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for Measurement of Roll Error Motion 
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Abstract 

This paper proposes a new method for measurement of the roll error motion of a slide table in a precision linear 
slide. The proposed method utilizes a pair of clinometers in the production process of a precision linear slide, where 
the roll error motion measurement will be carried out repeatedly to confirm whether the surface form errors of slide 
guideways in the linear slide are sufficiently corrected by hand scraping process. In the proposed method, one of 
the clinometers is mounted on the slide table, while the other is placed on a vibration isolation table, on which the 
precision linear slide is mounted, so that influences of external disturbances can be cancelled. An experimental setup 
is built on a vibration isolation table, and some experiments are carried out to verify the feasibility of the proposed 
method.
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1  Introduction
In recent, precision linear slides are playing impor-
tant roles in various ultra-precision machines, such as 
ultra-precision machine tools or coordinate measuring 
machines (CMMs) [1–3], in which both a long stroke on 
the order of several meters and high positioning accuracy 
on the order of sub-micron to several-tens nanometer are 
required. For the achievement of such a high positioning 
accuracy, a closed-loop control with a sufficient position 
sensor is required. Therefore, most of the precision linear 
slides are equipped with position sensors such as linear 
encoders or laser interferometers [4]. Especially, linear 
encoders are preferred to be employed in linear slides in 
terms of their low cost, robustness and a high measure-
ment resolution [5].

According to the Abbe principle [6], a measurement 
axis of the position sensor is preferred to coincide with 
the motion axis of a linear slide to prevent a positioning 
error, which is often referred to as the Abbe error, caused 
by a yaw error motion of the slide table. However, in most 

of the cases, mechanical structures of such precision lin-
ear slides do not meet the Abbe principle [7–9]; there 
exist a certain amount of offset between the motion axis 
of a slide table and the measurement axis of a position 
sensor, which is referred to as the Abbe offset. The Abbe 
error is a serious error factor for the precision linear slide 
because even a small yaw error of the slide stable could 
cause a large positioning error [10–12]. Figure 1 shows a 
schematic of a linear slide with a linear encoder. When 
the linear encoder is employed as the position sensor 
for the linear slide, the offset exists between the motion 
axis of the slide table and the measurement axis of the 
linear encoder. When the Abbe offset is on the order 
of several-hundred mm, even the yaw error motion of 
0.0001° causes a positioning error on the order of several-
hundred nm. Measurement of the yaw error motion of 
the slide table is therefore an important task, and many 
efforts have been paid so far [10, 13, 14]. Meanwhile, 
measurement of the roll error motion is also an impor-
tant task to achieve further precision positioning of the 
linear slide, although the requirement is more relaxed 
than that for the yaw error motion measurement since 
the roll error motion does not directly influence the posi-
tion detection by the linear encoder. According to the 
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required parallelism in-between the optical sensor head 
and the grating scale, which is often mounted on the side 
face of the slide table, the roll error motion of the slide 
table is required to be less than 0.02° at least [15].

Rotational error motions of the slide table are induced 
by the surface form errors of the linear guideways. There-
fore, the guideway surfaces are required to be compen-
sated by repeating measurement of the rotational error 
motions and the form error correction of the guideways 
in the manufacturing process of linear slides. Although 
the hand scraping-based error correction is very time-
consuming, it is an essential in the production process of 
the precision linear slides [16].

For measurement of the yaw error motion, laser inter-
ferometers, laser Doppler scales or laser autocollimators 
[4] have been employed. Especially, autocollimators are 
often employed in the manufacturing process of linear 
slides since they can continue their measurement even if 
their measurement laser beams are interrupted by opera-
tors for the hand scraping process. In addition, autocol-
limators have advantage of high measurement resolution 
on the order of sub arc-second [17–21]. In the case of 
measuring the yaw error motion by using an autocollima-
tor, a small mirror reflector will be mounted on a slide 
table, while an optical sensor head of the autocollimator 
will be aligned in such a way that the optical axis will be 
parallel with the motion axis of the slide table. The setup 
for this measurement is not so difficult since the required 
size of the reflector is small.

However, on the other hand, measurement of roll error 
motion requires a long precision mirror, which has the 
same length as the stroke of the slide. Furthermore, when 
the stroke of the slide table becomes longer, a disturbance 
of refractive index in the long optical path influences 
measurement results. Therefore, it is difficult for a laser 

autocollimator to carry out measurement of the roll error 
motion of a linear slide having a long stroke. Meanwhile, 
a clinometer is another candidate for measurement of 
the roll error motion. There are three major types of cli-
nometers; the mechanical pendulum-based type [22, 
23], the accelerometer-based type [24], and the fluid-
based type [25, 26]. The mechanical pendulum-based 
clinometers and the accelerometer-based clinometers 
have advantages of high resolution, large measurement 
range and small size. Some of those mechanical grav-
ity-based clinometers are designed in a compact size of 
smaller than 75 mm × 40 mm × 45 mm, while achieving 
high resolution up to 0.1 arc-second with a good stabil-
ity [27]. However, they are not suitable for measurement 
in the manufacturing process of the linear slides since 
these pendulum-based clinometers have the disadvan-
tages of high cost, and heavy weight owing to its complex 
mechanism. Meanwhile, on the other hand, the fluid-
type clinometers, which detect the direction of the grav-
ity with a liquid surface [28], has the advantages of low 
cost, small size, and light weight compared with other 
types of clinometers. In addition, fluid-based type cli-
nometers are robust against external vibration because of 
its non-mechanical structure. Therefore, the fluid-based 
type clinometers are suitable to be applied for the manu-
facturing process of the linear slides. Differing from the 
autocollimators, the fluid-based type clinometer does not 
require a mirror reflector because its angle reference is 
the level of liquid enclosed inside of the sensor body [27, 
28]. By utilizing the feature of the clinometer, a setup for 
measurement of the roll error motion of the slide table in 
a long-stroke linear slide can therefore be established in 
a compact size; this is a great advantage from the view-
point of the production line of the linear slides.

This paper proposes a new measurement method for 
evaluation of the roll error motion of a precision lin-
ear slide by using a high resolution fluid-based type cli-
nometer in the production process of the stage system. 
The clinometer used in this research is developed based 
on a commercially-available fluid type clinometer [29], 
which detects the surface level of the liquid enclosed 
inside of the sensor body. Since the clinometer detects 
the absolute angle with respect to the direction of gravi-
tational vector, clinometer detects not only the roll error 
motion of a slide table but also external inclination such 
as tilt angle of a vibration isolation table where the lin-
ear slide is mounted. In order to remove the influence 
of the external inclinations, in this paper, another cli-
nometer is directly mounted on the vibration isolation 
table. By taking a differential output signal of the two cli-
nometers, the roll error motion of the slide table can be 
evaluated, while eliminating the influence of the external 
disturbances mainly from the vibration isolation table. 
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Figure 1  A schematic of tilt error motions of a linear slide
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An experimental setup employing the pair of clinometers 
is developed, and experiments are carried out to verify 
the feasibility of the proposed method.

2 � Principle
Figure 2 shows a schematic of the clinometer and a dia-
gram of its electrical circuit employed in this paper. The 
clinometer mainly consists of a metal casing, a pair of 
electrodes and dielectric liquid (paraffin) filling a half 
of the inner volume of the clinometer. Each electrode 
is placed to face the metal casing surface with a certain 
amount of gap d. Since a half of the inner volume of the 
clinometer is filled with the dielectric liquid, the elec-
trodes have capacitance C, which is a function of the 
effective area of the electrodes S and can be described as 
follows:

 where ε0 and εr are the permittivities in a vacuum condi-
tion and the dielectric liquid, respectively. In Eq.  (1), all 
of the parameters except S are constant. The capacitance 
C increases in proportion to the effective area S since the 
fan-shaped electrodes are employed. The effective area S1 
and S2 of the electrodes 1 and 2, respectively, are func-
tions of the rotational angle θ, and can be described by 
the following equations:

where r1 and r2 are inner and outer radii of the fan-
shaped electrodes, respectively. The parameter φ is the 
opening angle of the electrodes. Since the electrodes 
are arranged symmetrically in the sensor structure, the 
capacitances C1, C2 of the electrodes 1 and 2, respectively, 
can be described by the following equations:

(1)C = ε0εr
S

d

(2)S1 =
(

φ
/

2− θ
)

(r2 − r1)

(3)S2 =
(

φ
/

2+ θ
)

(r2 − r1)

The tilt angle θ about the X-axis can be derived by 
using Eqs. (4) and (5) as follows:

where K is a constant determined by some parameters 
such as geometric dimensions of the electrodes in the 
clinometer, and can be acquired by carrying out calibra-
tion with an appropriate calibration standard. Therefore, 
θ can be acquired by measuring C1 and C2, which can be 
accomplished by using electrical circuits of the clinom-
eters. It should be noted that the clinometer is insensitive 
to the tilt angle about the Y-axis (pitch angle) in Figure 2 
because a pair of fan-shaped electrodes is arranged bilat-
erally symmetrical to the center of the sensor. When the 
pitch angle is applied to the clinometer, the changes of 
the effective areas ΔS1 and ΔS2 for the electrodes 1 and 2, 
respectively, are equivalent due to the symmetrical design 
of the electrodes. For this reason, capacitance changes 
ΔC1 and ΔC2 for the electrodes 1 and 2, respectively, are 
equivalent as well. Since θ will be calculated by using 
Eq. (6), in which the changes of the capacitances ΔC1 and 
ΔC2 will be cancelled, the pitch angle does not affect the 
detection of θ. It should also be noted that the clinometer 
is also insensitive against the rotational motion about the 
Z-axis (Yaw angle) in Figure  2, since the effective areas 
S1 and S2 will not be affected by the rotation about the 
Z-axis. As described above, the clinometer is insensitive 

(4)C1 = ε0εr

(

φ
/

2− θ
)

(r2 − r1)

d

(5)C2 = ε0εr

(

φ
/

2+ θ
)

(r2 − r1)

d

(6)θ =
d(C2 − C1)

2εrε0(r2 − r1)
= K (C2 − C1)

a  Exploded perspective view            b  Front/side view                  c  A schematic of the circuit diagram

1

XY

Z
θ

2

Effective area (left: S1, right: S2)

YX

Z
θ

Capacitance
measurement

circuit

Capacitance
measurement

circuit

Differential 
amplifier

+

-
Gain:G

Voltage 
output

Fan-shaped electrodes 
(left: electrode 1, right: electrode 2)

Paraffin Casing

r2
r1

φ

X

Y

Z

θ

Cover plate

Base plate
Electrode

Divisor plate
X

ZY

Figure 2  A schematic diagram of the clinometer and its electrical circuit
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to the pitch and yaw angles; this feature makes the cli-
nometers suitable for measurement of the slide roll error 
motion. The electrical circuit of the clinometer consists 
of a trigger pulse generator, a one-shot timer and differ-
ential amplifiers. When trigger pulses are provided from 
the generator, the one-shot timer generates the pulse 
signals having a pulse width in proportion to the capaci-
tance change. Figure  3 shows a timing chart of signals 
from the trigger pulse generator and the one-shot timer. 
The pulse signals are smoothed by passing through a low-
pass filter. As a result, voltage signals whose cycles are 
proportional to the capacitance change can be obtained.

Figure 4 shows a schematic of the setup for measurement 
of the roll error motion of a linear slide. A pair of clinome-
ters is mounted on a slide table in such a way that the meas-
urement axis of the clinometers is parallel with the motion 
axis of the slide table. As mentioned before, the clinom-
eters are sensitive to the roll error motion (Figure  5) but 
insensitive to the pitch and yaw error motions of the slide 
table. Meanwhile, not only roll error motion of the slide 
table but also external disturbances such as the tilt angles of 
the vibration isolation table will be included in the clinom-
eter output. A new method is therefore proposed in this 
paper to evaluate the roll error motion of the slide table, 
while removing the influence of the external disturbances. 
In the method, an additional clinometer is mounted on the 
vibration isolation table for compensation of the external 
disturbances. The clinometer mounted on the linear slide 
is referred to as Sensor 1, while the other directly mounted 
on the vibration isolation table is referred to as Sensor 2 in 
this paper. When the roll error motion of the slide table at 
the X-position of x is denoted by θTable(x), the Sensor 1 out-
put m1(x, t) can be expressed by the following equation:

(7)m
1
(x, t) = θTable(x)+ ϕerror(x, t)

where φerror(x, t) is the external disturbances at time t. 
It should be noted that the influence of the AC compo-
nent of the external disturbances about the X-axis can 
be reduced by taking an average of the Sensor 1 output 
measured several times at the same X-position. However, 
on the other hand, the influence of the DC component of 
the external disturbances about the X-axis, which could 
vary in accordance with the position of the slide table (x), 
still remains in the sensor outputs. To remove the influ-
ence of the external disturbances, subtract the Sensor 2 
output from the Sensor 1 output. The Sensor 2 output 
m2(x, t) can be described as follows:

By subtracting the Sensor 2 output from the Sensor 1 
output, θTable(x) can be acquired as follows:

With this simple operation, the influence of the exter-
nal disturbances can be removed, in principle.

(8)m2(x, t) = ϕerror(x, t)

(9)θTable(x) = m1(x, t)−m2(x, t)
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generator and the one-shot timer
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3 � Experiments
3.1 � Calibration of the Clinometers
Original angular position of each clinometer used in 
this paper is determined as the position where the two 
capacitances C1 and C2 are balanced. In most of the 
cases, the clinometers are calibrated during its manufac-
turing process so that C1 and C2 would be balanced on 
the level plane. Meanwhile, for precision angle measure-
ment by the clinometers, their sensitivities should also 
be calibrated since the linearity of the sensor output is 
approximately 0.1º [29], which can lead to a large meas-
urement error component in terms of the measurement 
accuracy required for measurement of slide rotational 
error motions. In this paper, a precision air-bearing spin-
dle system is therefore employed to calibrate the pair of 
clinometers. Figure  6(a) and (b) show a schematic and 
a photograph of the calibration system developed in 
this paper, respectively. The whole system was built on 
a vibration isolation system. In the setup, a precision 
air spindle with the positioning accuracy of 0.0003° was 
employed. In the air spindle, a rotary encoder with the 
measurement resolution of 2.4 × 10−6º was integrated so 
that the angular position of a rotary table of the spindle 
could be controlled in a closed loop. Each clinometer was 
mounted on the rotary table of the precision air spindle 
in such a way that the measurement axis of the clinome-
ters was aligned to coincide with the rotational axis of the 
spindle. A voltage output of each clinometer, which var-
ies in accordance with the given angular displacement, 
was captured by a personal computer.

At first, sensitivity of the Sensor 1 was evaluated. The 
Sensor 1 was mounted on the rotary table of the spin-
dle, and its angular displacement (θX) was increased step 

by step. The step increase of θX was set to be 0.0001°. 
According to Eq.  (7) in the previous section, the Sensor 
1 output will be affected by the external disturbances 
mainly from the vibration isolation table, which has a 
resonant frequency on the order of several Hz. Therefore, 
to eliminate the influence of the external vibration, the 
rotary table was kept stationary for 120 s at each angular 
position, and the averaging of the sensor output was car-
ried out. The sensor output was sampled with the time 
interval of 1.25  s, and the averaged sensor output over 
the term from 10 s to 110 s was employed as the meas-
ured value at each θX. In the same manner, sensitivity of 
the Sensor 2 was also calibrated. Figure 7(a) and (b) show 
the results. In the figures, the horizontal axes indicate θX 
verified by the rotary encoder integrated in the air bear-
ing spindle. According to the slope of each sensitivity 
curve, sensitivities of Sensor 1 and Sensor 2 were evalu-
ated to be 4.58 V/(°) and 3.05 V/(°), respectively, as well as 
their linearity errors of within 0.001°.

 a  A schematic of the setup                             b  A photograph of the setup
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After that, the variation of the differential output of the 
clinometers due to the change of θX was investigated. Fig-
ure  8(a) and (b) show a schematic and a photograph of 
the experimental setup used for this experiment, respec-
tively. In this experiment, two clinometers were stacked 
and mounted on a tilt stage so that the inclination angle 
applied to the two clinometers would be equivalent. Dur-
ing the experiment, the vibration isolation table was kept 
stationary. In the experiments, the inclination angles with 
a step of 0.005° were given to the tilt stage. At each step 
of the stage motion, the stage was kept stationary over a 
term of 150  s. The sensor outputs were sampled with a 
frequency of 0.8 Hz. The data taken over the term from 
50 s to 150 s was used to obtain an averaged angular out-
put. Figure 9 shows the result. The horizontal and vertical 
axes shows the reference inclination angle and the angu-
lar output, respectively. From the experimental results, 
the variation of differential output is found to be within 
0.0015°.

In addition, to verify the feasibility of the proposed 
method, external disturbances were intentionally given 
to the measurement system by tilting the vibration iso-
lation table, on which the clinometers were mounted. 
Figure 10(a) and (b) show a schematic and a photograph 
of the prepared experimental setup, respectively. A laser 
autocollimator (Möeller-Wedel Optical, Elcomat 3000) 
was also mounted on the vibration-isolation table as a 
reference for measurement of the stage roll error motion. 
The external inclination angle of approximately 0.02° was 
given to the entire measurement system every 60  s. It 
should be noted that the slide table of the linear slide was 
kept stationary during the experiment. Figure  11 shows 
the results. In the figure, the horizontal axis shows the 
measurement time, while the vertical axis shows the out-
puts from the clinometers and laser autocollimators. The 
differential output of the clinometers is also plotted in the 
figure. The autocollimator output was constant because 
the relative position of the reflector with respect to the 
laser autocollimator, both of which were mounted on the 
same vibration isolation table, did not change. However, 

on the other hand, five peaks can be found in the dif-
ferential output signal of the Sensor 1 and Sensor 2. The 
cause of the peaks is considered to be the calibration 
errors in the sensitivity of the clinometers. Meanwhile, 
the differential signal output was found to be stable soon 
after applying the inclination angle to the vibration iso-
lation table. Therefore, the proposed method is expected 
to be valid when the slide table of the linear slide is kept 
stationary.

3.2 � Roll Error Measurement for a Linear Slide
By using the calibrated clinometers, the roll error 
motion of the precision linear slide was then evaluated 

 a  A schematic of the setup   b  A photograph of the setup
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in experiments. The setup shown in Figure 10 was also 
employed in the experiments. As shown in the figure, 
the Sensor 1 was mounted on the slide table, while the 
Sensor 2 was directly fixed on the vibration isolation 
table. Since the measurement range of each clinometer 
was set to be small for enhancement of the measure-
ment resolution, Sensor 1 and 2 were mounted on dif-
ferent manual tilt stages independently. The stage roll 
error motion was evaluated by using both the devel-
oped clinometers and the commercial laser autocol-
limator, which was employed as a reference in the 
experiments. Since the commercial autocollimators 
cannot measure roll motion of a linear slide with a long 
stroke due to the absence of a precision mirror having 
a length comparable with the slide, a linear stage with 
a short stroke of 45 mm was employed in this paper. A 
precision reflective mirror with the length of 100  mm 
was also mounted on the slide table so that slide roll 
motion could be measured by the commercial laser 
autocollimator.

At first, stability of the experimental setup was evalu-
ated. Variations of the sensor outputs were monitored 
with the sampling frequency of 1.25 Hz, while the slide 
table was kept stationary. Figure  12 shows the results. 
Variation of the room temperature measured simulta-
neously is also plotted in the figure. It should be noted 
that the vibration isolation table was kept stationary to 
eliminate the influences of external disturbances. The 
output of the each clinometer varied within a range of 
approximately 0.002° in the measurement. It was also 
verified that the variation amplitude of the differential 
output of the two clinometers was in the same range. 
In general, stability of the sensor output is affected by 
the temperature variation. If the measurement term 
is shorter than 1500  s, the temperature variation is 
reduced by the part. Thus, it has been verified that the 

measurement system prepared in this paper is expected 
to have stability better than 0.002° in the measurement 
term of 1500 s.

Following the stability measurement, slide roll motion 
was measured by using the developed measurement sys-
tem. In the experiment, the slide table of the linear slide 
was moved from its original position to the X-position of 
45 mm. The slide table was kept stationary at each 5 mm 
in the travel range for 180 s, and its roll error motion was 
measured by using both the clinometers and the laser 
autocollimator. Each sensor output captured over the 
term from 50 s to 150 s was averaged, and the averaged 
value at each X-position was plotted in the figure. Sam-
pling frequencies of the clinometers and the laser auto-
collimator were set to be 1.25  s and 0.4  s, respectively. 
Figure 13 shows the results. In the figure, the horizontal 
and vertical axes show the table displacement and the 
measured roll error motion, respectively. A good agree-
ment can be found between the laser autocollimator 
output and the differential output signal of the Sensors 
1 and 2. From these results, it has been verified that the 
influence of the external inclination has successfully been 
eliminated from the Sensor 1. Since the developed cli-
nometer does not require a reference such as a precision 
mirror or a precision straightedge, which is mandatory 
for the laser autocollimators or laser interferometers, the 
proposed method is also effective in measuring the roll 
error motion of a linear slide having a long stroke. Verifi-
cation test of the proposed method in the production line 
of a linear slide, and the investigation on the measure-
ment uncertainty of the proposed method will be carried 
out as future work.

4 � Conclusions
For measurement of roll error motion of a slide table in 
a precision linear slide during its manufacturing process, 
a new measurement method using a pair of clinometers 
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has been proposed, and its feasibility has been verified in 
experiments. At first, the sensitivities of the clinometers 
have been calibrated by using the precision air spindle 
having a precision rotary encoder. The linearity error of 
each sensor has been verified to be within 0.001°. The 
differential output of the two clinometers has also been 
calibrated, and the output difference between the two cli-
nometers has been verified to be within 0.0015°. Finally, 
the roll error motion of the slide table has been evaluated 
by using the proposed method. By taking the differential 
of the sensor outputs, the roll error motion of the slide 
has successfully been measured, while eliminating the 
influence of the external disturbances.
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