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Abstract 
 

This thesis is the result of the research work has been carried out at Instrument Design 

Development Centre (IDDC), Indian Institute of Technology (IIT) Delhi, India and Department 

of Technical Optics, Technical University (TU) Ilmenau, Germany through Indo-German 

DST-DAAD Project Based Personnel Exchange Programme 2013-2015.  

The goal of the research work is the development of a scanning Shack-Hartmann sensor (SHS) 

based measurement scheme for aspheric and freeform optics. The freeform optical surfaces are 

increasingly becoming integral part of optical systems as they offer higher degrees of freedom 

to the designer in order to improve the performance. Particularly benefited systems are 

illumination systems, compact projection systems, head-up-displays, ophthalmic systems, and 

surveillance systems.  

The increased range of manufacturable freeform surfaces offered by the new fabrication 

techniques is giving opportunities to incorporate them in the optical systems. However, the 

success of these fabrication techniques depends on the capabilities of metrology procedures 

and a feedback mechanism for optimizing the manufacturing process.  Therefore, a precise and 

in-situ metrology technique for the measurement of freeform optics is in demand. Though all 

the techniques available for aspheres have been extended for the freeform surfaces by the 

researchers, but none of the techniques has yet been incorporated into the manufacturing 

machine for in-situ measurement. The most obvious reason is the complexities involved in the 

optical setups to be integrated in the manufacturing platforms. The SHS offers the potential to 

be incorporated into the machine environment due to its less vibration sensitivity, compactness 

and 3D shape measurement capability from slope data. However, the measurements are limited 

by the lateral resolution offered by the SHS. The SHS has the potential to be integrated on to 

the machine environment for in-situ measurement process.  

The following three major investigations have been carried out to achieve the goal of the 

research work in the thesis. 

• A scanning Shack-Hartmann sensor based metrology technique (non-null configuration) with 

subaperture stitching scheme has been developed for measurement of freeform optics in both 

in transmission mode and reflection mode. 
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• Measurement of freeform optics using diffractive null element which can compensate the 

departure of the freeform surface under test from flat. 

• Further, metrology technique for freeform optics in reflection mode is developed and the 

metrology scheme has been enhanced that it can be suitable for in-situ measurement and 

corrective machining of freeform optics. 

An in-house subaperture stitching algorithm has been developed for freeform wavefront at IIT 

Delhi. The first experimental investigations are carried at TU Ilmenau, Germany for the 

validation of the subaperture stitching algorithm using a scanning SHS. Further, a detailed 

experimental investigations on the measurement of freeform optics have been performed in 

both transmission and reflection mode at IIT Delhi, India. Both the simulations and 

experimental investigations are also conducted in detail to know the influence of various 

parameters such as the alignment of the freeform, slope, stitching sequence and other stitching 

parameters on to the final surface profile error. 

The second investigation on the measurement of freeform optics by using a Mach-Zehnder 

interferometric configuration based on Diffractive Optical Element has been developed at TU 

Ilmenau, Germany. The setup is developed in a switchable mode where both the SHS and CCD 

are used as measurement heads. Experiments are conducted in this configuration and the results 

are presented.  

Finally, measurement of freeform optics in reflection mode is conducted to know only 

fabrication error on the surface profile and further, the metrology scheme has been enhanced 

as that can be a suitable for in-situ measurement and corrective machining of freeform optics. 

A quantitative analysis on positioning errors, overlapping between the adjacent subapertures 

overlapping area and position for the measurement scheme has also been performed.  

It is expected that the results of this study will substantially increase the accuracy of the 

production and testing of high-performance aspheric optics. 

The first chapter presents the overview of the freeform optics   in various imaging and non-

imaging applications, advantages over conventional/rotationally symmetric optics, challenges 

involved in the design, fabrication, metrology and integrations of freeform optics in the optical 

systems. Further, it focuses on the current status and the development of the ongoing research 

on the freeform metrology technique. The second chapter discusses the details on Shack-

Hartmann sensor (SHS) such as the principle of operation, design parameters and wavefront 

reconstruction algorithms. Further, the application of a scanning SHS for the measurement of 
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freeform optical surfaces and mathematical modelling with experimental validation for 

subaperture stitching of freeform wavefront are also presented.  

In third chapter, a detailed investigations on the development of metrology technique for 

freeform optics using a non-interferometric method like a scanning SHS are discussed. It 

mainly focuses on the alignment library for the freeform optics, subaperture stitching 

sequences, experimental investigations on both freeform and aspheres. A detailed analysis of 

the effects of slope and positioning error on the reproducibility is presented. The fourth chapter 

describes the development of DOE Mach-Zehnder interferometric configuration (MZI) for 

freeform optics. Further, measurement of asphere by using a Zygo Verifire Asphere is 

presented for the validation purpose.  

In the fifth chapter, development of a metrology technique for freeform optics using SHS in 

reflection mode. The sixth chapter describes the development of a Shack-Hartmann sensor 

based metrology technique that can be used for quantitative in-situ measurement of freeform 

optics. Measurement procedure using a scanning SHS followed by CNC tool path for freeforms 

in off-line mode is presented. Repeatability and reproducibility tests of the measurement 

scheme have also been presented. In the seventh chapter, the current limitations of the scanning 

SHS based metrology, its advantages and the scope for future studies are discussed as 

conclusions. 
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इस शोध कायम का उद्दशे्य एस्फेररक एिं फ्रीफॉमम ऑवटटक्स के परीक्षण हतेु स्कैननंग शैक-हाटममैन सेंसर(Scanning 

Shack-Hartmann sensor) का विकास करना ह।ै फ्रीफॉमम ऑवटटक्स का प्रयोग हईै वडग्री ऑफ फ्रीडम होने के 

कारण ऑवटटकल वसस्टम की कायमशवक्त को बढ़ाने हतेु उन्नत अवभकल्प में दकया जाने लगा ह।ै विशेषकर इल्लुवमनेशन 

प्रक्रम कॉम्पैक्ट प्रोजेक्सन वसस्टम, नेत्र वसस्टम और वनगरानी प्रक्रमों में प्राय: इनको उपयोग दकया जाने लगा ह।ै  

उन्नत वनमामण विवधयों के उपलब्ध होने के कारण फ्रीफॉमम को प्रकाशीय प्रक्रमों में उपयोग करने का मागम प्रशस्त हुआ 

ह।ै जबदक इनको वनमामण प्रदक्रया को परीक्षण प्रदक्रया वनधामररत करती ह ैक्योंदक वनमामण अनुकूलन हतेु मशीन को 

इन-सीटू (in-situ) परीक्षण की आिश्यकता होती ह ैजो की अभी उपलब्ध न होने के कारण शोध का विषय ह।ै यद्यवप 

एस्फेररक प्रकाशीय सतहों हतेु प्रयुक्त होन ेिाली विवधयों को फ्रीफॉमम हतेु प्रयोग में लाने हतेु शोध दकया जा रहा ह।ै 

परन्तु कोई भी विवध अभी तक संपूणम रूप स ेविकवसत नहीं हुयी ह ैवजसे दक वनमामण प्रदक्रया हते ुमशीन में उपयोग   

दकया जा सके। 

शैक-हाटममैन सेंसर को कम्पन प्रवतरोधी, छोटे आकार, वत्र-आयामी आकार माप दकय ेजाने के कारण मशीन पर लगा 

पाना संभि ह।ै यद्यवप इसका लेटरल रेसोलुशन कम ह ैपरन्तु मशीन पर उपयोग दकये जा सकन ेसे इसकी उपयोवगता 

की जा सकती ह।ै  
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१) स्कैननंग तकनीक पर आधाररत शैक-हाटममैन सेंसर का फ्रीफॉमम प्रकाशीय सतहों पर पराितमन एिं पारगवमत 

विवधयों पर अध्ययन कर युवक्त का विकास दकया गया 

२) वडफै्रवक्टि नल प्रकाशीय सतह (Diffractive Null Optical Element (DOE)) का  फ्रीफॉमम के परीक्षण में 

प्रयोग 

३) पराितमन विवध पर आधाररत तकनीक का इन-सीटू परीक्षण का मशीन उपयोवगता तथा करेवक्टि पॉवलनशंग में 

उपयोग का विकास 

सब-अपचमर वस्टनचंग सॉफ्टिेयर(Subaperture Stitching Software) का विकास आई आई टी दिल्ली, भारत में 

दकया गया। और पहला प्रयोगात्मक परीक्षण  तकनीकी विश्वविद्यालय इल्मेनॉ, जममनी में दकया गया  तिपुरातं आई 

आई टी दिल्ली में पराितमन एिं परगवम  में प्रयोगात्मक कायम दकया गया ह।ै मैक-जेंडर इंटेफेरोमेटेर पर आधाररत  

डी ओ ई प्रयुक्त (DOE) विवध का विकास  भी तकनीकी विश्वविद्यालय इल्मेनॉ,एिं आई आई टी के संयुक्त शोध पर 

दकया गया।  

पराितमन विवध स ेफेविकेशन त्रुरटयों का अध्ययन कर करेवक्टि पॉवलनशंग में उपयोग दकया गया ह।ै उक्त शोध स ेयह 

आशा दक जाती हैं दक एस्फेररक ि् फ्रीफॉमम सतहों के फेविकेशन दक शुद्धता में िृवद्ध होगी पररशुद्ध टेनस्टंग प्रणाली का 

उपयोग फ्रीफॉमम ि एस्फेररक सतहों के वलये  दकया जा सकेगा।  
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