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Abstract 

Investigation into out of flatness was conducted on a granite surface table for the purpose of 

inter laboratory comparison. The Moody method was used for the collection of the elevation 

data at all required points on the rectangular table. A laser head, 90° beam bender, angular 

interferometer and an angular reflector were set-up to conduct the measurements by the 

NMISA and an electronic level was used Participant A. The closure points were used as a 

vital tool to ensure that our measurements were valid and within acceptable range. Isometric 

plots and numerical graphs were used in the data analysis to grade the Unit Under Test 

(UUT). We will also calculate a comprehensive uncertainty budget and present the results. 

1. Introduction 

Flatness is an extremely important parameter in surface tables. This is because surface tables 

are used as main horizontal reference plane for precision measurements and inspection. They 

are commonly used in the manufacturing industry as the baseline for all measurements to a 

work-piece [1]. In metrology surface tables can be used in conjunction with other tools or 

accessories to make a complete measuring system. For example, they can be used with dial 

indicators and gauge blocks for length measurements by comparison. They can be used with 

other tools such as squares, straight edge, sine bar, micro-heights electronic gauges and 

height verniers for other different measuring applications. 

In this paper we concentrate on out of flatness measurements of a granite surface table of the 

National Metrology Institute of South Africa (NMISA) by two different instruments. The two 

instruments in consideration are by laser interferometry and electronic level respectively. 

Granite surface tables have become standard equipment for conducting measurements that 

require a solid reference plane. This is because granite possesses great hardness, superior 

wear resistance, dimensional long term stability and other properties that are required for 

precise measurements.   

The main purpose of this investigation or measurements is to conduct an inter-lab comparison 

in out of flatness measurement between NMISA and a SANAS accredited laboratory 

identified as Participant A. This was achieved by grading the surface table according to 

existing flatness grades which are 00, 0, 1, 2 and 3. The grade of the table is directly 
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determined from its out of flatness which relate to the level of accuracy that can be achieved 

when using the surface table as your reference datum. This is also related to the highest 

elevation point to the lowest that exists in the table. This is also referred to as peak-to-valley 

height. Table 1 shows the highest elevations or flatness tolerances for a 1 600 mm X 1 000 

mm surfaces tables as in ISO 8512 which is a standard for calibrating granite surface tables. 

This then give evidence that the grade of a surface table is a very crucial parameter to 

consider especially when high accurate measurements are conducted on that particular table 

as a reference horizontal plane. 

 

Table 1: Different surface table grades with their associated maximum elevation points . 

Table Grade Maximum Peak-to-valley Height (µm) 

00 5 

0 8 

1 16 

2 33 

3 66 

 

Another important parameter to consider when generally buying a surface table is its 

“CLASS” which gives information about the material properties such as wear resistance and 

hardness. This will determine the quality of your surface table. 

2. Background 

In this part of the paper we will give brief information on the method adopted to grade the 

surface table. We will also give some information on how the elevations are calculated and 

the analysis of results is done. It is also of importance that we discuss the basic features and 

operation of the two instruments used for validating the results. 

2.1 Moody Method 

This method was founded by J.C Moody in 1955 and has been widely accepted to provide a 

quick calibration method for round, rectangular and square surface tables. It is also referred to 

as the “Union Jack” method. It provides a map where all measurements must be conducted to 

grade the surface table. It is consisting of eight measuring lines in which each line can be 

divided into a multiple of measuring stations. For a rectangular plate the Moody map is 

consisting of three long lines, three short lines and two diagonal lines as shown in figure 1. 

For a square surface plate we will have six equal lines and two diagonal lines.  The same can 

also be assumed for a round surface table as it was seen in figure 1. The number of measuring 

stations is determined by the length of the line and the agreed increment on measurement 

which is called the foot-spacing. The foot-spacing is mostly determined by the instrument 

used during the measured. Some instruments have fixed length of foot-spacing while other 

has a variable foot-spacing. The foot-spacing is then defined as the distance between two 

points of measurement.  
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Figure 1: Measuring lines on a surface table by Moody method [2]. 

An even multiple in length of the of the foot-spacing is required to make up both the long and 

short lines in order to fit an exact number of foot-spacing in the diagonal line without leaving 

unmeasured space. If this is not met the software used for analysis will not allow the 

measurements to be conducted. The results are provided in form of contour maps along the 

measuring lines which is an accepted format for certification. Alternatively numerical maps 

stating the elevations at each measuring station can also be issued as results. 

2.2 Calculation of Elevation Points 

During the measurement the data acquiring instrument is moved to all measuring stations in 

all the eight measuring lines. Figure 2 shows a particular movement along each line during 

data acquisition. Firstly the system is zeroed to establish the reference datum line. The target 

data required is the angle that the back foot makes with the reference datum when the angular 

optics or the electronic level is progressed to a non-zeroed point by a distance equals to one 

foot-spacing. 

 

 

Figure 2: Increments equal to one foot-spacing during flatness measurements [3]. 

Once that information is gathered it is then easy to calculate the elevation of that point with 

reference to the previous one by using trigonometric ratios since all the information resolve 

into a basic right angle as shown in figure 3. The known foot-spacing represent the 

hypotenuse side and the required elevation at that point is the opposite side. With the angle 

being given or recorded as a readout from the software in case of the laser system or as an 
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analog or digital readout on the electronics of the electronic level, we therefore have all the 

required information to calculate the elevation at that point. With reference to figure 3, since 

      
        

          
  

         

           
  

we can therefore have the elevation calculated from  

                           . 

 

Figure 3: A right triangle that easily demonstrate the relation between sides in trigonometric 

ratios [4]. 

The same is done for all the measuring stations in all the measuring lines then data analysis 

takes place. 

3. Measurements 

Firstly the UUT was inspected for surface defects and cleaned with a suitable solvent. Also it 

was noted that the UUT was supported on a firm stand and then balance was insured by 

levelling the UUT on at least three positions by a spirit level.  The environmental conditions 

including the temperature, humidity and pressure were also noted and recorded. The surface 

table under calibration had the dimensions 1600 mm x 1000 mm x 180 mm with a serial 

number 7816. Moody maps were drawn to a dimension of 1500 x 900 on the surface area of 

the table to allow the alignment and movement of the angular optics. This produced ten 

measuring stations along the longer lines, six along the shorter lines and twelve along the 

diagonals as the foot-spacing used was 150 mm. 

3.1 Laser System 

A particular laser system used during the measurements is shown in figure 4. The laser 

system is consisted of the following components: Laser-head, electronics box, laptop 

computer, angular interferometer, angular reflector, 90 degrees mirrors and connecting 

cables. The laser-head was positioned at position A of the surface table and the laser beam 

was aligned to run parallel above the measuring line AC. A straight edge was placed along 

the measuring line and then the angle optics were positioned in a way to ensure that the beam 

was reflected back to the receiver on the laser-head. The laser program was launched on the 
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laptop which first required the length of the longer line, the length of the shorter line and the 

foot-spacing. The diagonal length and the number of measuring stations were automatically 

computed by the program. The angular optics were altered until the signal strength was 

around 90 % and we ensured signal continuity along the measuring line. 

  

 

Figure 4: The HP laser system used for flatness measurements by NMISA. 

The system was zeroed at the first measuring station of each line and then the angular 

reflector was moved to the next measuring station. The laser angle was captured on the 

program for each and every measuring station. The mirrors were used to bend the beam in 

order to align it along the other measuring lines without changing the position of the laser-

head. The same procedure was repeated for all the measuring lines. The program then 

computed the Moody analysis of the data and issued results that are presented on the results 

section. A comprehensive uncertainty budget was then calculated taking into consideration 

the major contributors. 

3.1 Electronic Level 

Figure 5 shows the Talyvel electronic level that was used to conduct the flatness 

measurement by Participant A to grade the UUT. The electronic level was firstly validated 

with an aid of three gauge blocks. It was then zeroed on the first measuring station then 

moved to the next measuring station noting the angle reading on the dial. The angle reading 

on the dial was manually recorded by pen once stabilised. This was repeated for all 

measuring lines to capture the data on all measuring stations. The data was then fed to a 

Taylor and Hobson flatness program to compute the results. The uncertainly budget was also 

calculated taking into consideration all the contributors.  
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Figure 5: The electronic level and gauge blocks for its validation. 

4. Results 

The results reported are from both participants namely, NMISA and Participant A. 

4.1.1 NMISA results 

 

Long lines (x-axis) 

Station Height (µm)  Station Height (µm)  Station Height (µm) 

AC (0) 0,00  EG (0) 1,46  DH (0) 2,07 

AC (1) 1,08  EG (1) 2,06  DH (1) 4,58 

AC (2) 2,14  EG (2) 3,03  DH (2) 5,58 

AC (3) 2,89  EG (3) 2,65  DH (3) 4,96 

AC(4) 3,65  EG (4) 3,48  DH (4) 5,01 

AC (5) 4,77  EG (5) 2,94  DH (5) 5,72 

AC (6) 6,27  EG (6) 2,73  DH (6) 5,15 

AC (7) 5,61  EG (7) 3,24  DH (7) 4,95 

AC (8) 5,75  EG (8) 3,80  DH (8) 5,10 

AC (9) 4,28  EG (9) 1,35  DH (9) 3,87 

AC (10) 1,46  EG (10) 0,00  DH (10) 2,38 

 

Short Lines (y-axis) 

 

Station 

Height (µm)  Station Height (µm)  Station Height (µm) 

CE (0) 0,00  AG (0) 1,46  BF (0) 4,77 

CE (1) 0,89  AG (1) 2,71  BF (1) 3,95 

CE (2) 0,87  AG (2) 3,72  BF (2) 5,47 

CE (3) 2,07  AG (3) 2,38  BF (3) 5,54 

CE (4) 2,93  AG (4) 2,00  BF (4) 5,76 

CE (5) 3,05  AG (5) 2,09  BF (5) 5,13 

CE (6) 1,46  AG (6) 0,00  BF (6) 2,94 
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Diagonal lines 

 

Station 

Height (µm)  Station Height (µm) 

AE (0) 1,46  BD (0) 0,00 

AE (1) 2,75  BD (1) 0,88 

AE (2) 4,08  BD (2) 1,85 

AE (3) 4,71  BD (3) 2,25 

AE (4) 4,04  BD (4) 2,20 

AE (5) 3,79  BD (5) 3,23 

AE (6) 4,30  BD (6) 4,30 

AE (7) 4,67  BD (7) 4,26 

AE (8) 6,04  BD (8) 4,48 

AE (9) 5,77  BD (9) 6,03 

AE (10) 5,36  BD (10) 7,14 

AE (11) 3,66  BD (11) 4,24 

AE (12) 1,46  BD (12) 0,00 

 

 

 

 

 

 

 
 

 

Figure 4: Flatness results of NMISA. 
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Figure 5: Numerical plot of the flatness results of NMISA. 

 

 

 

 

 

 

 
 

Figure 6: Uncertainty budget for granite surface table serial 7816 calculated by NMISA. 
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4.1.2 Participant A results. 

 

The height elevation results for every measured point are tabulated below: 

 

Long lines (x-axis) 

Station Height (µm)  Station Height (µm)  Station Height (µm) 

AB (0) 6,94  DC (0) 3,31  HF (0) 3,04 

AB (1) 7,05  DC (1) 3,90  HF (1) 2,77 

AB (2) 7,32  DC (2) 5,98  HF (2) 3,60 

AB (3) 5,96  DC (3) 5,83  HF (3) 2,96 

AB (4) 5,70  DC (4) 5,09  HF (4) 0,83 

AB (5) 5,08  DC (5) 5,69  HF (5) 2,04 

AB (6) 3,72  DC (6) 6,65  HF (6) 1,76 

AB (7) 4,95  DC (7) 6,13  HF (7) 4,45 

AB (8) 6,55  DC (8) 7,10  HF (8) 6,03 

AB (9) 6,67  DC (9) 7,32  HF (9) 6,50 

AB (10) 7,16  DC (10) 6,43  HF (10) 5,85 

 

Short Lines (y-axis) 

 

Station 

Height (µm)  Station Height (µm)  Station Height (µm) 

BC (0) 7,16  AD (0) 6,94  EG (0) 5,08 

BC (1) 6,60  AD (1) 5,76  EG (1) 2,70 

BC (2) 5,28  AD (2) 4,97  EG (2) 2,74 

BC (3) 5,85  AD (3) 3,04  EG (3) 2,62 

BC (4) 5,67  AD (4) 2,63  EG (4) 3,27 

BC (5) 5,86  AD (5) 3,35  EG (5) 4,29 

BC (6) 6,43  AD (6) 3,31  EG (6) 5,69 

 

 

 

Diagonal lines 

 

Station 

Height (µm)  Station Height (µm) 

AC(0) 6,94  BD (0) 7,16 

AC(1) 4,36  BD (1) 7,32 

AC(2) 4,32  BD (2) 6,03 

AC (3) 3,55  BD (3) 3,66 

AC (4) 2,42  BD (4) 1,29 

AC (5) 0,20  BD (5) 0,00 

AC (6) 0,52  BD (6) 0,52 

AC (7) 1,93  BD (7) 0,32 

AC (8) 4,43  BD (8) 0,85 

AC (9) 5,47  BD (9) 3,55 

AC (10) 6,88  BD (10) 5,16 

AC (11) 7,20  BD (11) 4,60 

AC (12) 6,43  BD (12) 3,31 
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Figure 7: Flatness results of Participant A. 

 

 

 

 

Figure 8: Uncertainty budget for granite surface table serial 7816 calculated by Participant A. 
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4.2 Results Analysis 

The method used for evaluating the agreement of the results was to calculate the normalised 

error, En with respect to the Uncertainty of Measurement (UOM). This method allows the 

results to be evaluated with respect to the laboratory’s accredited Measurement Capability 

(MC). The normalised error was calculated by the equation 

    
                      

√                 
 

           
  

 

Where:       =  peak-to-valley height and 

   
 =  UOM reported by the laboratories where                           

The NMISA was a reference laboratory on this comparison and the results were considered to 

be in agreement when |En|< 1. This ensures that the error is within the laboratory’s UOM.  

Another important parameter that was considered to ensure that minimum acceptable errors 

were considered during the measurement was the closure errors presented on the results. 

These closure errors represent the difference in elevation when two non-reference lines 

intersect at the same point. An ideal situation would be to have closure errors of zero since 

the intersecting measuring at a point should be of equal height. 

4.2 Discussion of Results 

It is quite clear from both isometric plots (figures 4 & 7) that the correction method adopted 

in each set is different from the other one, the least square method versus the zero end point 

method. The NMISA corrections are based on the end point method which brings both ends 

to the preferred minimum. On the other hand, the method that was used by Participant A is 

quite the opposite as it allows all the ends points to assume a preferred maximum (least 

squares). With further analysis one can see the agreement between the two sets of results. The 

maximum peak-to-valley height on both sets was identified to lie on the same line CG 

(NMISA) and BD (Participant A) with very small deviation as tabulated below. 

 
Table 2: Comparison of out of flatness results from NMISA and Participant A. 

 

Parameter 

 

NMISA 

 

WMS 

 

 

Deviation 

 

Peak-to-valley height (µm) 

 

7,14 

 

7,32 

 

+ 0,18 

 

         

  Uncertainty (µm) 

 

 

2,29 

 

 

4,99 

 

 

---- 

 

 

│En │ 

 

 

0.03 
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The numerical plot of elevation values provided by NMISA (figure 3) also gives the exact 

position of the maximum peak for in case corrections like lapping are recommended. Both 

measurements are considered valid because all the closure errors indicated on both analysis 

of results are less than the recommended maximum of 2,5 µm [3]. This indicates minimal 

errors occurred during the measurements and suggest that all required steps were well 

followed during the individual calibrations. The results are acceptable since |En| < 1. 
 

5. Conclusion 

The measurements were well conducted and suggested minimal errors. The environmental 

conditions such as temperature and humidity do not have noticeable impacts on these 

measurements. The results from both NMISA and Participant A successfully graded the 

surface table as grade “0”. 
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