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Abstract

The aim of the research work is to develop fabrication processes for ultra-precision diamond
turning machining of freeform and hybrid optical surfaces suitable for imaging and
communication applications. System miniaturization is increasingly shaping next-generation
optical systems used in hyperspectral instruments, infrared imaging systems, and
communication systems. The miniaturization of optical systems is fundamentally driven by the
development of freeform and hybrid optical surfaces capable of integrating multiple
functionalities. Their integration not only reduces the overall size and weight of imaging and
communication systems but also enhances system efficiency and performance. Various
manufacturing methods, i.e., tool-based cutting (ultra-precision machining) and beam-based
(lithography) processes, each encompassing a range of specialized technologies, have been
developed. Nevertheless, the ultra-precision diamond turning machining (DTM) process is
suitable for fabricating freeform and hybrid optics for wide application areas (visible-LWIR)
in terms of improved surface roughness and dimensional accuracy with minimum fabrication
cost compared to other methods. Among them, ultra-precision diamond turning machining with
multi-axis configuration has enabled the fabrication of complex surface geometries with high
precision. Despite these advancements, increasing the number of machining axes adds system
complexity. Moreover, existing studies on hybrid optical surfaces primarily focus on feature
sizes greater than 10 pum. Hybrid optical surfaces with feature sizes less than 5 um are crucial
for high-performance imaging applications, yet their precise fabrication on curved geometries
remains challenging. Furthermore, surface quality optimization in brittle materials like single-
crystal germanium is insufficiently explored, particularly in understanding slow tool servo
(STS) based diamond turning machining parameters of freeform optics for an infrared imaging
system. In addition to visible and infrared imaging applications, visible light communication
(VLC) systems require compact and efficient optical receiver front-ends. Freeform Fresnel and
monolithic optics provide superior light collection and aberration control, yet their intricate
structures pose fabrication challenges. Ultra-precision diamond turning offers a viable solution
for machining such components with high precision. Addressing these research gaps is critical
for advancing ultra-precision diamond turning and enabling next-generation imaging and
communication technologies.

This thesis presents the work on the development of ultra-precision diamond turning machining

(DTM) processes for the fabrication of hybrid optical surfaces, essential for next-generation
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imaging and communication technologies. The thesis is summarized in the following four
major investigations:
a) Experimental investigations on rotationally symmetrical hybrid optical (concentric
grating on the curved profile) surfaces.
b) Ultra-precision diamond turning of curved gratings for hyperspectral imaging optics.
¢) An intelligent approach for optimizing process parameters in diamond turning of single
crystal germanium (sc-Ge), along with an investigation of ductile machining of sc-Ge
freeform optics for infrared imaging.
d) The development of non-rotationally symmetrical, monolithic freeform Fresnel optics

to enhance compact visible light communication (VLC) receiver front-ends.

In the first study, a novel retract toolpath strategy for fabricating rotationally symmetrical
hybrid optics (micro-concentric grooves on the curved surface), enabling precise dual-profile
machining with uniform micro-grooves and minimal form errors, has been presented. A hybrid
surface with 5 um features on a 38 mm radius sphere profile was successfully fabricated.
Compared to conventional methods, the approach offers enhanced control over feature size,
pitch, and groove depth. Its effectiveness was established on materials like aluminum, brass,
and PMMA, demonstrating its suitability for consistent microstructuring on curved surfaces in

diverse applications.

In the second study, the development of rotationally symmetrical hybrid surfaces, focusing on
linear gratings on curved surfaces, which are crucial for compact hyperspectral imaging
systems, has been carried out. However, fabricating the linear gratings on curved surfaces
posed challenges due to the lack of direct machining approaches in existing software. To
overcome this, a customized fixture and a particularly developed toolpath that has been detailed
in the first study were employed. Building on this approach, the study was further extended to
develop grating profiles on toric surfaces using the same fixture and toolpath. These
advancements enhance precision machining, foster innovation in micro-manufacturing, and
support the industry's growing demand for component miniaturization and performance

optimization.

In the third study, an in-depth investigation into the fabrication of high-quality optics on single-
crystal germanium (sc-Ge), a brittle material widely utilized in infrared (IR) applications, has
been presented. The study is systematically divided into two key sections, each addressing
critical aspects of machining and optimization to enhance the surface quality and precision of

sc-Ge optics. The first part of the study focuses on improving the surface finish of sc-Ge flat
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optics using a diamond turning machine (DTM). A response surface methodology (RSM) with
a teaching-learning-based optimization (TLBO) algorithm has been used. The insights gained
from this phase are further leveraged as evaluation criteria for generating freeform optics. The
second part of the study focuses on fabricating cubic phase freeform optics on sc-Ge for IR
imaging systems, where thermal-induced defocus is a critical issue. This investigation not only
provides a deeper understanding of the brittle-to-ductile transition in sc-Ge machining but also
advances nano-surface generation techniques, ultimately contributing to the enhancement of

fabrication processes for high-performance IR freeform optics.

In the fourth study, the fabrication strategies based on the slow tool servo configuration of
diamond turning for the development of novel freeform Fresnel, i.e., single freeform Fresnel
and monolithic freeform Fresnel surfaces for the receiver unit of visible light communication
systems, have been developed. The STS cutting strategies, mainly constant angle and hybrid
approaches, have been considered to study its impact on the generation of freeform Fresnel
profiles. These strategies have been further applied to investigate its effects on the substrate
position with respect to the vacuum chuck of diamond turning. Furthermore, the fabricated

surface has undergone performance evaluation as a front-end Li-Fi receiver unit.

It is expected that the investigations carried out in the thesis work will help in substantially
increasing the accuracy of the production of high-performance freeform and hybrid optics for

imaging and communication applications.
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AR

3 MY B BT I5-T FHNT 3R IR AN & oY Iugad, WIwH iR s13fis
3P d Tde! &1 3ieel-MReH sravs e m=if 3g Fafur ufkant faefia s gl
e &1 TgHR (A TERTES) 3rTel tid) & sifPed Ried & faom & Jgrdr
o ST B 1 1P Hunferat &1 aTges=ur gard: I HIe iy 3R efys 3ifvwd ads! &
9T T ORA ©, S 3% HRIeHTST &) Thidhd ®3- H &M g | 3THT UHIHRUl 7 Had
SARHT 3R TR Yunferdt & JHY 3MHR 3R a9l Dl HH Hdl §, Sfeh YU P aéidl
3R ez & off sgrar g1 fafmior & fafte alie-oi & ga-smetia & (sifa-adts
A=A R SH-senid (i) ufhan-fawRid fee U §, fomd 9 ude ¥ faviy
qH-ID! 1 T Favgd e e 71 bR o, sreer- MR sraws e a=fifs uftsarn,
3 Te! @ gaT B =LAad U0 arTd R 98k e QREIUA SR S Iéiddr &
A H, AUS SIUANT &1 (T-4Y a1 $IRS) & o Wieid SR grsfors sifoe
T & T Iugad g1 379 9, Heel-UfeR SI-hRR arell 3egl-URe s efH
A=A A I ITHa1 & A1 SIfed Fag SATafad! o 0T ! TYd ST 8 | 3 Wt
& STace, AT srefl &1 Te g ¥ Riked &1 wfeddT 96 ST 8 1 $9® 31aTdT, R[9S
PFd gl W HISEl g T&Id: 10 ARHH ¥ I8 BIR MHRI R Higd g1 5
TSI 4 HH HIR HTHR dTcl! gsios HPHd Ude S-TERH SHISHT Sl o forg
3d AE@yUl ], dfohd ah Idal R 3AHT el o snft of gAdgel 81 59
SifaRaa, RivTa-forted ST SR HTR ggril § Wdg Jurad &1 SPHIHR0 uaid %0 9
3regafd el 2, faRier 33pRe SRR R & fow wiwrd iffpey @t ot e waf
(STS) MR ST e weif Rfier &t THe 7| 227 3R SIS FARHT SFuanT
& AT, TG YHTR FAR (VLC) YUITerd! &l Hitlae 3R $IId HPdHd KUl he-1gd
DI MAIHT Bl &1 WIHIH had 3R S AR dgaR UHRT TG 3R fauyd
=101 gem FRa §, R ot It Sifed Taamt fAmior Seieh gfoar @t et & | Sfegl-
ORI srws <1 T gew! & I-gdied Al & e te sgaerd gwe™ ueH
FRAT 8| S MY fRTA! BT FaId BT 3feel-MReH Srms e &1 3t sgH 3R
3ATCH Uit o1 AR TUT TaR ddb-iih] ! W& g & fole Sidd gyl 7 |
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g Y gy (R gRfoe iifivwd Ade! & FHu & i sieer-MiRkem srws e+
i ufsearatt & faerg wR anutia g, S 3rTel Wit 3t SARHT 3R UIR do-ie! &
forg simaxge® §1 39 iR & afaied 9 ugE st & Haftd fear o 9@ 6:

3) Fﬂﬁ:[ JafHd (rotationally symmetric) HEEERIIIESECED Uhlsd W GADGAT
D) Felel R YRS e |

) SRR SRR 3Py & g o e Y oifd-qdite (3reer- ko) sravs
e

) RivTa-fored SHATH (sc-Ge) @1 SRS A1 & Ufshar tRiter & gyHieRur &g
TH YYD VDI, TUT SRS SHNHT & AT sc-Ge HIBIH PRI DI SIRd
AT BT 31T |

T) Piide TG USRI TR (VLC) REaR The-U8y &I 9gdR a1 & o, guH-
AR, 3RS WIhIH had JHiPe &1 f[der|

Ug ST H, U A BTSisS 3P (G Hdg R J&H-Hebl~id i/ Yod) o i
& fore e T3 Rcae gauny 0T URdd &1 713 §, S UhTH YeH-I60 3R gAdH STHR
Ffedl & Ty TS A-NwISA & AT BT IHT s g1 38 A B3 o MasR
MHISA IR 5 AP BIR ail Uh FRINS Iag b adgad HiHd H Ts | TRURETT
fafira ! a1 H, 78 Ufoha BIeR & PR, e 3R 3a TexTs WR dgaR (a0 UeH SRl
21 39! gHTa=iaar Tegifas, fidd 3R PMMA S terelf R wifid &1 718, S fafie
SV B gk s UR T HTSh!-SRaT FHfr & e 39e! Sugeddr it |

T YT H, I dal W e A R Hisd, goiv gafid gefas gas! &1 faar™
forar T B, S piide IR SHRSHT yunferd & e ercdd Heayul €1 gTaife, a%
Tag! W XRAH Ay H1 At dieer SiveamR & vaer A= fafdal &t &t & sRor
AUl AT 3 TR B 8 HRA & [O78, Th HeHRSS [haer 3R Ugd 3reqgd o
A fyd fa=y CeruTy &1 IuTIT fosarn 71| 39 P10 o STUR TR, 31T B! 31 IGTH
AN (toric) Tag! W AT MwIsd fawRid o1 15 | 3 umfd It A= &) grar &t 8,
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AEH-AGHFRT & TaER & Wefed IR 8, R IUNT Bt Tgal TR0 ql
BIIHAT ST B AT ) g TR B

TR srema H, Riva-foped SHATH (sc-Ge) TR IA-IUrETT AP 3 Fafor o1 fawqga
3T YR foan T B, St 3RS U § e T ¥ UGN 19 a1 U HR
Terdl B 1 39 ST 1 &l Y YT A saRyd =0 § fauiford fpar man g, S se-Ge 3o
DI TAg OIETT R TeIhdl Bl dgMH & Hedqul Ugqan P TaIfdd HRd | Tgal YT,
SHS T 7RI (DTM) BT STIRT TP sc-Ge THA SHIDH &I Jag b & GUR
R Hiad 81 FReorsiferma-anenid gyHiBRUl (Teaching-Learning-Based Optimization)
TENNET & 1Y U Ufdfhar Tdg HIEYue (Response Surface Methodology) T STTNT
o T B 1 S IRUT § T SiaeiDal B WKy Siivad & FHiur & ol Jedic- AHGS
& =G T IGINT {Ha1 7| 3 30T BT GERT HFT, IIRS AT e d & il se-Ge WR
H[SP el I SHifPa & AT IR Hfsd §, el ardi-URd Sihied T TR guw
81 I8 SIHUT T Had sc-Ge AT H UTR I T FHA (brittle-to-ductile transition) BT
e} THS U Bl g, Sfcp A1-9dg Fafur de-ie! &) it I9d orar g; ora 3iad:
I-UGRM aTd SRS WIwhiH PR Bt fAmfor uferarsii &) dgark a9 & aie= e
gl

Y 3egg H, STHS e+ Pt Xl g Hal (STS) BIBTRIA U et fAafor xoefaar
famRd @t 13 8, e ST fafsaa age Frgf~aee Red & REfiaR gfie & fom
I BB B (IHd AR Afe) Idel & fae o fear mar g1 sTs &
U, JRerd: FRR ior 3R gTefae fafdal, wiwid thad Mwsd & Fufor R 39
TUTG & 3T & [T 3UATS T3 | 3 U] bl UGN Ys¥ee & fufd (qogH 96 &
e TR I UHTE ot ofie & o +f fvar mar 81 39 sifalkeq, Afdfa gdg & uexH
&1 i RfieR The-U8 & =u H a1 a1 g | I8 30 &1 offdl § b 39 2y »d o
fohT TTQ e, SHRSHT SR TR 3TN & T I=-UGA Wik ¢k grefs sfifvw
& JdTeA B! Getddl I gurdd: g H g givll
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