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a b s t r a c t

The degree to which the helix measurement accuracy of a gear measuring instrument (GMI) can be
calibrated on the sub-micrometer order is limited when using a gear artifact. We propose a new method
conducting GMI accuracy evaluation using a wedge artifact (WA) whose plane is treated as the tooth
flank. This paper reports (i) a method of measuring the WA with a GMI, (ii) theoretical equation for
calculating geometric deviation between a helicoid generated around a reference cylinder by the GMI
and the plane of the WA, (iii) useful equations for designing the WA obtained from an analysis of the
theoretical equations, (iv) a method of evaluating the helix measurement accuracy with respect to the
obtained result, (v) the effect of the setting accuracy of the WA on the GMI, and (vi) evaluation result of
a GMI helix measurement accuracy using a WA which we fabricated. Finally, sub-micrometer evaluation
was found to be possible.

© 2010 Published by Elsevier Inc.

1. Introduction

Gears manufactured in many countries are traded actively
worldwide. Products of high reliability by common world standards
are therefore required. ISO standard [1] recommends that a series
of traceably calibrated gear artifacts be used to verify the mea-
surement uncertainty of gear measuring instruments (GMIs). The
literature [2] discusses the results of round-robin test between the
national metrological institutes (NMIs). Currently, measurements
for tooth profile and helix are performed at an uncertainty (U95) of
1–2 �m.

On the other hand, high-accuracy gears (ISO 1328-1, grades 0–2)
are required to have an accuracy allowance in the sub-micrometer
to few micrometer range. But it has been pointed out that no sys-
tem for ensuring this accuracy allowance exists [3]. A major reason
for this is that high-accuracy calibration has been difficult because
the gear artifact has waviness and roughness owing to the complex
shape of the tooth flank. In order to overcome this problem, the
National Metrology Institute of Japan/AIST (NMIJ) developed the
double ball artifact (DBA) as a new artifact for evaluating tooth pro-
file measurement accuracy [4]. By measuring a cross-section circle
of a high-accuracy ball instead of a gear profile, the GMI could be
evaluated to the sub-micrometer order from the deviation between
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the ball and gear tooth profile [5]. Also, we proposed a multiball arti-
fact (MBA), which is an extension of the DBA, for evaluating tooth
profile and pitch measurement accuracy [6,7].

Based on the same thinking of using a simple feature, Kubo, one
of the authors, conceived of the evaluation method of helix mea-
surement accuracy using a plane. The idea was discussed at the
Japan Gear Manufacturers Association (JGMA) committee on the
tooth lead standard and a wedge artifact (WA) was proposed but
evaluation to the sub-micrometer order was not achieved [8].

We developed a new GMI evaluation method for helix tooth
form using a novel WA and realized sub-micrometer order GMI
evaluation for the first time. This paper sets forth the following:

(i) WA measurement method,
(ii) theoretical equation for calculating geometric deviation

between a plane and a helix curve,
(iii) useful equations for designing the WA,
(iv) evaluation method of GMI helix measurement accuracy,
(v) effect of setting accuracy of the WA,

(vi) evaluation result of a GMI helix measurement accuracy.

2. Principle of measurement

2.1. Wedge artifact

The WA is for evaluating the helix measurement accuracy of
GMIs. It consists of a reference axis, a measurement plane making
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Nomenclature

r radius of reference cylinder (circle)
d diameter of reference cylinder (circle)
rb radius of base cylinder (circle)
rp radius of probe tip
b face width
˛n normal pressure angle
˛t transverse pressure angle
ˇ helix angle on reference cylinder
˝ angle between wedge artifact measurement plane

and reference axis
O origin of work (WA) coordinate system
� axis of work (WA) coordinate system in measure-

ment plane
� axis of artifact in a right-handed coordinate system
�0 distance in � axis direction from origin to center of

probe tip at initialization
� axis of work (WA) coordinate system coinciding

with reference axis
X axis of GMI in a right-handed coordinate system
Y axis of measuring (GMI) coordinate system parallel

to line of action
Y′ axis parallel to Y axis that contacts gear base circle

(line of action)
y0 Y coordinate of center of probe tip at initialization
Z axis of measuring (GMI) coordinate system that is

gear rotation axis
zw Z-axis coordinate of center of probe tip
zwp Z coordinate of WA helix deviation curve peak or

bottom
zpp Z axis direction difference between WA helix devi-

ation curve peak and bottom
ε0 angle between X axis and � axis at initialization
ıh WA helix deviation
ıhpp height difference between WA helix deviation curve

peak and bottom
e� eccentricity in � axis direction of reference axis (�

axis)
e˝max Displacement of � axis in � axis direction at zw of

end of (+) side of evaluation range
Le evaluation range for helix measurement accuracy
Fˇ total helix deviation
Q accuracy grade (ISO 1328-1:1995)

a certain angle with the reference axis, and a reference for the ori-
gin of the work coordinate system of the WA. The WA is obtained
by cutting a cylinder of slightly greater diameter than the reference
cylinder of the subject gear at an angle nearly the same as the helix
angle of the gear being measured. An example is shown in Fig. 1.
The reference axis of the WA is treated as the rotation axis of gear,
the measurement plane is treated as the tooth flank, and the GMI
measures the helix of the plane. The measurement accuracy of the
GMI is evaluated by comparing the theoretically calculated devia-
tion between helicoid generated around the reference cylinder by
the GMI and the WA measurement plane.

In the work coordinate system of the WA, as shown in Fig. 1,
the reference axis is denoted by the � axis, the axis lying in the
measurement plane and orthogonal to the � axis as the � axis, and
the axis orthogonal to the � axis and � axis as the � axis. In the
example of Fig. 1, the reference axis is defined as the center axis of
cylinder. The origin of work coordinate system can be defined as
the intersection of the measurement plane and the reference axis.

2.2. Measurement scheme

Fig. 2 shows a typical GMI for gear helix measurement. The GMI
has three orthogonal axes X, Y and Z. The Z axis is the rotation
axis. The probe tip exhibits sensitivity in the direction of the line of
action. The Y axis is parallel to the line of action. The helicoid curve
is generated in the way that the probe moves straight in the direc-
tion of the Z axis and the subject gear rotates around the Z axis. The
WA is set in the GMI so that the WA reference axis (� axis) coincides
with the rotation axis (Z axis) of the GMI (see Fig. 3). The origin of
the measuring coordinate system at this time is established at the
same location as the origin of the WA.

In ordinary helix measurement [9], the probe tip is first brought
into contact with the tooth flank to set the position of the gear in
the measuring coordinate system. The probe tip scans the tooth
flank from one end of the face width to the other end. In the WA
measurement method proposed in the paper, helix measurement
can be performed in the ordinary manner. However, the probe tip
must be spherical, because a contact point of the probe tip with
the WA measurement plane varies by the position of the probe tip.
First, the probe tip center coordinate (x0, y0, z0) is defined as:(

x0
y0
z0

)
=
(

rb
±(rbtan ˛t + rp)
0

)
, (1)

where rb, ˛t are the base circle radius and transverse pressure angle
of the subject gear and rp is the probe tip radius. The (+) and (−)
of the double sign indicate gear with left hand teeth and gear with
right hand teeth, respectively. ˛t and rb are calculated by:

˛t = tan−1
(

tan ˛n

cos ˇ

)
(2)

rb = rcos ˛t, (3)

where ˛n, ˇ and r are the normal pressure angle, helix angle on ref-
erence cylinder and radius of the reference cylinder of the subject
gear.

With the probe tip in the aforesaid position, only the WA is
rotated around the Z axis and brought into contact with the probe
tip. Once the probe tip and WA have been initialized, measurement
is performed as in ordinary helix measurement. The GMI outputs
the difference between the plane and the helicoid. Fig. 3 shows the
initially set state and Fig. 4 shows the helix measurement state after
the probe tip has moved by zw in the Z axis direction from the initial
position.

3. Evaluation method of GMI helix measurement accuracy

3.1. Calculation of theoretical WA helix deviation

The theoretical equation for calculating the deviation between
the WA measurement plane and the helix curve of the gear being
measured is derived as follows. Considering the initial state of
Fig. 3, assume that in the normal section to the Z axis that passes
through the coordinate origin, the probe tip and the imaginary invo-
lute curve passing through the intersection of the reference circle
radius r and the line of action meet at point I. Assume that the GMI
measures the helicoid around the reference cylinder that passes
through the point I. Then the following equations are obtained:

�0 = rp

cos ˝
(4)

tan ε0 = rb |y0| − �0

√
r2
b + y2

0 − �2
0

r2
b − �2

0

(5)

In the state of the helix measurement after the center of the
probe tip has moved by zw in the Z axis direction (see Fig. 4), the
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