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Abstract: The centroid coordinate serves as a critical control parameter in motion systems, including aircraft, missiles, rockets, and
drones, directly influencing their motion dynamics and control performance. Traditional methods for centroid measurement often
necessitate custom equipment and specialized positioning devices, leading to high costs and limited accuracy. Here, we present a centroid
measurement method that integrates 3D scanning technology, enabling accurate measurement of centroid across various types of objects
without the need for specialized positioning fixtures. A theoretical framework for centroid measurement was established, which combined
the principle of the multi-point weighing method with 3D scanning technology. The measurement accuracy was evaluated using a designed
standard component. Experimental results demonstrate that the discrepancies between the theoretical and the measured centroid of a
standard component with various materials and complex shapes in the X, Y, and Z directions are 0.003 mm, 0.009 mm, and 0.105 mm,
respectively, yielding a spatial deviation of 0.106 mm. Qualitative verification was conducted through experimental validation of three
distinct types. They confirmed the reliability of the proposed method, which allowed for accurate centroid measurements of various
products without requiring positioning fixtures. This advancement significantly broadened the applicability and scope of centroid
measurement devices, offering new theoretical insights and methodologies for the measurement of complex parts and systems.
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multi-point weighing method

1s determined across various states. This method

0 Introduction

requires a strict geometric constraint relationship

Mass characteristic parameters are fundamental between the object being measured and the sensor

indicators that define the mechanical properties of an
object, mainly encompassing mass, centroid, moment
of inertia, and product of inertia’ ™. They are critical for
theoretical calculations and practical applications in
dynamic configuration, posture control, and precise
trajectory management of moving objects*®. For
instance, precision control of the centroid is essential in
products such as aircraft, ships, ejection seats, and
missiles, necessitating accurate measurement of their

1

centroid coordinates”™®. Consequently, developing

specialized ~ measurement  equipment for  mass
characteristic parameters is imperative during product
development.

The multi-point weighing method is one of the most
widely used and mature techniques in the field of centroid
measurement”'". This method is based on the principle

of static moment balance, where the centroid coordinate

support point, which leads to inherent defects. First, the
measurement platform needs to be customized with
special positioning fixtures according to the size of the

test piece!™*"

. Second, for asymmetric special-shaped
parts, the reference plane conversion error during
multiple  posture  adjustments will form error
accumulation™ . Third, the structural deformation
caused by contact measurement may cause the center of
mass coordinate deviation. These limitations seriously
restrict the accuracy of traditional methods of center-of-
mass measurement"?,

Researchers have carried out a series of improvements
to solve the problems. Zhao et al."” proposed a set of
combined  measurement  systems for  centroid
measurement of large-sized rotating parts. The distance
can be adjusted according to the length of the part and the
supporting position to adapt to different lengths. Wang et

al. " designed a novel structure to adjust the mobile
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platform to eliminate side forces that might load on the
load cells. It was proved that the repeatability of the
proposed structure was higher than the traditional one
and there were no side forces by simulations. Gonzalo et
al. ™ proposed a fast 3D measurement method of the
centroid in a tiltrotor-type aircraft using photogrammetry
and scales without previous leveling of the aircraft. This
greatly improves the versatility of the centroid
measurement method. However, existing improvement
solutions all require customized test equipment and
positioning fixtures™. Any difference between the actual
state of the test object and the theoretical state will
directly affect the measurement results.

To tackle these challenges, we present a universal
centroid measurement method based on 3D scanning,
facilitating high-precision measurements across a diverse
array of product types and geometries. The method can be
completed on the same platform for parts of different
product shapes, materials, and qualities, without the need
for custom fittings, greatly improving the versatility of the
platform, reducing the test cost, and providing technical
support for the future to adapt to the centroid measurement

of multiple models and different types of products.

1 Materials and methods

1.1 Configuration of centroid measurement
system

As shown in Fig.1, the centroid measurement system
features a specimen stage equipped with four support
components, which is fixed on the optical platform. Each
support component consists of a Z-axis linear translation
stage, a weighing sensor, and a support ball from bottom
to top, whose positions can be adjusted as needed. The
weighing sensor is a high-precision column mass sensor
with a measuring range of 50 kg, a relative error of less than
40.3%, and a safe overload range of 150% of full scale.
The stage is placed on top of the support components,
ensuring that the upper and lower surfaces remain parallel
and flat. Before measurement, scanning markers are
applied to both the test object and the stage. During
measurement, the object is placed on the stage in any stable
orientation, and the weight variations are recorded by each
weighing sensor. Subsequently, a scanner is employed to
capture 3D data of the test object, the specimen stage, and
the support balls. The Creaform HandySCAN 700 scanner
is used to obtain point cloud data with a resolution of
0.05 mm, an accuracy of 0.03 mm, a volume accuracy of
0.02 mm-+0.06 mm/m, and a scan area of 275 mm X
250 mm.

Scanner,

Test object

Specimen
Stage

_Weighing
sensor

Support ball

o

Fig. 1 Overall design of centroid measurement system based

Linear

Optical platform translation stage

on 3D scanning

1.2 Centroid measurement model based on 3D
scanning

Traditional centroid measurement methods often require
customized devices and precise fixtures, leading to elevated
development costs and low equipment utilization. The
centroid measurement method is based on 3D scanning
technology, effectively addressing its limitations. This
integration significantly expands the application range of the
method and enhances measurement accuracy. Before
measurement, it i1s necessary to use the Z-axis height
adjuster to adjust the stage to a horizontal level. In one of the
measurements, the 3D point cloud data of the test object,
the specimen stage, and the support balls captured by the
scanner are processed to calculate the centroid of the object,

as illustrated in Fig.2.

Centroid line

m, my my,
(474 (xp:ys) (eye) (p-yp)

Fig.2 Schematic diagram of centroid line

The coordinate system is aligned with the plane of the
specimen stage, establishing the Z axis and laying out
the plane of the specimen stage. The support balls are
fitted to determine the coordinates of their centers. Using
the mass measurements from the sensors of each support
component, the projection of the centroid onto the XY
plane can then be calculated by

_xama T xpmy T xeme+ xpmyp
T my+ my+ me+ mp

_yama Tt yymy A+ yeme 1 ypmyp

B my+ mp+ me+ mp ’

where x;, y;,, m; (=A,B,C,D) represent the X-axis and

ey

Y-axis coordinates of the centroid of the support balls and

the measured mass from the weighing sensors of each
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support component. Once the projected coordinates of the
centroid in the XY plane are obtained, a line parallel to the
Z axis can be drawn through this point, resulting in the
centroid line /; for the measured state.

In another measurement, the orientation of the test
object on the specimen stage was altered to obtain the
centroid line for this new state. For objects that cannot be
easily positioned in different orientations for measurement,
auxiliary supports can be employed. These auxiliary
supports are affixed to the specimen stage, and before
loading the measured object, the weighing sensors are
zeroed out to ensure accurate measurements, as illustrated
in Fig.3. The auxiliary supports serve solely to adjust the
object’s orientation during testing and does not impose
specific requirements on the object itself. Thus, this method
provides significant convenience for measuring objects that

lack reliable supporting surfaces.

Centroid line /;

Auxiliary support

Fig.3 Auxiliary support for orientation change of test object

After obtaining two or more centroid lines of the test
object, the centroid lines are transformed into the same
coordinate system based on the object point cloud data.
Taking the theoretical model of the object as the
standard, the point cloud and centroid line of the object
in each measurement are converted to the coordinate
system of the theoretical model. The transformation
matrix for the 7th point cloud of the object can be denoted
as T,;. The centroid line for the /th measurement L;, once
transformed into the theoretical model coordinate

system, can be calculated by
L,=1LT. )
(f,f,l%) are the three coordinate axes of the
theoretical model’s coordinate system, and (:;Z) are
the three coordinate axes of the global coordinate system
(the specimen stage coordinate system). In the initial
state, (I,J,K) is the same as (;;l:) When the test
object is rotated, the two coordinate systems are

inconsistent, and there is

> > >

(i,j,k)=(I.J,K)R, (3)

where R represents the transition matrix between the

two coordinate systems. R is the 3rd order rotation
matrix, which can be expressed as

R=cee' +(cosg)(I—ee' )+ (sing)E, (4)
where e= [e;, ¢,, e;]" represents the direction of the
rotation axis; ¢ represents the angle of rotation of the
stage coordinate system relative to the model coordinate
system; I is the unit matrix; and E' is the cross-product
matrix of e, thatis

0 €3 €
E=| e 0 e Q)
— €y €1 O

Therefore, as long as the scanner measures how the
object is rotated, R can be obtained. As a result, the
transformation matrix 7" can be obtained, which is the
transposed matrix of R. In theory, the 7 can be
determined by measuring the coordinate values of the
positions of four points on the object before and after the

rotation.
X —X, Y\ =Y, Z —2
X.—Xo Y.— Y, Z,—Z,|—
X;—Xo Yi—Y, Z,— 2,

T Yi— Yo 21 20
T Xo Yo Vo 22— 20|T, 6)
Xy — Lo Vs Yo Z3 20

where (X,, Y., Z) is the coordinate in its coordinate
system with i=0, 1, 2, 3; (x,,y,,2,) is the coordinate of
the same point in the platform coordinate system.

The centroid lines obtained from multiple
measurements are transformed into the same coordinate
system, with the results illustrated in Fig.4. By applying
the least squares method, the optimal intersection
coordinates can be determined, which corresponds to the

centroid coordinates of the test object.

Fig. 4 Schematic diagram of centroid coordinates calculated
by centroid lines

2 Results and discussion

2.1 Accuracy test of centroid measurement

To verify the accuracy of this method, a 45% steel
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standard block was utilized. The standard block was first
scanned and modeled as a theoretical model. And its
volume was measured. By integrating the mass data and
assigning appropriate density in the theoretical model,
consistency between the model and the physical object
was ensured. As a result, the theoretical 3D centroid
could be analyzed. Then, the centroid of the standard
block was measured by the prototype, which was
developed by the centroid measurement method based
on 3D scanning.

Fig. 5 shows the photograph of the prototype during
the centroid testing. The standard block was positioned
at arbitrary angles for three separate measurements. The
point cloud data obtained from these measurements was
then analyzed to obtain the centroid lines. The plane of
the specimen stage was fitted and aligned with the XY
plane of the global coordinate system to convert the
whole point cloud data into the global coordinate system.
The Z-axis direction corresponds to the centroid line
direction. The support balls are fitted to determine their
center coordinates. Combined with the weighing sensor
data, the X-axis and Y-axis coordinates of the centroid
line projection are calculated based on Eq. (1), thereby
constructing the centroid line. The point cloud data of the
test object and the centroid line are then aligned with the
theoretical model.

-

Fig. 5 Centroid measurement of standard block by prototype

Based on the data of the theoretical model and its
centroid coordinate, the measurement errors can be
analyzed, as detailed in Table 1. Using 3D software, the
theoretical coordinates of the centroid point G for the
standard component are determined to be (75.116,
4.754,17.25) . After scanning, each fitted centroid line is
parameterized by two 3D coordinate points. In one
experiment, the centroid lines of the standard block are
defined as follows. L, is (111.392, 4.469, 18.953) and
(—98.171, 4.469, 18.953). L, is (75.000, 51.471,
18.953) and (75.000, —50.572, 18.953). And L, is

(75.000, 4.469,66.712) and (75.000,4.469,—48.353).
Applying the least squares method to the three centroid
lines, the actual measured centroid point T can be
obtained. The T is (75.115, 4.749, 17.25) after three
repeated experiments. As a result, the coordinate errors
in the X-axis, Y-axis, and Z-axis are 0.001 mm,
0.005 mm, and O mm, respectively, which verifies the
measurement accuracy of the prototype.

Table 1
based on 3D scanning

Errors analysis of centroid measurement method

Centroid Theoretical Measurement

coordinate value/mm value/mm Error/mm
X 75.116 75.115 0.001
Y 4.754 4.749 0.005
Z 17.250 17.250 0
Distance 0.005
However, in practice, parts used for industrial

measurement, such as airplanes, drones, and rockets,
are all complex assemblies that use a variety of
materials, such as plastic, steel, aluminum, copper,
and circuit boards. It is necessary to measure the centroid
without disassembling the test object. Hence, a standard
component with various materials and complex shapes is
designed for further accuracy verification in practice,
which is shown in Fig.6.

Incomplete sphere /( N

Square block

(a) Schematic diagram of standard component

- S
(b) Photograph of standard component

Fig. 6 Standard component containing a square block, a
shaft, and incomplete spheres in various sizes

It features a square block with a shaft passing through
its center, onto which incomplete spheres are affixed on
the other three sides. The material of the square block is
aluminum, while the spheres are made of steel. Before
assembly, the mass of each one was measured. The
standard component was then scanned and modeled as a
theoretical model. And the volumes of the individual
parts were measured. By integrating the mass data and
assigning appropriate densities to each material in the
theoretical model, consistency between the model and
the physical object was ensured. As a result, the
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theoretical 3D centroid could be analyzed. Fig.7 shows
the photograph of the prototype during the centroid
testing. Fig.8 illustrates the point cloud data fitted to the
theoretical model space during the first measurement
state. The positions of the four support balls after fitting
are indicated, with L, representing the position of the
centroid line for this state. Similarly, the data from the
three scans of the test object are converted to the
coordinate system, resulting in three centroid lines being
aligned within the same coordinate system, as shown in
Fig.9.

/]
Fig. 7 Centroid measurement of standard component by

prototype

Fig. 9
coordinate system

Three centroid lines being aligned within the same

The measurement error is analyzed, as detailed in
Table 2. Using 3D software, the theoretical coordinates
of the centroid point G for the standard component are
determined to be (—40.478, 51.387, 41.121). In one
experiment, the centroid lines of the standard
component are defined as follows. L, is (165.066,

51.395, —40.480) and (—156.721, 51.395, —40.480) .

L, is (—41.013, 157.121, —40.480) and (—41.013,
—178.103,—40.480) . Lsis (—41.103,51.395,152.072)
and (—41.103, 51.395, —150.012) . Applying the least
squares method to the three centroid lines, the actual
measured centroid point T is (—40.481,51.396,41.016)
after three repeated experiments. As a result, the
coordinate errors in the X-axis and Y-axis are 0.003 mm
and 0.009 mm, respectively. The error in the Z-axis is
0.105 mm. The larger deviation in the Z-axis compared
to the X-axis and Y-axis may be attributed to the
interference fit between the shaft and the square block’ s
hole during manufacturing. The shaft was driven into the
hole using a striking method, causing slight deformation
that resulted in theoretical discrepancies. Additionally,
scanning precision and manufacturing accuracy also
influence the accuracy. With increased measurement
orientations and the use of accurate scanning equipment,
the accuracy can be guaranteed to be within 0.1 mm.

Table 2
component with various materials and complex shapes

Errors of centroid measurement for standard

Centroid Theoretical Measurement

coordinate value/mm value/mm Error/mm
X —40.478 —40.481 0.003
Y 51.387 51.396 0.009
4 41.121 41.016 0.105
Distance 0.106

To further demonstrate the accuracy of the centroid
point position, a support test was performed. The
projection of the centroid onto the plane at the bottom of
the square block was found. To ensure the stability of the
test, the work table of the three-coordinate measuring
machine is selected. The standard part is supported by a
support rod with a small ball of 2 mm in diameter on the
top. The results show that the standard part can be stably
supported on the small plane, proving the reliability of
this method, as shown in Fig.10.

Fig. 10 Demonstration of accuracy of centroid measurement

2.2 Centroid measurement error analysis

2.2.1 Measurement error of centroid lines
Differentiating Eq. (1) can yield that
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o= e P g g
0x . dxy dx ¢ dxp
ox dm, + ox dmy + a7Idm(~ -+ a7xde, @)
dm admy dm dmp
where

dx - ma
dx 4 - ma+ my+ me+ mp’
dr mpg
Ay mat my+ me+mp’
dr me
dxc o ma+ my+ me+mp’
dx mp

dxp o ma+ my+ me+mp’
dxr  (ms+my+me+mp)a,
am (ma+ my+ me+ mp )?
(zamp~+ zpmy+ xeme+ 2pmp)

(ma+mp+me+mp )

Ty— X
ma+ my+ me+mp’

dr Tp— X

Imy  matmyt+me+my’

dr XTe— X

dm o ma+ mp+ me+ mp’

dx Ip— X

admp o ma+ my+ me+mp
If there 1s a deviation dx, in the X-coordinate of the
support point A, it will lead to a deviation in the X-
coordinate of the centroid ,
Ny
or = my+ my+ me -+ mp O ®)

Hence, if the X-coordinates of the four support points

A, B, C, and D all deviate, it will result in a deviation in

the X-coordinate of the centroid.

o m,

o my+ my+ me+ mp
my

ma+ my+ me+ mp

ox Sxa T

oxy +

me
Sxc+ ©)
ma+ mp+ me+ mp .

mp
my -+ my -+ me+ mp

|ox|< max |ox,].
i=A,B,C,D

8ID7

This indicates that the error in the X-coordinate of the
centroid does not exceed the upper limit of the errors in
the X-coordinates of the support points. Similarly, the
same conclusion holds for the Y-coordinate. This shows
that the centroid coordinates are not sensitive to the
coordinates of the support points. The coordinate errors

of the support points are random, with both positive and
negative signs, leading to a final error that is smaller than
the errors in the coordinates of the support points. The
scanner has a resolution of 0.05 mm and an accuracy of
0.03 mm. The accuracy can be regarded as a reference
value for the expanded uncertainty. If the coverage factor
k=2 (corresponding to a 95% confidence level), the
relative uncertainty is 0.015 mm/L,, (L,, is the measured
length). Considering the size of the object to be
measured, the measurement error of centroid lines can
be estimated as 0.01%.

2.2.2 Error of transformation matrix 7'

T, 1s achieved by aligning the scanned point cloud data
before and after the rotation of the object. In theory,
T can be determined by measuring the coordinate values
of the positions of four points on the object before and
after the rotation, 1.e.,

A=DBT, (10)
where A= (X,, Y., Z)) is the coordinate in its coordinate
system withi=0,1,2, 3; B= (x;, y;,2,) is the coordinate
of the same point in the platform coordinate system.

The scanning errors of the object under test before and
after rotation can be expressed as JA and OB,
respectively, resulting in an error of 67"

A= BT,
(11)
A+ 0A=(B+oB)(T+T).

Therefore, the relationship between the centroid / and

L indifferent coordinate systems can be expressed as
L+ oL=>U+38)T+T). (12)

Since the coordinates of the points on the centroid line
(L-+6L) can be linearly represented by the lines of (/4
00) , the coordinate error on the centroid line does not
exceed max ( ‘ 8A,»_j‘ ). And because the deviation of the
point on the line only affects the position of the line when

it is perpendicular to the line, the error of the line is
OL|<

smaller than the error of the point, that is,
max ( ‘ SA,»_]»’ ).

In actual operation, a scanner is used to obtain a large
amount of coordinate data, and the above equation becomes
leXO Ylf Yo Z1*ZO
X,—Xo Y, Y, Z,— 2

X,—X, Y,—Y, Z —2
T — Ty Yyi— Yo 21— %o

Xy Lo Y2 Vo K27 20

T. (13)

Xy~ Xo Yo Yo Zn— 20
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The T can be obtained by the least squares method.
Although the data obtained by the scanner is noisy, the
least squares method is equivalent to filtering the data,
further suppressing the noise. There is a ready-made
alignment algorithm in the scanner’ s supporting
software, which facilitates the high-precision acquisition
of T. As aresult, the measurement error associated with
this process can be negligible due to the high accuracy of
the scanner.

2.2.3 Measurement error of mass sensors

The weighing error is determined by the precision of
the mass sensor. In the calculation of centroid lines, the
accuracy of the mass sensor affects the centroid’s
coordinates. The effect of the mass sensor A on the X-
axis coordinate is shown in Eq. (7). The denominator is
the square of the mass of the test object and is insensitive
to coordinates. The weighing sensor has a relative error
of less than =0.3%. Hence, the effect of mass sensor
measurement error on the centroid measurement can be
estimated as ==0.3% based on Eq. (7).

2.2.4 Evaluation of combined uncertainty

The stated combined total uncertainty was determined
by taking the root sum square of the contributions of
individual uncertainty sources to the total uncertainty.
The expanded relative standard uncertainty is estimated

tobe 0.6% (k=2).
2.3 Centroid measurement experiments

To further investigate the reliability of this method,
different types of objects were measured.
2.3.1 Verification of aircraft model centroid measurement

A model of the Airbus A380 was tested, with
dimensions of 470 mm X440 mm X 170 mm and a total
weight of 1 410 g. The main body of the aircraft model is
constructed from lightweight alloy, while the wings are
made from resin. For such test objects, a dedicated
testing platform and multiple custom fixtures are
typically required to achieve high-precision centroid
measurements. In this case, the developed prototype
was utilized for the measurement. Fig. 11 (a) shows the
photograph of the measurement process for the aircraft
model. The centroid coordinate was obtained through
scanning under three different posture conditions. Before
the support test, a small surface was milled out around
the projection of the centroid on the bottom plane of the
aircraft model. The centroid line is parallel to the normal
direction of the surface. It can be seen that the airplane
model can be stably supported at a certain elevation angle
through the support rod, which is shown in Fig.11 (b) .

K.,

(a) Photograph of measurement process for aircraft model

(b) Airplane model is stably supported at a certain elevation angle
through a support rod

Fig. 11 Verification of aircraft model centroid measurement

2.3.2 Skull model centroid measurement

A skull model i1s made of cast aluminum, with
dimensions of 220 mm X 140 mm X 130 mm and a weight
of 1 894 g. It is from a critical component of a testing device.
Traditional measurement methods often struggle to identify
accurate and reliable reference points for positioning.
However, the method based on 3D scanning technology
eliminates the need for precise placement on the stage,
allowing for rapid and accurate measurements. Fig.12 (a)
illustrates the use of the prototype for centroid measurement
of the skull model. Once the centroid was determined, a
supporting surface was machined. As depicted in

Fig.12 (b) , the skull model is supported on the support rod.

(a) Photograph of measurement process

for skull model

(b) Skull model is stably
supported on a support rod

Fig. 12 Skull model centroid measurement

2.3.3 Pebble centroid measurement

The pebble under test has an irregular shape, and the
uniformity of its material is unknown. Its dimensions are
approximately 120 mm X 110 mm X 60 mm, with a total
weight of 1 613 g. Using the prototype, centroid lines
were obtained under four different posture conditions.
After unifying the coordinate system, the centroid
coordinates of the pebble were calculated. Finally, the
pebble can be stably supported at an incline on the
support rod, confirming the reliability of the centroid

measurement results, which is shown in Fig.13.
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Fig. 13 Pebble with an irregular shape is stably supported at
an incline on support rod

3 Conclusions

A centroid measurement method based on 3D scanning
was proposed, enabling centroid measurements for
different types of products on the same platform. A
comparative analysis of accuracy was conducted by
designing and manufacturing the standard component.
Measurements of various test objects showed that the
results were stable and reliable. This method eliminated the
thereby
measurement accuracy. Traditional methods often require

need for positioning fixtures, improving
the design of positioning fixtures, where positioning errors
can significantly impact the measurement results.
Furthermore, positioning and shape errors can compound
and directly affect measurement accuracy for large
components. This method provided accurate 3D data for the
objects, ensuring that manufacturing and deformation
errors did not influence the measurement results, thereby
enhancing measurement accuracy. In the future, we will
improve this method for measuring the centroid of large
objects. Their centroids can be measured by dividing the
large object into multiple areas, scanning them one by one,
and then stitching the data of each area to generate a
complete 3D model.
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