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Improving the measurement of thread parameters by use of
corundum elements
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Lavochkin Association, 24 str. Leningradskaya, Khimki, 141402, Russia

Abstract. Considered an advanced method of the three wires to measure the average
diameter d,, and pitch P of the thread using three elements corundum (synthetic sapphire,
sapphire, ruby): two fibers and tip with the ability to visualize and measure the size of the
contact zone with the product to calculate the contact elastic deformation. It is proposed to
use two fibers incoherent and one coherent interferometers to measure the position of
corundum fibers and the tip. A method for calculating the diameter d,, and pitch P of the
thread based on the results of interferometer measurements by using the compensation of
contact elastic deformations is presented.

1. Introduction

Threaded connections are widely used in products of rocket and space technology, aviation, shipbuilding, oil
and gas production and other industries. Measurement of thread parameters is not an easy task and a large
number of works abroad [1-5] and in Russia [6-14] are devoted to its solution. The required accuracy of
thread measurement systems (TMS) can reach units of micrometers, sometimes causing submicron accuracy
of the measuring instruments used.

The measuring tip is an important element and often determines the progress of the TMS itself [6, 7].
However, the main disadvantage of the existing tips is due to their so-called "blindness" due to the inability
to visualize and measure the contact zone with the threaded surface, limiting the functionality and accuracy
of measurements due to uncompensated contact elastic deformations (further -deformation).

2. Formulation of the problem

The task of this work is the improvement of methods and means of measurement of threads by the use of
high strength and optically transparent elements corundum (synthetic sapphire, sapphire, ruby) with the
ability to visualize the contact zone.

3. Theory
This chapter consist of descriptions developed TMS, its principle of operation, features measure the average
diameter of d,, and pitch P with deformation compensation.

3.1. Device and principle of operation of the TMS with corundum tip and two fibers

It is known that the average diameter of the thread d,, is the diameter coaxial with the thread of the cylinder,
which forming line crosses the profile of the thread at the points where the groove width is half the thread
pitch P, which is equal to the distance between the adjacent sides of the same profile in the direction parallel
to the thread axis. As you can see, to determine d,,, you need to measure P.
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To measure the average diameter d,, and pitch P thread was developed TMS is shown on figure 1a,b with the

compensation of deformations [15], consisting of a corundum measuring tip 1 (further — the tip) and two

fibers 2 (installed in accessory) by highly coherent 3 and the two low-coherence fiber interferometers 4, each

of which includes a fiber head 5 and GRIN lens 6 installed in the optical input. GRIN lens 6 is a radial
2

r
gradient lens and has a quadratic change in the refractive index n, =n_ (1- > ), where r is the distance

from the optical axis of the lens, n, — the axial refractive index, and A - a constant.

contact
/7 zone
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Figure 1. Contacting the corundum tip and the two fibers during measurement: in the plane of XOY (a)
and ZOX (b).

Tip 1 (figure 2a,b) has a calibrated surface in the XOY plane with the measured dependence L,=F(l) of
the thickness Ly, for the distance from its end I according to figure 2c. Therefore, the I value for a given
Lp value is determined by the inverse function

lee =F*(Leip)- (1)

The tip section 1 is close in shape to an isosceles triangle with spherical sides of radius R>P, the value

of which is sought to increase for raising the size of the contact zone I, in according to formula [15]:

e =242-Ry, -1y 17 . )

On top of the tip 1, immersed in the threaded cavity, additional small flat surfaces can be formed (figure 2b)
to form a directed flow illuminating the sides of the tip 1 and register the contact zone in reflected light with
a higher signal level. Tip 1 can have two lighting and registration channels (figure 2a) located along the tips
of the tip, as well as two lighting channels illuminating emitters and one central recorder (figure 2b).

In the process of measuring the average diameter d,, and thread pitch P tip 1 and corundum fibers 2 are
introduced from opposite sides into the threaded cavities of the product. The position of the tip 1 is
determined by the displacement from the reference point by using a highly coherent interferometer 3 and the
upper and lower edges of corundum fibers 2 by two fiber incoherent interferometers 4.

The recorder(s) 7 are optically coupled to the tip 1 by connected in series GRIN lens 11 and optical system
10. And the emitter(s) 8 are optically coupled to the tip 1 by the optical fibers 9. The recorder(s) 7 and the
emitter(s) 8 are electrically coupled to the measuring scheme 12. In one of the variants (figure 2b) two
emitters 8 with one common recorder 7 can be used. The use of these optical elements is determined by the
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need to register and measure the size of the contact zone in direct illumination (figure 2a) or reflected (figure
2b) light.

Figure 2. Electronic measuring scheme of the proposed method of measurement based on the corundum tip
with the ability to visualize and record the contact zone: with direct illumination (a), in reflected light (b) and
dependence L,=F(l) of the thickness L, for the distance from its end I (C).

Each fiber head 5 by means of the built-in vibrating light guide emits a laser beam following through the
GRIN lens 6 and deviating in the XOY plane in the angular range +a. After GRIN lens 6, the angular
deviations of the laser beam are transformed into linear displacements orthogonal to its axis, following
through two transparent fibers 2. Each of the boundaries of the fibers 2 generates reflected light beams,
which follow in the opposite direction through GRIN lens 6 and the fiber head 5 and interfering in incoherent
interferometer 6, generates signals, which are determined by two groups of coordinates xi1, X12, X13, X14 and
X1, X22, X23, Xo4 TOr the top and bottom parts, respectively. The coordinates of the fiber's 2 boundaries in the

X, + X X, + X X3 + X
XOY plane are calculated by the next formulas: x, =——2  x,=-2_"2  x =18 "3
2 2 2
X4 + X . . . .
X, =1“TZ4, which allows to determine the thread pitch P based on the measured coordinates:
first group
X3 + X X, +X 1
P=ixy—x =8B S8 = (x4 xp, Xy, — Xy, ), @)
2 2 2
second group
X4 + X X, + X 1
P=x,-x,= 142 2 122 22:5(x14+xz4_x12_x22) (4)

or averaging over two groups of measurements
p— (265 —x;) + (x, — x;) _ K T Xog T Xyy T Xy F Xyg Xy m Xy X
2 4
The obtained data, taking into account the known radius Ry of fibers 2, are used for further calculations.

®)

3.2. Method of determining deformations and caused by them the measurement error of the average diameter
of the thread

During the measurement process, a tip with spherical sides and two fibers with cylindrical surfaces contact
with the helical surface. At the point of contact, the helical surface itself is spherical. However, due to the
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fact that the forming surface of the threaded projections straightforward, and the thread pitch P is less than

the average diameter of the thread d,,: P<d,, but also because of the smallness of the size of the contact

zone |, fibers with a helical surface, we assume that in all cases there is a contact of type "sphere-plane” and
|2

RZ zc

the size of the contact zone is determined by the expression [15]: |, = Rip — 4/ Rip 4

When contacting a spherical tip with an inclined plane (Figure 3) deformation Iy cause error Alg — sections
[O; O4] or [A; B], depending on the angle y thread:

I 2
AIdt =—4_= k;/ 'Id = ky[Rtip - Rt?p _LC] (6)

siny 4

where k,=cosecy - factor angle of the thread.
For symmetrical threads, the value Alg the same for each side of the threaded cavity, but for asymmetric
thread is not running. Values of measurement error Alg calculated by the formula (2) shown in Table 1 for
different angles of inclination for symmetrical and asymmetrical threads round, trapezoidal, tubular, metrical
and persistent and persistent reinforced thread, respectively.
The measurement method of contact deformations is based on the following steps: measuring the dimensions
of the contact areas of the tip — the first calculation of tip’s contact deformation — the second calculation of
contact deformations for the two corundum fibers — the calculation of the total measurement error Alys from
the contact deformations of the tip Al and two corundum fibers Al by the formula:

Al = Al + Al (7

persistent, persistent reinforced

round, trapezoidal .
persistent
reinforced

tubular

metrical,
persistent

3 6 9 12 15 18 21 24 27 30 33 36 39 42 JFY"O
a) b)
Figure 3. Formation of measurement error from deformations (a), the dependence of the
coefficient k, on the thread’s angle of inclination vy (b).

Table 1. The value of measurement error Al for different angles of inclination.

Ne Thiﬁzrphr?:;gy of Thread type A;gole Error Al
1 round 15 3,86l

2 Symmetric trapezoidal 15 3,861,

3 threads y,=y, tubular 27°30° 2,161y

4 metrical 30 214

5 Asymmetrical persistent 30/3 214/19,114
7 threads vy, #y, persistent reinforced 45/3 1,414/19,114

For this measurement method of contact deformations , the following assumptions are made:
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e contact deformations are linear for small measuring forces <10 N;

o the contact zone has a round shape, corresponding to the contact of the sphere with the plane;

o the strength parameters of the product and accessory, with installed cylindrical corundum fibers, are
close in values.

In equilibrium, the measuring forces acting on the surface area of the tip and the two fibers are: F = S
Stip =f

where Syip= Sy and taking into account the fact that the area of the two contact zones of the tip Sg,
according to figure 2 is equal to the area of eight contact areas 2S,=8S¢, — Si,=4Ss, four on each fiber: two
contact areas for the product and two for accessory — for top and bottom part of the fibers. The value Sy, can
be calculated using the formula for the area of the sector Sy ,=2nRq,l4;, Where Ry, and Iy is the tip’s radius
and deformation from contact with the product.

Estimate of parameter S can be found similar Si=2nR¢l4 where R¢ and lg is the radius of corundum fibers
and its deformation from their contact with the product and accessory. Equating 2Sg and 8S; get
4nRtip|dt :1671:Rf|df, where have

R -1
Idf = 2 (8)
4R,
and after substituting this expression in formula (2) we obtain an expression for error Al from deformations
of corundum fibers taking into account the angle y of the thread:
I k -R. 12
Al =——=k -l, =—-—| R, R —= 9
T sing 7 T 4R, | w4 ®)
Then, for the algebraic summation of errors by the formula (7) and according to the expressions (6) for Alg
and (9) for Aly, respectively, we obtain the total error from the contact deformations Algs:

| | | k 2 Izzc k7 ) Rlip 2 Izzc k Rtip 2 Izzc
Al = Al + Al = 7 Rtip_ Rtip_j + 4R, Rtip_ Rtip_Z =Ry 1+4Rf ) Rlip_ Rlip_z

(10)
Thus, the resulting expression represents two components of the measurement error caused by deformations
Alg and Al;, measured and subsequently compensated in this method.

3.3. Method for determining the average diameter of the thread d,,

The determination of the average diameter of the d,, is based on the calculation of two coordinates along the
axis QY for the lower and upper forming (lines) according to figure la intersecting the thread profile at
points dividing the thread pitch P in half. The position of the lower and upper generators is calculated using
corundum fibers and a calibrated tip, respectively.

The calculation of the position of the lower generator is as follows. At equality of diameters of corundum

. D AD
fibers it is possible to write |AC|=|AB| = ‘A C‘ = ‘A B ‘zuz R, -secy and then expression of width
cosy
of a cavity |, takes the form:
leav = 2R¢secy (11)

The width of the ledge, as shown in figure 4, l,,4=|B'C| is equal to the distance between the centers of the
fibers |A'A| (or thread pitch P, defined earlier) except for the two halves of each cavity |[A'B'| u |AC|, the sum
of which is the width of the cavity:

lieg=|B'C| = P - |JA'B'| - |JAC| = P-2R¢'secy. (12)
The value of I, as the difference between the width of the ledge |B'C| and the width of the cavity lcy
determined by the formula
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lic=lieg - lcav = P - 2R¢'secy - 2R¢'secy= P- 4R¢secy. (13)
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Figure 4. The location of corundum fibers in determining the
coordinates of the axis OY corresponding to the lower generator
in determining the average diameter d,.

Implementation the condition 1,=0 means that the position of the line (BC') corresponds to the first
coordinate on the axis OY of the lower boundary of the desired average diameter d,,. If we have the nonzero
condition I,.#0 there is a need to determine the displacement h to compensate one way or the other hand, the
arising path difference between lieq and I, : 11c= log provided that the relationship between l,4 and h is given
by |pd:i'h‘tg'y

P-4R,-secy==h-tgy. (14)
When P-4R¢secy>0 the ledge is longer than the cavity (l,eg>lcy) and when P-4Rg-secy<0 — the opposite
(lea>lcay). Therefore, the displacement h with the positive direction of the axis OY, shown in figure 4,
P—4R; secy

gy
then the formula for first coordinate is determined (the lower coordinate - according to figure 4) yo(day) ON
the axis OY, corresponding to the forming line of the average diameter:
P—-4R,secy

gy

corresponds to the case with the formula P-4R,-secy=h-tgy, and so we can obtain h = . And

ylow(dav) =Y — h= Yo — (15)

where y, is the position of the centers of corundum fibers.
The second coordinate (upper coordinate, shown in figure 1a) yp(day) On the axis OY, corresponds to the
position of the forming line of the average diameter d,, for the tip thickness equal to half the thread pitch P

according to (1)
P
I, =F7*'—| 16
et [2) (16)

The coordinate I is shifted from the tip’s top apex with the y4, coordinate, the position of which is measured

by a highly coherent interferometer y; (figure 1a):

ytop(dav):)’ci"'let. (17)
Thus, the final formula for calculating the average diameter of the thread d,,, with formulas (5), (15) and
(17) will take the form:

dav= ytop(dav)' ylow(dav) + Aldz (18)

3.4. Estimation of accuracy parameters of the developed TMS
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Detailed metrological analysis, including analysis of temperature error, is beyond the scope of this
publication and will be presented in next publications. However, a simplified estimation of the accuracy
parameters of the developed TMS can be made to understand the planned measurement errors.

Determination of the thread pitch P is based on measurements by fiber incoherent interferometers, the
accuracy of which can be at the level of 0.5 um [15, 16].

Then, taking into account the independent four measurements with an accuracy of 0.5 pum, the partial
differential expressions P for the arguments x,3, x4, X21, x,3 Of the formula (3) and their geometric addition

obtain AP =+/0.252 +0.25° +0.25% +0.252 = 0.5zm.

As follows from the expression (15) the greatest influence on the error of determining the lower coordinate
of the Ay ou(day) has AP, the value of which, as shown above, can reach 0.5 um. In this case, the error Ay can
be neglected, taking it negligibly small.

The error in determining the upper coordinate of the Ay,,(d.,) is determined by the deviation of the tip shape
and for modern high-resolution measuring profilometers, this value can also be no higher than 0.5 um. The
measurement accuracy of the laser interferometer is very small. Thus, modern acousto-optic displacement
interferometers, reaching a resolution of /1000 [17,18] with the possibility of increasing to ~A/3000 [19],
allow to reduce the measurement error to 0.01 pm and below. Thus, assuming that

Ad,, =+/AY?(d,,)+Ay?(d,,) =V0.57 +0.5? ~0.7um. As can be seen, the use of modern fiber low-

coherence interferometers in the developed TMS allows to achieve submicron accuracy in measuring the
pitch P and the average diameter d,, thread.

4. Experimental result

Earlier in [14] the problems of visualization and experimental video recording of contact zones of a
transparent flat body with an elastic product were considered. This to some extent can be considered an
imitation of corundum contact with metals. And in figure 5 an image of a similar contact zone of a circular
shape is presented, for which the radius and position of the center can be determined in determining the
geometric parameters of the equation of the circle by means of various computer image processing

. LY
algorithms, for example, based on the method of least squares (x —x, ) +(y -y, f = (?j .

Figure 5. Photo of the contact zone
of round shape and determination
of its center
The main blocks of the developed TMS are well investigated. Sapphire rods of the desired shape can be
grown by Stepanov method. Their minimum diameter can reach 1.0...1.2 mm [20, 21]. Fiber heads, having a
diameter of @~1.2 mm and a length of 9 mm, are quite small and are already actively used as micro-
projectors [22], microscanners and medical endoscopy [23-26].
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a) b)
Figure 6. General view of the main elements TMS: sapphire fibers grown by the Stepanov (a) and the fiber
head used in the fiber incoherent interferometer (b, c).

5. The discussion of the results

1. The use of high-strength and optically transparent corundum tip and two fibers, as well as one high-
coherence and two low-coherence interferometers allows to improve the widely known method of measuring
the threaded parameters of the "three wires" when measuring the average diameter d,, and the pitch P for
thread by compensating contact deformations and improving the accuracy of measurements, approaching the
submicron level.

2. Tip design with a cross section close to the triangle with spherical sides Ry, allows to increase the size of
the contact zone. Measurement of contact deformation defined by this tip is recalculates to corundum fibers,
allowing to estimate the total deformations and in total to compensate its from general measurements results.

6. Conclusion

The developed system continues the general trend of improvement of TMS initiated by recent works
[1-13]. A distinctive feature of this development is the aspiration to visualize the contact zones by using of
high-strength and optically transparent corundum tip and two fibers, allowing to apply of high-resolution
optical measurement systems (interferometers). A further development of the TMS can be considered to
increase the accuracy of measurements while simplifying its entire design.
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