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In this paper, we propose a roll angle measurement method with a large range based on the photoelectronic autocolli-

mator. According to the corresponding relationship between the rotation position of the measured shaft and the spot 

position on the circular trajectory, the roll angle is calculated quickly and conveniently using a simple algorithm. Only 

a mirror, a coupler and a fine shaft are contained in the measurement system besides the photoelectronic autocollimator. 

Aiming at the terrible measurement error induced by the axis wobbly error, two measurement schemes are proposed, 

which are linking the fine precision shaft to the measured shaft for reducing the axis wobbly error and using the seg-

ment measurement to enlarge the radius of the circular trajectory. The experimental results show that the measurement 

error is decreased by ±0.38°. The roll angle error of the mechanism is ±0.14°, and the measurement precision is about 

±2′. The proposed method can be widely used in the engineering fields. 

Document code: A Article ID: 1673-1905(2016)01-0074-3 

DOI  10.1007/s11801-016-5213-4 

 

 

                                                              

∗   This work has been supported by the National Natural Science Foundation of China (Nos.11174274, 11174279, 61205021 and 11204299).  
∗∗  E-mail: wangshaoxin@ciomp.ac.cn 

There are many methods to measure the roll angle, mainly 

including the mechanical methods, electromagnetic methods, 

optical methods and photoelectronic methods[1-6]. As the 

development of the charge coupled devices (CCD) and the 

computer technology, the photoelectronic methods become 

more and more popular. Yafeng Li et al[7] used a single 

CCD and collimated beams to measure the roll angle 

conveniently. However, its measurement precision is 

limited by the area of the CCD panel and the calculation 

precision of the spot centroid. Although Yong Lv et al[8] 

used two CCDs to enlarge the distance between the spots 

and improve the measurement precision, the measurement 

errors induced by the pitch and yaw angles should not be 

ignored in the measurement process. Wenxia Hao et al[9] 

compensented the measurement error induced by the pitch 

and yaw angles using three CCDs to measure the roll 

angle, but its optical layout is complicated, and the 

measurement precision also depends on the calculation 

precision of the spot centroid.  

Photoelectronic autocollimtor is the eqiupment contain- 

ing the CCD and collimated beams. It can calculate the spot 

centroid precisely and mesure the angle change conviniently 

based on the spot position. The advantages of fine accuracy, 

simple sructure and high adaption to the environment make 

it popular in many engineering fields[10-12]. However, using 

two-dimentional autocollimator is only good at measuring 

the pitch and yaw angles, but is difficult to measure the roll 

angle. In this paper, we propose a roll angle measurement 

method with a large range based on the photoelectronic 

autocollimator. The theoretical analyses of the proposed 

method are introduced, and the demonstration experiment is 

performed. 

Fig.1 illustrates the measurement principle of the large 

range roll angle based on the photoelectronic autocolli-

mator. As shown in Fig.1(a), the photoelectronic autocol-

limator is composed of CCD, convergent lens, beam 

splitter (BS) and parallel light source. A mirror is fixed 

on the end of the shaft and tilts an angle θ to the rotation 

axis, which ensures the beam emitted by the photo-  

electronic autocollimator is deflected to its optical axis 

and received again by the photoelectronic autocollimator. 

When the mirror rotates with the shaft, the reflected 

beam of the mirror rotates around the rotation axis. The 

whole process is similar with that the light emitted by 

spot source is converged by the lens after passing a block, 

which will form a circular trajectory on the reticle, as 

shown in Fig.1(b). According to the corresponding rela-

tionship between the rotation position of the shaft and the 

spot position on the CCD panel of the photoelectronic 

autocollimator, the roll angle is calculated quickly and 

conveniently. Supposing a and b are the spot positions on 

the circular trajectory and o is the centre, the roll angle of 
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the shaft can be given as 
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(a) Inner structure of the photoelectronic autocollimator   

 
(b) The circular trajectory of the spot movement 

Fig.1 Roll angle measurement principle 
 

However, suffered from the machining error of the 

parts, installation error of the mechanism and clearance 

of the bearing, the rotation axis is wobbly when the shaft 

rotates, which leads to the spot deviation and results in 

the measurement error in the end. As shown in Fig.2(a), 

the plane β is composed of the incident light AO and the 

mirror normal ON. OB is the reflective light without the 

effect of the axis wobbly error. If the component of the 

axis wobbly error in the plane β is α, it will make the 

mirror normal deviating from ON to ON’ with angle α, 

which results in the deviation of the reflective beam with 

angle 2α, deviating from OB to OB’. In this case, the spot 

on the CCD panel will deviate from A to A1 radially with 

angular distance 2α, as shown in Fig.2(b). Similarly, the 

component of the axis wobbly error in the plane perpen-

dicular to the plane β will make the spot deviates from A 

to A2 tangentially. Obviously, the spot tangential devia-

tion affects the measurement precision of the proposed 

method. The measurement error induced by the wobbly 

error can be given as 
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where DT is the tangential deviation induced by the axis 

wobbly error, and R is the radius of the circular trajectory. 

As to the common mechanism, the range of the axis 

wobbly error is from several arcseconds to tens of 

arcseconds, which indicates that the measurement error  

induced by the axis wobbly error is too large to be ig-

nored considering the radius of the circular trajectory 

(about 1 500″).  

 

 
(a) The deviation of the reflective beam induced by the axis wobbly error 

 
(b) The spot deviation induced by the axis wobbly error 

Fig.2 Analyses of the measurement error induced by 

the axis wobbly error 

 

According to Eq.(2), to decrease the measurement er-

ror induced by the axis wobbly error, we should reduce 

the axis wobbly error of the shaft fixing the mirror or 

enlarging the radius of the circular trajectory. As shown 

in Fig.3, the measured shaft is connected with the fine 

rotation shaft whose axis wobbly error is small. The 

mirror is fixed on the end of the fine rotation shaft, 

which ensures the spot deviation induced by the axis 

wobbly error is small enough. In the second measure-

ment, the method of segmented measurements is used to 

enlarge the radius of the circular trajectory. 
 

 

Fig.3 The improved measurement system conneting 

the measured shaft to the fine rotation shaft for de-

creasing the measurement error induced by the axis 

wobbly error  
 

In order to verify the advantage of the proposed 

method, the compared experiments based on a bevel gear 

mechanism are performed using the original method 

presented in Fig.1(a) and the improved methods pre-
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sented in Fig.3, respectively. The roll angle can be ex-

pressed as 

mean
=

i i
δ δ δ+ Δ ,                             (3) 

where δmean is the mean value of the shaft roll angle dur-

ing the measurement process, and ∆δi is the fluctuation 

errors relative to the mean value. The maximum fluctua-

tion error is the roll angle error of the mechanism. As 

shown in Fig.4(a), the roll angle errors of the bevel gear 

mechanism in the original and improved methods are 

±0.52° and ±0.14°, respectively. Compared with the 

original method, the measurement error is decreased by 

±0.38°, and the distribution of fluctuation errors gotten 

by the improved method is very close to the random dis-

tribution, which indicates that the measurement result 

can express the true behavior of the mechanism basically. 
 

 
(a) 

 
(b) 

Fig.4 (a) The fluctuation errors of the rotation angle 

and (b) the spot radial deviation in two methods 
 

Excepting the axis wobbly error, the spot tangential 

deviation depends on the transient transmission ratio of 

the bevel gear mechanism, while the spot radial deviation 

is only related to the axis wobbly error. So the spot radial 

deviation is used to analyze the measurement error in-

duced by the axis wobbly error during the measurement 

process. As shown in Fig.4(b), the spot radial deviations 

in two methods are about ±16″ and ±1.3″, respectively. 

Paying attention to the force analysis in the bevel gear 

mechanism, the spot tangential deviation induced by the 

axis wobbly error is less than the spot radial deviation. 

Based on the method of segmented measurements, the 

radius of the spot circular trajectory comes up to 2 000″, 

which indicates that the measurement error induced by 

the axis wobbly error is less than ±2′. 

Based on the photoelectronic autocollimator, a meas-

urement method of the roll angle is proposed. It can meas-

ure the roll angle with a large range. Only a mirror, a cou-

pling and a fine shaft are contained besides the photoelec-

tronic autocollimator. In order to reduce the measurement 

error induced by the axis wobbly error, the fine rotation 

shaft is introduced, and the measurement of enlarging the 

radius of the spot circular trajectory is adopted. In the 

compared experiments, the roll angle errors of the mecha-

nism gotten by the original and the improved methods are 

±0.52°and ±0.14°, respectively. The measurement error is 

decreased by ±0.38°, and the measurement error induced 

by the axis wobbly error is about ±2′ in the experiment. 

The proposed method of the roll angle measurement can 

be widely used in the engineering fields. 

Although the measurement error induced by the axis 

wobbly error is suppressed significantly, the residual spot 

deviation still affects the measurement precision. So 

looking for a method to eliminate the effect of the axis 

wobbly error on the measurement precision completely is 

the focus of our next work. 
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