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Abstract: The transmission accuracy of the ball screw depends on the processing quality of the thread profile. Traditional detection method
of thread profile is complicated and inefficient. When shooting the thread profile of the ball screw in the normal section, the camera axis
must be tilted to the lead angle, and adjustment errors are easily introduced from both the front view and the top view. When shooting in the
axial section, the spiral lines block each other, so the actual thread profile cannot be captured for detection. In order to solve the above
problems, a thread profile detection method is proposed: the theoretical equation of the ball screw thread profile in the axial section is derived
based on the theoretical thread profile in the normal section, and the theoretical equation of the thread profile projection curve in the axial
section is solved based on helix analysis, and the differential equation between them is obtained; then, the theoretical correction value of the
thread profile projection curve is obtained by Linear Search to find the boundary value; the actual thread profile in both axial section and
normal section is finally obtained with the theoretical correction value, which can support accurate measurement and detection of the key
parameters of the thread profile. Experiments show that the proposed method can effectively improve the accuracy of the ball screw thread
profile detection.

Keywords: Ball screw thread detection, thread profile on axis section, thread profile projection curve on axial section, thread profile on
normal section, machine vision.

1. INTRODUCTION captured, then the features of thread profile based on image
processing techniques such as filtering, boundary extraction

mechanical transmission component, which can transform ~ and curve fitting are extracted, and finally the parameters are
rotary motion into linear motion and is widely used in the ~Mmeasured from the acquired features such as the thread
field of CNC machine tools, as in [1], [2]. The transmission profile, which are considered as the result of detection. Min
accuracy of the ball screw depends on the processing quality =~ a1d Zhao respectively designed a non-contact thread
of the thread. Therefore, it is necessary to detect the thread of ~ Parameter measurement system based on machine vision to
the ball screw accurately and efficiently. support efficient and accurate measurement of the thread
The traditional detection method is manual contact contactangle, asin[9], [10]; Rao etal. summarized the image
measurement using equipment, but it has the following two  processing technology and computer vision algorithms
disadvantages: (1) the detection process is complicated and it ~ currently used for external thread detection, as in [11];
makes high demands on the workers' professional level, Senthilnathan used a diffuse reflection light source to obtain
which reduces efficiency; (2) contact measurement causes a thread profile projection, and proposed a profile processing
some damage to the surface of the thread and affects its  algorithm to estimate the thread parameters, as in [12]; Chen
quality. With the development of computer technology, non- et al. integrated the photoelastic effect and an image
contact detection through machine vision solutions is  processing algorithm to measure the contact angle of the ball
currently the main research trend, the main process is  screw, as in [13]; Li et al. proposed a Res Unet-based thread
collecting the optical image of the object to be detected, then  edge recognition method that eliminates the need for thread
using image processing technology to extract and quantify the  area calibration and identifies the thread edge in a complex
feature, obtaining the result of detection. environment, as in [14]; Chen took the possible thread shape
At present, many relevant scholars at home and abroad  distortion during CCD shooting into account, and gave a
have conducted research on this subject and have already  corresponding compensation algorithm for the image
formed a relatively complete thread detection system, as in  distortion on the optical angle, as in [15].
[3]-[8], which can be described as follows: First, the original However, the above solutions are only applied to the
image of the thread profile by CCD or other optical camerais  detection of ordinary threads with a linear profile, while the

The ball screw pair is a highly efficient and reliable
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thread profile of the ball screw is a curve, which is more
difficult to detect. As far as we know, there are few studies
on the thread profile of ball screws.

2. DIFFICULTY ANALYSIS OF BALL SCREW THREAD
DETECTION

For ball screw detection, the conventional method is to
measure parameters such as outer diameter and pitch, but the
thread profile is more important. According to the definition
in [16], the allowable error of thread raceway profile refers to
the maximum deviation between the actual thread profile and
the standard thread profile. For a single arc raceway ball
screw, mainly the radius deviation of the raceway is detected.

The ratio between the raceway radius 7, on the normal
section and the ball radius r affects the bearing capacity of
the ball screw transmission, as shown in Fig. 1. If the ratio is
too large, it will cause heavy friction loss; if the ratio is too
small, the load-bearing capacity will be reduced. The single
arc raceway ball screw usually takes 1, = 1.04r . In the
acceptance test of the PS5 grade ball screw most commonly
used in China, the allowable error of the thread profile is

+0.02 mm.

Tv

Fig. 1. Correspondence of thread profile and ball.

Correct position

Erroneous position

Fig. 2. Rotating axis shooting state of the camera.

In order to obtain the thread profile in the normal section,
it is usually necessary to rotate the camera axis by a lead angle
for shooting, as in [17], as shown by the camera position
drawn by a solid line in Fig. 2. In the detection process, it is
difficult to ensure the accuracy of the camera axis in space.
As shown by the camera position drawn by a dotted line in
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Fig. 2, from the main view, the camera axis is easy to shift up
and down. Similarly, from the top view, the camera axis can
easily shift left and right. Once there is an error in the angle
adjustment, the accurate thread profile cannot be obtained in
the normal section.

In order to avoid detection errors caused by the rotation of
the camera axis, when the ball screw is fixed, it is easy to
obtain the thread profile in the axial section as long as the
camera axis is orthogonal to the ball screw axis, as shown in
Fig. 3. By reversely deriving the radius of curvature of the
thread profile in the normal section from the thread profile in
the axial section, it is possible to determine whether the
profile is qualified.

Fig. 3. Orthogonal shooting state of the camera.

Since multiple spiral lines on the raceway surface block
each other during the spiraling process, as shown in Fig. 4,
the curve of the thread profile in the axial section captured by
the camera is not a true thread profile, but a thread profile
projection curve that requires further correction. The
comparison between them is shown in Fig. 5, Curve-1 is the
thread profile projection curve while Curve-2 is the actual
thread profile. Some researchers have proposed correction
algorithms for the thread profile projection curve of ordinary
threads with straight thread profile, as in [18], [23].
Meanwhile, for ball screw, the thread profile in the axial
section is a curve, which makes the correction more difficult,
and only a few researchers have studied it.

Thread profile

Thread profile
projection

Fig. 4. Contrast between thread profile in the axial section and spiral
projection boundary.

Curve-1 Curve-2

Fig. 5. Thread profile and thread profile projection curve in the axial
section.

To deal with the difficulties above, the research method
proposed is shown in Fig. 6.
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Fig. 6. Ball screw thread profile detection method based on the thread profile curve in the axial section.

First: Based on the geometric features of the theoretical
thread profile in the normal section, the theoretical thread
profile in the axial section is derived. Second: Through
geometric analysis of the occlusion phenomenon of the
theoretical thread profile in the axial section, the theoretical
thread profile projection curve is established, and the
difference equation between the theoretical thread profile and
the thread profile projection curve in the axial section is
obtained. This part of the content is expanded in Section 3
and Section 4.

Then, the thread profile projection curve in the axial
section is captured with a CCD camera and corrected using
the differential equation mentioned above. Thus, the actual
thread profile in the axial section is obtained, which can be
used to reversely derive the radius of curvature of the actual
thread profile in the normal section. By comparing the actual
radius with the standard value, it is determined whether the
thread profile of the ball screw is qualified. This part of the
content is expanded in Section 5.

3. THEORETICAL THREAD PROFILE IN AXIAL SECTION

In order to measure the parameters of the ball screw, it is
first necessary to establish a standard curve equation of the
thread profile in the axial section based on the theoretical
thread profile in the normal section, which provides a
theoretical model basis for the subsequent correction process.

Fig. 7. Relationship between the thread profile raceway, the normal
section, and the axial section.

As shown in Fig. 7, take the axial section P; and the
normal section P, at any point on the raceway. The
intersection of P; and the raceway is l;, the intersection of P,
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and the raceway is I, and [, is a standard arc. Take a helix [
of the raceway as research object, [ and l;, [, intersect at
points G; and G,, respectively. Take the intersection of P; and
P, as X-axis and the axis of the spiral as the Z-axis. The
coordinate system XYZ is established. Taking the axis
parallel to the X-axis and passing through G; as U-axis, and
the spiral axis as the W-axis, a coordinate system UVW is
established to study the curves l; and [,, as shown in Fig. 7
and Fig. 8.

w

Fig. 8. Relationship between [;-thread profile in the axial section
and l,- thread profile in the normal section.

Give the outer diameter-d,, the minor diameter-d,, the
lead angle-¢, the pitch p and the curvature radius of the
normal section arc of the ball screw-1;,. Assume O’ is the
center of [,, N is the intersection point of [;, [, and A-axis, H
and K are the projection points of G, in the axial section and
X-axis, respectively. Assume [ is the central angle
corresponding to the arc of G, N, 7, is the radius of the spiral,
and 6 is the angle at which the spiral rotates from G, to G;. In
the coordinate system XYZ, the three-dimensional
coordinates of G, can be expressed as (1):

=d,/2+ 1, —mn,cosf

Y, = —Tysin B sin (1)
Zg, = Tp Sinf cos ¢

Assuming that Az, is the difference between G; and G, in
the direction of the axis, the three-dimensional coordinates of
G, can be expressed as (2):
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xg, =+ (d2/2 + 1, — 1, cos B)? + (rp sin B sin )? X6, = Ug,
Ye, =0 (2) X6, = Ug, (%)
Z, = Zg, + Azq Az = wg, — wg,

According to equations (1)-(5), the thread profile of the

Assuming that p is the lead of the ball screw, then in the : - A ‘
ball screw in the axial section in the coordinate system XYZ

coordinate system UVW, points G; and G, can be expressed

as (3) and (4): isas (6):
ug, = 1.cos b, x =+/(d3/2 + 1, — 11, c0s §)% + (7}, Sin B sin )2
Vg, =T sinfg, 3 P-° , ©)
- P66, Z=rpsinffcosg + ;arccos((dz/Z + 1, — 1p cos B)/x)
G177 o

In addition, the differential equation between the

Ug, =T cos bg, theoretical thread profile in the axial section and the

Vg, = 1. Sinfg, (4) theoretical thread profile in the normal section along the Z-
W = P, axis is as (7).
G2 2m So far, the equation of the theoretical thread profile in the

axial section is obtained, and the transformation relationship
between it and the theoretical thread profile in the normal
section is obtained.

The correspondence between G; and G, in coordinate
systems XYZ and UVW is shown in (5):

_21'[

JAZ1 =2 arccos((d,/2 + 1, — 1, cos 8) /1)
2
—rbd2+\jrb2d22—4rb2(1+(sin (p)2)<x2—(dz—2) —Tpda—Tp2(1+(sin (p)z)) (7
LCOS ﬁ = 21p2(1+(sin @)2)
4. THEORETICAL THREAD PROFILE PROJECTION CURVE IN From (8), Zp is an increasing function of X,;, and the
AXIAL SECTION AND CORRECTION ALGORITHM monotonicity of Z first decreases and then increases. So the

As mentioned in Section 2, the outline captured by the magnitude relationship between Zp, Z and Zy is uncertain.
CCD camera is not the actual thread profile in the axial — The results show that M will be blocked by C when Z; =
section of the ball screw because it is blocked by the shadow  min{Zy, minZ;, Zp}, and the point of the projection
area generated by the helix spiraling upward. Therefore, in ~ boundary corresponding to M is C. Also, M will be blocked
this section, the reasons for the occlusion of the thread profile by B when Zz = min{Zy, minZ, Zp}, and the point of the
in the axial section are analyzed and the equation of the projection boundary corresponding to M is B.
theoretical profile projection curve in the axial section is
obtained and solved.

Z

4.1 Equation of thread profile projection curve in axial
section

In order to find out the reason why the points on the ball
screw profile curve are blocked by other points, three spiral
lines of the thread profile raceway I3, l, and Ig are
specifically taken, as shown in Fig. 9.

Where B, is the intersection point between the upper edge
of the thread raceway and the axial section, M, and C, are two
points of the axis section curve, and Zg > Z¢ > Zy,. B, C
and M are respectively obtained from B, C,, M, spirally
rising angles of 05, 8, and T. Assume M is a point on the
profile in the axial section, and the coordinate values of B, C
and M on the Z-axis are equal to X,,. Therefore, the
coordinate values of B, C and M on the Z-axis can be
expressed as (8):

Fig. 9. Occlusion analysis of the thread profile in the axial section.

The differential equation Az, between the thread profile
and the projection curve in the axial section can be obtained
from equations (6)-(9), as shown in (10).

(7, = i( - ZX_M)
Zy ZBO+21-:T[ arccos—

minZ; if minZ, < Zg
J P X X %2 = {Z if minZ, > Z ©)
— P XM B ¢ B
Ze="Zg, + p- (11 arc cos Xc) (®)
ZM=ZMO+§ Azy =2, -z (10)
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4.2 Solving thread profile projection curve based on Linear
Search

According to (9) and (10), Z, must be optimized and it is
assumed that y = Z.. From (10) it is evident that the search
for the optimal value of y is a typical One-Dimensional
Optimization problem, as in [19], which can be solved by the
Linear Search [20]. The Linear Search method can be divided
into two stages: First, the search interval containing the
optimal solution of the problem is determined. Second,
segmentation or interpolation is used to narrow the interval.
The Golden-Section algorithm is adopted here, as in [21]-

[23], the golden ratio A = % and the precision § = 10719,
First set the initial state value: a, b, x; and x,, then compute
B1, B2, V1 , ¥, and 8,. Next, update the state or obtain y*. The
solution process is shown in Fig. 10.

dy,dy, 9,0, 7

Solution interval:
d
ag =Xy, by = 1/2

!

‘ Initial state:a, b, x5, x; ‘

]

‘ Compute f1, f2,¥1, Y2 }'7

‘ Obtain min(y,,y,) ‘

Update state:
l a,b, x3,%;

‘ Compute accuracy 8y ‘

Fig. 10. Solving process based on the Linear Search.

4.3 Correction algorithm of thread profile projection curve

Table 1 shows the steps of the correction algorithm.
Through Step 1 to Step 4, the differential equation between
the thread profile and the thread profile projection curve in
the axial section can be obtained, which is the theoretical
basis for Step 5.

Table 1. Correction steps of thread profile projection curve.

Stepl: Substitute the ball screw parameters, and solve the
equation of Zp in (9).

Step2: Take multiple discrete points along the X-axis, and
for each point, solve the optimal value of Z; in (9).

Step3:  Perform curve fitting on the points obtained in Step 2
to obtain the equation of minZ¢ in (9).

Step4: Find the intersection of the two equations of Stepl
and Step3 to obtain the difference equation that is
segmented by the intersection point.

Step5:  Conduct the correction of thread profile projection

curve based on the differential equation in Step4, and
get the actual thread profile in the axial section.
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5. CORRECTION OF ACTUAL THREAD PROFILE PROJECTION
CURVE AND EXPERIMENTS

Capturing the thread profile projection curve of the axial
section with a CCD camera and reconstructing it with the
correction method in section 4.3, the actual thread profile in
the axial section can be obtained. Based on this, key
parameters of the ball screw thread can be measured. By
comparing them with theoretical values, the detection result
on the thread quality can be assessed.

5.1 Visual detection system for ball screw thread profile

A visual detection system for a ball screw thread is
designed for experiment, the overall structure of this system

is shown in Fig. 11.
Light gl?

-

Computer

Image
Camera processing

Thread profile

correction
Workplace

Parameter
measurement

Fig. 11. Structure of the visual detection system.

The hardware of the detection system includes
workstation, light and camera: the workstation is used to
automatically clamp the ball screw; the light is used to
provide suitable illumination to the ball screw to ensure the
quality of the captured images; and the camera or CCD can
convert the obtained image signal into a digital signal,
providing a basis for the next image processing and thread
profile correction.

The software of the detection system also includes three
main modules: image preprocessing, thread profile projection
curve correction, and parameter measurement. The image
preprocessing module includes image filtering, binarization
and contour extraction; the thread profile projection curve
correction module integrates the algorithm proposed above to
correct the actual projection curve; the parameter
measurement module measures the key parameters of the
thread profile and supports the detection result.

5.2 Correction of actual thread profile projection curve in
axial section

The ball screw of model FN5010-6 was selected as the
experimental object, and its profile parameters are shown in
Table 2.

Table 2. Parameter table of FN5010-6.

Parameter Outer Pitch Lead Adapted ball

/unit diameter /mm angle diameter
/mm /° /mm

Value 49 10 3.8965 5.953

First, the image of the ball screw obtained by a CCD
camera was preprocessed to extract the thread profile
projection curve in the axial section, the result is shown in
Fig. 12.
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=

Fig. 12. Comparison before and after image processing.

Then, selecting a segment of the thread profile projection
curve to modify according to the method described in Section
4.3, the differential equation between the theoretical thread
profile and the theoretical thread profile projection curve in
the axial section was obtained as Curve-3 in Fig. 13. The
actual thread profile projection curve is Curve-4, and the
corrected actual thread profile in the axial section is Curve-5.
There is a significant difference between the thread profile
and the thread profile projection curve.

4.8 |
42 r
3.6

3.0

Z/mm

2.4 ¢

1.2 ¢

0.6 r

445 455

0.0 L
48.5 495

465 475

X/mm

43.5

Fig. 13. Comparison before and after curve correction.

5.3 Acquisition of actual thread profile in normal section
Take discrete points on the curve of the actual profile in the
axial section obtained above in chapter 5.2, adopt (7) to find
the difference between the thread profile in the axial section
and the theoretical thread profile in the normal section at each
point on the Z-axis.
4,8
4.2
3.6

3.0

Z/mm

24 |

1.8 |

0.6

0.0

N

445 455

46.5
X/mm

475 485 495

Fig. 14. Comparison between the actual thread profile in the axial
section and in the normal section.
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Then perform curve fitting. The differential equation curve
obtained is Curve-7 in Fig. 14, and the actual thread profile
in the normal section is derived as shown in Curve-6. Then
the fitting circle radius of the theoretical thread profile in the
normal section can be calculated.

5.4 Results and analysis

There are two main aspects to test if the thread profile of a
ball screw is qualified. On the one hand, the standard
parameters such as outer diameter and pitch are measured and
compared. On the other hand, the radius of the normal fitting
circle and that of the thread profile are compared and it can
be assessed whether the error is within the allowable
tolerance range.

The experiment combines the above two aspects for
detection and analysis. The parameters were measured with
the uncorrected thread profile curve, which is exactly the
thread profile projection curve in the axial section (Curve-4),
and the corrected thread profile curve in the axial section
(Curve-5). The results are shown in Table 3.

Table 3. Comparison of the thread profile between Theoretical
results and Measured results.
Para- Theoretical Curve-4 Curve-3
meters  values Measured Error Measured Error
values values
dy 49.0000 49.0343 0.0343 49.0302 0.0302
[mm]
p 10.0000 9.9765  -0.0235 99815 -0.0185
[mm]
E{J,] 3.8965 3.8036  -0.0929 3.8858 -0.0107
T 3.0956 3.0224 0.0732 3.0876 0.0080
[mm]

Table 2 shows that: (1) Compared with the thread profile
projection curve in the axial section and the intersection line
in the normal section before correction, the measurement
errors of the thread profile curve in the axial section after
correction are all smaller, especially the lead angle and the
fitting radius of the normal circle are reduced by more than
80%. (2) Whether the thread profile curve is corrected has
little effect on the measured values of the outer diameter and
pitch.

It can be concluded from these two results that correcting
the thread profile projection curve in the axial section
captured by the camera without adjusting the shooting angle
can significantly improve the accuracy of profile detection,
which verifies the effectiveness and superiority of the thread
profile detection method.

6. CONCLUSIONS

When machine vision is used for ball screw thread profile
detection, an error in the angle adjustment occurs when the
camera is tilted to shoot the normal section. When the camera
shoots the thread profile of the axial section orthogonally, the
actual thread profile in the axial section cannot be directly
obtained due to the phenomenon of occlusion of the tooth
profile projection. The main work of this paper is as follows:
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1. A ball screw thread profile detection method based on

the thread profile in the axial section is proposed, which
avoids the angle adjustment error that may be caused
when the camera captures the normal section.

. The theoretical models of the thread profile in the

normal section, the thread profile in the axial section and
the thread profile projection curve in the axial section of
the ball screw are established, and the solution and
correction methods of the thread profile projection curve
in the axial section are proposed.

. In the experiment, a CCD camera was used to obtain the

actual thread profile projection curve in the axial
section, and the solution and correction were performed
to obtain the actual thread profile in the axial section and
the actual thread profile in the normal section. Based on
this, the key parameters of the profile were measured
and the error analysis was performed. The lead angle and
the fitting radius of the thread profile in the normal
section were reduced by more than 80%.

The results show that the thread profile detection method
proposed in this paper can improve the accuracy of thread
profile detection and has high theoretical value.
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