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Abstract: The surface plate is a physical flatness reference that widely used in research and 

industrial applications, e.g., manufacturing, aerospace, automotive, and shipping engineering. 
Surface plate calibration is required; as a result to guarantee that it continues to fall within the 
parameters of what is considered to be an acceptable level of flatness. In most cases, Union Jack 
Moody’s approach is relied on to gather data and determine the level of flatness and the Grid method 
is not widely recognized. The Grid technique can be broken down into two patterns: the Open Grid 
and the Full Grid. Spreadsheet application is utilized to processing flatness data with the Open Grid 
approach. A piece of computer software, e.g., Scilab or another program that can perform 
calculations with matrices, is required. Unlike the Open Grid technique, which has a greater degree 
of uncertainty, the Full Grid technique has a reduced degree of uncertainty. This study aims to report 
on assessing the surface plate flatness using two different types of Grid techniques. A surface plate 
measuring 1000 mm×1000 mm, as one of the measurement samples, was used to characterize both 
approaches. Open Grid and Full Grid measured the surface plate's flatness to be (6.93 ± 3.94) μm 
and (6.44 ± 0.68) μm, with Full Grid measuring it more accurately than Open Grid. It is consistently 
statistically shown that the En value is less than 1, which is 0.06 and 0.01, respectively. In conclusion, 
it can be said that statistically, the Full Grid method, as one of the proposed surface plate calibration 
methods, is considered an inlier result with smaller uncertainty. 

 
Keywords: surface plate, flatness, calibration, full grid 
 

1.  Introduction  
Various types of dimensional measurements are very 

important in determining the quality of products and 
facilities in various aspects of life, including flatness, 
roundness, strength, angular measurement, and long 
derivatives1-5). Various methods have been developed in 
dimensional measurements, e.g., based on the temperature 
parameter6). One of the applications of accurate 
dimensional measurements is to determine the accuracy of 
a design7) and test the performance quality of machines 
and mechanics8-9).  

A surface plate is one of the devices used in calibration 
and dimensional measurement10). Its function is a datum 
or reference plane for measurements using dial and height 
gauges. Dial and height gauges are measuring instruments 
used widely in research and industrial applications, e.g., 

manufacturing, aerospace, automotive, and shipping 
engineering11-14). Therefore, the top quality that must be 
maintained is the surface's flatness, which needs to be 
measured periodically to ensure its suitability. The term 
"flatness" refers to the lowest gap between two parallel 
planes that border the plane being examined. There are a 
few different methods that can be used to evaluate the 
flatness of a surface plate. The most typical way to assess 
whether a surface is flat is to utilize an instrument capable 
of detecting small angles, e.g., an autocollimator, a laser 
interferometer, laser scanning, or a leveltronic15-19). 

The Grid system is one of the calibration methods for 
gathering data and evaluating the surface plate's flatness, 
and it is based on ISO 8512-2: 1990 Part 2: Granite. This 
method was developed in 199020-21).  
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On the other hand, it is not as popular as Union Jack 

Moody's method. Moreover, only a few articles explore 
this method22-26). The calculation of the flatness of 
surfaces, the fundamental problems associated with the 
Grid method, was shown and solved in an NPL report by 
a least-squares approach and Haitjema by an iterative 
approach27-28). The commercially available software has 
already solved the mathematical problems related to the 
Grid method, although probably not in an optimal way. 

Moody, a Sandia metrologist, developed a flatness for 
surface plate measurement method known as the Moody 
method. The measurement was carried out by measuring 
angular deviations along eight lines that consisted of four 
perimeter lines, two diagonal lines, and two center lines, 
adjusting the slope and height of the deviations on the 
diagonal lines to get zero displacements in the center of 
each line and equal deviation at either end, also adjusting 
slope and height of each perimeter line and center lines to 
maintain consistency at the intersections, and converting 
the angular deviations to linear displacements. 

In this study, the calibration of a surface plate utilizing 
Grid methods, specifically Open and Full Grid, was 
discussed; Figure 1 and Figure 2 depict this discussion. 

The surface plate flatness is determined by using 
inclination (angle) measuring tools with absolute or fixed 
tilt reference, i.e., an electronic level. The inclination data 
can calculate the height difference between any two 
points29-30). The height value of each point from the height 
difference data is then computed. The regression analysis 
approach is utilized to process the data31). The matrix 
approach is utilized to find a solution to the least squares 
calculation. Processing flatness data with the Open Grid 
approach necessitates using spreadsheet applications like 
Microsoft Excel. On the other hand, the Full Grid 
approach uses a piece of computer software called Scilab, 
which can calculate matrix operations. Guidelines for 
verifying software in measuring systems that NPL-UK 
released served as the basis for creating the software32). 

This project aims to enhance an Indonesian system for 
calibrating surface plates. The findings of this experiment 
serve as preliminary data that will be used to validate and 
improve the developing software based on the Full Grid 
approach. This software will calibrate surface plates using 
a method that has less uncertainty. The measurement is 
only carried out for this validation on one side of the 
surface plate. 

 

 
Fig. 1: Open grid method pattern. 

 

 
Fig. 2: Full grid method pattern. 

 
2. Measurement and Research Methodology 

The Open Grid pattern resembles a comb-like shape. 
This method simplifies the "standard" Grid method with 
more significant uncertainty measurement29). The 
evaluation of surface flatness is based on the theory of 
straightness evaluation, as shown in Figure 3. 

The straightness of a line (relative to a datum line) can 
be calculated as the deviation 𝑧𝑧𝑖𝑖 from the datum line. On 
the inclination measurement, the level indicates the 
gradient or inclination ig , which shows the relative height 
hi between the measured section ends. The deviation iz  
of point i can be determined by accumulating the values 

1h through to ih . If the level's indication iG  is in units of 
µm/m, the height ih can be calculated from a level length 
L as 

i ih G L= ×          (1) 
While deviation 𝑧𝑧𝑖𝑖  at point 𝑖𝑖  from the datum line is 
calculated as 

i ii
z h=∑    (2) 

Where ih  is the height of the second point relative to the 
first point, in µm. L is the length of the level, in m. G is 
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the inclination of the level, in µm/m. iz  at the point i
from the datum line, in meter (m). 

After calculating the deviation of each point relative to 
the datum line, the position of the line must be normalized 
to obtain the least total deviation. Normalization is carried 
out by “tilting” the line around its endpoint as a pivot point. 
Mathematically, this is carried out by correcting the value 
of iz by ik   proportionally: 

'
i i iz z k= +  

max
i

i nk k=           (3) 

Where ik  is the correction at point i , n is several 
sections, and maxk  is the correction at the furthest point. 
Figure 4 illustrates the magnitude of correction values, 
calculated proportionally concerning the importance of 

iz  at the furthest point. Dot lines represent the line after 
normalization. 
 

 
Fig. 3: Measurement of inclination and analysis of deviation. 

 

 
Fig. 4: Normalization of line concerning datum line. The 

value of maxk is taken from 5z . 
 

After normalization, the total straightness deviation can 
be determined as the difference between the most positive 
and negative deviations. In a straightness evaluation, the 
value maxk  must be defined in such a way as to obtain 
the slightest total straightness deviation. Flatness is 
evaluated by performing a straightness evaluation on all 
measuring lines33). 

Flatness can be determined using the Full Grid 
approach by measuring the height differences between 
adjacent points evenly distributed across the examined 
surface 34). Errors can be reduced to a minimum by 
utilizing this strategy. An illustration of a surface in the 

shape of a box can be seen in Figure 5, which depicts 
points 1 through 9. 

Following is a system of equations that can be used to 
figure out the connection between the height (related to a 
datum point or datum plane) of each point and the height 
differences 𝑑𝑑𝑖𝑖, through the following equation (4) system, 
as illustrated in Figure 5. The notation jh indicates the 
height of the point in relation to the datum plane. 

1 1 2

2 2 3

d h h
d h h

= −
= −


    
7 1 4

8 2 5

d h h
d h h

= −
= −


    

(4) 
 

 
Fig. 5: An illustration of a surface that needs to be measured. 

 
These computations could be written mathematically and 

expressed as an equation (5). 
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(5) 
Alternatively, it can be expressed mathematically as an 
equation (6). 

*
0i jd A h= ⋅         (6) 

Where id  is a column matrix that contains the values 
that were measured, and ( 1,... )id i p=  is the measured 
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values. *

jh  is a column matrix that contains the 
unidentified values ( 1,... )jh j p= . The link between id  
and jh is defined by the design matrix 0A . Therefore, 
there is no solution to this system of equations because all 
heights are determined relative to one another. An 
arbitrary value may be assigned to one of the heights, as 
shown by the response. If it assigns no significance kh , 
then equation (6) will change to become equation (7), as 
shown by the following expression: 

i jd A h= ⋅           (7)   

Matrix A  corresponds to the matrix 0A , except that 
the k -th column has been eliminated, and the variable jh
contains all of the jh  values where j k≠ . The solution 
of Equation (4) provides the observed heights jh , which 
in turn offers the position for every sampled point as the 
product of ( )j j jx y z+ +  where zi equals hi. 
Nevertheless, the table is at a tiny angle in relation to the 
measuring instrument, thus the surface represented by
( )j j jx y z+ +  might be tilted. First, a new reference 
plane must be created, which should be taken from the 
plane that provides the greatest least-square fit. This will 
allow the flatness to be determined. The flatness deviation 
could then be calculated by measuring the difference in 
height between each point and the reference plane. 

This study was conducted in a Length Laboratory with 
environment conditions (19.9±0.3) °C temperature and 
(48.5±2.4) % relative humidity. We utilized a thermo-
hygrometer, a straight edge, and an electronic level. The 
base length of the electronic level was 150 mm. Through 
Indonesia's National Measurement Standards Laboratory 
(SNSU-BSN), both the electronic level and the other 
calibration support equipment may be traced back to the 
International System of Units (SI). 

Microsoft Excel was utilized to develop flatness data 
processing with the Open Grid method. While the 
application for measuring the flatness of surface plates 
using the Full Grid approach has been constructed 
utilizing integrated software from Visual Studio and 
Scilab, as shown in Figure 6. A surface plate with a 
dimension of 1000 millimeters×1000 millimeters was 
utilized in characterizing both approaches.  

 

 
Fig. 6: A software application for measuring the levelness of 

a surface plate using the Full Grid method. 
 

3. Result and Discussion 
Figure 7 displays the findings of an analysis that 

compared the outcomes of flatness surface plate 
measurements obtained using various approaches. The 
flatness measurement data, both open and full grid 
methods, are random samples of 6 different types, both the 
size and grade of the surface plate.  

The random samples came from the surface plate 
measuring 600 mm×450 mm, 1000 mm×750 mm, and 
1000 mm×1000 mm. While the grade used is grade 0 and 
several surface plates whose grade is unknown. Using the 
open grid method, a spreadsheet method was utilized to 
analyze the uncertainty for flatness measurement. This 
method is one of the most common uncertainty estimation 
methods as a substitute for the Guide to the Expression of 
Uncertainty in Measurement (GUM method). Whereas in 
the full grid method, Monte Carlo Method (MCM) was 
utilized in the measurement uncertainty analysis due to the 
GUM method which is very difficult to be implemented 
for a certain surface plate measurement. 

The weighted mean of comparing the Open Grid and 
Full Grid approaches determines the key comparison 
reference value (KCRV). This value is determined by 
calculating the weighted mean of the results. Equations (8), 
(9), and (10) were utilized in the process of data analysis 
for each measurement.  

The measurement results were analyzed using 
statistical methods to check the correlation of the 
comparative test results between the two methods. The 
value of the measurement results is considered to have 
significantly deviated or an outlier if the nE  value 
obtained is greater than one35). A comparative test 
reference value is needed from all participant scores to 
calculate the nE  value. Assume that there are 2 
participants in this comparison test, namely the Open Grid 
and Full Grid methods.  

 

 
Fig. 7: Comparing the flatness surface plate measurements 

with different methods. 
 

Each participant presents its measured value ix , as 
well as its standard uncertainty ( )iu x . The normalized 
weighting value, iw , can then be calculated using the 
following formula: 
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( ) 2
1

i

i

w C
u x

= ⋅
  

         (8)  

the value of the normalization factor, C , is determined 
by: 

( )

2

1

1

1I

i i

C

u x=

=
 
 
 

∑

         (9)  

When everything is considered, the weighted average 
value, xw is: 

1

I

w i i
i

x w x
=

= ⋅∑            (10)  

The uncertainty associated with this reference value is 
represented by the internal standard deviation, which is 
generated since the weighted average value will be used 
as the Key Comparison Reference Value (KCRV). The 
estimated standard uncertainty provided by every 
individual who took part in the comparison test is the input 
used to calculate the internal standard deviation36), as 
represented by the equation (11). 

( )
( )

int 2

1

1

1
w

I

i i

u x C

u x=

= =
 
 
 

∑

       (11) 

Following the derivation of the value of the average 
weighting and the uncertainty associated with the 
weighted average, the equation ( )wix x− was used to 
determine the deviation value of each participant’s 
measurement result relative to the weighted average 

deviation value. The uncertainty associated with this 
equation is determined by combining the participant's 
standard uncertainty ( )iu x  and the uncertainty associated 
with the weighted mean ( )wu x . The uncertainty 
associated with the departure from the weighted mean is 
represented by equation (12). 

 

( ) ( ) ( ) 22
intw wi iu x x u x u x  − = −      (12) 

It is essential to ensure that the findings of the KCRV 
contribution are statistically consistent to calculate the 
reference value of the key comparative test (KCRV). The 
statistical consistency of measurement findings with the 
standard uncertainty can be determined by computing the

nE value for each participant.  
nE is defined as the departure ratio from the weighted 

mean to the uncertainty of this value's range. Multiplying 
the appropriate k value with a confidence level of 95% 
yields the spread uncertainty value. 

( ) ( ) 22
int

wi
n

wi

x x
E

u x u x

−
=

   −             (13)  

Value wx is the reference value in this comparison test 
with measurement uncertainty. In general, the results of 
calculating the reference uncertainty value )( wxu are 
closer to the uncertainty value for measuring the flatness 
of a surface plate by utilizing the Full Grid system, as 
shown in Table 1. 

 
Table 1. The outcome of a comparative analysis performed on a surface plate measuring 1000 mm × 1000 mm. 

Measurand 
Expected value (µm) Uncertainty of measurement nE  number 

Open Grid Full Grid KCRV Open Grid Full Grid KCRV Open Grid Full Grid 

Flatness 6.93 6.44 6.45 3.90 0.68 0.67 0.06 0.01 

Flatness 1.95 1.41 1.44 2.70 0.59 0.58 0.09 0.02 

Flatness 1.89 1.55 1.57 2.70 0.60 0.58 0.06 0.01 

Flatness 5.44 5.04 5.01 3.60 0.71 0.69 0.05 0.01 

Flatness 6.45 5.71 5.74 3.60 0.71 0.70 0.10 0.01 

Flatness 4.46 3.94 4.00 1.80 0.69 0.65 0.12 0.04 

 
The nE number of each participant is less than 1; 

therefore, both the Open Grid and Full Grid methods have 
a good agreement. On the open grid method, the 
measurement uncertainty analysis uses a spreadsheet 
method. Whereas in the full grid method, the 
measurement uncertainty analysis uses the Monte 
Carlo Method (MCM). Furthermore, this result shows 

that the developed software based on the Full Grid method 
has been successfully improved and validated. 
 
4. Conclusion 

Using the nE evaluation, the developed software based 
on the Full Grid method has been validated by directly 
comparing it to the Open Grid method as a comparator 
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with KCRV as a reference. The comparison of the Full 
Grid and Open Grid methods is performed by measuring 
the flatness of the same surface plate 1000 mm×1000 mm. 

Based on the results and discussion above, the results 
of the Open Grid and Full Grid methods have met the 
criteria of nE  value less than 1, which are 0.06 and 0.01, 
respectively. Thus, statistically, the Full Grid method is 
considered an inlier result as one of the proposed surface 
plate calibration methods. 

However, this validation has only been performed on 
the one surface plate's side. In the future, this validation 
will be carried out on all sides of the surface plate to obtain 
the homogeneity of the flatness measurement. 
Furthermore, this software will be tested using "a software 
evaluation for surface plate measurement data set" 
provided by Haitjema. 
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