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Abstract: With rapid development of modern optical manufacturing technologies, industrial robot polishing has a wide 
range of application scenarios and broad development potential in the field of optical manufacturing. The integration of 
in-situ inspection is a key to improving the reliability and efficiency of precision manufacturing. Deflectometry is a 
promising in-situ measuring method due to its large dynamic range and structural flexibility. The measurement principles, 
calibration methods, phase retrieval, surface reconstruction, scope extension etc are presented systematically. The key 
problems of height-slope ambiguity and position-angle uncertainty are analyzed in details. High-precision measurement 
of complex optical elements is realized, which is of great significance to the intelligent manufacturing of key optical 
components. 
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1. INTRODUCTION 

Polishing technology has a wide range of 
applications in the field of modern ultra-precision 
optical manufacturing. The computer controlled optical 
surfacing (CCOS) technology [1] is widely applied for 
optical polishing. The key to deterministic CCOS 
polishing relies on the feedback of the form error of the 
workpiece. By controlling the residence time and 
polishing parameters, the figure of the surface can be 
refined accordingly [2]. 

An industrial robot is a machine device composed of 
multiple moving parts, often with multiple degrees of 
freedom and multiple joints. With the increasing 
demands on the automation, efficiency, size and 
complexity of functional components, industrial robots 
are becoming more and more popular in the field of 
advanced manufacturing [3]. Although the movement 
accuracy of a robotic system is not as high as that of a 
dedicated optical polishing machine, its cost-
performance is very outstanding. Such a system is 
particularly suitable for polishing objects with large 
apertures and complex surface shapes. Figure 1 shows 
the self-developed polishing system with an industrial 
robot as a motion carrier [4]. 

In many applications, optical components are 
required to have sub-micron-level form accuracy and 
nano-level surface roughness, and the measurement 
accuracy is usually one order of magnitude higher than 
the demanded form accuracy. At present, the precision 
measurement in the ultra-precision polishing is usually 
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offline. The most commonly used form measurement 
method is phase shifting interferometry, which has 
extremely strict requirements on the environmental 
conditions [5]. However, in recent years, ultra-precision 
manufacturing has developed rapidly towards the 
integration of automation, intelligence, personalization, 
and swiftness. Offline measurement methods are 
unable to meet the requirements of ultra-precision 
manufacturing due to its low processing efficiency, 
difficulty in measuring large workpieces, inability to 
integrate inspection and manufacturing equipment, and 
positioning errors caused by repeated clamping of the 
workpiece. 

 

Figure 1: A polishing system based on an industrial robot. 

In-situ measurement or on-machine measurement 
is of significance for the ultra-precision manufacturing. 
It can effectively integrate the fabrication and 
measurement and in turn improve fabricating quality 



In-Situ Inspection for Robotic Polishing of Complex Optics International Journal of Robotics and Automation Technology, 2022, Vol. 9    27 

and efficiency. Among the existing measurement 
methods, deflectometry is especially suited to the in-
situ measurement of complex optics. 

2. IN-SITU INSPECTION WITH DEFLECTOMETRY 

2.1. Measurement Principle 

Deflectometry is a surface gradient measurement 
method, and it is generally considered as a reverse 
Hartmann test [6]. That is, the point light source in 
Hartmann's method is replaced with a pinhole model 
camera, and the observation screen is changed into an 
active screen such as an LCD, which displays a series 
of coded patterns. The deformed pattern reflected by 
the mirror under test is photographed by the camera. 
The normal vectors of the reflecting points are specified 
by the law of reflection and the surface form is obtained 
by gradient integration. Deflectometry has the 
advantages of large dynamic range, strong anti-noise 
ability and low hardware cost. The deflectometric 
measurement can be implemented with only a screen 
and a camera. As a result, the deflectometric 
measurement is suitable for complex working 
conditions in the workshop, and its simple hardware 
facilitates the integration of in-situ measurement 
systems. It can measurement the workpiece from the 
semifinished product to the finished product, thanks to 
the large measuring range of deflectometry. 

Figure 2 schematically shows how the surface 
slopes in the x and the y directions are obtained. In this 
system, a screen facing to the mirror under 
measurement is placed on one side. On the other side, 
the camera captures the image of the screen reflected 
from the surface. Due to the pin-hole camera model, 
only the chief ray passing through the camera’s optical 
center C is considered for each screen pixel. Thus, 

reverse ray tracing is conducted. The ray connecting a 
camera pixel and the camera optical center C shoots at 
a point M on the mirror, and then it is reflected to the 
point S on the screen. According to the law of 
reflection, the angular bisector of the angle ∠CMS is 
along the normal vector n at the point M. Hence, the 
direction of n can be expressed as 

   
n = [nx ny nz ]

T = r + i = [rx + ix ry + iy rz + iz ]
T        (1) 

Then, the x-gradient and the y-gradient at the point 
M, expressed as xg  and yg , respectively, could be 
calculated as [5] 
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where xM, yM and zM are the estimated x, y and z 
coordinates of the point M; xC, yC, and zC are the 
coordinates of the camera optical center; xS, yS and zS 
are the coordinates of the corresponding screen pixel; 
dC2M is the distance from M to the camera’s optical 
center C, and dS2M is the distance from M to the screen 
pixel S. Thus, with a well calibrated measurement 
system [7-8], including the positions and the attitudes 
of the camera, mirror and the screen, the x-gradient 
and the y-gradient could be obtained using Eq. (2), and 
finally the surface could be reconstructed subsequently 
[9]. 

2.2. Measurement Configuration and Procedure 

Unfortunately, deflectometry suffers from the 
problem of ‘height-slope ambiguity’, i.e. the solution 
satisfying a given correspondence pixel pair is not 
unique, as revealed in Figure 3(a). Consequently, an 
extra constraint is introduced by using another 
imaging/projecting equipment [10] or conducting 
another measuring procedure, e.g. by screen shifting 
as depicted in Figs. 3(b) and (c). While the monoscopic 
deflectometry based on the software configurable 
optical test system (SCOTS) [6] eliminates the ‘height-
slope ambiguity’ by providing a pre-knowledge surface 
to assist the iterative reconstruction, as shown in 
Figure 3(d). 

 

Figure 2: Scheme of deflectometric measurement. 
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Then the surface shape can be reconstructed from 
an assemblage of surface normals. Up to now a pin-
hole camera model is utilized, i.e. the captured intensity 
at a camera pixel is regarded as the linear mapping of 
that of the corresponding screen pixel. But the surface 
under test plays a role in the imaging system, and the 
image is remarkably affected by the shape of the 
surface under test. Thus the space-variant point spread 
function can be characterized using a compressive 
Fourier sensing, and the resulting phase bias can be 
corrected by forward convolution [11]. In addition, the 
measurable range is usually limited for complex 
surfaces due to the limitation of the viewing angle of 
the camera. It is infeasible to measure the whole 
aperture of complex surfaces one time; consequently, 
sub-aperture measurement is a more reasonable 
approach. 

In this paper the whole measuring process of sub-
aperture deflectometry is sorted out, as illustrated in 
Figure 4 [12].  

Step 1: Obtain the internal, external parameters and 
distortion coefficients of the camera, illuminating 
properties of the screen, and the relative geometrical 
positions between the camera, screen and measured 
component. 

Step 2: Refine the relative positions between the 
camera, screen and the object under test by ray tracing 
under the assistance of an artifact mirror [8]. 

Step 3: Plan a sub-aperture measuring route for a 
complex surface. The field of view, resolution and 
blurring aberrations need to be balanced, so that the 
measuring quality keeps uniform on the whole surface. 

Step 4: Project phase-shifted fringe patterns in two 
orthogonal directions, and capture the reflected fringe 
images accordingly. 

Step 5: Retrieve the absolute phases of the image 
by phase demodulation and phase unwrapping, so that 
the correspondences between the pairs of the camera 
and screen pixels can be established [13]. 

Step 6: Obtain the normal vectors by the SCOTS 
configuration [6]. 

Step 7: Reconstruct the form of each sub-aperture 
by gradient integration [9]. 

Step 8: Stitch sub-apertures into a whole surface 
[11, 14]. 

Among them, steps 3, 6, and 8 have special 
requirements for the in-situ sub-aperture measurement, 

 

Figure 3: Correspondence between camera and screen pixels in deflectometry. (a) Height-slope ambiguity. (b) Stereoscopic 
deflectometry. (c) Screen shifting. (d) SCOTS. 

  

Figure 4: Measuring procedure of sub-aperture SCOTS. 
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which are significantly different to the conventional 
deflectometric measurement. 

2.3. In-Situ Measurement System  

In SCOTS, the position of the selected feature point 
needs to be determined in advance for the surface 
under test. Obviously, an additional equipment is 
required, which is not preferred to the in-situ 
measurement. Alternatively, a stereo measuring 
system can be adopted, which can locate the 
workpiece by the intrinsic constraints therein. The in-
situ measuring system on a robotic polishing system is 
presented in Figure 5. An optical workpiece to be 
polished is placed on the platform. The polishing pad 
mounted on the flange is controlled by the motors. Two 
cameras and a screen are located on two sides of the 
platform, facing the workpiece to ensure that the 
cameras could capture the patterns of the screen 
reflected by the workpiece surface. 

 

Figure 5: The in-situ deflectometric measurement system. 

After the rough polishing by the robot and cleaning 
off the abrasive fluid, the workpiece could be measured 
just on the working platform without dismounting, 
movement and remounting of the workpiece. Once the 
surface has been measured, the form deviation with 
respect to the ideal surface will be obtained 
subsequently, which could guide the subsequent fine 
polishing. The cycle above continues until the 
workpiece surface achieves the desired quality. 

3. EXTENSION OF STEREO DEFLECTOMETRY 

In the stereo deflectometry, the normal vector at a 
measured point is specified by the geometrical 

constraints provided by the imaging relationship 
between the two cameras, as shown in Figure 6 [15]. 
After reconstruction from the partial gradients using the 
Zernike modal method [16], the form of the overlapped 
area BC can be obtained. That means, the 
measurement scope of a stereo system is the 
overlapped region of the two monoscopic measure 
systems associated with camera 1 and camera 2, 
respectively, which is seriously limited for complex 
surfaces. 

 

Figure 6: Configuration of stereo deflectometry. 

To extend the measurement scope and speed up 
the measurement procedure, the nominal function of 
the surface under test z=f(x, y) is adjusted to match the 
measured data set {xi, yi, zi}, i=1, 2, …, N at BC. For 
the sake of computational simplicity, the data set at BC 
is moved instead 

   
min

m
f (xi ', yi ')! zi '"# $%

2

i=1

N

&           (3) 

Here 

  

xi '

yi '

zi '

!

"

#
#
#
#

$

%

&
&
&
&

= Rz ' z( )Ry ' y( )Rx 'x( )
xi

yi

zi

!

"

#
#
#
#

$

%

&
&
&
&

+

Tx

Ty

Tz

!

"

#
#
#
#

$

%

&
&
&
&

, and 

the motion parameters are 
   
m ={!x ,! y ,! z ,Tx ,Ty ,Tz} . The 

numerical optimization problem in Eq. (3) is solved 
using the Levenberg-Marquardt algorithm [17], and the 
adjustment of the nominal function can be determined 
accordingly.  

Then the form at region AC is specified based on 
the images captured with camera 1. During the iterative 
calculation in the SCOTS measurement, the centroid at 
BC is kept unchanged. This implies that the reference 
datum is not the height of a feature point, but the 
position of the feature region BC. Subsequently, the 
uncertainty of the surface height can be greatly 
reduced by the averaging effect of the region centroid. 
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Similarly, the form at region BD can be specified based 
on the images captured by camera 2. Henceforth, the 
measurement region is enlarged from BC to AD. The 
procedure is illustrated in Figure 7 [18]. 

4. EXPERIMENTAL VALIDATION 

A plano-convex lens with the convex radius of 
curvature of 361.758 mm, an aperture of 76.2 mm and 
the central thickness of 7 mm is measured. For the 
purpose of comparison, the surface is measured with 
LUPHOScan. The deviations of the upper and lower 
surfaces provided by the manufacturer are shown in 
Figure 8c) and f). Table 1 is a summary of the 
measurement results. The measurement accuracy is in 
the order of nanometers for the surface form and 
micrometers for the thickness. 

5. CONCLUSIONS 

The development of in-situ measurement and even 
on-line measurement has become a consensus in the 

field of ultra-precision optical manufacturing. 
Deflectometric measurements have great advantages 
over other precision measurement methods in terms of 
sensitivity, dynamic range, device simplicity, anti-
interference ability, and cost. Based on the stereo 
deflectometric measurement technology, an in-situ 
measurement system is developed to measure the 
surface profile of optical elements, and it is suitable for 
the rough polishing stage of large-aperture complex 
optics. The in-situ measurement technology is very 
helpful to promote the intelligent manufacturing of high-
performance optical components. 
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Figure 7: Procedure for extending the measurement scope. 

Table 1: Comparison of the Measurement Results of Plano-Convex Lens 

Deviation of Upper Surface (nm) Deviation of Lower Surface (nm) 
Specification 

PV RMS PV RMS 
Central Thickness (mm) 

LUPHOScan 46.56 9.68 172.11 34.27 \ 

Proposed method 695.19 139.97 939.92 148.42 7.0860 

Altimeter \ \ \ \ 7.0878 
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