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Abstract:  The present day manufacturing environment requires accurate inspection of both dimension and form while minimizing the 
cost and time of inspection. Flatness error is an important form tolerance that is used for the control of machined surfaces. The 
evaluation of flatness error depends on a variety of factors such as selection of sampling plan - sample size and sample point locations, 
the method of evaluating the form error and the nature of the manufactured surfaces amongst which the sample size is very critical. In 
most cases the sample size is decided based on the experience of the inspector or is randomly selected which may not be the ideal 
methods if a high degree of accuracy is required for the evaluation of the flatness error. Investigations carried out reveal that the surface 
roughness influences the accuracy of inspection and can be used as a parameter for determining an initial sample size for the 
determination of flatness error. The experimentation involved the inspection on surfaces with different roughness and calculation of the 
flatness error was based on the Minimum Zone Method. The percentage discrepancy of measurement computed from experimental data is 
then used to determine the number of sample points (sample size). 
Key words: Coordinate Measuring Machine (CMM), flatness error, sample size, surface roughness, Minimum Zone Method  
 
1. INTRODUCTION 
 

The Coordinate Measuring Machine (CMM) is today 
an important device that enables rapid inspection to be 
performed accurately yielding considerable reduction in 
cycle times. To realize proper benefits from the use of 
CMM’s it is necessary to have an efficient inspection 
planning process. In most cases, inspection planning 
relies on the experience of inspection planners and 
practices of the industry. Such processes can lead to 
inconsistencies in the inspection plan and consequently 
affect the productive use of CMM’s. Hence it is 
important to have a systematic inspection plan that can 
help in the gathering of meaningful data in order to 
analyse the process and equipment conditions (Hwang et. 
al., 2002). In order to achieve consistent and robust plans 
some processes of inspection planning need to be 
automated to derive the advantage of accurate, fast and 
efficient computing. 

 
2. SAMPLING STRATEGY 
 

The sampling strategy essentially comprises of two 
components – the sample size and the distribution of the 
sampling points for inspection. Whilst the distribution of 
sampling points has been studied well, sufficient work 
has not been done for the sample size estimation. In most 
cases, the sample size is an educated guess of an 
experienced planner or is arbitrarily chosen leading to 
inconsistencies in accurate evaluation. The selection of 
the sample size is critical since sample size is 
proportional to the time and cost and savings in time can 
be achieved through a reduction in sample size (Kim & 
Raman, 2000). The determination of the sample size is a 

complicated process since it is affected by many factors 
such as the manufacturing process used, tolerance 
specifications, error evaluation method and confidence 
level of measured results (Zhang et.al., 1996).  

 
The nature of a surface is a direct result of the 

manufacturing process and hence the selection of the 
sample size would depend on the manufacturing process. 
Modeling of manufacturing processes can be very 
complex and time consuming and the availability of 
proven models is also very limited. Additionally 
manufacturing processes exhibit variations, and these 
variation can be such that one surface can differ 
considerably from another even though those surfaces 
may share the same features (Lee et. al., 1997). Despite 
these limitations, it still is an important factor needing 
consideration while estimating sample sizes. 

 
The CMM is used for the measurement of both 

dimensional as well as form errors. The inspection of 
form error poses more challenges than the dimensional 
errors. The focus of this work is on the measurement of 
flatness error which is a commonly used form error 
specification by the designers to control a surface. 
Accurate flatness error inspection depends to a large 
extent on the sampling strategy that is adopted. The level 
of accuracy of inspection i.e. with respect to the actual 
flatness error will play an important role. Estimation of 
flatness error requires data that can properly represent the 
surface being measured and a poor sampling strategy can 
lead to either inferences being made from inadequate data 
or enhance the cycle times resulting from increased 
measurement. 
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3. SAMPLING SIZE 
 

An important observation is that the CMM inspection 
by virtue of being a discrete measurement approach is 
essentially an approximation process and (Woo & Liang, 
1993) indicate that if the sample size is infinite, the error 
in approximation approaches zero and whenever the 
sample size is finite the error must be non-zero. One of 
first efforts in this direction used a statistical approach 
based on process capability to determine the sample size 
(Yau & Menq, 1992). The British Standard BS 7172 
which recommends that the sample size can vary from 5 
to 15 points is another approach that was adopted by 
(Zhang et.al. 2000); (Beg & Shunmugam 2002). (Lin & 
Chen 1997) & (Fan & Leu 1998) based the estimation of 
sample size on the geometric features and elements, 
which suffer from the limitation that they do not consider 
the actual surface parameters. Another successful attempt 
includes a neural network approach for sample size 
estimation using the type of manufacturing process and 
tolerance band (Zhang et.al. 1996). A hybrid neuro-fuzzy 
approach considering the tolerance and geometry 
features was carried out yielding good results (Hwang 
et.al. 2002). The above literature points strongly to the 
fact that for good results the manufacturing process has 
to be accounted for while determining the sample sizes.  

In the absence of reliable manufacturing process 
models, this work investigates the suitability of using the 
surface roughness as a parameter that can be used for 
determining the sample size for flatness error 
measurement. Surface roughness can be considered as a 
local or micro error and it is relatively easy to measure. 
Flatness error on the other hand is a macro error and 
more difficult to measure. There maybe no direct 
relationship between surface roughness and flatness 
error, but both are direct results of a manufacturing 
process being applied with certain defined machining 
conditions and under the influence of other factors such 
as existing rigidity of the machine tool, chatter, tool wear 
etc. have used a as factors using a neural network 
approach information, was successfully developed This 
is only a guideline that indicates an assumption based 
approach which cannot guarantee an accurate estimation 
of the flatness error.  

 
4. EXPERIMENTAL SETUP AND METHOD 
 

In order to ascertain the use of surface finish as a 
parameter to determine the sample size, 4 rectangular 
block workpieces of size 65 mm X 65 mm X 20 mm 
were machined using different manufacturing processes 
which are listed in Table 1, which also gives the details 
of the Ra values of surface finish that were obtained. Ra 
was selected as the surface roughness parameter because 
amongst the commonly used parameters it can best 
represent a surface based on its definition. Since, Ra is 
calculated based on the areas above and below a central 

line, in this case it becomes a suitable parameter than the 
other roughness parameters. 

The first step was to study the behaviour of the 
flatness error with respect to changing sample sizes on 
the same surface and also between the different surfaces. 
9 sample sizes - 10, 16, 20, 26, 32, 40, 48, 58 and 64 
were selected randomly for carrying out the inspection. 
An additional sample of 314 points was also taken which 
is the aggregate of all the above 9 samples. The CMM 
used was Carl Zeiss with a single probe. To reduce errors 
while measurement an allowance of 2 mm was given on 
all sides of the surfaces to be measured making the 
effective area of inspection as 61 mm X 61 mm. The data 
from the CMM was captured and exported into a MS-
Excel file for further processing. 

 
Table1.  Machining processes used and surface roughness 

obtained in the 4 work pieces. 
 

Workpiece 
No. Machining process Surface 

Roughness (Ra) 
1 Shaping ~ 9.0 µm 

2 
Rough face milling 
on conventional 
milling machine  

~ 7.0 µm 

3 Finish milling on 
milling machine ~ 3.5 µm 

4 Surface grinding ~ 0.2 µm 
 

The sample point locations were based on the 
Hammersley sequence which earlier literature establish 
as an efficient strategy (Kim & Raman 2000).  

 
5. ESTIMATION OF FLATNESS ERROR 

 
The basis for the flatness error estimation was the 

Minimum Zone method (MZM) since the other 
commonly used method i.e. Least Square method does 
not follow the standards intently and may not guarantee 
the minimum zone solution specified in the standards 
(Samuel & Shunmugam 1999). The flatness error 
computation by the MZM was carried out using 
computational geometry techniques. This approach was 
selected over other approaches since the literature shows 
that it shows greater promise to solve the minimum zone 
problem (Samuel & Shunmugam 1999); (Lee 1997). A 
programme was developed in MATLAB for this 
approach and the data was input from the Excel file.  

 
 
The figures 1 to 4 show the variation of the flatness 

error with respect to the sample size. As can be seen 
from these figures the variations are significant for 
sample sizes less than 50 and that the variations decrease 
as the sample sizes increase. This behaviour is observed 
in the case of all four workpieces which has also been 
observed by (Badar et. al. 2003). It is also seen that in the 
case of a smoother surface the convergence of the error 

101



 
 

0.0000

0.0050

0.0100

0.0150

0.0200

0.0250

0 50 100 150 200 250 300 350

Sample Size

Fl
at

ne
ss

 e
rr

or
 (m

m
)

0.0000

0.0050

0.0100

0.0150

0.0200

0.0250

0.0300

0.0350

0.0400

0 50 100 150 200 250 300 350

Sample size

Fl
at

ne
ss

 e
rr

or
 (m

m
)

will be at a smaller sample size than a rougher surface 
which gives a preliminary indication that the sample size 
for accurate inspection can be related to the surface 
finish.A curve fitting approach was then used as a tool in 
order to ascertain the flatness error at large sample sizes. 
This is necessary since the approximation error would 
approach minimum conditions only at larger sample sizes 

. 
 

 
 
 

 
 
 
 
 

 
 
 
 
 
 

Fig.4. Flatness errors for surface with Ra 9.0 µm  
 
 
 
 
 
 
 
 
 

Fig.1. Flatness errors for surface with Ra 0.2 µm 
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Fig.2. Flatness errors for surface with Ra 3.5 µm 
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Fig.3. Flatness errors for surface with Ra 7.0 µm 

 
A logarithmic fit was identified amongst other fits 

since it provided the best results, when compared on the 
basis of R-square value of fits. This was carried out using 
the Curve Fit Toolbox in MATLAB. The general 
equation of the logarithmic fit used was: 

f(x) = A * log (x) + C              (1) 
 

 
Table 2 gives the details of the results obtained from 

the curve fitting procedure. 
 

Table 2. Results of the log. fitting procedure 
 

Workpiece 

Co-eff’s (A &C) 

Y=A*log(x)+C 

Goodne

ss of fit 

(R-

square) 
A C 

Ra 0.2 μm 0.0029 0.06 0.85 

Ra 3.5 μm 0.005 0.0006 0.88 

Ra 7.0 μm 0.007 0.003 0.85 

Ra 9.0 μm 0.004 0.01 0.83 

 
Figure 5 shows the trend curves for the 4 samples. 

As mentioned earlier the above fits were analysed at a 
sample of 1000 points in order to determine the close to 
true value of flatness error. The literature sourced during 
this work does not indicate any method to ascertain this 
true value, except that in one experience 300 points were 
considered as an adequate assumption of a sample size 
for the true value (Kim & Raman 2000). It is assumed 
that this value of flatness error would be of high 
accuracy and more certainty and further increase in 
sample size would have negligible effect on the flatness 
error. 

In order to be able to determine the sample sizes for 
a given level of accuracy it is necessary to compute the 
discrepancy of each measurement. The value of flatness 
error corresponding to 1000 points is used as the basis 
for computing the discrepancy. The discrepancy rate (r) 
was calculated using the formula used for calculation is  
“ r = (a – b) / a *100, where ‘a’ is the flatness error at 
1000 points and ‘b’ is the data value obtained from actual 
measurement.  

102



 
 
 
w
p
d
g
w

 
 
a
d
p
b
q
g
w
i
t
c
e

I
m
i
 

The discre
workpieces. U
procedure wa
discrepancy. T
given by f(x) 
which are show

Fig. 6. Pl

It can be s
as the surfa
discrepancy a
pronounced at
because of th
quality across 
good represen
will require m
is more. Also, 
the fact that th
contact during
exactly at the
surface finish 
It can also b
measurement t
is lesser than th

Fig. 5 

epancy rates w
Using this di
as adopted to
The fitting was 
= p / (x + q) w
wn in Fig. 6. 

lots of discrepa

seen from Fig.
ace roughnes
also increases
t lower values 
e reduced var
its area and 

ntative of the 
more points sinc

inconsistency 
he probe has f
g measurement
e bottom tip o
does influence

be observed t
the sample siz
hat of a surface

Plots of log. fi

were calculated
iscrepancy da
o ascertain th

achieved throu
which gave re

ancy rates for e

 6 for a given 
s increases 
s, the increa

of surface ro
riability of a 
so a smaller s
population. R

ce the variabili
in measuremen

fixed diameter 
t of rough surf
of the probe. 
e the accuracy 
hat for a giv
e for a surface
e with poorer q

its for 4 workp

d for each of t
ata, a curve 
he trend of t
ugh a rational 

easonable resul

each work piec

sample size th
the percenta

ase being mo
ughness. This 
surface of go
sample can be

Rougher surfac
ity of the surfa
nt can arise fro
and the point 

faces may not 
This shows th
of measuremen

ven accuracy 
e of good quali
quality. 

pieces 

the 
fit 

the 
fit 

lts, 

ce 

hat 
age 
ore 

is 
od 

e a 
ces 
ace 
om 
of 
be 

hat 
nt. 
of 
ity 

6. DET
 
 Th
of insp
figure 
will als
the lev
certain
sizes th
is beca
were o
smaller
  In 
accurac
interpo
differen
accurac
polyno
value i
also en
range o
4 show
levels o
 

30.39x
30.69x
31.06x

 
 Th
and for
Table 3
 

Ta
          
Accu
in pe

 
 As
determ
level o
 
7. CON
 
 Th
effectiv
sizes fo
parame
surface
sample
Ra val
will req
accurat
sample
 

TERMINATIO

he sample size 
pection that wo
6 with increas
so increase an
el of accuracy.
 levels of accu
hat would be o
ause of the la
observed in eac
r sample sizes.
order to dete

cy of inspectio
olation techni
nce method i
cy value that 

omial equation 
is substituted t
nables the dete
of Ra values se
w the polynom
of 75%, 85% a

25.673x3 +−
28.353x3 +−
211.632x3 +−

 
he sample size
r input of diff
3. 

able 3. Sample 
             

uracy level 
ercentage 

75 
85 
90 

s can be seen t
mine the sampl

f accuracy of i

NCLUSIONS

his study esta
vely used as a
or flatness erro
eters such as 
e area can gr
e size. The sam
lue of the surf
quire more num
te value of fl
e size increases

ON OF SAMP

will depend o
ould be require
se in level of a
nd hence it is i
. It also be seen
uracy (say less
obtained would
arge variations
ch of the work
 

ermine the sam
on and any giv
ique based 
is adopted. B
is input, the t
in which the 

to yield the sa
ermination of s
elected i.e. 0.2 
mial relation e
and 90% respec

98.024.374x+

21334.253x +

3546.219x ++

es for these d
ferent surface r

sizes for a giv

Ra 2.0 

~126 
~254 
~412 

the method ca
le sizes given
nspection.  

ablishes that 
a parameter to
or inspection. T

part geometr
reatly help in

mple size increa
face and henc
mber of points
atness error. I
s with the incre

PLE SIZE 

on the level of
ed. As can be 
accuracy the sa
important to fi
n from the grap
s than 75%) th
d not be consis
s of flatness e
k pieces in the

mple size for 
ven roughness 
on Newton’s

Based on the 
technique com
new surface 

ample size. Th
sample sizes o
to 9.0. Equatio

established for
ctively.  

05    (2)

3.77   (3)

8.473   (4)

ifferent accura
roughness are 

en level of acc

Ra 5.0 R

~127 
~262 
~431 

an be effectivel
n a surface qu

surface finish
o determine th
This in additio
ry, tolerance 
n determining 
ases with incre
ce poor quality
 to be sampled
It is also seen
ease in level of

f accuracy 
seen from 

ample size 
irst decide 
ph that for 
he sample 
stent. This 
errors that 
e range of 

a desired 
value, an 

s divided 
level of 

mputes the 
roughness 

he method 
outside the 
ons 2, 3 & 
r accuracy 

   

  

acy levels 
shown in 

curacy 

Ra 11.0 

~198 
~498 
~870 

ly used to 
uality and 

h can be 
he sample 
on to other 
band and 

the best 
ease in the 
y surfaces 
d to obtain 
n that the 
f accuracy 

103



 
 

sampled to obtain accurate value of flatness error. It is 
also seen that the sample size increases with the increase 
in level of accuracy for the same surface roughness. The 
sample sizes obtained indicate that for accurate 
inspection of a certain degree a certain minimum number 
of points are required and that if this sample size is 
selected arbitrarily then inconsistencies can arise.  
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