cell
technology (Space Electronics WCG series).

Need to measure both CG and POI  -- If you have a requirement to measure dynamic balance as well
as CG, then a spin balance machine would be a good solution, particularly if your goal was to ballast
the test object for minimum POI and CG offset about a particular axis.  Space Electronics POI series
instrument are available with a separate static CG feature.  This improves CG measurement accuracy
over what would normally be available with a spin balance machine.

Need maximum CG accuracy --Instruments with a gas bearing rotary table and force restoration
moment measuring technology are the most accurate.  Space Electronics KSR series instruments are of
this type.

Need an explosion proof design -- All types are available with this option.  Since repositioning CG
instruments are purely mechanical, they are intrinsically safe in explosive environments.

Need to measure CG of objects weighing more than 25,000 pounds -- Three-point reaction force
machines have been made to measure objects as heavy as the space shuttle. Gas bearing rotary table
machines are limited to about 25,000 pounds because of practical problems in building gas bearings
larger than this.



9.0 Weight Measurement

9.1 Types of scales  Purely mechanical scales have largely gone the way of the dinosaur. 
Nearly all scales currently in use have electronic digital displays and computer interface
capability. The most common scales still use strain gage load cells with typical accuracy of one
part in 2000.  These scales lend themselves to computer interfacing at relatively low cost.  
Pulsed DC power supplies and linearization circuits have allowed accuracies to one part in
5000 at slightly higher cost. 

The next level of price with improved rangeability comes with new ceramic capacitive strain
gages (for purposes of this paper, we will define rangeability as the ratio between load capacity
and accuracy).  These scales can be made with accuracies up to one part in 50,000.
Transducer stiffness is comparable with strain gage beam cells. These transducers have one
drawback: they can be damaged if a hard object is dropped on the scale, since the ceramic
spring is brittle and cannot withstand shock.  Some newer scales using this technology
incorporate spring shock dampers to eliminate this problem.

The biggest innovation has been the application of force restoration technology to weight
measurement.  This technology has been in use since the late 1950's in both electronic and
pneumatic process control transducers.  The newest generation of electronic force rebalance
transducers can achieve accuracies on the order of one part in 10 million in laboratory
balances.  In the more common bench scale ranges up to 25 lb, the accuracy can approach one
part in 1 million.  In the larger sizes, 75 to 13,000 lb, accuracies are typically one part in 25,000
to one part in 50,000.  At this time, the maximum load ratings available are on the order of
13,000 lb.

These scales are highly programmable to accommodate many weighing conditions:  stability (i.e.
animal weighing), parts counting on weight basis, selectable units of measurement, etc. They are
fully compatible with computer interfacing.  The major disadvantages are  price, and slow
response time.  The slow response time is due to the fact that a closed loop rebalance circuit is
used.

9.2 Force Restoration Principle  When a load is applied, the transducer deflects.  A current
driven restoring force is applied through a closed loop control system until the unloaded
geometry is restored.  The applied current is then related to the applied force.  Since the loaded
geometry after the restoring force is applied is the same as the unloaded geometry, the
transducer is inherently linear like the time honored balance beam scale.  This is unlike the strain
gage load cell which relies on the deformation of the sensitive spring element to generate an
output.  High accuracy mass properties measuring instruments for static CG and moment
measurement use this force restoration technology. 

9.3 Comparison of scale types  The table below compares scales with the three transducer
types described above..  Relative cost is a comparison of the cost of a given scale to a no frills
strain gage scale of the same load capacity.





Summary Table of Weight Scale Characteristics

Transducer
Type

Load 
Range

Typical
Rangeablility

Relative 
Cost

Comments

Strain Gage
Load Cell

up to millions of
lbs

1/2,000 to 
1/5,000

 1 to 2 - Least rugged
- Insufficient sensitivity for
   laboratory scales
- Nearly unlimited capacities
   and configurations available.

Capacitive 
Load Cell

Fractional to
50 lb

1/10,000 to
1/50,000

1.3 to 2.5 - Sensitive to shock
- limited capacities available
- high rangeability

Force Rebalance
Load Cell

Micro gram to 
13,000 lb

1/20,000,000 to
1/20,000

1.5 to 5.0 - Wide range of capacities
   available
- highest rangeability
- not suitable for dynamic
   measurements
- Most optional features

9.4 Corner Loading Error  When a scale manufacturer quotes the accuracy of his scale,
usually he is referring to the accuracy when an object is placed on the platform so that its CG is
in the center of the scale.  If you place the object off center, then a moment will be created
which tends to tip the platform of the scale.  On many scales this will introduce an error. 
Depending on the internal mechanism in the scale, this error can be as large as 0.5%.  High
quality scales use parallel beam flexures and other compensating mechanisms, so that this effect
can be as small as 0.001%.  You can test the scale you are using by first placing a test weight in
the center of the scale and measuring its weight.  Then you move the weight to each of the
corners of the scale and remeasure the weight. You may be surprised at how large the change
is.

9.5 Weight vs Mass The mass of an object is fixed and is the same whether the object is on
the earth or in outer space.  Weight, on the other hand, is a force which depends on several
factors which are related to the location of the scale.  With the advent of force restoration
technology, scales such as the Space Electronics YST Series have uncertainties in the order of
0.003% of full scale. With these scales, it is possible to measure an object at different locations
of the earth and observe significantly different values for weight.

The force a mass exerts on a scale is affected by four factors:

1. The gravitational mass attraction to the earth at the particular location, which is in
part related to the altitude

2. The gravitational mass attraction to the sun and moon at the particular location, which
may reach 0.003% of the acceleration of earth gravity at certain dates during the year
when the sun and moon align



3.  The centrifugal force due to the rotation of the earth, which varies from zero at the
north pole to a maximum value at the equator

4.  The buoyancy of the object as it floats in a sea of air. This can be  compensated for
by determining the enclosed volume, and calculating the weight of the displaced air
(whose density can vary due to the weather). 

These factors combine to result in a change in the weight of an object of almost 1% over the
surface of the earth, and about 0.2% over the contiguous USA!  We put the exclamation point
at the end of the sentence, because we frequently see specifications for weight accuracy of
0.02%, and none of these specifications mention the location on earth where this measurement
is to take place.  If  a mass weighs 100 pounds at one location is the USA, it could weigh 99.8
lbs somewhere else in the USA. 

To get around this problem, and contrary to popular beliefs, the world, including the USA, uses
Mass rather than Weight to standardize and calibrate scales.  To calibrate a scale, a standard
calibration mass is placed on the scale.  The scale is then adjusted until it reads the appropriate
standard weight.  The standard weight is the weight the mass would have at standard gravity
(32.174 ft/sec2). 

Note: the traditional “Scales of Justice” balance beam compares one mass against another mass, and
therefore the measurement does not vary with changes in gravitational field strength.

A problem occurs when a scale is calibrated at one location and then moved to another
location to weigh an object. For large scale capacities, it is often not possible to bring a
calibration weight to the new site, either because this weight is not available, or because of the
problems of shipping a calibration mass weighing many thousands of pounds.  Therefore, it is
necessary to correct for the change in the acceleration of gravity between the site where the
scale was calibrated, and the site where the object is being measured.  The National Geodetic
Information Center in Rockville, Md has data on the weight correction required for many
locations on earth.  If this data is not available, then another method is to determine the
correction is to calibrate a small scale at the first site, and ship this scale to the new site,
together with its calibration weight.  The small calibration weight is then remeasured.  If the
measured value of this small weight is 0.05% high, then the acceleration of gravity is 0.05%
higher at this new location, and the measurement of the large object must be divided by 1.0005
to correct for this change in the acceleration of gravity.
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