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Abstract: There are still significant challenges in the accurate positioning of optical freeform 
surfaces on the machine tool and the measurement instrument due to the high accuracy 
requirement and their complex shapes. This paper proposes a fiducial-aided on-machine 
positioning method (FAOPM) that combines on-machine measurement and off-machine 
measurement to precisely position optical freeform surfaces during the precision 
manufacturing cycle including rough machining, fine machining, measurement, and error 
compensation. The FAOPM makes use of fiducials which are firstly measured on a coordinate 
measuring machine with nanometric accuracy to generate a fiducial-aided computer aided 
design (FA-CAD) of the designed optical surface, then the developed on-machine measuring 
device obtains the accurate positions of the fiducials after remounting in the machining 
coordinate system. Finally the relative position of the workpiece is identified so that the 
associated cutting paths and compensation tool path can be easily generated. Several optical 
freeform surfaces were experimentally machined to prove the capability of the proposed 
method. The results indicate that the positions of the workpiece during the precision 
manufacturing and measurement cycle were precisely achieved and the form accuracy of the 
optical freeform surfaces was remarkable improved based on the FAOPM. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Optical freeform surfaces have numerous applications in advanced optical systems, such as 
imaging, illumination, condensing light and other applications [1]. This is due to their 
excellent optical performance in terms of reducing size and enriching functions [2]. However, 
high accuracy such as sub-micrometer form accuracy and nanometric surface finish, and 
complex shapes bring considerable challenges for ultra-precision freeform surface machining, 
measurement and application processes. 

To improve the form accuracy, it is necessary to compensate for the error of the workpiece 
after off-machine measurement in a commercial high-precision measuring device. On the 
other hand, with the consideration of machining efficiency, the freeform surfaces usually need 
to be roughly machined with a precision machine tool before being machined by ultra-
precision machine tools. It is inevitable that a precise remounting process should be carried 
out on the ultra-precision machine tool to control the unnecessary removal of material. For a 
conventional rotationally symmetrical surface [3], this process is relatively easy to operate 
because of the distinct features. However, freeform surfaces generally possess non-rotational 
symmetry which makes it extremely difficult to remount the workpiece with high precision. 
Switching the workpiece between machining and measuring instrument can lead to re-
positioning errors which limit the fabricated freeform surface accuracy while this also 
significantly extends the total time of production. As a result, tedious manual adjustments and 
special designed extra reference structures or fixtures are usually implemented when 
switching the workpiece among different equipment [4,5]. 
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It is interesting to note that on-machine measurement has been developed to solve the 
remounting problem [6,7]. Some research work involving a contact trigger probe and non-
contact optical measurement approaches has been found [8,9]. However, such on-machine 
measurement methods may be limited by the systematic errors of the machine since the 
equipment for measurement is installed on the axes of the machine tool. These relatively small 
errors still pose considerable challenges in regard to machining ultra-precision freeform 
surfaces [10,11]. Some improving methods have been developed. By using off-machine 
commercial measurement to obtain a reference model of the machined surface, Zhang et al. 
[12] combined on-machine measurement (Linear Variable Differential Transformer LVDT 
system) to achieve the position of the remounted workpiece in the machining coordinate 
system, so the compensation step is then implemented, including the surface profile errors 
resulting from the measurement of both on-machine and off-machine models. Zhang et al. 
[13] mounted a fringe deflectometry system on a five-axis ultra-precision machine (Moore 
Nanotech 350UPL) to position the optical freeform surface in the machine tool. 

Apart from the machining process, positioning problems also occur when the machined 
surface is aligned to the ideal surface. Both are usually embedded in different coordinate 
frames. Many methods are proposed to solve this problem. Jiang et al. [14] used an inscribed 
sphere as a global feature for fine alignment. Kong et al. [15] developed a coupled reference 
data method which provided additional structures like spheres and planes to carry out fast 
matching. Based on mean-square distance, Shaw et al. [16] used the iterative closest point 
algorithm and rigid body transformation for 3D shape registration. Cheung et al. [17] made 
use of Gaussian curvature as an intrinsic feature of the freeform surface for data matching. 
However, there is still a lack of an international standard for the accuracy measurement and 
characterization of the form accuracy of freeform surfaces [18,19]. 

Additional fiducials are considered to be one of the solutions to address these problems 
which serve as references to strengthen the measuring process. Standard balls are widely 
employed for the manufacturing and measurement process, but have received relatively little 
attention [20,21] in the manufacturing of freeform optics. As a result, a new method based on 
a fiducial-aided positioning method is presented here not only to obtain the accurate positions 
of the workpiece in different machining processes but also to strengthen the surface 
metrology. 

2. Theory of the fiducial-aided on-machine positioning method (FAOPM) 

Figure 1 shows the process flow of the proposed Fiducial-aided on-machine positioning 
method (FAOPM) which basically consists of five key processes, including a fiducial design 
process, an off-machine measurement process, an evaluation process, a positioning process 
and a machining process. Considering the conditions of design requirements, including 
geometric complexity of the designed surface (DS), the characteristics of machine tools and 
the measuring instruments, a specific fixture is designed with known distribution of fiducials 
using standard geometry such as a sphere as elements serving as references. A high-precision 
off-machine measurement device (i.e. CMM) is then employed to measure the freeform 
workpiece and fiducials mounted on the fixture in a thermally controlled environment. Hence, 
the relative position between the mounted workpiece and the fiducials is determined by the 
measuring device so that the fiducial-aided-CAD (FA-CAD) is generated by integrating the 
CAD of the DS with the measured fiducials after best fitting the designed surface to the 
measured workpiece. Generally, the added fiducials serve as inherent surface features of the 
FA-CAD which are used for precision positioning later in the manufacturing cycle. 

                                                                                              Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18929                                                                                               Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18929 



 

Fig. 1. Flow-process of the proposed FAOMP. 

In the positioning process, the position of the re-clamped workpiece can be obtained by 
the developed on-machine measurement instrument. Fig. 2 shows how to position the 
freeform surface after remounting the workpiece. Firstly, all the fiducials are measured by the 
laser probe with the same sampling points. Then the FA-CAD is transformed from the 
reference coordinate frame to the machine tool coordinate frame (MTCF) with the aid of 
fiducials (references). 

 

Fig. 2. Positioning the remounted workpiece by using on-machine laser probe measuring 
fiducials (references). 

In order to transfer the fiducials and designed surface (FA-CAD) to the machining 
coordinate frame, a coordinate transformation matrix T  is used which can be defined by Eq. 
(1). 
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where , , , , ,x y zφ ϕ γ δ δ δ =  m  is a vector that consists of the translational parameters xδ , yδ  

and zδ , and the rotational parameters φ , ϕ  and γ . Besides, ()c  and ()s  are the functions of 

cosine and sine functions. 
During the process of positioning the freeform workpiece on the machine tool, there are N 

feature points in the different coordinate frames as shown as the six balls in Fig. 2, so the 
transferring process can be determined by non-linear programming (NLP) as Eq. (2): 

 ( ) 2

1

min P P'
N

i

F
=

= −m T   (2) 

where P'  is the point which is located in the reference coordinate frame and P  is the 
corresponding points in the machine tool coordinate frame. In order to find the global 
minimizer of Eq. (2), a scatter search based on a multi-start framework called OptQuest/NLP 
[22] is employed. (i) Firstly, all the local minimizers m  of Eq. (2) are firstly found with a 
NLP solver and are sorted by F  from lowest to highest; (ii) Then all the i which satisfy Eq. 
(3) in the loop over local minimizer j are found; (iii) Lastly, the ( )jm and ( )F j are recorded 

and output. 
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where Fς  and mς  are the tolerances of function and the parameters respectively. 

In the machining process, the transferred FA-CAD is used to generate the tool path of the 
freeform workpiece by taking into consideration the machining strategy, machining 
parameters and tool information. The evaluated errors are then compensated for by modifying 
the generated NC code. Fig. 3 shows the pipeline for machining the freeform workpiece in the 
FAOPM. 

 

Fig. 3. The process of machining freeform surfaces in the FAOPM. 

The machined workpiece is measured and characterized on a high-precision measuring 
instrument. Traditionally, the measured surface and designed surface embedded in different 
coordinate systems are aligned based on the least square method or the minimum zone method 
so as to evaluate the deviation between them. However, these methods possess many 
challenges such as uncertainty due to the lack of distinguishing inherent geometric features on 
freeform surfaces. In the proposed FAOPM, the alignment between the measured surface and 
the designed surface is done in a more robust way as shown in Fig. 4 since a FA-CAD model 
is constructed in the calibration and positioning process to guide the measurement process. 
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Fig. 4. Positioning the machined surface in the measurement instrument and evaluation using 
fiducial-aided CAD (reference model). 

Figure 4 shows the measurement process of the machined freeform workpiece in the 
FAOPM. Firstly, the freeform workpiece and the fiducials are measured on the measuring 
instrument. Secondly, all known systematic errors associated in the measured data are 
corrected based on the standard sphere, e.g. the bending error of the probe stylus and the tip 
ball correction for CMM measurement. The measured fiducials in the measurement 
instrument coordinate frame (MICF) are then aligned to the reference datum of the FA-CAD 
in the RCF so as to determine the spatial parameters of coordinate transformation matrix T  
from MICF to RCF based on Eq. (2). A fiducial-aided least square method [23] is developed 
to carry out the surface matching process. The measured surface in MICF is subsequently 
transformed to the RCF and the form error of the workpiece is evaluated by determining the 
deviation of the machined surface from the designed surface in FA-CAD by Eq. (4) as 
follows: 

 ( )( ), , ( , )eva i i i i i iEf u v n u v= − ⋅S TQ


  (4) 

where S  is the design surface; ,eva iEf  is the error of measured surface at iQ ; ( ),i iu vS  is the 

projection of iTQ  on S ; ( , )i in u v


 is the unit normal vector of ( ),i iu vS . Finally, the 

evaluated evaEf  are used to calculate the selected surface parameters to examine the 

conformance of the workpiece with specifications. Fig. 5 shows the flow chart of the surface 
form evaluation. 
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Fig. 5. The flow chart of the measurement of freeform surface in the FAOPM. 

3. Configuration and calibration of the measurement system 

As aforementioned, the primary concept of the FAOPM is that the positioning is based on the 
measuring accuracy of fiducials in the on-machine measurement instrument. As a result, a 
reliable and accurate on-machine measurement system is critical to the proposed method. 
Sensors such as touch trigger probes, scanning sensors and laser displacement sensors can be 
employed in on-machine measurement [24]. Recently, the workpiece measurement and error 
compensation system probe by using a linear variable differential transformer sensor 
measuring the position errors have been widely used on the ultra-precision turning machine 
[12,25]. One drawbacks of this technique is that the centering errors of the probe tips of the 
sensors could be relatively large. Other approaches such as mounting an atomic force 
microscope on an ultra-precision machine tool have also made remarkable achievements [26] 
with sub-nanometer resolution although limited by its small measuring range (only several 
hundred micrometers). In addition, some optical methods, including white light interferometer 
system and phase measuring deflectometry have been used to measure the profile or 
wavefront of reflective or refractive surfaces [13,27]. These approaches seem to be sensitive 
to the quality of the environment as well as the geometric complexity of the freeform optics. 
Due to the proposed method for measuring the freeform surface in the on-machine process, 
this study developed a measuring system which mounts a Keyence LK-laser scanner on a 
five-axis ultra-precision freeform raster milling system (the Freeform 705G, from Precitech 
Inc. in USA, as shown in Fig. 6) to measure the references such as standard balls and cones. 
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Fig. 6. Development of an on-machine measurement system on an ultra-precision raster milling 
machine and the machined surfaces for calibration. 

Figure 6 shows the configuration of the whole on-machine measurement system. A 
personal computer with integrated operating software is connected to the controller which is 
used to transfer signals from the laser scanner. Moreover, the laser scanner is fixed on a 
designated fixture mounted on the main spindle so that it can be moved along with the Y-slide 
of the machine tool. 0T  is the transformation matrix denoting translation and rotation 

deviation of the two coordinate frames between the machine tool and the on-machine 
measurement device. Although the fixture is designed to hold the laser probe in a particular 
location, some factors such as material deformation and clamping fixture may generate errors. 
Furthermore, the geometric errors of the machine tool and mounted laser scanner are also non-
ignorable error sources. Much research work has been conducted to investigate the errors of 
multi-axis machine tools [28,29]. In order to calibrate the developed measuring system, two 
surfaces, one consisting of a slope, plane and convex sphere, and the other composed of a 
plane and a larger convex sphere were machined in the fly-cutting machine and then measured 
by the laser scanner. On the other hand, a ∅ 9.997 mm standard ball calibrated in a CMM 
was also inspected and the maximum measuring error was 0.00431 mm. 

4. Simulation study 

To test the performance of the proposed FAOPM, some simulations were implemented on 
software (MATLAB 2015) in an Intel Core i7 CPU 3.60GHz PC with 16GB of RAM. Firstly, 
two freeform surfaces (a continuous smooth surface and a sinusoidal surface) were simulated 
to analyze the accuracy and robustness of the proposed method in the surface matching 
process. Secondly, the remounting accuracy in the machining process was analyzed by adding 
on-machine measurement errors and geometrical errors. 

4.1 Simulation for measurement of freeform surfaces 

The freeform surface matching process is usually formulated as an optimization problem as 
shown in Eq. (5) in which it is necessary to find the homogeneous coordinate transformation 

                                                                                              Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18934                                                                                               Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18934 



matrix composed of six parameters , , , , ,x y zφ ϕ γ δ δ δ =  m , the first three rotation parameters 

and the last three translation parameters. 

 
2

1

min P
N

i i
i=

− TQ   (5) 

where iQ and Pi are the measured points and the related corresponding point in the reference 

coordinate frame. T is the transformation matrix which has been defined by Eq. (1). 
Equation (5) is calculated by the robust nonlinear least squares algorithm in [23]. Figure 7 

shows the measured points and the designed surface before matching and after matching. 

 

Fig. 7. Matching the measured points to the designed surface. 

Two freeform surfaces in which one of them was a continuous smooth surface A while the 
other was a sinusoidal surface B were designed as shown in Eq. (6) and Eq. (7) 

 
3 350( / 50) 50( / 50)

[ 5,5], y [ 5,5]

z x x

x

= +
∈ − ∈ −

  (6) 

 
0.025cos( ) 0.025cos( )

[ 5,5], y [ 5,5]

z x y

x

= +
∈ − ∈ −

  (7) 

Three designated fiducials (standard spheres) mounted on a steel-made fixture were 
distributed around the designed surface. The coordinates of the ball centers were (−10, 10, 
0.1), (10, 10, −0.1), (0,-10, 0), in units of mm. Geometrical errors 0.7 μm (Gaussian 
distributions) and other 0.3 μm caused by determining the centers of the fiducials were added 
to the three balls. The measured points were obtained by transferring the sampled points on 
the designed surface with any known six parameters 1m  as shown in Table 1. Two thousand 

five hundred points were sampled on the surface with spacing of 0.2 mm in the x, and y 
direction, respectively. 

Table 1. Six parameters for obtaining measured surface 

1m  Values 

φ  28.6479° 

ϕ  28.6479° 

γ  28.6479° 

xδ  5 mm 

yδ  −5 mm 

zδ  1 mm 

The simulated results for the two surfaces are detailed in Table 2. Δ  denotes the 
deviations of the six parameters between the vector 1m and that obtained by using the 
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FAOPM. As shown in Table 2, two error values named root-mean-square (RMS) value and 
peak-to-valley (height (PV) value, were used as parameters to evaluate the form accuracy. The 
CPU time to search the corresponding points on the designed surface and match the two 
coordinate frames was 0.018 s for surface A and 0.013 s for surface B. It is interesting to note 
that the matching process was converged after only one iteration. 

Table 2. Simulated deviations of the parameters and the surface profile 

1m  Values, A Values, B 

φΔ  0.00146° 0.00701° 

ϕΔ  0.00675° 0.00017° 

γΔ  −0.00719° −0.00119° 

xδΔ  −0.000129 mm 0.000491mm 

yδΔ  0.0008053 mm 0.0010648 mm 

zδΔ  −0.000735 mm 3.49e-05mm 

Errors (RMS) 
Errors (PV) 

1.32e-06 μm 
3.05e-06 μm 

3.55e-06 μm 
1.17e-05 μm 

A: the smooth surface
3 3

50( / 50) 50( / 50)z x x= + ; B: the sinusoidal surface 0.025 cos( ) 0.025 cos( )z x y= +  

As shown in Table 2, both of the two surfaces could be positioned well with tiny errors of 
the six spatial parameters. The rotational transformation errors were up to 0.00719° while the 
translational transformation errors were less than 1.06 μm. Smooth surface A had the better 
form accuracy of less than 0.003 nm deviations both in PV value and RMS value than the 
arrayed-structure surface B. However, the six transformation parameters were insensitive to 
the different surfaces although the surface curvature varied significantly. It should be 
considered that the fiducials served as the intrinsic surface features. On the other hand, with 
the aid of the fiducials, the relatively big transformation vector 1m  was found with a high 

accuracy in a more robust way by avoiding the bad initial values. 

4.2 Simulation for remounting the workpiece 

The accuracy of the FAOPM in the remounting process was verified through the Monte Carlo 
method. Besides the errors added to the centers of the balls as mentioned above, several 
unavoidable uncertainty contributors were considered to be added in the on-machine 
measurement process as shown in Table 3. 

Table 3. Uncertainty error contributors in the on-machine process 

Uncertainty errors Values (μm, Gaussian distribution) 

Laser probe 0.2 

Determination of the centers 0.3 

Deflection of the fixture (caused by the different 
temperature between the on-machine and off-
machine measurement) 0.4 

Geometric error 0.5~6 

The geometric error was considered to be the major error source in the on-machine 
measurement system. Hence, the magnitude of error ranging from 0.5 μm to 6 μm was used to 
find out the positioning accuracy and also to identify the relationship between positioning 
errors and the main contributing geometric errors. There were a total of 3,000 trials using the 
Monte Carlo simulation method. In each Monte Carlo trial, the original coordinates of the 
balls with added errors in the last simulation in the off-machine measuring process were 
transformed to the on-machine coordinate frame with the known 2m (88.9, 5.25, 25.35, −5, 5, 
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10). The units are the same as for 1m . The Gaussian errors resulting from the uncertainty 

errors were then added to the fiducials which were considered as the reference points in the 
machine tool measurement frame. Fig. 8 shows the errors of the six spatial parameters with 
respect to the different standard deviation (SD) of the geometric error of the on-machine 
measurement system while Fig. 9 gives the standard deviation. Both of them are the results 
after three repeated measurements. 

 

Fig. 8. Errors of (a) the rotational parameters and (b) translational parameters under different 
geometric error of the on-machine measurement system. 

 

Fig. 9. Standard deviation of (a) rotational parameters and (b) translational parameters under 
different geometric error of the on-machine measurement system. 

As shown in Fig. 8, the deviations between the found transformed six parameters and the 
given 1m shows a small fluctuation of ± 0.0005 ° for rotational parameters and ± 0.15 μm for 

translational parameters along with the increasing geometric errors. In addition, the deviations 
increase sharply when the geometric error is larger than 5 μm. In contrast, the standard 
deviations (SD) of the six spatial parameters see a stable increase from about 0.003° to 0.015° 
and from 0.2 μm to approximately 1 μm for the rotational and translational parameters 
respectively. In other words, the uncertainty of the FAOPM is around 10% of the geometric 
error of the on-machine measurement system. These simulation results indicate that the 
FAOPM is able to achieve sub-micrometer positioning accuracy in machine tools where the 
geometric error is less than 6.5 μm. 

5. Experimental study 

An optical freeform surface was employed to test the accuracy of the proposed positioning 
approach. A compensation experiment was carried out to verify the effectiveness of the 
FAOPM. The designed surface is described as Eq. (8) 

 
2 4 2(-1/250) (1/ 92000) (1/ 25)

[ 15,15], y [ 5,5]

z x x y

x

= + −
∈ − ∈ −

  (8) 
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As shown in Fig. 10, a quadrate fixture made of steel with dimensions of 10 mm (height) 
×140 mm (width) × 140 mm (length) was used to fix the square workpiece and fiducials. 
Three calibrated spheres were mounted and surrounded the workpiece with different heights. 
They were made of 3 4Si N . Table 4 shows the center positions of all the spherical fiducials. 

The calibrated diameter of the spherical fiducial was 9.997 mm. The cube aluminum (Al6061) 
workpiece with the designed surface which had undergone rough cutting in a MIKRON UCP 
600 Vario RTT machine tool had the dimensions of 48 mm ×48 mm × 48 mm. 

 

Fig. 10. Quadrate fixture and the fiducials with the pre-processed workpiece. 

Table 4. Calibrated positions of the ball center in the designed surface 

Ball X (mm) Y (mm) Z (mm) 
1 −59.917128 −29.993525 24.033117 
2 −59.650974 29.386402 28.909344 
3 60.162073 −29.800622 28.924582 

5.1 Measurement repeatability of the on-machine system 

Since the designed fiducials serve as reference datum, the accuracy of the relative position of 
the fiducials is very important. Hence, the high measurement repeatability on the newly 
developed measurement system should be guaranteed. It is assumed that a ball center in the 
measurement coordinate frame is , ,i j kq  where i , j  and k are the identifiers for the ball, the 

repetition and the direction, respectively. All three spheres 3iN =  were measured 3jN =  

times. For each end of the measurement, the laser was turned off and turned on after a few 
minutes. A total number of 40 points were sampled on the ball. The mean ball position for 
each ball was calculated as well as the standard deviations (SD) in the =k x, y,z direction. 

Hence, a pooled standard deviation (PSD) was calculated for all balls. Eqs. (9) and (10) give 
the formulas. 

 , , , , , , , , , ,, , , ,
1

1
; ; || ||

jN

i j k i j k i j k i j k i j ki j k i j k
jj

q q q q q d q
N =

= Δ = − = Δ   (9) 

 

2 2
, , , ,1 1

, , , ,

1

( 1)

( 1) ( 1)

j i

i

N N
i j k j i j kj i

i j k i j k N
j ji

d N SD
SD PSD

N N

= =

=

−
= =

− −

 


  (10) 

Table 5 shows that the largest PSD in the =k x, y,z direction is up to 0.41 μm and the overall PSD is 0.34 μm. The results indicate that the repeat measured errors are acceptable. 
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Table 5. PSD values of the repeat measurement 

Direction x y z  Overall
 PSD (μm) 0.36 0.41 0.25 0.34 

5.2 Positioning and machining the surface 

As aforementioned, the developed on-machine measurement system was used to transform the 
FA-CAD into the machining coordinate frame. First, the original points of the machine tool 
coordinate frame (MTCF) were set after the workpiece was mounted. Second, the three 
reference fiducials were measured by sampling 40 points on each ball in the measurement 
instrument coordinate system (MICF). Hence, the FA-CAD was transformed into MICF by 
using the transformation matrix obtained through fiducials. Thirdly, the CAD was transformed 
from MICF to the MTCF through the known vector 0T  obtained in the calibration section. 

Finally, the tool path could be generated. Table 6 shows the machining parameters of raster 
milling. Fig. 11 shows the machining process in the ultra-precision raster milling (UPRM) 
while Fig. 12 shows the measuring process in the CMM, Werth Videocheck from Germany. 

Table 6. Machining parameters of raster milling 

Parameters Value 

Spindle speed (rmp) 4000 

Feed rate (μm /min) 20 

Depth of cut (μm) 10, 5, 2 

Swing distance (mm) 28.48 

Step distance (μm) 50 

Tool nose radius (mm) 0.518 

Cutting strategy Horizontal cutting 

 

Fig. 11. Configuration for machining the freeform surface. 
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Fig. 12. Measuring the workpiece by multi sensor CMM. 

A total of 1,200 points and 20 points were sampled on the machined surface and the fiducial 
ball, respectively. Fig. 13 shows the machined surface and its form error map after using 
fiducials to carry out the matching process. 

 

Fig. 13. (a) Machined surface and (b) the 3D error map of the surface. 

As shown in Fig. 13(b), there is a relatively large form error between the machined surface 
and the designed surface. The peak-to-valley height (PV) was calculated to be 6.7 μm and the 
root-mean-square (RMS) value was 1.61 μm. Many factors result in the profile errors in 
UPRM, such as spindle inclination error [30], spindle vibration tool wear [31,32] and machine 
structural errors. Hence, it is necessary to carry out compensation of the machining process so 
as to enhance the form accuracy of the freeform surface. 

5.3 Compensation machining 

In this process, the workpiece was remounted and further machined to complete the 
compensation of surface form error. The compensation strategy is summarized as follows: the 
FA-CAD was firstly transformed to the MTCF (the same as in the machining process) by 
using the fiducials. The 3D error map of the machined surface obtained above was then 
transformed to the MTCF. Further, the B-spline surface was used to generate the error map so 
as to extract consistent points used to generate tool path. Fig. 14(a) shows the source path and 
the generated compensation path. Since there were only small differences between the two 

                                                                                              Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18940                                                                                               Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18940 



paths and the high accuracy of the positioning process, the cutting depth was set to 2 μm to 
guarantee the accuracy. In the final step, the form accuracy of the machined surface after 
compensation was inspected on the CMM and evaluated by the fiducial-aided surface 
matching method. The 3D topography of the form error is displayed in Fig 14(b). 

 

Fig. 14. (a) The source path and the revised compensation path (b) 3D topography of the form 
error of the surface after compensation. 

To enhance the reliability of the measurement, the machined surface was sampled at 2,800 
points, namely 70 × 40 in x and y directions respectively. As shown in Fig. 14(b), the PV 
value height was calculated as 1.81 μm and the RMS value was about 0.34 μm. The 
improvement in PV height and in RMS was significantly large, up to 78.9% (from 1.61 μm to 
0.34 μm) and 73% (from 6.7 μm to 1.80 μm) respectively. This experimental result 
demonstrates that the FAOPM is effective in positioning the freeform surface and is capable 
of remarkably improving the form accuracy. 

5.4 Sampling strategy discussion 

In order to measure and form characterize the optical freeform surfaces, it is necessary to 
employ an appropriate sampling strategy which involves the sampling point numbers and 
spacing so that the sampled points can fully represent the measured surface. A sampling 
strategy is considered as a major contributor to the measurement uncertainty. Measuring 
errors could be caused if the number of sampling points are inadequate or sampling 
distribution is unreasonable, especially when complex curvatures or shape of local features are 
contained in the surface. In the present study, a blind sampling method [33] was employed 
which uniformly samples the dataset from the measured surfaces in the x and y directions 
without considering the characteristics of the geometry both in the simulation and the 
experimental measurement. In the simulation study, in order to fully represent the machined 
surface, relatively small sampling spacing was chosen and the sampling point numbers were 
determined by the dimension of the surface. 

In the experimental measurement, the number of sampling points were usually determined 
by the measurement instrument (i.e. CMM) with consideration of its resolution and time of 
measurement. Taking into consideration the dimensions of the workpiece, the sampling 
spacing can be easily determined. It is interesting to note that there is no need to sample the 
same number of points in the simulation and the experimental measurement. In the 
compensation process, adequate points (2,800 points) were sampled to guarantee the accuracy 
of measurement and compensation tool path generation. In other words, the blind sampling 
strategy is an appropriate method for flat optical surface (F-theta surface) and little effect was 
caused in the measurement and compensation study. 

6. Conclusion 

A novel positioning method which makes use of the designed fiducials (standard spheres) is 
presented for machining ultra-precision freeform surface and matching the machined surface 

                                                                                              Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18941                                                                                               Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18941 



to the designed surface. The fiducial-aided CAD (FA-CAD) not only serves as an intrinsic 
surface feature but also interconnects the different coordinate frames among on-machine, off-
machine measurement system and the designed coordinate system. The developed fiducial-
aided on-machine positioning method (FAOPM) has the capability of measuring freeform 
surfaces with high measurement repeatability and accuracy. The results of the two simulations 
prove that the FAOPM not only possesses sub-micrometer positioning accuracy although the 
geometric error of the machine tool is several micrometers, but also can perform evaluations 
with higher robustness and effectiveness than by the traditional least square method when the 
bad initial values are used. Furthermore, the experimental results demonstrate the accuracy 
and effectiveness of the proposed FAOPM, as highlighted in the following technological 
merits. 

(i) The FAOPM is a promising approach to minimize the remounting errors caused by 
complicated manual operations and to compensate for the form errors resulting from 
other factors such as vibration and geometric error. 

(ii) The FAOPM is easily realized in the compensation machining process by combining 
off-machine measurement with the on-machine measurement system despite the 
positioning accuracy being influenced by the geometric error of the machine tools. 

(iii) The FAOPM is capable of aligning the machined surface with the designed surface 
which are free from any traditional surface matching process such as least square or 
minimum zone method on the condition of high measurement accuracy (sub-
micrometer) of the on-machine measurement system. 

(iv) The FAOPM has great potential for realizing precision manufacturing optical 
products among different machine tools (cutting, milling and polishing). 
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