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Abstract 

 

The report briefly reviews the linear displacement measuring systems and the information that they provide in 

terms of quantity. It also provides an overview of the features of their scales. The report analyzes the scales used in 

measuring systems, which give information not only about the main motion, but also about the two straight motion 

errors in the plane, functional and accuracy parameters. These scales are called the 2D scales.  

The report gives the analysis of formation methods of such scales and their accuracy, shows the methods and 

results of the precision experimental research of this process, presents the conclusions about the effectiveness and 

viability of the methods of separate scale formation. This report presents 2D scale calibration features and new 

requirements for equipment calibration. 
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Introduction 

 

Photoelectric displacements measurement systems are developing in the direction of precision, resolution and 

information content increase.  In such a way the object is to obtain the maximal amount of information about the 

displacement parameters. In this respect special attention is given to so-called 2D measurement systems which provide 

information not only about the displacement along the axis of encoder scale, but also the information about small linear 

displacements transversely to the axis of encoder scale and angular oscillations on the plane of the scale of a 

measurement encoder. 

Such encoders need complex raster scale with some information tracks that should be precisely related to each 

other. Technological processes and equipment, used for the measurement of scales, designed for 1D, i.e. movement in 

one direction, are inappropriate for the production of 2D scales originals [1, 2]. Besides, calibration equipment, used for 

1D scales calibration [3-10], is inappropriate for the calibration of 2D scales. 

  This article examines the peculiarities of the raster image of 2D scales comparing them with 1D scales, the 

methods of the formation of the originals of these scales, the possibilities of the achievement of their precision. Besides, 

the results of experimental researches are given; the peculiarities of the calibration of 2D scales and new requirements 

for calibration equipment are examined.  

 

1. The analysis of the peculiarities and  information content of the scales of measurement encoders 

 

1D scales 

 

The simplest and the least informative are incremental measurement encoders having one raster track with 

periodic structure (refer to Fig.1, a), which enables to form in the encoder quasi-sinusoidal signals having different 

phases. According to these signals the size and direction of encoders displacement from home position are found. 

More informative are incremental measurement encoders having above mentioned raster track with periodic 

structure and code marks track. Information content changes depending on the number of code marks and their 

arrangement. 

When there is one code mark (Fig.1, b), system readings show information about the size and direction of the 

displacement with regard to code mark. To make it easier and more operative to find the home position of movement 

there are formed not one, but several code marks (Fig.1, c), which are ranged at fixed or variable intervals. In the first 

case, code mark is not recognizable and its position is found using additional information. In the latter case code mark is 

identified according to the distance between this mark and neighboring marks. 

Scales which have raster tracks with periodic and code structure (Fig.1, d) provide information about absolute 

position of the measurement encoder along the scale. Code structure is made so that depending on the “word”, which 

codes the position, having taken N bit code at any place of the scale, it is not repeated throughout the whole length of 
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the scale. Every “word” of the position has its fixed position value. Having read N bar, the position of the encoder is 

found within the accuracy of code track resolution. More precise position is found using periodic structure.  

The structure of the periodic raster of precision scales is formed so that single-step error would not exceed 

±0,05μm, the error of the position of bar symmetry axis would be not higher than ±0,5μm, and the cumulative error of 

periodic structure would not exceed ±2,5µm/m.  

The following requirements are raised for code marks. Position error with regard to periodic structure should 

not exceed ±0,25μm, the error of the interposition of code bars should not be more than ± 0,5μm, the error of the bar 

width of the code structure - up to ±0,5μm. 

Allowable deviations of the form of all raster structures elements are up to 1µm. 

Absolute scales and periodic scales with code track provide information absolute position of the reading head 

of the encoder in regard to the scale. The number of tracks coding the position depends on the length of code word and 

desirable resolution. If the word that codes position is made of 12 bits, the scale will have code forming 12 tracks and a 

track with periodic structure, whereby precision displacements is found.  

 

 
  a    b     c 

 

 
  d         e 

 

Fig. 1 The examples of 1D scales a) a scale with one periodic raster track, b)  a scale with periodic raster track 1 and a 

code mark 2, c) a scale with periodic raster track and several code marks, d)  a scale with periodic 1 and code 

raster tracks 2, e) absolute 1 Grey’s code and 2 binary codes scales. 

2D scales 

 

Let’s examine two versions of these scales.  

   Scales which have two periodic informative tracks (Fig. 2, a). The first periodic structure is ranged along the 

axis of the scale, and the second one transversely to this axis. With a help of such scale encoders, which have three 

photon-coupled initial signals formation groups, it is possible to measure linear displacements along the axis of the 

scale, and linear and angular errors of direct motion on the scale’s plane [11-13]. 

    Scales with raster angle-wise oriented elements in regard to its axis (Fig. 2, b) also provide information 

about system position in regard to the scale along its axis and linear displacements perpendicularly to this axis, and 

turns on the scale’s plane. These scales have 2 code tracks and 2 tracks with periodic structure whose raster are oriented 

angle-wise in regard to scale’s axis. Using a special optical system can be obtained information about the shift in the 

direction perpendicular to the plane of the scale. 

The precision requirements for the formation of the structure of 2D scales are the same as the requirements for 

1D scales. 
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Fig. 2  The examples of 2D scales: a) 2D scale with periodic raster structures, b) 2D scale with code structures which 

have angle-wise oriented raster elements 
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2. The methods of the formation of linear scales, their precision research  

 

    The production process of 2D scales is similar to the production process of 1D scales. The different is the 

originals formation process and the equipment used for its implementation. The point is that the equipment of the 

formation of 1D scales’ originals does not permit to form angle-wise and along the scale axis oriented raster elements 

with necessary accuracy.    

   2D scales’ originals could be formed in accordance with the following methods: 

 junction of fragments. 

 continuous method. 

We are going to examine the peculiarities of these processes more comprehensively.  

 The formation of long scales originals with a help of junction of fragment 

   When a raster image is formed with a help of this method first of all separate scales’ fragments are formed. 

After that they are jointed according to established procedure. To this effect they are precisely positioned and set out on 

the blank of scale’s original. The length of the blanks of scales’ fragments depends on the available originals’ formation 

equipment and raster image. It does not usually exceed 200 mm. 

The precision of scale’s original depends on the precision of fragment formation and its position in regard to 

the blank of scale’s original during the exposure. The junction of scales’ fragments is executed either precisely 

positioning scale’s fragment on the blank or according to in advance formed marks on the fragment and original’s 

blank. 

The method of the precise positioning of a blank and original’s fragment.  

The method is founded on the exposure of the fragment based on the edges of its blank. A fragment is grasped 

by a grab at the edges and carried from the fragments accumulator to a necessary place on the blank, then it is precisely 

put and exhibited. This method does not need additional setout processes.   

 When forming a scale with a help of this method high requirements are put forward fragments in 

regard to raster image position fragment bases and fragment bases precision. This interconnection of an image with the 

edges of a fragments highly influences the precision of a forming scale.  

On purpose to implement this method it is necessary to have a manipulator capable to move in three directions. 

Its motions should be very precise. The grab of the equipment should be fitted for precise, gentle grasp of a fragment so 

that when grasping a fragment it would not damage its edges.  

The example of the equipment designed for the formation of the originals of long scales by precise positioning 

of a blank and original’s fragment is given on the Fig. 3.  

 

 
 

Fig. 3 The equipment designed for the formation of scales by the precise positioning of a blank and original’s fragment. 

1 – illuminator, 2 – carriage, 3 – portal, 4 – support, 5 – table, 6 – blank, 7 – fragment, 8 – grab, 9 – poppet 

sleeve, 10 – fragments’ converter. Sx – carriage’s displacement in the direction of x axis, Sy – portal’s 

displacement in the direction of  y axis, Sz – poppet sleeve’s displacement in the direction of z axis, Ss – table 

displacement, Sφ – fragments converter’s angular displacement 

 

The method of the superposition of the marks of an original’s fragment and a blank 

 

Forming the originals of scales with a help of this method fragment positioning is made in two stages. It is 

taken by a manipulator from the fragments accumulator and transported on the precise fragment setout mechanism. The 

latter sets out the fragment in regard to a blank precisely according to the marks which were in advance formed on the 

original’s blank and fragments. 



For a precise positioning of fragments there is created a positioning mechanism with a help of which original’s 

fragment is positioned to a necessary place, lifted and lowered on the blank. With a help of three piezoelectric elements 

a fragment is supported on fixed height above the blank. When necessary a fragment is smoothly lowered with a help of 

piezoelectric elements on it. Other three piezoelectric elements are meant for the positioning of a fragment on the 

scale’s plane. With a help of them the system can be scrolled in x-y directions and turned. Piezoelectric elements enable 

us to set out the system with an accuracy of 0,05 μm. The scheme of the precise setout mechanism is given on the 

Fig.  4.  

 

 
 

 

Fig. 4 Precise setout mechanism and precise movements implemented by it a side-view, b turned top-view, 1 – 

piezoelectric elements for the system’s lifting and lowering, 2 – original, 3 – blank, 4 - piezoelectric elements for 

navigation (movement) on the scale’s plane,  5 – sub frame, 6 – groove for the vacuum fixation of a blank 

 

There were conducted experimental researches with a help of which according to minimal marks superposition 

error the configuration of superposition marks, their number and position with regard to the raster image of fragments 

were optimized. Researched marks are shown on the Fig. 5. Executing the superposition by PSD sensors the best 

superposition results were obtained using the marks shown on the Fig. 5, g. 
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Fig. 5 Alignment marks 

 

The formation of the originals of long scales by continuous method 

  

With a help of this method the raster image of a scale is formed not from separate structure fragments joining 

them one after another, but directly by photolithographic or laser-based method.   

Photolithographic method         

A scale is formed from separate scale’s fragments positioning them in proper places and exhibiting them. On 

purpose to make 2D code ruler 3 meters in length, there can be up to 80000 elements forming part of code structure. If 

there is no the drawing of a scale on electronic media coordinate values are typed in by hand. During the forming of the 

raster image of a scale there is a big possibility of coordinate error. If you type in an incorrect coordinate during the 

process it is impossible to notice this mistake until the whole 2D code structure is formed and all photolithographic 

operations are made. If there is a mistake or defect which demand to discard the scale, production process should be 

newly executed. 

The researches are conducted using longitudinal division machine with additional optic exhibition system, 

laser displacement measurement system, process management software.  

 

The advantages of this process: 

  the process is easily adjusted, 

  very good bar quality is obtained,  

  bars can be formed at any angle. 
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Laser-based method 

 

Code structure is formed by laser ray which affects the blank.  

The main advantages of the production of 2D scale with a help of continuous laser-based method are the 

following: 

 the process is very quick and ensures high productivity; 

 code structure is formed in dynamic mode. 

However, this process ensures worse quality than the quality of photolithographic raster image. 

 

An accuracy analysis of the linear scales formation methods 

 

Economically rational and the most reliable method is the probabilistic method of the total error calculation is 

applied. Total error ΔΣ is calculated by the formulas [14]: 
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where  Δj is j systematic component of total error; j = 1,2,…,k; ξj is the influence coefficient of j systematic error; t is 

multiplier, evaluating confidence interval; σi is an average square deviation of accidental component of i is error; ζi is 

an influence coefficient of accidental component of i is error. 

This method was applied for the assessment of all scales formation methods. These are the results of the 

calculation of total scales formation errors for 1m long scale. 

For the method of precise original’s fragment positioning. 4,09µm.žpΔ The components of this error are: 

the error of the position of the raster image of original’s fragment in regard to its basic surfaces; the error of the grasp of 

original’s fragment, the error of manipulator’s positioning.  

 For the method of the superposition of the marks of original’s fragment and a blank 1,40µm.žiΔ  The 

main component of this error is the error of the arrangement location of the marks on the blank. 

For the continuous photolithographic method µm. 1,03fcΔ The main components of this error are: the 

linear error of the direct motion of original’s formation equipment on the raster formation plane perpendicularly to the 

main movement; mechanical and thermal drift along the forming scale, occurring between the separate raster tracks 

exposure starts; the error of the measurement of comparative displacement of raster’s forming system and a blank. 

For the continuous laser-based method µm. 0,84lliΔ  The main components of this error are: mechanical 

and thermal drift along forming scale, occurring between the separate raster tracks exposure starts; the linear error of the 

direct motion of original’s formation equipment on the raster formation plane perpendicularly to the main movement; 

the error of the measurement of comparative displacement of raster’s forming system and a blank. 

When calculating total errors the following presumptions are accepted: 

a) there is fulfilled the compensation and correction of all systematic errors and the errors, which are assessed 

within calculations, are randomly distributed in accordance with normal (gauss) probability distribution; 

b) the errors of all methods are calculated for conditionally equal equipment accuracy (precision) 95 % (+/- 2 

S) for confidence interval. The cumulative error of the raster image of original’s fragment is supposed to be zero;   

c) all technical processes are executed in thermo stuck-at environment (temperature and its stability in the 

checkpoint of the laboratory 20 +/- 0,2 C°; temperature gradient in space– vertical 0,05°C/m, horizontal 0,2 °C/m; 

temperature gradient depending on time 0,05°C/h). 

 

3.  Experimental researches of junction errors  

   

Whereas modern-day technologies of the formation of continuous 2D raster scales’ originals and equipment 

preparedness do not ensure necessary raster quality, the main method is the formation of raster  with a help of junction.  

   In order to make sure what is the real influence of junction process towards cumulative scale’s error, with a 

help of junction method according to the marks there was formed 3150mm long original of a raster scale. Fig. 6, c 

shows the diagram of errors throughout the length of a scale. The junction occurs beside 1250 mm mark. Here we can 

see higher error jump. Scale’s error in this area was calibrated additionally at 1mm step. The results of these 

measurements are given on the Fig. 5, a.  

    These measurement results show that at the junction of segments appears an error up to +1,3 µm. It also can 

be seen on the Fig.5 b, which shows the fragment of a scale at the junction area. It also shows alignment errors and for 

scale’s axis in perpendicular direction, as well as the differences of separate scale segments raster, occurring because of 

the instability of the photolithographic processes of their fragments production. 

  The reason for the jump of errors at this junction is explained on the Fig. 5, d – f which shows the 

superposition of the marks of scale’s blank and segment. There you can see an obvious insufficient matching of marks. 

The reason of this is the errors of the arrangement of the marks on the segment and the blank and the errors of marks 

formation. 



 

 
 

 

 

 

 

 

   

 

 

Fig. 6 The errors of a scale’s original made by junction method 

 

4. The analysis of the peculiarities of 2D scales calibration 

 

The peculiarities of 2D scales calibration, new requirements for calibration equipment. 

For the scales with periodic structure (Fig.1, a), the deviations of bars position, their width, in specific cases – 

the deviations of their edges’ directness and parallelism are regulated and calibrated. Calibrators [3, 5, 8, 9] have direct 

motion node, which transports a microscope designed for the establishment of bar position and for the assessment of its 

form errors, and direct motion measurement system, as well as software designed for the assessment of above 

mentioned deviations. 

For the scales with periodic structure and zero indexes (Fig.1, b), additionally as compared to above mentioned 

scales, there is regulated and calibrated the position of zero indexes in regard to the first or other preset bar of periodical 

structure. For the measurement of this parameter calibrators should have a microscope with precise linear movement 

device in the perpendicular direction of scale’s axis. The error of movement directness up to 10 millimeters for process 

does not exceed  0,1-0,2 μm.  

For 2D scales which have periodic raster structures positioned along and perpendicularly to the scale’s axis 

(Fig. 2, a), in comparison with the scales having zero indexes, it is necessary additionally calibrate the errors of raster 

elements position and width perpendicularly to the scale’s axis and the deviations of these elements directness 

throughout the length of the scale. 

For the implementation of these new calibration requirements, microscope with a device for precise linear 

movement in the perpendicular direction of scale’s axis should have precise linear displacements measurement system, 

whose measurement error does not exceed 0,2-0,3 μm. By these means it is also possible to assess bars mismatching 

errors at the junction of raster when the originals of scales are produced joining their separate segments.  

Besides, it is necessary to ensure that the influence of linear direct motion error   towards the measurement of 

the deviation of the directness of raster elements positioned along the scale’s axis does not exceed 0,5-1,0 μm. It can be 

achieved by technical means or calculating the compensation of motions errors [11].  

For 2D scales which have periodic raster structures positioned along and perpendicularly to the scale’s axis (Fig. 2, a) 

and periodic raster structures positioned angle-wise with regard to the scale’s axis (Fig. 2, b), it is necessary additionally 

calibrate the errors of the position of raster elements positioned angle-wide with regard to the scale’s axis and width 

errors perpendicularly to these raster elements, the error of the angle of raster elements with regard to the scale’s axis.  

If the originals of such scales are formed by the method of junction of separate segments, it is also necessary to 

measure the errors of the directness of raster elements at the junction of segments, and the angle deviations of separate 

segments of forms raster structures with regard to the scale’s axis. 

For the implementation of these new calibration requirements a microscope with its linear movement system 

should be based on precise turn spindle with precise angle measuring system. The radial error of spindle rotation should 

not exceed 0,5 μm, the error of rotational angle measurement– up to 3 angle sec. 

b) 

b) 
c) 

b 

c 

a 
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Conclusions 

 

1. The highest accuracy of the formation of 2D scales’ originals is reached using the continuous laser-based method. 

To achieve the calculated accuracy it is necessary to implement mathematical compensation or correction of 

systematic errors, and for the implementation of this method it is necessary to solve the problem of the quality of 

raster element formation. 

2. The originals of scales formed with a help of continuous raster formation method will be distinguished by their 

monotonically changing errors depending on the length of a scale. When forming raster from segments by junction 

methods, formed originals of scales will be distinguished by their saltatory changing errors, repeating throughout the 

length of raster segment.    

3. When forming raster from segments by junction methods, for formed scales’ originals the errors on perpendicular 

scale’s axis will saltatory distort the forma of raster elements for a step, repeating throughout the length of raster 

segment. 

4. The main component of the total error of 2D long (up to 3,4 m) scales forming the originals with a help of all above 

mentioned methods are errors related to the linear errors of the direct motion of original formation equipment on the 

raster formation plane perpendicularly to the axis of forming raster.  

 

Acknowledgement 

 

    
       

 

Publication is prepared based on information received by implementing project "The development of the qualitatively 

new 2D scale" which is supported by EU structural funds and Republic of Lithuania. (project no. VP2-1.3-ŪM-02.K 

01-002) 

 

References  

 

1. Barakauskas, A., Kasparaitis, A., Zakas, G. Investigation of innovative process for manufacture of precise metal 

scale gratings.– 6th
 
International Conference of DAAM Baltic Industrial Engineering, April 24-26, 2008.– DAAM 

Int Vienna, Tallinn, Estonia. Pts 1 and 2, p. 203-208. 

2. Barakauskas, A., Kasparaitis, A., Šukys, A., Zakas, G. Research into exposure. –Process of Long Metal Raster 

Scale Production.– Proceedings of 13th
 
International Conference Mechanika-2008.– Kaunas: Technologija, 2008, 

p. 44-50. 

3. Jakstas, A., Kaušinis, S., Barauskas, R., Barakauskas, A., Kasparaitis, A. Refinements of precision line scale 

calibration system.– Proceedings of 14th International Conference Mechanika-2009, Kaunas: Technologija, 2009, 

p. 137-140. 

4. Barakauskas, A., Kasparaitis, A., Lazdinas, R. Influence of line scale contamination and defects upon calibration 

uncertainty in dynamic mode.– Proceedings of 15th
 

International Conference Mechanika-2010.– Kaunas: 

Technologija, 2010, p. 30-35. 

5. Precise length of the calibration system development and testing, the ATP program,VMS Fond, Reg. Nr. B-03008, 

2006 m. report, Kaunas, 2006, 114 p. 

6. Rybokas, M., Bansevičius, R., Giniotis, V. Information entropy determination in scales measuring including 

mechatronic approach.– JVE Journal of Vibroengineering,  2008, 10(3), p. 293-296.  

7. Giniotis, V. and Grattan, K. T. V. Optical method for the calibration of raster scales.– Measurement, 2002, vol. 

32, iss. 1, p. 23-29. 

8. Flügge, J., Köning, R. and Bosse, H. Status of the nanometer comparator at PTB.– Proc. SPIE, Recent 

Developments in Traceable Dimensional Measurements, Jennifer E. Decker; Nicholas Brown; Eds., 2001, vol. 

4401, p. 275-283. 

9. Flügge, J.,. Köning, R and Bosse, H. Characterising the performance of the PTB line scale interferometer 

measuring photoelectric encoders.– Proc. SPIE, Recent Developments in Traceable Dimensional Measurements, 

Jennifer E. Decker; Gwo-Sheng Peng; Eds. San Diego, 2005, vol. 5879, p. 08-1 - 08-9. 

10. Giniotis,V. 2005. Position and displacement measurement Vilnius: Technique, 216 p. ISBN 9986-05-890-2 (1164). 

11. Barakauskas, A., Kasparaitis, A., Kojelavičius, P., Šukys, A. Compensating accuaracy of abbe errors of linear 

scale laser calibrator.– Proceedings of 13th International Conference Mechanika-2008.– Kaunas:Technologija,  

2008, p. 39-43. 

12. Barakauskas, A., Kasparaitis, A., Šukys, A., Kojelavičius, P. Analysis of geometrical accuracy of long grating 

scale calibration.– Electronics and Electronical Engineering, 2008, 1 (81), p. 3. 

13. Barakauskas, A., Kasparaitis,A., Kaušinis, S., Lazdinas, R. Analysis of estimation and compensacion of angular 

errors of linear motion.–  Mechanika.– Kaunas:Technologija,  2009, 5 (79), p. 52-58. 

14. Kasparaitis, A., Šukys, A. Metrology and measurement organization. ISBN 978-9955 283065. 2008, 192 p. 


