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Abstract: A new method for fast diameter measurement of coaxial holes is studied. The paper
describes a multi-layer measuring rod that installs a single laser displacement sensor (LDS) on each
layer. This method is easy to implement by rotating the measuring rod, and immune from detecting
the measuring rod’s rotation angles, so all diameters of coaxial holes can be calculated by sensors’
values. While revolving, the changing angles of each sensor’s laser beams are approximately equal
in the rod’s radial direction so that the over-determined nonlinear equations of multi-layer holes
for fitting circles can be established. The mathematical model of the measuring rod is established,
all parameters that affect the accuracy of measurement are analyzed and simulated. In the experiment,
the validity of the method is verified, the inner diameter measuring precision of 28 um is achieved
by 20 pum linearity LDS. The measuring rod has advantages of convenient operation and easy
manufacture, according to the actual diameters of coaxial holes, and also the varying number of
holes, LDS’s mounting location can be adjusted for different parts. It is convenient for rapid diameter
measurement in industrial use.
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1. Introduction

Coaxial holes refer to circular holes widely distributed along the same axis. The most common
of these parts are aircraft wing hinges, internal combustion engine crankshaft holes, etc. [1]. For the
workpiece, the matching accuracy of the holes and shaft is one of the important properties, which is
directly linked to performance and durability, so the measurement of diameters is important for coaxial
holes [2]. In the machining of parts with coaxial holes, the accuracy of the hole’s diameter is sensitive
to the stiffness of the mandrel. Meanwhile, cutting tool elastic deformation appears under the cutting
force. All of this results in a significant impact on machining dimension accuracy of coaxial holes [3].

There are many diameter measuring methods for coaxial holes, such as inside micrometer,
contact probe, and pneumatic gauging, etc. The inside micrometer is the most widely used tool in the
industrial production field, nimble handling but easy to be influenced by individuals [4], the minimum
measuring uncertainty is 5 um. Common contact probes are inductive displacement transducers [5],
coordinate measuring machines, etc. Contact probes are accurate, being able to achieve the repeatability
at 1 pm, but time consuming [6]. As the confused structure of coaxial hole parts, the contact probes
cannot get all coordinates of measured points in some deep holes. Pneumatic gauging has the
advantages of non-contact and high precision [7], its precision can commonly achieve 0.5 pm accuracy.
Excessive air tightness limits the measuring clearance to less than 100 pm, which results in a small
redundancy space for measuring operations. For different sizes of parts, the modification cost of the
measuring tool is high.
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As a non-contact probe, laser displacement sensors (LDS) are widely used in geometric
measurement [8,9], they can achieve a 0.5 um uncertainty in a measuring span of 2 mm. It functions
by irradiating a laser beam to the measured surface vertically, and a laser spot is generated, which is
imaged in the linear photoelectric element (PSD, CCD, or CMOS) of the LDS. With the displacement of
the measured surface, the image position will change in the linear photoelectric element [10].

With the decrease in volume and reference distance, LDSs are widely used in the measurement of
small diameters. The usual procedure is installing multiple LDSs in the same cross-section of the hole.
The corresponding point coordinates of the hole can be obtained by only one measurement [11,12].
For a smaller diameter hole, this method would still be limited by the LDS’s volume and reference
distance. For the single LDS diameter measuring method, the rotation angle of the sensor’s axis is
required. In the measuring process, this improves the coaxial requirement between the photoelectric
encoder and the rotation axis [13].

With regard to the diameter measurement of coaxial holes of internal combustion engines,
based on a small coaxial error (0.03 mm) of holes, and ignoring holes” roundness error (3 pm),
we propose a measuring rod which contains single LDS to measure the diameter for each layer’s
hole [14]. In the process of measurement, as the inclination angle between the measuring rod and
central axis of coaxial holes is small, we can get enough point coordinates of all the holes within
an operation with a number of rotations. For each holes’ cross-section to be measured, the sensors’
rotation angles are approximately equal. The diameters of all the holes are calculated by the least
square fitting method.

For this method, the minimum hole size that can be measured would only be limited by the single
LDS’s volume and reference distance. It significantly improves measuring range for coaxial hole parts,
and expands LDS’s application for diameter measurement in industrial use.

2. Measuring Principle

2.1. Instrument Configuration

In this measuring method, the system is composed of: measuring rod, LDS, vee blocks, baffle,
platform, and the coaxial hole part, as shown in Figure 1. The measuring rod is made of hollow
shaft, which is typically used as a precision guide rail, and has excellent straightness (0.05 mm/M)
and roundness (0.01 mm) [15]. For the measuring rod, according to the number and distribution
of holes in the part being tested, a corresponding number of LDSs are installed in the hollow shaft.
When mounting the LDS in the measuring rod, make sure that the laser beam and its reverse extension
line pass through the hollow shaft’s middle axial line perpendicularly. In the measuring rod’s radial
direction, the angle between the laser beams of each LDS can be any value.

2

Figure 1. Instrument configuration. (1) Measuring rod; (2) coaxial hole part; (3) LDS; (4) baffle;
(5) vee block; (6) platform.

Before measuring, put the coaxial hole part on the platform, and ensure its centerline is parallel to
the platform. Place the two vee blocks outside the two ends of the coaxial holes, the baffle is installed
on the end of a vee block’s V groove. Get the measuring rod through the coaxial holes, and the two
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ends of the rod arranged on the vee blocks, respectively. Press the measuring rod’s end against the
baffle, which can limit the movement of the rod during rotation in the axial direction. Adjust the
position of that vee blocks, so that the rod’s rotary axis can be parallel with the part’s centerline as
much as possible.

During the measurement operation, we can rotate the measuring rod randomly, and read all LDSs’
measuring values. All diameters of the part can be calculated from the measured values.

2.2. The Ideal Measurement Model

In the ideal circumstance, while the measuring rod is revolving to measure diameters, its spinning
axis is stationary relative to the part’s centerline. We set up a global coordinate system O, -xyz based on
the coaxial hole part, as shown in Figure 2. The part’s centerline is set as Ow-Z axis, and the horizontal
direction of the measuring platform is set as Oy-X axis.

Set F and B as the front and rear end of the measuring rod’s rotary axis. Line FB is paralleled with
Ow-Z axis in the ideal measurement model. For the m-th layer’s hole, when the measuring rod has
rotated in the n-th time, the LDS’s laser emission point Kmn is relative stationary to the part. The laser
beam gets a laser spot Kyn” on the hole wall. LDS measures the length of KymnKmn’, which is the
distance between the point on the hole wall and the rotary axis of the measuring rod.

/
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Figure 2. The ideal measurement model.

The measuring rod is rotated randomly during the measurement. As the two vee blocks and
baffle have restricted the rod’s movement in both axial and radial directions. In global coordinate
Ow-xyz, we can get the three-dimensional coordinate point of the laser spot Kmn” for each sensor” laser
beam, which can be written as:

X = Imn cos(an + ¢m)
Y = Imn sin(an + @m) 1)
z = Hpy

For the m-th hole, ¢ is original angle of LDS’s laser beam respectively, and &y, is variable angle
of rod’s rotation in radial direction. Iy is the distance between laser emission point Kmn and the laser
spot Kmn’, which is measured by LDS. Hy, is the distance between Ky, and B.

Assume that the rod’s rotary axis FB is perpendicular to the cross section of the hole. We can
get a laser beam KmnKmn” by rotating the measuring beam every time. Several laser beams KmnKmn”
can constitute a swept surface [16]. This swept surface forms a circle with the hole wall. In the Oy-xy
plane, the circle for the cross section of hole wall is described below:

(xm + Imn COS(“n + qu))z + (]/m + Imn Sin(“n + @m))z = rmz (2)

For the m-th hole, rpy, is the radius of the hole. (xm, ¥m) is the difference between laser emission
point Ky and central coordinate of the hole. Where (Xm, ¥m), ¢m and ry are unknown coefficients,
Imn and &y, are variables, and I, is known as the measured value.

The measurement is performed by rotating the measuring rod randomly and discretely, so the
calculation of 7 can be transformed into the optimal solution of over-determined nonlinear equations:
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n 2
Af=)Y" (\/(xm + I;mi cos(a; + qom))2 + (Ym + I sin(a; + gom))2 - rm> (3)
i=1

We can set ¢, as an arbitrary value, the numerical solution of a, and ry, are obtained by the
iterative calculus, and Af is the least square of nonlinear equations. The resolution of (Xm, ¥m)
is dependent on ¢n,. For numerical solutions of complex over-determined nonlinear equations,
the common calculation methods are neural network, genetic algorithm, and particle swarm
optimization, etc. This paper proposes the global particle swarm optimization algorithm due to
the advantages of generality, global search capability, and high robustness [17]. By using initial random
values to eliminate the relevant amounts, it improves the accuracy of numerical solutions effectively.
The calculation speed is fast, and the algorithm is easy to implement [18].

3. Major Factors Influencing Measuring Uncertainty

From Equation (3), by rotating the measuring rod several times and reading the LDSs” measured
values, all diameters of a part’s holes can be calculated by the least-square values of Af. However,
the ideal experimental conditions are not available in an actual measuring process, there are four factors
that can influence the accuracy of the results: LDS measuring uncertainty, face run-out of the rod,
manufacturing uncertainty, and installation uncertainty of the rod. For a machining workshop, in order
to achieve 30 pum diameter measuring uncertainty—through analysis of the tolerance uncertainty of
diameter—we can effectively reduce the difficulty and cost in the measurement by defining the rod’s
uncertainty factors to a reasonable range.

3.1. LDS Measuring Uncertainty

For the application of LDS, the angle 6sen, between LDS’ laser beam and the measured surface’s
normal line should satisfy: 6sen < 5°. Accordingly, the distance between the measuring rod’s rotary
axis (FB) and part’s centerline should be less than rtanfsen. In the installation of the measuring
rod, it is located in the center of the holes of no more than +2 mm. For r, < 75 mm, the inclination
angle (Bsen) caused by the installation of measuring rod is 1.53°, which can meet the angle deviation
requirement of LDS [19]. Under the above conditions, the major error of the LDS is its measuring
linear error. In the experiment, the two laser displacement sensors are from SICK Ltd. (Waldkirch,
Germany). Model OD2-P30W04 is used, which has a measuring span of 8 mm, and its uncertainty is
0.02 mm in the full range. For this method, the LDS measurement uncertainty Ag, is 0.02 mm.

3.2. Face Run-Out of the Measuring Rod

When the rod is rotated, the face run-out error comes principally from the hollow shaft’s roundness
error and vee block’s flatness error [20]. In this measurement system, it is summarized as a random
error. The hollow shafts’ roundness error Agp = 10 um, vee block’s flatness error Af;, = 2 um, the face
run-out error of measuring rod can be obtained by:

Arg = \/Arp® + Ap? 4)

Finally, the face run-out error Arg = 10.2 um.

3.3. Manufacturing Uncertainty of the Rod

In the manufacture of the measuring rod, the rotary axis (FB) of the measuring rod is a virtual line,
a line between two ends’ center of the hollow shaft that is substituted as the rotary axis. During the
installation process of LDS, it is difficult to make sure that the laser beam intersects the centerline
perpendicularly. There is a position error between KmnKmn” and FB, which is composed of a vertical
distance error and a pitching angle error.



Sensors 2017, 17, 652 50f12

First, we set up a measuring rod coordinate system Os-xyz, the measuring rod’s rear end B is set
as origin of this coordinate system, the rotary axis FB is set as Os-Z axis, the first laser beam K11K1;” is
set as Os-X axis. As shown in Figure 3.

Figure 3. The Global Coordinate System and the Measuring Rod Coordinate System.

In the Os-xy plane, the laser beam and its reverse extension line cannot intersect the centerline
strictly, so the vertical distance between KmnKmn” and FB is dp,, as shown in Figure 4.

1 y K ’mn

Os

Figure 4. The Distance between Laser Beam and Rotary Axis of the Measuring Rod.

In the measuring rod coordinate system Os-xyz, the coordinate point of the laser spot Kmn” is
expressed as:
X = Imn €OS(&n + @m) + dm sin(an + ¢m)
Y = Imn sin(an + ¢m) + dm cos(an + ¢m) (5)
z = Hp

For the installation of LDS, laser beam is not perpendicular to the rotary axis FB strictly. The angle
¥m between KmnKmn” and the Os-xy plane is shown in Figure 5.

by

Os

Figure 5. Angle between the laser beam and rotary axis.
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So, by adding the angular error v, in Equation (5), the laser spot Kmn” is expressed as:

X = Imn COS Ym €08(&n + ¢m) + dm sin(an + ¢m)
Y = Imn €08 Ym sin(an + @m) + dm cos(an + ¢m) (6)
Z = Hpy + Imn Sinym

In the current mechanical processing conditions, it is easy to meet the requirements: d, < 0.5 mm
and ym < 0.5%, so we can obtain the manufacturing error by:

Al = \/ (I €05 ¥m)? + 2 — lone @)

As the measuring rod is placed in the middle of coaxial holes, the laser emission point Kmn
is closed to Oy, (the center of the hole to be measured), then Iy, ~ rm, when 7, < 80 mm, the
manufacturing error Al < 1.5 pm.

3.4. Installation Uncertainty of Measuring Rod

The laser beam K Kmn' is revolving around the rotary axis FB while measuring rod is rotating.
Spot trajectory {Kmn'} is formed by laser beams and the wall of the hole, and its shape is affected by
the installation error of the measuring rod.

For the position between laser beam KmnKmn” and rotary axis FB, when KymnKmn” is perpendicular
to FB, the angle v, between KmnKmn” and the Os-xy plane is equal to zero, so the swept surface formed
by laser beams is a circular plane that is perpendicular to FB. When 1, # 0, and the vertical distance
dm between KimnKmn” and FB is equal to zero, the swept surface is a cone, and FB is the directrix of the
cone. When v, # 0, and d, # 0, the swept surface is an irregular conical surface, as shown in Figure 6,
the generatrix of the conical surface is a curve at the top Kmn, and a straight line near the bottom Ky’

Figure 6. Spot trajectory formed by laser beams.

For the position error formed by the installation of the rod relative to the part, when the rotary
axis of the measuring rod is completely coincident with the centerline of coaxial holes, the irregular
conical surface’s directrix FB and the O-Z axis are collinear, so the spot trajectory {Kmn'} formed by
laser beams is located in an ideal circle with radius ry,. As FB is not coincident with the Oy,-Z axis,
Spot’s trajectory {Kmn'} forms a three-dimensional curve, as shown in Figure 6.

In the calculation of #p, it is carried out on the assumption that the curve of the spot trajectory
{Kmn'} is regarded as an ideal circle, which ignores the influence of roughness. However, in the
installation and rotation of the measuring rod, it is difficult to ensure that the rotary axis is
completely coincident with the centerline of the coaxial hole part, so the spot trajectory {Kmn'} is
a three-dimensional curve. Using a three-dimensional curve to fit the radius of hole, the flatness error
and roundness error would be introduced [21]. In order to reduce operation difficulty and computation
complexity within a certain radius calculation error, we can limit all error factors to a reasonable range
by simulation.
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In measuring rod coordinate system Os-xyz from Equation (6), we can get the point coordinates in
laser beam KyynKmn'

Xs = dm/ sin(an + @m) + (t — Hm) cot ym cot(an + ¢m)
Ys = (f — Hm) cot ym 8)
ze =t

The laser beam KmnKmn is revolving around the Os-Z axis, and forms the irregular conical surface.
Set 6 as the rotation angle of KinnKmn’, so the parametric equation of this curved surface is set up
as follows:

Xs = \/(dm/ sin ¢m + (t — Hm ) cot ym cot om ) + ((t — Hm) cot ym )? cos 6

Ys = \/(dm/ $in @m + (t — Hm ) cot ym cot om ) + ((t — Hp) cot ym )? sin 0 ©)

zg =1t

In the measuring rod coordinate system Os-xyz, the curved surface equation of the spot trajectory
{Kmn'} is:

xs2 + ys2 = (dm/ sin ¢m + (zs — Hm) cot ym cot qom)2 + ((zs — Hp) cot 'Ym)z (10)

The spot trajectory {Kmn'} is formed by the intersection of laser beams and hole wall. In the global
coordinate Oy -xyz, the point Ky is located on the cylinder surface of the hole:

xwz + }/w2 = rmz (11)

By Equations (10) and (11), we can get the curve equation of the spot trajectory {Kmn'}, but it is
necessary to obtain the transition matrix between the measuring rod coordinate system Os-xyz and the
global coordinate system Oy -xyz.

In the space coordinate system conversion [22], the Bursa-Wolf model is widely used in the
form [23]:

Xg Xw
Ys | =A| yw |R+T (12)
Zs Zw

where, R is the rotation matrix from the global coordinate system Oy-xyz to the measuring rod
coordinate system Os-xyz. Set €y, €y, and ¢, are the three rotation angles around the X-, Y- and Z-axis in
the global coordinate system Oy-xyz. T = [Ax, Ay, Az]" is the transfer matrix from Oy -xyz to Os-xyz.
A is the scale factor.

In this measurement system, the curved surface is formed by revolving KmnKmn” around the Os-Z
axis. While calculating the flatness error and roundness error of the spot trajectory {Kmn'}, the rotation
angle &, can be any value. The baffle limits the movement of the measuring rod in the Os-Z axis, so the
translation parameter Az = 0. As the measuring rod is a rigid body, the scale factor A = 1.

In the transition matrix, the unknowns are Ax, Ay, &y, and ¢,. We only need to calculate the
roundness error and flatness error of the curve {Kmnp'}, so the conversation can be simplified into the
position relationship between the O;-Z axis and the O-Z axis, and it is expressed by eccentricity
distance d5 and deflection angle wy, as shown in Figure 7.
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Xw

Figure 7. The position relationship between Os-Z and Oy-Z.

The relationship between dp, Ax, Ay, wy, &x, and gy are as follows:

{ da = /DxZ + Ay2 13

wp = arccos(cos ey cos &)

In the simulation, with difference of eccentricity distance d and deflection angle w,, we can get
the conversion matrix by Equation 13, and the point coordinate of the spot trajectory’s {Kmn'} can be
calculated in the global coordinate system O-xyz. For calculating the flatness error and roundness
error of the spot trajectory, the least square face Py,; is obtained by the spot trajectory {Kmn’}. 044 is
the angle between Py,;; and the Ow-xy plane, Ly,; is the crossing line between Py,;; and the Ow-xy
plane, respectively. We converse Py, to the Oy -xy plane by the use of Rodrigues' rotation formula [24],
take the crossing line Ly, as the rotation axis, and 6y, is the rotation angle, as shown in Figure 8.

Figure 8. Transformation of spatial circle.

Finally, the 3-D points coordinate of {Kmnn'} is transferred to near the Oy -xy plane, and the new
3-D points are denoted as {Kmn'}’". The flatness error (Ag,;) of the laser spot trajectory is the maximum
difference of {Kmn'}’ in the Oy -Z axis. By calculating the least square fitting circle of {Kmn'}” on the
Ow-xy plane, the roundness error (A;oung) is calculated by the fitting circle and hole’s real radius.
The final radius error Ary, of the laser spot trajectory {Kmn'} is given as:

Arm = \/ Arouncl2 + Aﬂat2 (14)

For different holes in the part, the radius error Ary, is different. Where dj and wp are constant,
the hole’s radius error Ary, is proportional to Hp,. When analyzing the maximum measuring error of
the radius, the hole near the front end of the rod should be chosen to calculate.
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In calculating the radius errors Arpy, of the curve {Kpn'}, we assume the rod’s manufacturing error
as: dm = 0.5 mm and vy, = 0.5°. The length of the measuring rod is 500 mm. The number of coaxial
holes in the part is two, and all diameters are 150 mm. Based on these, the maximum radius error is
simulated under different of dy and wj. The simulate results are showed in Figure 9.

0.02

<o
=
=
w

Radius error (mm)
o
= =)
S =)
W (=

Deflection angle (°) 0 0 ! Eccentricity distance (mm)

Figure 9. The radius error coursed by the relative position of the rod.

Figure 9 shows the final radius error of the spot trajectory in different eccentricity distances and
deflection angles. As wx < 1.5° and dp < 3 mm, the radius error is less than 10 pm. While installing
the measuring rod, for the distance between the rod’s two ends and the part’s centerline, it is to be a
small range of no more than 2.5 mm. Through this operation, the radius error of the spot trajectory
formed by the laser beam does not exceed 10 um. If we can achieve a higher installation accuracy,
more precision radiuses can be calculated for the coaxial holes.

3.5. Total Diameter Measurement Uncertainty of the System

According to the above analyses, the accuracy of this measurement method depends on several
factors. By evaluating the error caused by installation of the measuring rod, the radius error Ary
of laser spot trajectory has been controlled in a small range on the diameters measurement result.
Thus A, which is caused by the measurement error of LDS, is the main factor that influence the
diameter measurement accuracy. While the coaxial holes are considered ideal circles, the tolerance of
roundness should be taken as the source of measuring uncertainty, and we set is as Ag,j,. The total
diameter measurement error is approximately calculated by:

Asym =~ \/Asen2 + ATR2 + Almrl2 + Arm? + AHole2 (15)

From the Equation (15), as the installation of LDSs fulfills: d, < 0.5 mm and ym < 0.5°, by using
LDSs with measurement linearity of 20 um, so the radius error Ary, caused by the installation position
of the measuring rod is limited in the range of 10 um. While the roundness of holes Ay, is 3 pm,
the measurement error A, is less than 24.8 um. For a general machining workshop, it can achieve
diameter measurement error of no more than 30 um.

4. Experiments and Discussion

To verify the measuring method for the diameters of coaxial holes, in this paper, two 150 mm ring
gauges are chosen as the coaxial hole part, and they are clamped on the platform. The length of the
hollow shaft for the measuring rod is 500 mm. For mounting LDS on the hollow shaft, two square
holes were machined on the shaft by a CNC, it can satisfy the precision requirement of dy, and v, in
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Section 3.3. Fixtures are mounted on the hollow shaft to fix the LDSs, they can also be used to change
the position of the LDS in the radial direction of the hollow shaft, which can extend the measurement
range of the measuring rod for different size coaxial holes.

On the platform, a rectangular groove with 90 mm in width and 5 mm in depth was machined
by an NC milling machine. The widths of vee blocks and clamps of the ring gauge are both 90 mm,
and they were embedded in the rectangular groove, and the edge of the rectangular groove was the
benchmark for the installation. Two vee blocks were formed by longitudinal cutting of an old vee
block, which ensured that they had the same groove depth, so the altitude difference between the
middle axis of the measuring rod and the centerline of part was not more than 1 mm. With regard to
locating the coaxial hole part on the measurement platform, it is necessary to make the baseline of part
to coincide with the rectangular groove of the platform. The baseline is the reference datum line for
auxiliary machining the coaxial holes on the outer surface of the part. With the help of vee blocks on
the rectangular groove, coaxial holes are approximately parallel to the measuring rod’s rotation axis.
Through the high-precision rectangular groove, the deviation and inclination of the measuring rod
achieved the accuracy requirement in Section 3.4.

The final experimental equipment is shown in Figure 10.

Ring gauge LDS

— AN
Baffle
Hollow shaft
" ' ™

Vee block

Clamp

Platform Data acquisition beard
Figure 10. The diameter measurement system for coaxial holes.

In the experiment, the measuring rod’s rotation count is 7, and the number of coaxial holes is
m, which determines the number of equations in Equation (3), being mn. In radial direction of the
measuring rod, ¢n, is the angle of LDS’s laser beam relative to the coaxial holes, while it is only
correlated with (xm, ym) and is independent of the radius result. In order to simplify the calibration
process, we set ¢ = 0, which also reduces the computational complexity of iterative operations.
The final over-determined nonlinear equations are obtained by:

n 2
Af = 2 (\/(xm + I i cos ai)z + (Ym + Imi sin oci)z — rm> (16)
i=1

For the m-th hole, (xm, ym) is the coordinate difference between the laser emission point K and
the centerline of coaxial holes. As LDS’s original angle ¢y, is a default value, the calculation result of
(*m, ¥m) is not credible. For Equation (16), the unknowns in the over-determined equations are: coaxial
holes’ radius r, coordinate difference (xm, ¥m), and the rotation angle of rod ay,

The number of unknowns in Equation (15) is 3m + n, only when the number of equations is
mn > 3m + n, the over-determined equations can converge. For the two holes in the experiment,
the time of the rod’s rotation should be 6. While rotating the measuring rod manually, in order to
reduce the operational errors and improve calculating precision, the rod’s rotation count is much more
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than 6, and the last result is the average of the multiple measurements. Figure 11 shows the results of
different rotation counts in each measurement.
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Figure 11. The measurement results for different rotation times of the measuring rod.

The comparison between the measurement result and rotation counts of the measuring rod is
shown in Figure 11. It can be seen that: as the rotation counts of the measuring rod exceeded 18,
the measurement accuracy stopped around 28 um.

5. Conclusions

For coaxial holes with low roundness error—such as the crankshaft hole of an internal combustion
engine—this paper proposes a simple inner diameter measurement method for coaxial holes.
A multi-layer diameter measurement rod is designed, which has a single sensor on each layer. In the
measurement process, we adjusted the machining datum line of coaxial hole part, so that it is collinear
with the axis of measuring rod. By revolving the measuring rod and immune from detecting the
measuring rod’s rotation angle, all diameters of coaxial holes can be calculated by sensors' values.
For the measurement process, the influence of the installation posture of the measuring rod to the
measurement results is analyzed by numerical analysis, and the tolerance range of measuring rod
installation error is obtained by simulation. Two 150 mm ring gauges are used to verify the measuring
method in the experiment, by the comparison between the measurement results and indicating value
of the ring gauge, it is proven that the measurement precision of this method has achieved 30 um
by the use of the 20 pm linearity LDS. For coaxial holes with different sizes and number of holes,
this method is simple to implement the diameter measurement. The retrofit of the measuring rod is
inexpensive and simple, which can be easily applied in industrial use for rapid measurement.

Acknowledgments: This work was supported in part by the National Science and Technology Major Project
of China (2016ZX04003001), in part by the National Key Scientific Instrument and Equipment Development
Project (2013YQ170539), and in part by the High-tech Ship Research Project (1st phase of Low-speed Marine
Engine Engineering).

Author Contributions: L.W., EY. and L.F. conceived and designed the experiments; L.W., EY. and T.Y. performed
the experiments; L.W. analyzed the data; Z.W. and C.L. contributed materials; L.W. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jun, JW,; Park, YM.; Lee, J. Coincidence measurement system of concentricity and horizontality using
polarizing laser for unmanned assembly of T-50 supersonic advanced trainer. Int. Precis. Eng. Manuf. 2012,
13, 1759-1763. [CrossRef]


http://dx.doi.org/10.1007/s12541-012-0231-z

Sensors 2017, 17, 652 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

Sanches, F.D.; Pederiva, R. Theoretical and experimental identification of the simultaneous occurrence of
unbalance and shaft bow in a Laval rotor. Mech. Mach. Theor. 2016, 101, 209-221. [CrossRef]

Gao, Y.; Wu, D.; Nan, C.; Ma, X.; Dong, Y.; Chen, K. The interlayer gap and non-coaxiality in stack drilling.
Int. Precis. Eng. Manuf. 2015, 99, 68-76. [CrossRef]

Cranswick, L.M.; Donaberger, R.; Swainson, I.P.; Tun, Z. Convenient off-line error quantification and
characterization of concentricity of two circles of rotation for diffractometer alignment. J. Appl. Crystallogr.
2008, 41, 373-376. [CrossRef]

Graziano, A.; Schmitz, T.L. Sensor design and evaluation for on-machine probing of extruded tool joints.
Precis. Eng. 2011, 35, 525-535. [CrossRef]

Mansour, G. A developed algorithm for simulation of blades to reduce the measurement points and time on
coordinate measuring machine. Measurement 2014, 54, 51-57. [CrossRef]

Dell’Era, G.; Mersinligil, M.; Brouckaert, ].E. Assessment of Unsteady Pressure easurement Uncertainty—Part I:
Single Sensor Probe. . Eng. Gas. Turbines Power 2016, 138, 041601. [CrossRef]

Shiraishi, M.; Sumiya, H.; Aoshima, S. In-process diameter measurement of turned workpiece with
curvatures by using sensor positioning. J. Manuf. Sci. Eng. 2006, 128, 188-193. [CrossRef]

Park, H.S.; Kim, ].M.; Choi, SW.; Kim, Y. A wireless laser displacement sensor node for structural health
monitoring. Sensors 2013, 13, 13204-13216. [CrossRef] [PubMed]

Servagent, N.; Bosch, T.; Lescure, M. A laser displacement sensor using the self-mixing effect for modal
analysis and defect detection. IEEE Trans. Instrum. Meas. 1997, 46, 847-850. [CrossRef]

Li, X.Q.; Wang, Z.; Fu, L.H. A Laser-Based Measuring System for Online Quality Control of Car Engine
Block. Sensors 2016, 16, 1877. [CrossRef] [PubMed ]

Li, X.Q.; Wang, Z.; Fu, L.H. A Fast and in-Situ Measuring Method Using Laser Triangulation Sensors for the
Parameters of the Connecting Rod. Sensors 2016, 16, 1679. [CrossRef] [PubMed]

Zhang, E; Qu, X.; Ouyang, J. An automated inner dimensional measurement system based on a laser
displacement sensor for long-stepped pipes. Sensors 2012, 12, 5824-5834. [CrossRef] [PubMed]

Evans, C.J.; Hocken, R.J.; Estler, W.T. Self-calibration: reversal, redundancy, error separation, and ‘absolute
testing’. CIRP Ann. Manuf. Technol. 1996, 45, 617-634. [CrossRef]

Chiasson, D.W.; Conrad, C.M.; Moon, ].E.; Petersen, M.W.; Smith, D.H. Cable stranding apparatus employing
a hollow-shaft guide member driver. U.S. Patent Appl. 8,904,743, 9 December 2014.

Li, X.; Wang, Z.; Fu, L. A High-speed In Situ Measuring Method for Inner Dimension Inspection. IEEE Trans.
Instrum. Meas. 2017, 66, 104-112. [CrossRef]

Kennedy, J.; Eberhart, R. Particle swarm optimization. In Proceedings of the IEEE International Conference
on Neural Networks, Perth, Western Australia, 27 November-1 December 1995; pp. 1942-1948.

Ding, F. Combined state and least squares parameter estimation algorithms for dynamic systems.
Appl. Math. Model. 2014, 38, 403—412. [CrossRef]

Ibaraki, S.; Kimura, Y.; Nagai, Y.; Nishikawa, S. Formulation of influence of machine geometric errors on
five-axis on-machine scanning measurement by using a laser displacement sensor. J. Manuf. Sci. Eng. 2015,
137,021013. [CrossRef]

Lu, S; Lu, Q.; Liang, W. Multi-Cycle Measuring and Data Fusion for Large End Face Run-Out of
Tapered Roller. In Proceedings of the Seventh International Conference on Intelligent Systems Design
and Applications, Rio de Janeiro, Brazil, 20-24 October 2007; pp. 647-652.

Gass, S.I.; Witzgall, C.; Harary, H.H. Fitting Circles and Spheres to Coordinate Measuring Machine Data.
Int. J. Flex. Serv. Manufact. 1998, 10, 5-25. [CrossRef]

Harvey, B.R. Transformation of 3D co-ordinates. Aust. Surv. 1986, 33, 105-125. [CrossRef]

Shen, Y.Z.; Chen, Y.; Zheng, D.H. A Quaternion-based Geodetic Datum Transformation Algorithm. J. Geod.
2006, 80, 233-239. [CrossRef]

Mebius, J.E. Derivation of the Euler-Rodrigues formula for three-dimensional rotations from the general
formula for four-dimensional rotations. arXiv, 2007, arXiv:math/0701759.

@ © 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.mechmachtheory.2016.03.019
http://dx.doi.org/10.1016/j.ijmachtools.2015.09.007
http://dx.doi.org/10.1107/S0021889808004652
http://dx.doi.org/10.1016/j.precisioneng.2011.02.010
http://dx.doi.org/10.1016/j.measurement.2014.03.046
http://dx.doi.org/10.1115/1.4031371
http://dx.doi.org/10.1115/1.2122967
http://dx.doi.org/10.3390/s131013204
http://www.ncbi.nlm.nih.gov/pubmed/24084114
http://dx.doi.org/10.1109/19.650786
http://dx.doi.org/10.3390/s16111877
http://www.ncbi.nlm.nih.gov/pubmed/27834839
http://dx.doi.org/10.3390/s16101679
http://www.ncbi.nlm.nih.gov/pubmed/27754323
http://dx.doi.org/10.3390/s120505824
http://www.ncbi.nlm.nih.gov/pubmed/22778615
http://dx.doi.org/10.1016/S0007-8506(07)60515-0
http://dx.doi.org/10.1109/TIM.2016.2614746
http://dx.doi.org/10.1016/j.apm.2013.06.007
http://dx.doi.org/10.1115/1.4029183
http://dx.doi.org/10.1023/A:1007996916604
http://dx.doi.org/10.1080/00050326.1986.10435216
http://dx.doi.org/10.1007/s00190-006-0054-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Measuring Principle 
	Instrument Configuration 
	The Ideal Measurement Model 

	Major Factors Influencing Measuring Uncertainty 
	LDS Measuring Uncertainty 
	Face Run-Out of the Measuring Rod 
	Manufacturing Uncertainty of the Rod 
	Installation Uncertainty of Measuring Rod 
	Total Diameter Measurement Uncertainty of the System 

	Experiments and Discussion 
	Conclusions 

