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ABSTRACT

This thesis is a result of the research work carried out at Centre for Sensors, Instrumenta-
tion, and Cyber-Physical Systems Engineering (SeNSE), Indian Institute of Technology (IIT)
Delhi, and the Instruments Research and Development Establishment (IRDE), Dehradun.
The precision optical systems are mostly developed using spherical optical components.
However, these surfaces introduce inherent aberrations, which can be compensated either
by using multiple spherical surfaces or by systems developed using aspherical or freeform
optics. The freeform optical surfaces are non-rotational symmetric surfaces and are advanta-
geous as they provide additional degrees of freedom to minimise optical aberrations, enhance
the performance of the optical system, and make the system more compact by reducing its
size, weight, and volume. Particularly for non-imaging applications, like solar concentrators,
energy research, and the illumination industry, freeform optics have played an important role
in system development. The complexity of the freeform surface increases with the increase
of departure from the best-fit sphere. The required surface accuracy for the optical system
is better than 100 nm or even less, particularly when the application area shifts towards a
shorter wavelength region. The optical systems developed using freeform surfaces can be
classified into two categories viz. non-imaging and imaging applications. Freeform surfaces
are more difficult to manufacture and characterise due to their non-rotational, symmet-
ric nature. Freeform optics can be manufactured using various processes such as precision
machining, computer numerical control (CNC) grinding, and single point diamond turning
(SPDT). All these processes need multi axis machining capabilities in order to fabricate
freeform profiles. CNC polishing is a deterministic process of material removal based on the
dwell time map. It allows a higher removal rate by spending more time in the zones of the
work piece. Due to the complex geometries of the freeform surfaces, subaperture polishing
is required across the entire surface in raster or spiral mode. The freeform surfaces can be
generated and polished using zonal subaperture polishing by controlled removal of the ma-
terial and monitored by a suitable metrology feedback mechanism. The available metrology
techniques are broadly categorised into three classes such as probe based metrology viz. con-
tact and non-contact profilometery, slope or curvature-based non-interferometric techniques,
and non-null and null interferometry. These metrology techniques are well established for
symmetric spherical surfaces but are not suitable for non-symmetrical surface metrology.
Each metrology technique has its own inherent advantages and limitations. Interferometry
is the best metrology tool for plane and spherical wavefronts, but it has major limitations
for aspheric and freeform metrology as it requires a specific null corrector for the surface
under test and is very expensive. In the case of aspheres, freeforms, and large size surfaces,
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stitching techniques with null based metrology are being used. Recently, a Shack–Hartmann
sensor (SHS) non-null slope measurement scheme has been reported for freeform metrology.
The scheme utilises a subaperture stitching algorithm for the measurement of a freeform
wavefront in transmission as well as in reflection mode. The accuracy of the measurement
technique is limited by the alignment accuracy of subapertures with respect to the reference
subaperture before the stitching process. In addition to all the methods being developed,
there is a requirement to develop simple, low cost, easy-to-use, and versatile precision metrol-
ogy techniques for freeform surfaces.
The present research work focuses to improve the accuracy of stitching errors by developing
a intrinsic surface feature based technique for precise registration of subapertures and by
developing a genetic algorithm (GA) based optimisation technique to improve the stitching
accuracy. Subsequently development of a single shot, low cost freeform metrology using
holo-shear lens based shearing interferometry. In addition, development of a cubic freeform
optics for imaging applications. The research goal for this thesis was achieved by the fol-
lowing major activities.

1. Intrinsic surface feature based lateral misalignment correction for subaperture stitching
metrology.

2. Experimental investigation of a single shot metrology of freeform optical wavefront
using a holo-shear lens.

3. Investigation of GA based technique for subaperture stitching.

4. Development of a cubic freeform optics for wavefront coding application in infrared
imaging.

The first chapter presents an overview of freeform optics requirements, benefits, and
applications in modern optical systems. The challenges involved in the design, fabrication,
and metrology of freeform optics and the current status of freeform metrology techniques are
discussed. The manufacturing techniques for freeform surface generation and limitations for
achieving precision manufacturing tolerances are discussed. The manufacturing of freeform
optics is limited by the metrology for the error compensation of the surface profile. A
survey of various metrology techniques for the testing and evaluation of freeform surfaces is
explained.
The second chapter presents the basic principles of intrinsic surface feature (ISF) and lateral
misalignment error correction for precision alignments between subapertures to enhance
stitching accuracy. The intrinsic features are a very important signature of any surface and
can be used as a precise alignment tool for subapertures, resulting in improved stitching
accuracy. The Gaussian curvature is one of the intrinsic features that has a peculiar peak
as per the geometry of the surface profile. Any shift in the peaks of the Gaussian curvature
of reference and measured subaperture corresponds to lateral misalignment in the X and Y
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directions and needs to be corrected for better registration of the subapertures into the global
frame of reference prior to the stitching. Numerical simulation studies and experimental
investigations are carried out, and higher accuracy of stitching is achieved.
The third chapter deals with the development of a new metrology method for freeform
wavefronts using holo-shear lens based slope measurement techniques. The holo-shear lens
is a special optical component that produces lateral shear fringes. These shear fringes are
analysed to compute the slope data needed to reconstruct the wavefront profile. Using the
developed technique, measurements of spherical, cylindrical, and freeform wavefronts are
conducted. The experimental investigations show that holo-shear lens (HSL) can be used
as a measuring tool for conventional, asymmetric, and freeform wavefronts. By using the
technique, full profile measurement of a freeform wavefront in one instant is possible. This
measurement method is compact, robust, fast, and easy to use. This technique requires only
low cost optical and mechanical components as compared to other standard methods.
The fourth chapter describes the application of a genetic algorithm (GA) for the stitching of
subapertures of test wavefronts measured by interferometry and a scanning Shack-Hartmann
sensor. The basic principles of the genetic algorithm, its methodology, and the experimental
results of the subaperture stitching using GA are presented. It has been observed that the
GA technique is more generic in nature and has the potential to be used for subaperture
stitching without any complex mathematical computation.
The fifth chapter presents the process of developing a precision cubic surface on a germanium
(Ge) substrate for wavefront coding application in infrared imaging (IR). The IR imaging
systems are prone to thermally induced defocus as these systems are developed using high
refractive index materials. These materials possess a high rate of change in refractive index
with temperature. A wavefront coding application provides a potential solution to overcome
thermally induced defocus in the imaging system. The key component for the wavefront
coding is a cubic freeform surface, which makes the imaging system invariant to defocus for
an appropriate range. The alignment process using geometrical fiducials has improved the
generation and characterization of cubic profile in a smaller number of iterations. The design,
fabrication, characterisation details of the cubic surface and the results of the experimental
setup for wavefront coding for IR imaging are presented.
The sixth chapter presents the conclusions of the research work and the scope of future
research.
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साराशं 

यह शोध-ᮧब᭠ध (थीिसस) सᱶटर फॉर सᱶससᭅ, इं᭭ᰯमᱶटेशन एडं साइबर-ᳰफिजकल िस᭭ट᭥स इंजीिनयᳳरग (सै᭠स), 

भारतीय ᮧौ᳒ोिगकᳱ सं᭭थान (आईआईटी) ᳰद᭨ली, भारत और यंᮢ अनुसंधान एवं िवकास सं᭭थान, 

(आईआरडीई, डीआरडीओ), दहेरादनू मᱶ ᳰकए गए शोध कायᭅ का पᳯरणाम ह ै। ᯋᳱफ़ॉमᭅ ᮧकाशीय सतहᱶ लाभᮧद 

ह ᱹ᭍यᲂᳰक व ेᮧकाशीय िवपथन को कम करन,े ᮧकाशीय ᮧणाली के ᮧदशᭅन को बढ़ाने और आकार, भार और 
आयतन को कम करके ᮧणाली को अिधक सुगᳯठत बनाते ह ᱹ । ᮨᳱफॉमᭅ सतह का उपयोग करके िवकिसत 
ᮧकाशीय ᮧणाली को दो ᮰ेिणयᲂ मᱶ वगᱮकृत ᳰकया जा सकता ह ैजैसे ᳰक नॉन-इमᳲेजग और इमेᳲजग अनुᮧयोग । 
िवशेष ᱨप स,े नॉन-इमᳲेजग अनुᮧयोगᲂ के मामले मᱶ जैसे रोशनी उ᳒ोग मᱶ ᮨᳱफॉमᭅ ᮧकाशीकᳱ न ेएक मह᭜वपूणᭅ 
भूिमका िनभाई ह ै। 

अपने नॉन-रोटेशन समिमत ᮧकृित के कारण ᮨᳱफॉमᭅ सतहᲂ का िनमाᭅण और वगᱮकरण करना अिधक कᳯठन 
होता ह ै। ᮨᳱफॉमᭅ ᮧकाशीय सतहᲂ कᳱ जᳯटलता, बे᭭ ट ᳰफट गोलीय सतह कᳱ वᮓता-िᮢ᭔या से िविभ᳖ होने के 
कारण बढ़ जाती ह ै। ᮨᳱफॉमᭅ ᮧकाशीकᳱ को िविभ᳖ ᮧᳰᮓयाᲐ जैसे िᮧिसजन मशीᳲनग, ᳲसगल पॉइंट डायमंड 
टᳺनग (एसपीडीटी), कं᭡यूटर ᭠यूमेᳯरकल कंᮝोल (सीएनसी) ᮕाइंᳲडग और सीएनसी पॉिलᳲशग का उपयोग करके 

िनᳶमत ᳰकया जा सकता ह ै। ᯋᳱफ़ॉमᭅ सतहᲂ कᳱ जᳯटल ᭔यािमित के कारण, रा᭭टर या ᭭पाइरल मोड मᱶ पूरी 
सतह पर सब-अपचᭅर पॉिलᳲशग कᳱ आव᭫यकता होती ह,ै िजसकᳱ उपयुᲦ मापन(मᮝैोलोजी) ᮧᳰᮓया तंᮢ ᳇ारा 
िनगरानी कᳱ जाती ह ै।  

उपल᭣ध मापन तकनीकᲂ को ᮧाय: तीन वगᲄ मᱶ वगᱮकृत ᳰकया गया ह ैजसैे ᳰक ᮧोब आधाᳯरत मापन, कॉ᭠टै᭍ट 
और नॉन-कॉ᭠टै᭍ट ᮧोफाइलोमीटरी, ᭭लोप या वᮓता-आधाᳯरत नॉन-इंटरफेरोमेᳯᮝक तकनीक, नॉन-नल और 
नल इंटरफेरोमेᮝी । ᮧ᭜येक मापन तकनीक के अपने िनिहत लाभ और सीमाए ँह ᱹ। 

ᮧाय: सतह मापन तकनीकᱶ  समिमत गोलाकार सतहᲂ के िलए अ᭒छी तरह से ᭭थािपत हो चुकᳱ ह ᱹलेᳰकन य े
ᯋᳱफ़ॉमᭅ सतह मापन के िलए उपयुᲦ नहᱭ ह ᱹ। ᭭फेयर, ᮨᳱफॉमᭅ और बड़ ेआकार कᳱ सतहᲂ के मामले मᱶ, नल 
आधाᳯरत मापन के साथ ि᭭टᳲचग तकनीक का उपयोग ᳰकया जा रहा ह ै। इन िव᭠यासᲂ के साथ मु᭎य सीमा, 
᭭पेिसᳰफक नल ᮧकािशकᳱ और ᮝांसिमशन ᭭फेयर कᳱ आव᭫यकता ह ैजो ᳰक हर सतह हतेु अलग बनाए जाते ह ᱹ
तथा बᱟत महगें होते ह ᱹ। हाल ही मᱶ ᮨᳱफॉमᭅ मापन के शैक-हाटᭅमैन सᱶसर (एसएचएस) आधाᳯरत ᭭लोप मापन 
नल योजना का ᮧ᭭ताव रखा गया ह ै । िजसमᱶ ᮨᳱफॉमᭅ, वेवᮨंट कᳱ माप के िलए एक सब-अपचᭅर ि᭭टᳲचग 
ए᭨गोᳯर᳑ का उपयोग ᳰकया जाता ह ै। माप तकनीक कᳱ सटीकता ि᭭टᳲचग से पहले ᳯरफरे᭠स सब-अपचᭅर के 
सटीक एलाइमे᭠ट ᳇ारा सीिमत है । ᮨᳱफॉमᭅ सतहᲂ के मापन हतेु एक सरल, कम लागत, उपयोग मᱶ आसान और 
एक सटीक मापन तकनीक िवकिसत करन ेकᳱ आव᭫यकता ह ै।  
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वतᭅमान शोध कायᭅ के िलए ि᭭टᳲचग हतेु सब-अपचᭅर के सटीक पंजीकरण को िवकिसत करके माप सटीकता मᱶ 
सुधार करना, सॉ᭢ट कं᭡यूᳳटग प᳍ित ᳇ारा ि᭭टᳲचग गुणांकᲂ कᳱ गणना करना, ᮨᳱफॉमᭅ ᮧकाशीकᳱ के मापन हते ु
ᳲसगल शॉट, कम लागत वाली मापन तकनीक का िवकास करना तथा ᮨᳱफॉमᭅ सतह का इ᭠ᮨारेड इमᳲेजग मᱶ 
अनुᮧयोग करने का ल᭯य रखा गया । 

इस शोध-ᮧबंध के ल᭯यᲂ को ᮧा᳙ करने के िलए िन᳜िलिखत ᮧमुख कायᭅ ᳰकए गए ह ᱹ: 

(क) सब -अपचᭅर  ि᭭टᳲचग के िलए इंᮝैि᭠सक सरफेस फᳱचर आधाᳯरत लेटरल िमस एलाइ᭠मᱶट करे᭍शन 
मापन का िवकास ।  

(ख) होलोिशयर लᱶस का उपयोग करके ᮨᳱफॉमᭅ ᮧकाशीय वेवᮨंट के ᳲसगल शॉट मापन का िवकास ।  
(ग) सब -अपचᭅर  ि᭭टᳲचग के िलए जेनेᳯटक-ए᭨गोᳯर᳑ आधाᳯरत तकनीक का िवकास । 
(घ) इ᭠ᮨारेड इमᳲेजग मᱶ वेवᮨंट कोᳲडग अनुᮧयोग हतेु ᭍यूिबक ᮨᳱफॉमᭅ ᮧकाशीकᳱ घटक का िवकास तथा 

ᮧायोिगक परीᭃण । 

उपयुᭅᲦ तकनीको स ेᮨᳱफॉमᭅ सतहᲂ के सटीक मापन तथा अनुᮧयोग मᱶ मदद िमलेगी । 

ॐ असतो मा स᳄मय । तमसो मा ᭔योितगᭅमय ।  म᭜ृयोमाᭅ अमतृ ंगमय ।। 
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