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Abstract: Aiming at the shortcomings of traditional contact measurement methods such as low measurement efficiency,
high cost and low accuracy, a non-contact optical measurement method based on the laser displacement sensor is
proposed. According to the relevant regulations of the coaxiality error evaluation standard and the structural
characteristics of the compound gear shaft, we have designed and built a set of supporting software system as well as a
hardware test platform. In this paper, the distance difference threshold and scale threshold methods are used to eliminate
outlier data. The least squares circle is selected to calculate the center of the circle and the minimum containment
cylinder axis method is used as the reference axis of the composite gear shaft. Compensated by the standard step shaft
calibration, the coaxiality error of the composite gear shaft can be measured to be within 0.01 mm in less than two
minutes. The range value of the multi-section measurement test is 0.065 mm. The average coaxiality error is
0.476 mm.
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0 Introduction

Due to various uncertain factors, there is al-
ways a certain error between the actual size of the fi-
nal product and the ideal size, which results in the
difference between the geometric features and the
ideal situation in the machining process. Concentrici-
ty is a type of position error. In some occasions of
rotary motion, part of the reference is eccentric.
The mechanical transmission device will generate vi-
bration and noise which will directly damage the de-
vice more seriously.

Traditional coaxiality detection methods for the
outer contour of shaft parts mainly include the rota-
tion axis method, coordinate method, tip method,
The common feature of

simulation method, etc.

most traditional measurement methods is that the da-
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ta points are collected by contacting the probe with
the surface of the part to be measured. Whether the
parts meet the requirements depends on the measure-
ment data obtained according to the change in the
reading of the indicator. These are all contact mea-
surement methods, which can achieve high accuracy
but are too slow for complex parts. The new non-
contact measurement methods mainly include laser
ranging method' " and processing photos through ma-
chine learning to get coaxiality. The development of
coaxial measurement technology in foreign countries
is relatively early with more mature measurement
methods and high precision measurement equip-
ments. Kiihnel et al."” designed a non-contact round-
ness and cylindricity automatic measuring device.
They reduced the effects of factors such as eccentrici-

ty, tilt, and swing of the turntable on the measure-
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ment results to be within 10 nm while the measure-
ment speed has been greatly improved by the auto-
mated measurement process. Jun et al."* conducted
research on the measurement of coaxiality and level-
ness between bolt holes during the assembly of the
main wing of the T-50 supersonic advanced trainer
aircraft. The quantitative measurement of the coaxi-
ality and levelness error between two bolt holes was
achieved through the analysis of reflected polarized
light. Li et al.'"”' presented a new contactless mea-
surement prototype based on a laser displacement
sensor that automatically evaluated the rolling per-
formance of the sharp shaft. They applied laser dis-
placement sensors to determine that changes in the
size of the roots were related to surface residual
stress and microhardness. Domestic coaxial measure-
ment technology is still in the research stage, but
there have been major breakthroughs in recent years.
Wang et al."” proposed a method for measuring the
coaxiality of piston rods based on machine vision
technology to solve the problems of low accuracy
and low efficiency of coaxiality error measurement
during the manufacturing process of piston rods in
2015. And high-precision coaxiality measurement
has been realized based on genetic algorithm. In
2017, Yan Minwei, a researcher of Xi’an Jiaotong
University and others designed a coaxial detection
device based on a two-dimensional laser displace-
ment sensor to detect coaxiality errors in bearing
holes of the bridge shell of the axle reducer™’.

The bevel gear-spline compound gear shaft is a
relatively common type of composite shaft parts
which consists of spline, cylindrical shaft and bevel

gear. The real object is shown in Fig.1.

Spline

Cylindrical shaft

Bevel gear

Fig.1 Bevel gear-spline compound gear shaft

At present, the coaxiality measurement meth-
od of the bevel gear-spline compound gear shaft part
is also contact. The measurement tool is used to
clamp the part rotated manually by the inspector.
The coaxiality is calculated based on the data ob-
tained from the contact between the probe and the
surface of the part. The measurement results ob-
tained by using the above measurement methods can
be relatively easily affected by various factors such
as measurement devices, environmental disturbanc-
es and manual operations, which lead to lower accu-
racy of the final measurement results and more time
waste. According to the research experience in the
field of form and position error measurement, we
have designed and built a set of coaxiality measure-
ment experiments platform based on laser ranging
technology with laser displacement sensors to mea-
sure the coaxiality of multi-specification bevel gear-
spline compound gear shafts’”’. We put forward a
non-contact optical measurement method to obtain
the spatial geometric profile information of parts™’.
Laser scanning of complex parts for precise distanc-
es avoids probe measurement inaccuracies. The part
is driven by a motor to rotate so as to obtain more
stable data. Finally, the coaxiality error of the bevel
gear relative to the spline for one compound gear
shaft is evaluated, realizing the fast and accurate

measurement of coaxiality.

1 Test Principle

The Chinese machinery industry standard “JB/
T 7557—1994 coaxiality error detection”"”’ has ex-
plained the basic measurement method of coaxiality
in detail. The overall measurement process can be

summarized as the following four steps in Fig.2.

Determine | | Determine Identify the minimum
the base [ theaxis [*{containment cylindrical
axis under test area

Coaxiality
error

Fig.2 Basic process of coaxial error measurement

Based on the above-mentioned basic measure-
ment method of coaxiality error, we use non-con-
tact laser displacement sensors to obtain the informa-
tion of each measurement element on the part to be

tested by measuring the distance from the sensor to
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the surface of the part. The measurement scheme is

shown in Fig.3.

|

|

Laser
displacement
sensor

Laser displacement
sensor

Fig.3 Schematic diagram of coaxial optical measurement

scheme

During the measurement, the two laser dis-
placement sensors measure the above spline part
and the bevel gear part respectively while the com-
pound gear shaft rotates at a constant speed w. The
distances from the sensors to the highest points of
the two tooth top circles are within the range of the
respective sensors which can move along the axis of
the part to be measured. The proposed basic mea-
surement process is shown as follows.

(1) Look for multiple sections to be measured,
which are perpendicular to the rotation center axis in
the spline part of the compound gear shaft.

(2) For a certain section, a series of distance
values of measurement points on the section are ob-

tained by a laser displacement sensor during a part

. Sport control
Driving module

test platform

IPC

Data
transmission

Measurement
control

Sensing and
measuring module

Hardware EI]

Positioning module /"

of the rotation of the part.

(3) After data processing, the measured series
of distance values are converted into the profile in-
formation of the section under the measurement co-
ordinate system.

(4) Process the profile information of the sec-
tion to obtain the coordinates of the center point of
the section to be measured in the measurement coor-
dinate system.

(5) Perform the above processing on the other
sections of the spline part to obtain the coordinates
of the center points of all the tested sections of the
spline part.

(6) The coordinates of the center point of each
section of the spline part are processed to obtain the
reference axis equation of the coaxiality error evalua-
tion.

(7) Perform operations similar to steps (2—5)
on the bevel gear part to obtain the positions of the
center points of all the sections to be measured.

(8) According to the coaxiality evaluation criteri-
on, determine the coaxiality error value of the bevel

gear part relative to the reference axis of the spline part.

2 Measurement System Construc-
tion

2.1 Construction of hardware platform of mea-

surement system

The overall structural design of the test system
hardware platform is shown schematically in Fig.4.
The test hardware platform can be divided into three

parts: Driving module, positioning module and

Sensing and
measuring module

Driving
module

Positioning
module

Fig.4 Overall structure of the test platform
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sensing and measuring module. Among them, the main supporting force for the part to be tested, which
driving module is responsible for driving the part to is assisted by the top tailstock. Both of them are in-
be tested, whose positioning and supporting depend stalled on the linear motion component. The position
on the positioning module. The sensing and measur- can be adjusted in the direction of the axis of the rota-
ing module is responsible for measuring the distance tion center to meet the measurement requirements of
of the surface of the part and sending the measure- parts of different length specifications. The sensing
ment data to the industrial computer. and measuring module mainly includes laser displace-
The positioning module and the sensing and ment sensors, one-dimensional translation stages,
measuring module are shown in Fig.5. The overall gantry brackets, and linear motion components. The
structure of the positioning module includes the top triangle measurement principle of the laser displace-
tailstock, lifting support device and linear motion ment sensor is mainly using diffuse reflection mea-
component. The lifting support device provides the surement mode to obtain the distance'* "',
Straight One-dimensional
handle tip translation stage
Rubber Graphite Laser displacement
roller copper Top tailstock sensor
sleeve
Lifting | Adapter assembly Gantry bracket
support board o
device ‘t;s al?e
Faxis racket
lifting
platform
Slider Linear motion
Linear guides > Slider Linear | components
guides
Linear motion components
Fig.5 Positioning module and sensor measurement module
2.2 Construction of software module of mea- management module, system setting module, sys-
surement system tem calibration module, part measurement module
The host computer software of the measure- and data processing module. The overall structure
ment system is divided into five modules: User design is shown in Fig.6.

Software for compound gear shaft
coaxiality measurement system

[ User management ) [ System setting ) ( System calibration] Part measurement Data processing
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Fig.6  Overall structure design of the host computer software
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The software test flow chart of the coaxial opti-
cal measurement system can be summarized as
shown in Fig.7. After entering the measurement sys-
tem, the system calibration is carried out firstly and
then the part is measured. Finally, the measurement

data is processed to determine whether the part is

System calibration

Calibration of spline

laser displacement sensor
L
;

Part measurement

Spline part Gear part
measurement| | measurement

Data processing

L]
Gear laser displacement
sensor calibration
T

] L] ¥
Coaxiality || Eligibility |Output measurement Update part
calculation| [determination rel:cord information

Measure the next part Y

N
. Y
Replace with new parts
N

Fig.7 Test flow chart

Laser displacement sensor|

Laser displacement sensor;

[

-

Actual distance

Calculate the
calibration distance
Position of the
actual rotating Calculate the
center axis . position of the

——)

rotating center axis

qualified.
2.3 System calibration

Due to installation errors, the laser is not verti-
cally hit on the axis of the standard part, so we elim-
inate errors through system calibration. The calibra-
tion principle is shown in Fig.8. Assuming that the
distance from the laser displacement sensor to the
rotating center axis is ¢, and the offset distance of
the sensor in the horizontal direction is AX. For a
single laser displacement sensor, we use the axle di-
ameters to calibrate the step axes of R and r. After
measurement, the average distance obtained by the
sensor 1s i, and ,. We can get the distance relation-
ship as follows

_ . R —(h—h)T
AX/r L —hy (1)

d=h,+ BC =h,+ Vr*+2aX® (2)

After calibration, the radius of the section cir-

cle is shown as

ro=\/AX? +(d —d.)* (3)

where d; represents the distance measured after cal-
ibration and r; the radius of the actual measured

part.

Fig.8 Principle of step axis measurement

2.4 Data processing and coaxiality assessment
By analyzing the positive profile data of spline

and bevel gear, we find that the tops, roots, and

sides of the teeth are distributed continuously and

evenly at data points near the central position with

little fluctuation. But the data points at the junction
fluctuate relatively largely leading to poor continu-
ity. In order to extract the center of the circle, we
use distance difference threshold and scale threshold

methods to strip data. When fitting the center of the
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ring, we need to remove the root circle data and on-
ly keep the top circle part. The plane point set con-
vex package method'"”’ and the internal gradual ap-
proximation peripheral extraction method can both
eliminate the root data. By comparing the two meth-
ods, the number of data retained before and after
the top extract is shown in Table 1.

Obviously, approximation processing preserves
valid data better. Therefore, we choose approxima-
tion method to process cross-sectional profile data.
The results of bevel gear data are shown in Fig.9.

In order to obtain the coaxiality of the part, the
base axis needs to be extracted. We use four meth-
ods to fit the center of the circle, which are least
squares circle, minimum circumscribed circle, maxi-

mum inscribed circle and minimum zone circles''* %,

After repeatedly measuring 10 sets of data for the
bevel gear in Fig.10, we have found that the least
squares circle fits the center of the circle with the
smallest fluctuations.

There are three ways to process the data of the
base axis, which are the minimum containment cyl-
inder axis method, the least square midline method
and the method of connecting head and tail center
points. After comparison, we choose the minimum
containment cylinder axis method to fit the base ax-
is. Suppose that the axis passes through the point
Oy (2 ,50,0),
(p,g,1). The distance d; from the center points

with the direction vector L=
O.(x;,y: ,z;) to the axis can be obtained by Eq.(4).
Therefore, the radius of the minimum containment

cylinder axis can be expressed as Eq.(5).

Table 1 The retained number of data before and after processing

After the top data processed

Part to be tested Raw data Outlier processing - — -
Convex bag processing ~ Approximation processing
Bevel gear 20 000 8125 312 4 330
151 151 o w— 30T .
v /..z ™\ P =~
=4
[ ad ot/ “\ 20} \
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(a) Raw data (b) Outlier processing (c) Approximation processing

Fig.9 Results of bevel gear part of the top tooth extract processing
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Fig.10 Change curves of the bevel gear
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4)
S (xo.y0,p.q) =min(max(d,)) (5)
The particle group algorithm 1s selected to

solve the minimum inclusive cylindrical axis at the

center of each section. Eq.(5) is used as the optimi-
zation target function of the particle group algorithm
and the values of all parameters during the iteration
are shown in Table 2. The gear shaft screening data
flow and the particle group algorithm flow in the

software are shown in Fig.11.

Table 2 Values of the particle group algorithm

Number of parti- . .
Learning factor ¢,  Learning factor ¢,

cles

Inertial weight w

Maximum number of . )
) ) Argument dimension
iterations

30 1.494 45 1.494 45

0.729 2000 4

|Distance difference threshold dm‘

]

Calculate the initial
center of the circle O,
¥
Calculate the difference
between d, and d,, ,

|d, - d] <dmx

Whether the traversal ends
Y

‘ Output all compliant data |

End

(a) Section profile data filter

Start

| Initialize the population and speed |

| Calculate the fitness value |
[]

Look for individual extremums
and group extremums
¥
Speed with new and
individual updates

Calculate the value of fitness

Update individual extremums and
group extremums

atisfy the termination
condition

(b) Particle group algorithm

Fig.11 Flowchart of data processing algorithm

The minimum inclusion area calculation is per-
formed for each interface center point after obtaining
the base axis equation. We take twice the maximum
the distance from the reference axis as the coaxiality

error.
3 Test and Analysis

3.1 System calibration test

The design dimension of the distance between
the spline and bevel gear laser displacement sensor
and the rotation center axis is 90 mm and the range
of the sensor i1s 45—95 mm. In order to make the
surface of the part to be measured within the range
of the sensor, the radius of the stepped axis for cali-

bration should be 0—45 mm. The actual calibration

step axis is shown in Fig.12. We take their both av-
erage value for each of 10 sets of calibration results
of the two sensors as the final calibration result. The
calibration results are shown in Table 3. After the
calibration, the data r; in Eq.(3) obtained from the

test is the radius value of the actual part.

Small end of
stepped shaft

Middle of
stepped shaft

Stepped shaft
big end

Fig.12 Ladder shaft for calibration
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Table 3 System calibration test results

Distance of rotation center axis ¢/mm Offset distance in horizontal direction AX/mm

Sensor
Spline laser displacement sensor 89.584
Bevel gear laser displacement sensor 89.663

2.666
0.902

3.2 Section measurement test

3.2.1 Single-section measurement test

We use the calibrated laser displacement sensor
to perform distance measurement on three sections
to obtain the profile information of the section to be
measured. Then we calculate the coordinates of the
center point of each section profile. The operation is

repeated for 10 times. After analyzing the coordinate

three sections to be measured on the cylindrical part
of the compound gear shaft, we calculate the circle
runout error of the data points of the tooth top con-
tour for each group of cross-section profile data.
The 10 measurement results of the spline part and
the bevel gear part are shown in Fig.13. It shows
that the fluctuation of the round runout error 1s small
among them. The calculated results of the 10

groups are all within 0.01 mm, showing good re-

changes of the contour center of each section for the peatability.
0.04 —a—Section 1 0.047 —=—Section 1
0.03} —*Section2 0.03F —*Section2
—a—Section 3 ——Section 3
0.02 + 0.02 -
g 0.01 | :\E 0.01 +
§ 0.00 | gt 5 0.00}
-0.01 001 w1
-0.02 - -0.02 -
003 v v oy 003 v v oy
01 2 3 45 6 7 8 9 1011 01 2 3 45 6 7 8 9 1011
Group number Group number
(a) Spline part
9027 —=—Section | Rl —=—Section |
0.01 F —*—Section 2 0.09} —*—Section 2
—a—Section 3 —a—Section 3
0.00 | e e 0.08 +
‘\é -0.01 | E 0.07 -
B 2 - *—o—%—9o o
% -0.02 %006 T —a—a—" "
b aa—t—a s A > At A A, A,
-0.03 0.05
V0L o e e 0.04
005 v oo 003 vy
01 2 3 45 6 7 8 91011 012 3 45 6 7 8 9 1011
Group number Group number
(b) Bevel gear part

Fig.13 Normal section profile center coordinate change curves of the spline part and the bevel gear part cross section

3.2.2 Multi-section measurement test

According to the axial length of the flower key
part and the gear part, we look for seven sections to
be measured in the flower key part with 2 mm of the
cross—section spacing as well as six sections to be
measured of the bevel gear part with the same sec-
tion spacing for compound gear shaft parts. Then

we use the calibrated two laser displacement sensors

to measure the distance between the spline part and
the gear part to be measured to obtain the profile in-
formation of each measured section. After that the
coordinates of the center point of each profile are cal-
culated. According to the base axis fitting method,
we calculate the minimum containment cylinder axis
equation of the center point of each section of the

spline part as the reference axis. Then we use the
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reference axis to evaluate the coaxiality error for the
center points of the seven sections to be mea-

sured "

. According to the minimum inclusion area
coaxiality determination criterion, we then calculate
the distance from the center point of each section of
the bevel gear to the reference axis and take twice
the maximum distance as the coaxiality error of the
part. The above measurement process is repeated to
get 10 sets of measurement tests. The coaxial error
measurement results are shown in Fig.14. It shows
that there is a certain fluctuation in coaxiality error
with the range value of 10 measurement results is
0.065 mm.

0.68 -

—0—o
0.48 ° o /o\./‘
[ No  ®

020 ——1—1
01 2 3 45 6 7 8 9 1011

Group number

Fig.14 Curve of coaxiality error of compound gear shaft

3.3 Error analysis

By analyzing the possible influence of the hard-
ware structure, data processing method and exter-
nal environment of the measurement system on the
coaxiality measurement process, various factors
that may introduce errors into the measurement re-
sults are summarized as follows.

(1) Gross errors in measurement data

The data collection process of the sensor may
be affected by he disturbance of the external environ-
ment which will result in outliers with large devia-
tions in the cross-sectional profile of the part to be
measured. Through the distance difference thresh-
old and scale threshold methods, the effect of this
abnormal data on subsequent data processing can be
effectively removed.

(2) Errors from measurement equipment

The measurement error of the laser displace-
ment sensor itself is 10 pm, which is determined by

the manufacturing accuracy of the sensor. There is a

gap between the roller and the rail shaft when the
linear motion assembly is sliding. According to the
existing experimental conditions in the laboratory, it
is relatively difficult to process and assemble parts
to meet the accuracy requirements of theoretical de-
sign.

(3) Errors caused by data processing methods

According to the results of the single-section
circle center measurement test, the normal section
profile processing method is used to process the pro-
file information of the section in which the particle
group algorithm is used to solve the minimum con-

171 The initial value of each

tainment cylinder axis
particle is random which makes the calculation re-
sult error.

(4) Errors caused by external factors

Environmental factors (such as temperature,
vibration, electromagnetic interference, etc) and
operations (personal factors) during the measure-
ment process will affect the measurement data. We

try to measure in a quiet, confined environment.
3.4 Test system performance parameters

The range of the coaxial optical measurement
system test platform is mainly related to the range of
the laser displacement sensor and the distance from
the rotation center axis to the laser displacement sen-
sor. The range of the two sensors is from 45 mm to
95 mm. According to the system calibration experi-
ments, the distance between the spline laser dis-
placement sensor and the rotation center axis is
89.584 mm with the bevel gear laser displacement
sensor and the rotation center axis is 89.663 mm.
Based on the above information, a schematic dia-

gram of the measurement range is shown in Fig.15.

Spline laser
displacement
sensor
Bevel gear laser
sensor

7l 45

Sensor|
range
44.584,

imy
[

Fig.15 Schematic diagram of measurement range
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Based on the above information, the coaxial op-
tical measurement test platform is built for this proj-

ect. The system range is shown in Table 4.

Table 4 Measuring system range

Spline tooth  Bevel gear ~ Total length
Parameter  tip circle di- tip diameter/ of the part un-
ameter/mm mm der test/mm
Range 0—89.168  0—89.326 0—200

The measurement accuracy of the measure-
ment system is evaluated and analyzed based on the
measurement results of 10 sets of coaxiality errors.
After bringing the measurement result in Eq.(6) ,
we get (J0.476 mm as the measurement result F
The third place after the decimal point of the coaxial-
ity error measurement value is the estimated value,
meaning that the measurement result of the mea-
surement system can be accurate to the second place

after the decimal point.
— 1 &,

The uncertainty evaluation and analysis of the
measurement system is performed based on 10 sets
of coaxiality error measurement results. After bring-
ing 10 sets of measurement results in Eq.(7) , we
get 0.020 mm as the standard deviation of the mea-
surement results. According to the Leyte criterion,
no abnormal value appears in the measurement re-
sults. The type A uncertainty of the measurement

system is u=—5=0.020 mm.

120 _
s= g2 S 7 (7)

4 Conclusions

(1) This paper introduces how to measure the
coaxiality of a bevel gear-spline compound gear
shaft by non-contact optical measurement method.
According to the measurement process and princi-
ple, a measurement platform hardware as well as
software platform are designed and constructed.
The test flow of the entire measurement system is
anylized to achieve rapid and accurate measurement
and evaluation of coaxiality error.

(2) After the calibration, we get the laser off-

set AX of the sensor relative to the standard part ax-
is. The distance difference threshold and scale
threshold methods are used to eliminate outliers to
reduce gross errors. After approximation process-
ing, the top circle data is obtained to fit the center of
the cross-sectional circle. The base axis is fitted by
the particle group algorithm and then we get the fi-
nal coaxiality error by processing the data in the min-
imum containment area. We obtain accurate coaxiali-
ty error after efficient processing.

(3) In the single-section measurement test, a
normal section contour center measurement test and
a round runout error measurement tests are per-
formed for different parts of the part to be tested.
We then get the range value within 0.01 mm. In the
multi—section coaxiality measurement test, the dis-
tance measurement is performed between the spline
part and the bevel gear part for the compound gear
shaft. The coaxiality error of the bevel gear part
with respect to the reference line of the spline part is
from 0.45 mm to 0.50 mm. Among them, the range
value is 0.065 mm. Finally, the error analysis of the
measurement system is performed according to the

test results.
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