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Application of the Bilateral Filter
for the Reconstruction of Spiral
Bevel Gear Tooth Surfaces From
Point Clouds

Reconstruction of gear tooth surfaces from point clouds obtained by noncontact metrology
machines constitutes a promising step forward not only for a fast gear inspection but also
for reverse engineering and virtual testing and analysis of gear drives. In this article, a new
methodology to reconstruct spiral bevel gear tooth surfaces from point clouds obtained by
noncontact metrology machines is proposed. The need of application of a filtering process
to the point clouds before the process of reconstruction of the gear tooth surfaces has been
revealed. Hence, the bilateral filter commonly used for 3D object recognition has been
applied and integrated in the proposed methodology. The shape of the contact patterns
and the level of the unloaded functions of transmission errors are considered as the criteria
to select the appropriate settings of the bilateral filter. The results of the tooth contact anal-
ysis of the reconstructed gear tooth surfaces show a good agreement with the design ones.
However, stress analyses performed with reconstructed gear tooth surfaces reveal that the
maximum level of contact pressures is overestimated. A numerical example based on a

spiral bevel gear drive is presented. [DOI: 10.1115/1.4048219]

Keyword: gear geometry

1 Introduction

Reconstruction of gear tooth surfaces from coordinate measure-
ment through a contact metrology was presented in Ref. [1] for
gear inspection and computerized simulation of meshing. A non-
contact methodology for gear inspection was proposed in Ref. [2]
through a laser holographic measurement. Nowadays, reconstruc-
tion of gear tooth surfaces from point clouds obtained throughout
the use of noncontact metrology machines constitutes a promising
step forward not only to perform the traditional gear inspection
process but also to apply virtual testing and simulation of the
to-be inspected gears by means of the tooth contact analysis
(TCA) and the stress analysis. Noncontact metrology machines
allow a fast measurement of a whole gear in few minutes.
However, one of the main drawbacks of laser noncontact metrology
machines at this moment is the precision and dispersion of the mea-
sured points that form the point cloud of the gear tooth surfaces.
Such a dispersion is a general behavior in 3D scanners as it is
revealed in Ref. [3].

Some previous publications consider the raw data provided by
noncontact metrology machines [4-6], mainly point clouds for
gear inspection, tooth contact analysis, and stress analysis of the
reconstructed gear drives. However, the deficiency in the results
obtained from tooth contact and stress analysis is revealed in
Refs. [5,6], demanding the application of filters to the point cloud.

Filtering of point clouds is an usual technique that is being
applied in 3D object recognition to reduce the noise and preserve
the shape of a being-inspected object. First applications of surface
reconstruction from unorganized points can be found in Ref. [7]
where the underlying theory to get the tangent plane at a given
point of the sough-for surface was introduced. Such a plane
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constitutes the regression plane of the neighboring points to the
given point of the point cloud. In Ref. [8], the bilateral filter pro-
posed in Ref. [9] for image processing is adapted for mesh recon-
struction, although the normal to the tangent plane is not obtained
as it is proposed in Ref. [7], but from triangulation between
points of the first ring in the neighborhood. Here, in Ref. [8], the
Euclidean distance of the neighboring points to the given point
and the normal distance to the tangent plane are considered in the
equation to denoise each given point, considering Gaussian func-
tions to weigh the contribution of such distances. Later, in
Ref. [10], the bilateral filter is adapted considering the determina-
tion of the normal to the tangent plane as it was presented in
Ref. [7], proposing the use of a function of the sphere radius,
which determines the size of the neighborhood, for the variances
in the Gaussian functions.

This article establishes a methodology to reconstruct spiral bevel
gear tooth surfaces from filtered point clouds by using the bilateral
filter. The active tooth surfaces are successfully reconstructed from
the obtained point clouds after the application of the proposed meth-
odology. However, due to the poor quality of the point cloud in the
fillet areas, these areas are reconstructed throughout the application
of Hermite curves that approach these curves to the available cloud
points in such areas. This does not diminish the proposed method-
ology of reconstruction that can be easily extended to the fillet areas
as soon as the point data would be available. Conversely, the aim of
this article is to prove the effectiveness of the bilateral filter to
reconstruct gear tooth surfaces and to perform tooth contact and
stress analysis of gear drives with the reconstructed gear tooth sur-
faces. Furthermore, some criteria are established for the application
of the bilateral filter based on the results of the tooth contact anal-
ysis. Basically, the shape of the contact pattern, the unloaded func-
tion of transmission errors, and the level of the unloaded
transmission errors are taken into account to judge whether the
parameters of the bilateral filter are appropriate for the reconstructed
gear. However, stress analysis by application of the finite element
models shows that the technology of noncontact metrology
machines require improvements to approach contact stresses in
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1 Locate axially the pitch cone apex Built fillet tooth surface 10
' !

2 | Locate radially the pitch cone apex Built active tooth surface 9
; i

3 Clean the point cloud Find the closest points 8
' i

4 Filter the point cloud Compute a regular grid of points | 7
! i

5 Get a radial projection —— | Insert flank edges 6

Fig. 1 Summary diagram of the proposed methodology to reconstruct spiral bevel gear

tooth surfaces

reconstructed geometries to those obtained from computational gear
generation of the design gears.

A numerical example of a spiral bevel gear drive is considered
later in this study. The design and manufacturing data of the
spiral bevel gears are known. A spiral bevel pinion, once it has
been manufactured and inspected, is reconstructed following the
procedure described in this article. Then, it will be considered in
virtual meshing with a master spiral bevel gear. The results prove
the effectiveness of the bilateral filter to reproduce, with the recon-
structed pinion tooth surfaces, similar contact patterns, and
unloaded transmission errors to those obtained with computation-
ally generated gear tooth surfaces. The reconstruction is performed
with the point clouds for both tooth sides of just a tooth, leaving the
reconstruction of all the gear teeth for future research.

2 Reconstruction of Gear Tooth Surfaces

Reconstruction of a gear tooth from point clouds obtained by a
noncontact metrology machine requires the application of the
process described later. A summary diagram is visualized in Fig. 1.

Step I: The axial location of the pitch cone apex Q of the to-be
reconstructed gear is determined. Figure 2 shows the to-be
inspected gear, the point clouds corresponding to each
tooth side, and the point cloud corresponding to the back
side of the gear that need to be inspected. These points on
the back side of the gear approach a plane that can be desig-
nated here as back plane. Figure 2 shows a well coordinate
system S, where point coordinates of all the point clouds
are obtained. Point O,, represents the origin for the measure-
ments of the noncontact metrology machine. Location of the
pitch cone apex in the axial direction means to determine the
coordinate 72 in system S,,. Such a coordinate can be
obtained as follows:

Zﬁ,lQ) = Zplane +my (l)
where Z,qy. 1S the mean value of coordinates z of the point
cloud that approaches the back plane and m, is the so-called
mounting distance. The value of the mounting distance is
required in this procedure. Otherwise, the location of the
gear in its virtual assembly with a master gear would
require a trial and error process since the origin O,, do not
have to coincide with the pitch cone apex.

Figure 2 also shows the coordinate system S, where the
to-be reconstructed gear will be defined. The origin of
system S, is located at the pitch cone apex Q. A coordinate

003400-2 / Vol. XX, XX 2020

transformation from system S,, to system S, is required. It
is suggested to perform that at step 10 once the reconstructed
gear tooth surfaces have been obtained.

Step 2: The radial location of the pitch cone apex Q of the to-be
reconstructed gear is determined. Figure 3 shows the point
clouds corresponding to each tooth side and the point
cloud corresponding to an internal cylinder of the gear to
be inspected. The axis of such a cylinder is the axis where
point Q is located. Such an axis may not pass through the
origin of the coordinate system S,, since some position
error Ar,, may exist. To determine it, a least-square minimi-
zation problem is established following the Levenberg—
Marquardt algorithm [11,12] where the objective function

to-be-inspected gear

back plane

T point clouds for all the

point gear tooth sides
clouds
Fig.2 lllustration of coordinate systems S,;, where point clouds

are obtained and S, where the to-be reconstructed gear is
defined
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circle to adjust to the
cylinder point cloud

Fig. 3 For determination of a circle that adjusts to the internal
cylinder point cloud in the plane (x,,, yn) and position error Ar,
for the location of pitch cone apex Q

is defined as follows:
FO =D 10 = A )’ + OG0 = Ary P =1 (2)
i=1

where X = [A7,x, ATy, p] is the vector of optimization var-
iables, where Ar,, . and Ar,,,, allow the determination of the
radial location of point Q and p is the radius of a circle that
adjusts to the cylinder point cloud in the plane (x,,, ,,). Con-
versely, ({7, y(F)) represent the coordinates of any point P;
of the cylinder point cloud in the coordinate system S,,. The
objective function is constructed on the m points of the cyl-
inder point cloud. Just one of the variables is restricted to be
positive

0<p 3)

An additional coordinate transformation may be required
from system S§,, to system S, in case Ar,#0 or Ar,, ,#0.
It is suggested to perform that at step 10 once the recon-
structed gear tooth surfaces have been obtained.

areas
to be removed

concave side
spiral bevel gear tooth

Fig.4 Cleaning the point clouds: (a) point cloud before cleaning
and (b) point clouds after cleaning

Journal of Mechanical Design

Step 3: Cleaning the point clouds corresponding to both tooth
sides of a given tooth. The point clouds obtained by noncon-
tact metrology machines contain large amounts of points
related to different parts of the gear tooth (top land, front
and back surfaces of the tooth, and root land) that are not
of interest for the reconstruction of the active gear tooth sur-
faces. Figure 4(a) shows the raw point cloud corresponding
to the concave side of a spiral bevel gear tooth. Figure 4(b)
shows such point cloud after removing those points at the
mentioned areas of not interest. This task saves time for
the next step. The same procedure has to be repeated with
the point cloud for the convex tooth side.

Step 4: Filtering of the point clouds is done. The bilateral filter
approach is applied by using the following algorithm (see
Ref. [10] for more details):

(a) A spatial radius r, a normal offset r,,, and a number of itera-
tions n;,, are chosen as input data for the algorithm. Variable
r represents the radius of a sphere to obtain the neighbors for
each given point p of the point cloud. Variable r, represents
an offset value in both directions of a to-be calculated normal
n,, at the point p. Variable n;,, represents the number of iter-
ations the algorithm is applied. At the end of each iteration,
the points of the point cloud are located in new positions.

(b) Neighbors p; of point p are determined using a kd-structure
of the points [13] to find those points, where ||p;, — pl| <r.
Then, the unit normal n,, is calculated from the locations of
the neighbors as follows:

(i) A mean value of the neighbors or centroid ¢, is deter-
mined as follows:

¢, = ,\% Yo @)

P i=IN,

where N, is the number of neighbors of point p inside
the sphere of radius r.

(i1)) A matrix A is determined for each point p considering
the locations of the neighbors p;

1
A=y D ®—6) (=) ®)

P =N,

(iii) The normal n,, is obtained as the eigenvector corre-
sponding to the minimum eigenvalue 4,,;, of such a
matrix A since

(x-c¢y)-n,=0 6)

represents a plane that minimize the sum of squared dis-
tances between the plane and the neighbors p;.
Each point p is filtered using the following equation:

(c

~

pP=p+dp-m, (M
where

iz, wa(llp; = pIDwa((; — P) - m,)(p; — p) - M,
- Zi:l’Np wa(l|p; = P1Dwa((p; — P) - mp)

®)

Here, w, and w,, are decreasing Gaussian functions, which
are defined as follows:

wa(x) = e 1% ©)

wy(x) = e 12 (10)

Here, o2 is the Gaussian variance for the distance from the
neighbor p; to point p, whereas o2 is the Gaussian variance
for the distance from the neighbor p; to the tangent plane

defined by normal n,. The Gaussian variances o> and c2
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(a)
back-to-top
edge
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points
missing
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root edge
Y-axis

X-axis

top edge

front-to-top

Fig. 5 Radial projection of the filtered point cloud with illustration of (a) flank edges and

(b) computed grid for a spiral bevel gear tooth

are fixed considering 6, = r/3 and ¢, = r,,/3 since for those
neighbors p; whose distance is beyond 36, and normal dis-
tance is beyond 30, the weights w, and w,, are negligible
(see Ref. [10]).

(d) Steps b and c are repeated several times depending on the
chosen value of number of iterations, 7,

Step 5: This is the representation of the radial projection of the
point cloud considering a plane formed by an axis X directed
along the gear axis and an axis Y that represents the radial
distance of each point of the point cloud. Figure 5(a)
shows a radial projection of the filtered point cloud where
points p’(x, y, z) are represented through the following rela-
tions:

X(p)=z an

Y(p)=vx2+)? (12)

reconstructed
spiral bevel gear

Step 6: Definition of the flank edges on the radial projection of the

point cloud is presented. These flank edges are based on a top
edge, abottom edge, aroot edge, a front edge, and a back edge.
In addition, a back-to-top edge and a front-to-top edge can be
considered as being illustrated in Fig. 5(a) for the case of a
spiral bevel gear tooth surfaces in which the back-top and
front-top corners have been cut off. The flank edges can be
defined considering that the to-be derived active tooth
surface has to be delimited by all these edges with the excep-
tion of the root edge. Figure 5(«) also shows that some points
are missing in the point cloud, which may force the location of
the bottom edge for the to-be derived active tooth surface to
have points where a radial grid can be created.

Step 7: Creation of a grid of m x n points on the radial projection

is carried out as shown in Fig. 5(b). Points m(X, Y) are
obtained from a regular grid defined by the aforementioned
edges delimiting the to-be derived active tooth surface.

Step 8: The closest point of the point cloud for each point m(X, Y)

of the radial grid is found. This closest point of the point

NURBS active tooth surfaces
point clouds

NURBS fillet tooth surfaces

Fig. 6 Reconstructed spiral bevel gear from filtered point clouds

003400-4 / Vol. XX, XX 2020

Transactions of the ASME

491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560



561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
571
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630

cloud can be found using a kd-tree structure of the points
[13].

Step 9: A NURBS (nonuniform rational B-splines) surface [14] is
built considering the obtained points in the previous step as
control points. Most of the graphic libraries include this
feature to interpolate a regular grid of points through a
second-order derivative surface. This surface constitutes
the active tooth surface of the gear tooth.

Step 10: The fillet surface is built to entrench the bottom edge of
the active tooth surface with the root edge. Hermite curves
are applied here for the determination of the control points
that will allow to build a NURBS surface for the fillet area.
Hermite curves require basically the initial and final point
positions, the initial and final unit tangents, and the
weights (or modules) of such tangent vectors (see Ref. [15]
for a complete review of application of Hermite curves in
fillet construction). The initial point and initial unit tangent
can be derived from the active tooth surface. The final
point and final unit tangent can be derived from the location
of the root edge on the radial projection and the angular pitch
27/N, of the gear. Here, N, is the tooth number of the to-be
inspected gear that is considered as known. The weights are
derived through an optimization process that follows the
Levenberg—Marquardt algorithm [11,12] and minimizes the
sum of distances of a sample of cloud points in the fillet
area to the to-be computed NURBS surface.

Figure 6 shows a reconstructed spiral bevel gear with the illustra-
tion of the NURBS surfaces for the concave and convex tooth sides
and the NURBS surfaces of the fillet areas. Here, a detail view of an
Hermite curve is illustrated as well on the front section, where Py is
the initial point, t, is the unit initial tangent, P; is the final point, and
t, is the unit final tangent.

3 Tooth Contact and Stress Analysis

In this work, TCA is applied for a reconstructed spiral bevel
pinion in mesh with a master spiral bevel gear. The TCA algorithm
is based on the work [16] and has been applied later in Refs. [17,18].
It is based on the minimization of the distance between the master
gear driven tooth surface and the reconstructed pinion driving tooth
surface. It considers the surfaces as rigid, so that it is necessary to set
a value for the so-called virtual marking compound thickness t,,
which is usually fixed to 0.0065 mm, to obtain the contact pattern
and the unloaded function of transmission errors. Figure 7 shows

contours of the
instanteneous

portion of the contact patterns

master gear
tooth surface

portion of the
reconstructed
Oy tooth surface

Az

Fig.7 Schematic view for the explanation of the minimization of
distances between the master gear tooth surface and the recon-
structed pinion tooth surface
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Fig. 8 Finite element model

both surfaces at a given step of the algorithm. A coordinate
system S, is predefined in the master gear tooth surface with its
axis z;, directed along the normal at a given point O, on the
middle of the surface. For each given position of the reconstructed
tooth surface, distance Azcosy is minimized by approaching the
master gear tooth surface toward the reconstructed tooth surface.
Such a distance is obtained following a kinematic procedure, as it
is explained in Ref. [16], using the direction of velocity vector
v(© at point G. Point G is obtained from the projection of point
P of the reconstructed tooth surface on the master tooth surface.
A set of points like P are taken from a grid of points for the appli-
cation of the algorithm. Angle p is formed by the directions of
vector —v© and GP. Once the contact is established, those
points like P and G whose distance Az is equal to the given value
t, form the contours of the instantaneous contact patterns.

In previous works where TCA was applied in reconstructed gear
tooth surfaces (see Refs. [5,6]), the value of ¢, had to be increased to
be able to obtain acceptable contact patterns. An acceptable contact
pattern means that the contact pattern present a regular shape with
no holes or isolated areas. The need to increase t, was due to the
irregularities of the NURBS surfaces since filtering approaches
were not applied. In this study, the magnitude of 7, will be fixed
to 0.0065mm, as it has been set in the previous study (see
Ref. [19]), where TCA was applied with theoretically generated
gear tooth surfaces, and the results of the filtering approaches will
be judged in terms of the shape of the contact pattern and the
level of the function of transmission errors.

Conversely, the stress analysis is based on the application of the
finite element method and constitutes another tool to judge the
goodness of the filtering approach. A finite element model is illus-
trated in Fig. 8, which is built with elements C3D8I (see Ref. [20]).
The foundation for the construction of the finite element model is
found in Ref. [19]. The nodes on the bottom part and both sides
of the rim of each gear constitute rigid surfaces that are rigidly con-
nected to the respective reference nodes. Here, at the reference
nodes, the degrees-of-freedom are established. Although the gear
is held at rest at each given contact position, a torque 7T is applied
to the pinion reference node. It is observed that the model of the
reconstructed pinion is provided with additional flank edges on
the toe and the heel top corners. To evaluate the quality of the recon-
structed gear tooth surfaces for the stress analysis, the maximum
contact pressure at the middle tooth of the reconstructed pinion
will be obtained along two cycles of meshing and compared with
the maximum contact pressures obtained with the designed and
manufactured pinion, all in mesh with the same master spiral
bevel gear.
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4 Numerical Example

A numerical example is being considered based on a known
design of a spiral bevel pinion and gear, both manufactured in a
Phoenix II 275G machine. Furthermore, the manufactured pinion,
for which the machine tool settings are known, has been inspected
in a HNC3030 noncontact metrology machine whose precision is
+5 um. The to-be inspected pinion will be in virtual mesh, after
reconstruction, with a master gear. Here, the term master refers to
a gear that has been computationally generated based on its
known design.

Once the to-be inspected pinion has been scanned, the recon-
struction of the pinion will be performed following the ideas pre-
sented in Sec. 2. The proposed approach shown in Sec. 2 will be
judged in terms of the shape of the contact pattern, the level of
unloaded transmission errors, and the level of contact stresses
obtained from the analysis of the reconstructed pinion in mesh
with the master gear. Additional information of micro-geometry
deviations after manufacturing of the pinion has been obtained by
using a coordinate measurement machine GMS350 whose precision
is +1 ym. These micro-deviations can be added to the computation-
ally generated geometry corresponding to the known design of the
spiral bevel pinion, obtaining the virfual manufactured geometry of
the pinion. The results of TCA and stress analysis of the recon-
structed spiral bevel pinion in mesh with the master gear can be
compared with those obtained from the tooth contact and stress
analysis of the virtual manufactured geometry of the pinion in
mesh with the same master gear.

4.1 Design Data. The design of a spiral bevel gear drive is pre-
sented. The basic transmission and blank data are summarized in
Table 1. The cutter data and basic machine tool settings are pre-
sented in Table 2. A detailed description of the basic machine
tool settings is available in Ref. [19].

4.2 Manufactured Data. The averaged micro-geometry devi-
ations for the pinion concave tooth side are given in Table 3 for a
grid of 5% 9 points. Such a grid covers 80% of the tooth surface.
Once those micro-deviations are incorporated into the virtual com-
putationally generated pinion, the tooth contact and stress analysis
results obtained considering such a pinion in mesh with the
master gear will establish the reference baseline results for compar-
ison with those obtained with the reconstructed pinion in mesh with
the same master gear.

4.3 Preliminary Tooth Contact Analysis Results. The
results of the TCA between the designed concave tooth side of
the pinion in mesh and the convex tooth side of the master spiral
bevel gear is shown in Fig. 9. The results of TCA between the man-
ufactured concave tooth side of the pinion in mesh with the same
mater gear convex tooth surface is also illustrated in Fig. 9. The
level of unloaded transmission errors is about 9 arc-seconds for
the designed gear tooth surfaces, whereas it is about 26 arc-seconds
when the manufactured pinion tooth surface is used instead of the
designed one.

4.4 Tooth Contact Analysis With Reconstructed Gears.
The manufactured pinion has been reconstructed considering the
procedure described in Sec. 2. At step 1, a mounting distance
mg=581mm and a Z,4.=-56.4mm provide the value
79 =1.7mm to locate the pitch cone apex and the origin of
system S,, where the to-be reconstructed pinion is defined (see
Fig. 2). At step 2, the Levenberg—Marquardt algorithm is applied
upon m=243,062 points of the internal cylinder point cloud to
obtain Ar,,,=—1.8182x 107 mm, Ar,,,=-4.1794x10"°mm and
p=17.175 mm, which reflects negligible errors in the radial loca-
tion of the pitch cone apex. A grid of 10 x 15 points has been con-
sidered in the radial projection in step 6 for all the cases considered
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Table 1 Basic transmission and blank data of the spiral bevel
gear drive

Data Pinion Gear
Shaft angle (deg) 90.0

Tooth number 22 23
Pitch angle (deg) 43.727 46.273
Spiral angle (deg) 45.0

Hand of spiral Right hand Left hand
Outer transverse module (mm) 3.7398

Face width (mm) 18.0

Tooth taper Duplex

Outer addendum (mm) 2.823 2.344
Outer dedendum (mm) 2.906 3.384
Face cone angle (deg) 46.084 48.233
Root cone angle (deg) 41.767 43916

Table2 Cutter data and basic machine tool settings of the spiral
bevel gear drive

Pinion (concave Gear (convex tooth
Data tooth side) side)

Cutting method Face milling

Cutter type Fixed setting Spread blade
Point radius (mm) 46.672 43.701
Blade angle (deg) 17.760 22.0
Blade profile Circular Straight
Blade profile radius (mm) 762.0 Not applicable
Bottom relief height (mm) 1.5 1.5
Bottom relief parabola 0.015 0.010
coefficient (mm™Y)

Machine center to back (mm) —0.493 0.0
Sliding base (mm) -0.540 -0.934
Blank offset (mm) 0.0100 0.0
Radial distance (mm) 36.220 36.771
Cradle angle (deg) 60.403 58.735
Machine root angle (deg) 41.767 43916
Velocity ratio 1.4526 1.3826
Modified roll coefficient C 0.006269 Not applicable
Modified roll coefficient D —0.01633 Not applicable

Table 3 Deviations in um on the concave tooth side of the
manufactured spiral bevel pinion along 5 x 9 grid points

1

Points along face (near top 5 (near bottom
width/profile edge) 2 3 4 edge)
1 (near toe) -2.1 -1.9 0.3 0.2 -1.7
2 -2.0 0.3 0.5 1.1 -1.2
3 -2.1 0.8 00 1.5 -1.3
4 0.5 -0.3 0.6 1.2 -23
5 —-0.6 0.1 00 0.0 -33
6 -1.2 04 00 -13 —4.3
7 -3.5 -06 -13 -27 =57
8 —4.1 -3.6 -3.1 -39 =13
9 (near heel) 2.7 -39 -34 -51 -83

here. The previous study (see Ref. [5]) has shown that a larger
amount of grid points may lead to obtain reconstructed surfaces
with more irregularities. Figure 6 shows an example of a recon-
structed pinion.

Figure 10 represents a comparison of the unloaded functions of
transmission errors for the manufactured pinion and a reconstructed
pinion without using any filter. The contact patterns are also repre-
sented in Fig. 10 as a set of instantaneous contact areas obtained
from the procedure exposed in Sec. 3. When no filter is applied,
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Fig.9 Contact patterns and unloaded functions of transmission errors for the designed and the virtual manufac-
tured spiral bevel pinion in mesh with the master spiral bevel gear
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Fig. 10 Contact patterns and unloaded transmission errors for
the manufactured pinion and the reconstructed pinion without fil-
tering in mesh with the master gear

the contact pattern of the reconstructed pinion shows isolated areas.
Also, the shape of the function of transmission errors and the level
of transmission errors are far from the function of transmission
errors and the level of transmission errors of the manufactured
pinion. These results (Fig. 10) show the need to apply a filter to
the point clouds before the reconstruction of the gear tooth surfaces.

The bilateral filter is applied to the point clouds of the manufac-
tured spiral bevel pinion providing different reconstructed pinions
for different values of the filter parameters. The first question that
arises here is how large the sphere radius r and the offset value r,,
should be chosen for a given point cloud. This depends on how
the points are distributed all over the point cloud. If the radius is
too small, the fitting regression plane could not be enough accurate.
A set of values r=r,= {25, 50, 75, 100} gm combined with n;,, =
{1,2,3,4, 5} has been tested to reconstruct 20 spiral bevel pinions.
For each reconstructed pinion in mesh with the master gear, TCA is
applied.

Figure 11 shows the unloaded functions of transmission errors
when the bilateral filter with r=r, =25 ym is applied. The level
of transmission errors for any number of iterations from 1 to 5 is
far from the level of transmission errors of the manufactured
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Fig. 11 Contact patterns and unloaded transmission errors for
the manufactured pinion and the reconstructed pinions using
the bilateral filter with r =r,, = 25 um in mesh with the master gear
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Fig. 12 Contact patterns and unloaded transmission errors for
the manufactured pinion and the reconstructed pinions using
the bilateral filter with r=r, =100 um in mesh with the master
gear
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Fig. 13 Contact patterns and level of unloaded transmission
errors for the manufactured pinion and the reconstructed
pinions using no filter and using the bilateral filter

pinion in mesh with the master gear. The shapes of the contact pat-
terns are also illustrated for n;,,, =1 and n;,,, =5 in Fig. 11. It can be
observed that the shape of the contact patterns is also far from the
reference shape of the contact pattern corresponding to the manu-
factured pinion.

Figure 12 shows the unloaded functions of transmission errors
when the bilateral filter with r=r,=100 ym is applied. The
shapes of the contact patterns are also illustrated for n;,, =1,
Nier =3, and ny.,=5 in Fig. 12. It is observed that the contact
pattern with n;,,=1 presents holes and isolated areas in the for-
mation of the bearing contact. Such features start to disappear
from n;,,=3 on. The minimum number of iterations from which
the contact pattern does not present holes or isolated areas is 7,
=3. A comparison of the functions of transmission errors from
Nirer =3 10 Ny, =5 shows that the function for n;,,=3 presents a
lower peak-to-peak level than the function for n;,, =4 and the func-
tion for n;,,=5.

Figure 13 shows a comparison of the peak-to-peak level of the
unloaded functions of transmission errors for the 20 reconstructed
pinions where the bilateral filter is applied and for the recon-
structed pinion when no filter is applied. The peak-to-peak level
of transmission errors of the manufactured pinion is also illustrated
by means of a black horizontal line. The shapes of the contact pat-
terns for some reconstructed pinions are also illustrated. It is
observed that for the size r=r, =25 um, the level of transmission

contact pattern in
the manufactured pinion

~20
contact pattern for

r=m=75 75 um and nirer=4

=40

Transmission errors [arc sec]

— Gl
contact pattern for
r=ra= 10() um and nier=3

—80

-20 15 10 5 0 5 10
Angle of rotation [deg.]

Fig. 14 Contact patterns and unloaded transmission errors for
the manufactured pinion and the reconstructed pinions using
the bilateral filter with r=r, =100 um and r=r, =75 um in mesh
with the master gear
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errors fluctuates along the different number of iterations and it is
even larger than the level of transmission errors when no filter
is applied. For the size r=r, =50 um, the level of transmission
errors decreases from n;,,=2 although the shape of the contact
pattern is not appropriate for any number of iterations from 1 to
5 (the contact pattern for r=r, =50 ym and n;,,=3 is illustrated
in Fig. 13 and shows holes and isolated areas over the contact
pattern). For the sizes r=r,=75pum and r=r,=100 um, the
level of transmission errors reach similar values to the manufac-
tured pinion when n;.,.=3. However, it is necessary to reach
Nier=4 for r=r, =75 ym to eliminate any isolated areas in the
contact pattern (the contact pattern for r=r, =75 ym and n;,, =
3 is illustrated in Fig. 13 and an isolated area is still observed in
the contact pattern).

Finally, Fig. 14 shows the best results in terms of the unloaded
function of transmission errors and shape of the contact patterns
for the reconstructed pinions using the bilateral filter with r=r, =
75 ym and ny,,=4 and with r=r,=100 ym and n;,.,=3. Both
contact patterns are similar to each other, without any holes or iso-
lated areas on them. The level of transmission errors is also similar.
However, the function of transmission errors for the case of r=r, =
75 yum has more fluctuations than for the function for r=r,=
100 pm. Both functions of transmission errors appear shifted
respect to the function of transmission errors corresponding to the
manufactured pinion. This shift may be due to an inaccurate loca-
tion of the 5x9 micro-deviations, presented in Table 3, over the
designed pinion tooth surface.

(a)
CPRESS [MPa]

(b)
CPRESS [MPa]
3048.2
27942
2540.2
2286.1

contact in the fillet elements

(c)
CPRESS [MPa]
1956.0
1793.0
1630.0
1467.0

contact in the fillet elements

Fig. 15 Contact pressure field on the contact elements of the
middle tooth of the pinion at a given step for (a) the manufactured
geometry, (b) the no-filter reconstructed geometry, and (c) the
reconstructed geometry with the bilateral filter using r=r,=
100 um and nje, =3
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Fig. 16 Variation of contact pressure at the middle tooth of the
pinion for the designed, manufactured, no-filtered and filtered
reconstructed pinions using the bilateral filter with nj,, =3

4.5 Stress Analysis. For each tooth contact analysis, a stress
analysis is performed using the finite element model shown in
Fig. 8. Such a model is provided with 204,500 elements and
248,304 nodes. A torque 7=197.0 Nm is applied at the reference
node of the pinion, while the gear is held at rest at each step. A
general purpose computer program (see Ref. [20]) is used for the
finite element analysis. Figure 15 shows the contact pressure distri-
bution at the same intermediate step of the stress analysis for three
geometries of the pinion: the virtual manufactured one, a recon-
structed geometry without application of the bilateral filter, and a
reconstructed geometry with application of the bilateral filter with
r=r,=100 ym and n;,,=3. A shape very close to an ellipse is
observed in Fig. 15(a). However, Figs. 15(b) and 15(c) show a
contact area that contains isolated areas, especially when the geom-
etry is not filtered (Fig. 15(b)). Although filtering improves the
shape of the contact pattern (see Fig. 15(c)), it is not enough and
the level of stresses is still higher than the one shown for the man-
ufactured geometry (see Fig. 15(a)). It is also observed that some
contact areas appears in the fillet area for the reconstructed
pinions (see Figs. 15(b) and 15(c)) due to the impossibility to dis-
place down the bottom edge (see Fig. 5) since no available data
were provided in some areas of the point cloud below this line.

Figure 16 shows the variation of the contact pressure at the
middle tooth of the pinion along 41 contact positions spread
along two angular pitches of rotation of the reconstructed pinion
with several types of geometry: (i) the designed and the manufac-
tured ones provide similar level of contact pressure along two
angular pitches of rotation, (ii) the reconstructed one without appli-
cation of the filter shows the highest values of contact pressures, and
(iii) several reconstructed geometries using the bilateral filter with
nye-=3 and different values of radius »=r, show that the level of
stresses decreases as the radius r is increased, reaching a similar
level for the reconstructed geometries with r=r,, =75 ym and r=
7, =100 um. Figure 16 shows in gray color the overestimation of
contact pressures for the reconstructed geometry with r=r,=
100 pm and n;,,=3 respect to the manufactured geometry.
Figure 16 shows as well, in green color, those contact positions
where contact on fillet does not exist at the central tooth.

5 Conclusions

A methodology to reconstruct spiral bevel gears from point
clouds has been proposed and applied for the virtual simulation
and the analysis of reconstructed gears from filtered point clouds
in terms of contact patterns and unloaded functions of transmission
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errors when in mesh with a master gear. Based on the performed
research and results obtained, the following conclusions can be
drawn:

(1) Point clouds obtained from noncontact metrology machines
should be filtered before gear tooth surfaces are reconstructed
for virtual simulation and analysis. The bilateral filter has
been applied and their parameters r, r,, and n;,, have been
chosen considering the shape of the contact pattern, and
the shape and peak-to-peak levels of the unloaded function
of transmission errors.

Contact patterns and unloaded functions of transmission
errors obtained as results of tooth contact analysis with the
reconstructed pinion show a satisfactory agreement with
those obtained when using the reference manufactured
pinion, both in mesh with the same master gear, if the appro-
priate parameters of the bilateral filter are chosen.

Stress analysis by the finite element method reveals that the
reconstructed pinion yields higher values of contact pressure
than the reference manufactured pinion, mainly due to the
quality of the point clouds obtained from noncontact metrol-
ogy machines. Although the application of the bilateral filter
helps reducing the dispersion of points in the point cloud, it is
not enough to avoid high values of contact pressure in the
reconstructed pinion. The missing points in the point cloud
for areas close to the to-be reconstructed active tooth
surface is another important factor that limits the application
of the proposed methodology for the stress analysis of recon-
structed gears.
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