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Abstract
Subject of Research. The paper presents the idea of combining various stages of production of optical devices in a
single logical sequence from the design of optical elements, through the mechanical and technological production
stages, to the calculation of their manufacturing cost. This idea is all the more attractive because it is possible to control
the entire process and save time and budget to decide on the most suitable production option already during the design
stage. The information is important to be objective, related to the specific type and volume of production, and easily
verified and controlled at the initial design stage. Method. The method consisted in combination of all stages for optical
device creation on a “turnkey” basis, including the analysis and visualization of options for the device optical scheme,
taking into account mechanical and technological aspects and calculation of the “project-product” cost, depending on
the volume of production, with recommendations for its optimization. It is known that there are several alternative
circuit solutions when designing optical elements, especially for image quality assurance approaching to the resolution
diffraction limit: options for lenses containing only spherical surfaces or having different quantity of optical elements in
the scheme, or lenses with non- spherical surfaces. At the design stage the choice is difficult. In this case, the decision
is made taking into account the lens production technological processes. Main Results. The choice of the optimal lens
optical scheme is performed. Evaluation of an optical device manufacturing possibility at the earliest stage is carried out,
when the designed variants of its optical scheme, the manufacturing tolerances for optical elements and the volume of
production are known. The manufacturing cost for optical elements of the given device for various variants of its optical
scheme is determined. The study of alternative circuit solutions is carried out, for example, lens variants that contain
only spherical surfaces or have a various number of optical elements in the scheme, or use non-spherical surfaces. At
the design stage, the right choice is difficult. In the case presented in this paper, the solution is developed taking into
account the technological processes of lens production. Aimed at this, a new software tool, called PanDao, has been
applied providing a preview to producibility, fabrication technologies needed and production cost to be expected at the
early design stage of optical systems. To illustrate the use of the PanDao software, two pinhole lens schemes have been
developed and compared with a forward-facing input pupil that coincides with the aperture of the lens; the design of
the first lens is consisted of the three spherical components, the second lens is a combination of four aspherical optical
components. Practical Relevance. The possibility of manufacturability analysis for the lens system at the stage of
optical design is shown, and determination of the optimal technological sequence of an optical device manufacturing
is performed within the conditions of its production given volume. Modeling of the manufacturing process for various
optical components gives the possibility to choose the optimal production chain and evaluate the need and cost of
manufacturing, assembly and equipment testing. An additional advantage is the calculation of the device cost at an early
design stage, which serves to optimize its optical scheme in some cases, and sometimes even avoid the prototyping stage.
This approach is first implemented in PanDao software and is now available to a wide range of researchers.
Keywords

optical design, optical manufacturing, artificial intelligence, optical technology, lens, aberrations, tolerances,
manufacturing cost, manufacturing cost analysis
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AHHOTANMSA

Mpenmer ucciaenoBanus. [Ipencrapiena uaest 00beMHCHUS PA3IMYHBIX CTA I MPOM3BOCTBA ONITHYCCKUX MPHOOPOB
B €IUHYIO JIOTHYECKYIO I10CIIEA0BATEIILHOCTh OT IIPOCKTUPOBAHUS ONTUYECKUX DJIEMEHTOB, YEPE3 MEXaHUYECKYIO U
TEXHOJIOTUYECKYIO CTa/IUH MIPOU3BOCTBA, 10 pacyeTa ceO0eCTONMOCTH MX M3rOTOBIICHUsL. PellleHne npuBieKaTenbHo TeM,
YTO MOKHO KOHTPOJIUPOBATH BECh MPOLIECC M IKOHOMUTH BpeMs U OIO/DKET, 4TOOBI BEIOpaTh Hanbosee MoaXoAsIInii Ba-
pHUaHT Ipou3BoACTBa. BaxkHo, 4T00BI 3Ta MH(OpManus ObUTa 00BEKTHBHOM, CBA3AHHON ¢ KOHKPETHBIM BHJIOM H 00BEMOM
TIPOU3BOJICTBA, U JIETKO MTPOBEPSIACh U KOHTPOJIMPOBAJIACH HA HAUaJIbHOM dTare — CTaJAuU NIpoeKkTupoBaHus. MeTod.
[IpennoxeHo 0ObEIMHEHNIE BCEX ATANIOB CO3/IaHMS ONITHYECKOTO MPHOOPA IO KITFOW», BKITFOYAst aHAIN3 ¥ BU3yaln3a-
[I0 BapUAHTOB ONTHYCCKOU CXEMBI TPUOOPA, y4eT MEXaHHYECCKHX U TEXHOJIOTHYCCKHUX aCTIIEKTOB M PAcueT CTOMMOCTH
«IPOCKT-TMPOIYKT», B 3aBUCHMOCTH OT 00beMa MPOM3BOJICTBA, C PEKOMEHIAIMSAMH 110 €ro onTuMu3aiuu. M3sectHo, 4To
MPU MPOCKTUPOBAHUH ONITHICCKUX CHCTEM, OCOOCHHO JIJIsl 00CCIICUCHUS KaueCTBA N300PasKeHNs, PUOIIMIKAIOIIETOCS K
J(PaKIHOHHOMY IIPE/eTy, CYLECTBYET HECKOJIBKO AJIETEPHATHBHBIX CXeMHBIX PELICHHI — HapUMep, BapHaHThI JIUH3,
cozieprKalie TOJIBKO chepudeckre MOBEPXHOCTH U UMEIOLINE PAa3HOE KOJMUYCCTBO ONTHYECKUX 3JIEMEHTOB B CXEMeE,
WIN JIMH3bI, HCHONB3YOIIE TOBEPXHOCTH, OTINYHBIE 0T chepudeckux. OCHOBHBIE pe3yabTaThbl. BeimoaHeHn BeIOOp
ONITUMAJTBHOW ONTHYECKON CXeMBbI OOBEKTHBA U OLIEHKA BOSMOKHOCTH M3TOTOBICHHSI ONTHYECKOTO MPHOOpa Ha CaMOM
paHHeM JTarie, Korja M3BECTHbI paCUeTHbIE BAPUAHTBI ONTHUYECKON CXEMBI, JIOIYCKH HA U3TOTOBJICHNUE ONTUYECKUX dJe-
MEHTOB U 00beM MPOu3BoIcTBA. OnpeelieHa CTOMMOCTD U3TOTOBJICHUS ONITUYECKUX AIIEMEHTOB JIAHHOTO yCTPOiCcTBa
JUISL Pa3iIMYHBIX BApUAHTOB ONTHYECKOH cxeMbl. [IpoBeieHo uccieioBanue anbTepHaTUBHBIX CXEMHBIX pPelIeHUi — Ha-
MPUMEp, BAPUAHTBI JIMH3, COICPIKAIINE TOJIBKO C(HEepUUECKIE MOBEPXHOCTH, UMCIOIINE PA3TMIHOE KOJTUICCTBO ONTHYEC-
KHX 3JIEMEHTOB B CXEME WJIM HUCIIOJB3YIOIINE TOBEPXHOCTH, OTIIMYHbIC OT chepudecknx. Ha cTagun npoekTupoBaHust
BBIOOD 3aTPYIHEH, U B 3TOM Clly4ae pelieHHEe pa3padaThIBACTCs ¢ y4eTOM TEXHOJIOTHUECKUX MPOLIECCOB MIPOM3BOICTBA
nuH3. [ uimocTpanyn CoNb30BaHus IporpaMMHOTo cpeactsa PanDao pa3zpaboTaHsl 1 COMOCTABICHBI ABE CXe-
MBI OOBEKTHBOB C BEIHECCHHBIM BXOJHBIM 3payKOM, COBIAIAIOIINM C allepTypHOIl 1nadparMoil JINH3bI: KOHCTPYKIUS
MIEPBOTO OOBEKTHBA COCTOUT U3 TPeX cHepuIecKUX KOMIOHEHTOB; BTOPOI 00BbEKTHB — KOMOWHAIIUS M3 YETHIPEX Oll-
THYCCKUX KOMIIOHEHTOB ac(epuyeckoil KOHCTpyKiuH. [IpakTuyeckasi 3HaYMMOCTh. [loka3aHa BO3MOXKHOCTb aHAIIN3a
TEXHOJIOTUYHOCTH JINH30BOW CHUCTEMBI Ha Tarle ONTHYECKOTO MPOSKTUPOBAHUS, a TAKKE ONpeIeIeHHe ONTUMAaIbHON
TEXHOJIOTHYECKOM IOCJICAOBATCIIBHOCTH U3TOTOBJIICHHUA OIITUYCCKOI'O an/I60pa B YCJIOBUAX 3aaHHOT'O o0beMa ero
MpOU3BOICTBA. MOACTUPOBAHKE TEXHOJIOIMUECKOr0 MPOIecca U3rOTOBICHHS PA3JIMYHBIX ONTHYSCKUX KOMIIOHEHTOB
M03BOJISET BHIOPATh ONTUMAJIBHYIO IPOU3BOACTBEHHYIO IIETIOYKY U OLICHUTh HEOOXOAUMOCTh U LICHBI U3rOTOBJICHUS,
cOOpKHU U UCOBITAHUH 000pyI0BaHUs. J[OTIOTHUTEIBHBIM TPEUMYIIECTBOM SBISECTCS PaCUeT CTOMMOCTH yCTPOMCTBA Ha
paHHEN cTajuu MPOEKTUPOBAHMSI, UTO MIOMOTAeT B PsiJie CIydaeB ONTUMHU3UPOBATH €r0 ONTHUECKYIO CXEMY, a MHOI/IA
Jake U30eKaTh CTaIuH IPOTOTUITHPOBAHUS. DTOT ITOJXO]] BIIEPBBIC PEaM30BaH B IpOrpaMMHOM obecriedeHun PanDao
U Tereph JOCTYNEH HPOKOMY KPYry Hccie1oBarTeiei.

KuioueBble ciioBa

ONTUYCCKOEC MPOCKTUPOBAHUE, OTITUIECKOE IPONU3BOACTBO, I/ICKyCCTBeHHHﬁ HUHTCIUICKT, ONTHYCCKHUE TCXHOJIOI'MHU, JINH3HI,
a6eppauHH, JOITYCKHU, IIPOU3BOACTBCHHBIC 3aTPAThl, aHAJIM3 3aTpaT Ha U3rOTOBJICHUE

Introduction

Computer technologies are taking up more and
more space in various fields of science, production
and life, penetrating into areas where previously their
implementation would have been difficult to imagine. One
of these recent examples is a multidisciplinary project at
the intersection of optical systems design, manufacturing
processes of optical elements, and the cost of their
production.

Optical design consists of starting point selection,
where the number of optical elements and their position is
selected. The next designer controls technical specification
and image quality.

The design of optical devices characteristically
exhibits the presence of several technical solutions [1]; the
difference between them is not obvious. It is possible to
choose the best one, for example, by determination of their
optimal production chain, and comparison of production
costs for alternative variants.

These issues are successfully solved by using the
recently developed PanDao software tool!. In brief,
PanDao is a software which analyses optical layout and
tolerances prepared by an optical designer. Subsequently,
it recommends a technological fabrication chain and
calculates production cost for the selected technologies.

I www.pandao.ch

Hay4yHO-TeXHNYECKUIN BECTHUK MHDOPMALMOHHbBIX TEXHOIOM A, MEXAHUKN U ONTUKMN,

626

2020, Tom 20, N2 5



I.L. Livshits, O. Faehnle

Up to the present, existing software tools have been
working separately to solve the problems of optical and
mechanical design and create the technological chain of
its production. So, software programs SYNOPSYS, OSD!,
CODEV?, OPTICS STUDIO? gave to user an option to
implement ray tracing, analyze optical elements and prepare
optical layout with tolerances for optical elements which
were never combined with technology of its production.
After an optical designer, another specialist using different
software, such as MOLDEX 3D* presents the process of
lens technology chain and production of plastic optics by
applying injection molding only. As a rule, these engineers
are not connected and often work in contradiction. This fact
slows down the process of optical device production and
increases its cost.

During the generation of optical systems, three different
entities are involved subsequently:

1) initially, optical system designers are translating
performance parameters into optical system parameters
such as types of glass used, lens geometries, surface
shape accuracies, roughness and mid-spatial frequency
errors as well as types of coatings applied;

2) subsequently, optics manufacturing designers translate
optical system parameters into a well-designed
production chain employing machinery with optimized
sets of fabrication parameters such as abrasives being
used [2], machining kinematics, resonance frequencies,
or sputtering rates being applied;

3) finally, production managers use the installed optical
fabrication chain to manufacture the optical system
applying optimized batch sizes and well-trained
operators at high atomization levels.

Traditionally, it is the optical designers who are
negotiating with customers about the “optical system”
product including specifications, prices and issues
concerning manufacturing, coating, mounting and delivery
of product.

While optical system designers are well supported
by software tools to design the optimum set of optical
elements, there are no such tools existing to design the
optimum fabrication chain needed for production. As far
as optical fabrication is concerned, optical designer’s
decisions are restricted to their personal experiences
from the earlier negotiations with their company or their
suppliers’ optics workshop. The reason is that optical
fabrication technologies are not a part of optical designer’s
training, such as material science, machine tool metrology,
mechanical engineering, abrasive machining, fabrication
process parameters control, chemical engineering and a
profound understanding on the science behind the “golden
hands of the opticians”.

Background and problem statement

The process of any optical device production is quite
complex and contains several necessary steps, and not

! http://www.osdoptics.com/

2 https://Www.synopsys.com/
3 https://www.zemax.com/

4 https://www.moldex3D.com/

STEP 4 - evaluation production cost

STEP 3 - technological preparation

STEP 2 - drawingsfor optical parts

STEP 1 - opticaldesign &tolerancing

Fig 1. General sequence for an optical device production

all of them have already been computer-integrated. Fig. 1
shows a general sequence for an optical device production,
including all steps, from the technical requirements
when an optical designer creates an optical system and
calculates tolerances. Optical parts cannot “hang in the
air”, they must have housings and other mechanical parts,
which are implemented on the step two by another person
(a draftsman). The third step consists in preparation of
technology process by a team of specialists. Finally, an
optical device is produced in a workshop, and after testing
it is ready. All these steps were traditionally separated. It
seems logical to create links between existing software
programs and unite various software tools using special
algorithms. PanDao program, being discussed in this
publication, has created the tool, which is first of all
useful for an optical designer to go through the following
steps to estimate many things, such as: complexity
of optical system, drawing works, check of tolerances,
determination of the approximate production cost for
various variants. For example, step one in Fig. 1 does not
lend itself to algorithmization, and despite a fairly large
number of computer-aided design programs, the selection
process of the final version to be manufactured is far
from unambiguous. It seems very attractive to solve this
problem in conjunction with the subsequent steps 2—4.
Then, having the estimated cost of each of the options, the
choice becomes easier.

Thus, among the above steps, one can select the
design procedures, such as: design of optical components,
design of optical circuits and mechanical components, or
production preparation process, optical and mechanical
parts and, finally, actual production and assembly of
the device and, if needed, marketing (estimated cost of
production of various variants of optical design). The steps
presented in Fig. 1 are responsible for most of cost input.

Until now, the software has been developed for the
design and construction stages, while the technological,
production, and, especially, marketing aspects have not
been sufficiently prepared for their algorithmization.

Thanks to the research of a group of scientists’ [1,
3-5], this problem was solved as an Expert System, which
provides knowledge unification within development of
optical devices. The Expert System is the first step to
start an artificial intelligent approach to this complex
engineering field. The target of this research is to “explain”
to a computer, not only how to design a lens, but also how

3 https://schott.com/
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to make it. This is a very hard work, where optical experts
in neighboring optical specializations have to be attracted.

Recently, within the PanDao software project, such tool
has been developed, capable of predicting producibility,
fabrication technologies required and expected production
cost within the design stage.

PanDao method

Based on the know-how gained from decades of
academic and industrial state-of-the-art manufacturing
and experiences, an expert system like software tool has
been developed.

PanDao is based on several databases as well as on
the optical-expert know-how of designers, mechanical,
electrical and chemical engineers, and optics fabrication
technology specialists, who are working together to
generate the information about manufacturing effect on
optical element shapes to give optical designers an input
data for optimum choice of parameters and tolerances on
the early design stage.

PanDao includes expanded information sources,
knowledge databases in the field of design, production and
testing of optical devices. That way, optical designers can
test their projects for producibility and find out the essential
optical fabrication technologies needed for production.
Furthermore, fabrication cost-impact analysis of optical
design parameters is possible and design parameters can
be optimized for minimum fabrication cost. Therefore,
PanDao describes the whole fabrication chain including
fabrication cost, coating cost, testing cost and centering cost
during the optical design process. Aimed at this, PanDao
creates a special algorithm to input lens parameters,
calculate technological parameters depending on reasonable
tolerances and find out prices depending on the above data
and desired volume of production.

The PanDao algorithms contain know-how which is not
opened in this publication, whereas we present an optical
design case where we applied PanDao for optimization and
as a decision-making tool for the best optics design. In the
following, we give the examples how to use PanDao.

PanDao is user’s friendly software. First, we download
information files from! as well as tutorials from YouTube,
contact PanDao manager, register, receive an access and
start working.

Before starting PanDao we need to prepare an optical
layout for an optical system planned for production with
all parameters, specifications and tolerances. We get this
information from OSDOPTICS?, SYNOPSYS?, ZEMAX*
software, and some other software applications used for
optical design. Depending on the type of software used for
optical design, he/she inputs requested information into
PanDao.com. The volume of production has to be input
obligatory.

Working in a dialog with PanDao we get optical
drawings for all optical elements and reports on

! www.pandao.ch

2 http://www.osdoptics.com/
3 https://www.synopsys.com/
4 https://www.zemax.com/

technological chains for their production. In addition, costs
are estimated.

Design and analysis of a wide angle pinhole lens

Let us discuss the manufacturing of pinhole lenses for
mobile phone cameras as they are booming now. Pinhole
lens is a special objective, which is often used for safety
and security applications because of small size of its
entrance pupil. This lens has a variety of optical solutions,
which fit to a wide range of technical specifications.

In the following, the optics designs of two optical
systems for the same purpose are presented and they are
produced in 10 000 lenses overall. Their producibility
and the optimum optical fabrication technologies and
fabrication cost are analyzed. The first system was designed
of three spherical lenses presented as example 1 in Fig. 2
and the second lens is made of four all aspherical lenses,
example 2, (Fig. 5). The system specifications are shown
in Table 1, and they are the same for both examples. So, we
have got two variants for the same technical requirements.

Where:

Note: All linear dimensions, such as: focal length,
paraxial focal point, image distance, cell length, Gaussian
image height, marginal ray height, chief ray height,
entrance and exit pupil semi-apertures, entrance and exit
pupil locations are given in millimeters.

Wavelengths (WAVL).

Angular dimensions chief ray angle is in angular
degrees.

F/NUMBER has no dimension as it is a ratio of two
linear values focal length and lens diameter.

Example 1. All spherical pinhole lens

The optical scheme of all spherical pinhole system is
presented in Fig. 2. As one can see, the lens consists of
three separated optical elements: two positive and one
negative in between of them. This is a scheme of modified
triplet with aperture stop in front of the lens. The lens
was designed and optimized using software’. This lens
quality is geometrically limited, which is confirmed by the
numbers in Table 5 of modulation transfer function (MTF).

S1 S2 S3 M

Fig 2. Pinhole triplet featuring three spherical lenses S1, S2
and S3; lenses form an image in the image (IM) plane

3 http://www.osdoptics.com/
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Table 1. System specifications for both design examples

Specification Value, mm Specification Value, mm
OBJECT DISTANCE (THO) INFINITE FOCAL LENGTH (FOCL) 1.6000
OBJECT HEIGHT (YPPO) INFINITE PARAXIAL FOCAL POINT 0.6683
MARG RAY HEIGHT (YMP1) 0.2500 IMAGE DISTANCE (BACK) 0.6683
MARG RAY ANGLE (UMPO), angular degree 0.0000 CELL LENGTH (TOTL) 2.3243
CHIEF RAY HEIGHT (YPP1) 0.0000 F/NUMBER (FNUM) 3.2000
SEMI-CHIEF RAY ANGLE (UPP0) 41.0000 GAUSSIAN IMAGE HT(GIHT) 1.3909
ENTR PUPIL SEMI-APERTUR 0.2500 EXIT PUPIL SEMI-APERTURE 0.3425
ENTR PUPIL LOCATION 0.0000 EXIT PUPIL LOCATION —-1.5238
WAVL 0.0006562700 0.0005875600 0.0004861300
Table 2. Selected specifications and aberration values for example 1 and 2
Numbgr field o fliféj:i;:leaflileglljilar Distortion Distortion for Lens . Lens quality/quantity
point degrees for example 1, % example 2, % specification for example 1 for example 2

1 0 0 0

2 9.8 —0.047 —0.050

3 16.4 -0.218 —0.167 . . _ _

e [ e [ onw | Mgl | Gomerly | Diften

5 49.2 —5.387 —0.888

6 65.6 -11.897 -1.190

7 82.0 —23.000 —-1.440

In this type of optical systems, the size and the structure of
image are limited by geometrical aberrations. Aberration of
distortion is not corrected in a pinhole lens with an aperture
stop in front of optical system (OS). For this type of the
lens it is one of the most critical aberrations. The values of
pinhole distortion for all spherical and all aspherical lenses
are presented in Table 2.

All spherical pinhole triplet (Fig. 2) consists of
a meniscus S1 and is formed by surfaces 2 and 3; a
biconvex lens S2 is formed by surfaces 4 and 5, and a
negative concave, flat lens 53, is formed by surfaces 6 and
7. Numbers of surfaces 3, 5 and 7 are not shown in Fig.
2, where lens S1 has a yellow color, which corresponds
to glass model with refractive index » = 1.800 and Abbe
coefficient v =46.63. Lens S2 is made from crown material
with n=1.63323, v=61.65, it is colored in red and lens S3
is made from heavy flint glass with » = 1.800 and v = 25.05,
which is colored in blue.

A drawing of lens S2 is presented in Fig. 3 in accordance
with standard'.

All lenses have been analyzed using the PanDao

software tool and presented due to ISO 10110 standards. PP - P
As a typical example, we take the biconvex lens S2 (Fig. 3).

PanDao identifies a three step fabrication chain (Fig. 4) i o ey
featuring curve generator CNC (Computer Numerical Prot. Chamfer - v d 61,650,8% Prot. Chomfer -
Control) [6] grinding with a final full-aperture CNC 3®/’::2¥15 o (39/;“:3:15

4/ - 24 47
5/ 3x0,04 PAN DAO (' 5/ 3x0,04
1 ISO 10110-1 1996. Optics and optical instruments — & - FROM OFTCS 0 FABRICATION ke

Preparation of drawings for optical elements and systems — Part
1: General. 01.03.1996. 23 p.

polishing step to be the optimum fabrication chain for
production. In addition, dedicated testing equipment needed
to manufacture this lens is listed. Total fabrication cost
per lens is about 6.4 € comprising of 5.26 € fabrication

0,65701+0,02

Fig 3. Optical drawing of lens (S2) from example 1

Hay4yHO-TEXHNYECKNIN BECTHUK MHDOPMALMOHHbBIX TEXHOAOMMIA, MEXAHUKN U ONTUKMN,

2020, Tom 20, N2 5

629



PRODUCIBILITY ANALYSIS OF LENS SYSTEM DURING OPTICAL DESIGN STAGE

Side 1:

curve generator rough grinding
fabrication price 0.33€

curve generator grinding
fabrication price 0.31€

cnc full aperture polishing
fabrication price 0.50€

Side 0:

curve generator rough grinding
fabrication price 1.15€

curve generator grinding
fabrication price 1.14€

cnc full aperture polishing
fabrication price 1.83€

Total fabrication cost for this lens: 5.26€
Investbudget for installing machinery for this fab-chain: 380000€

best centéring process: centeringCNCTransferMandrel
centering cost for this lens: 0.11€
investbudget for installing centering machinery: 100000€

coating cost for this lens: 0.52€
investbudget for installing coating machinery: 1000000€

testing cost for this lens: 0.52€

Minimum testing equipment needed for this lens: Micrometers, flowboxes, ring-spherometers,
microscopes with size-analyzing software, hand-hold Profilometer, various testing equipment
(magnifying glasses, skale, heating tables, USB-microscopes, pH-value testing device, etc),
laser sheet diameter testing device, Refractometer, CMM. wavefront testing interferometer,
white light interferometer, standard Profilometer, Nomarski microscope, ScratchDig-detection
apparatus, MTF testing device

cost calculations representing an average-sized European fabricating company, including:
machining, tooling, operator, centering, testing, coating, setting-up, machine’s invest cost, bank
payback time, interest, operators salaries, two-shift fabrication, etc; excluding: material cost,
companies’ overhead, assembly and delivery cost

Fig. 4. PanDao analysis of lens S2 (Fig. 3) with per lens 5.26 €
fabrication cost.

Required production volume is 10 000 lenses

cost plus 0.52 € coating cost plus 0.52 € testing cost
plus 0,11 € center grinding cost (taking an average
sized Central-European company into account: without
company overhead cost and material cost). The costs for all
technological chain depend on the country of manufacturer.
In our example we use the average prices for Swiss
manufacturer.

PanDao producibility analysis for all spherical pinhole
objective is summarized in Fig. 4 and Table 3.

CNC is an abbreviation for Computer Numerical
Control in Fig. 4 [6], and CCP is an abbreviation for
Computer Controlled Polishing [7-9]. PanDao analysis of

example 1 is presented in Table 3, where fabrication cost,
grinding cost, coating cost, testing cost are calculated. Lens
design and material costs are not included.

Example 2. All aspherical pinhole lens

All aspherical pinhole lenses (Fig. 5) have same
applications as all spherical, but are used in mass
production, for example, as a lens for mobile cameras
[10], but for this case it must have perfect quality. If we
compare optical schemes of these lenses, example 1 looks
more simple and attractive, but it is not obvious which one
is better. PanDao analysis of all aspherical pinhole lens is
presented in Table 4.

Let us check image quality, the results of its calculation
in accordance with the MTF are presented in Table 5. This
lens is a diffractive limited over almost the whole field of
view, which is 82 angular degrees. We compare values
in columns X-Y Perfect MTF and MTF shown over the
field. These values are almost equal. Aspheric lens has
more parameters for optimization rather than spherical,
this is why, it is possible to correct additional aberration
—distortion. Parameters for optimization are radii,
thicknesses in both examples, and aspheric coefficients
and conic constants in all aspherical design. Materials of
lenses in our examples are not recommended to use as
optimization parameters, we just select suitable glasses and
do not change them. The attention should be paid that all
aspherical design usually requires all plastic material [11],
but we assume to select glass because, at this moment,
plastic materials are not included into PanDao materials
catalogue. This is a significant drawback, which will be
fixed this year. Materials, which we have picked up from
Schott glass cataloguel are: BK1 and F2 and they have
refractive index close to plastic materials.

! https/schott.com/

Table 3. PanDao analysis of all spherical pinhole triplet

center grinding
cost, €

PanDao analysis

fabrication cost, €
of examplel

coating cost, €

testing cost, € optimum fabrication chain

lens1 (S1) 11.90 0.40

0.52 1.17

left side and right side:

(1) curve generator rough grinding
(2) curve generator grinding

(3) CNC full aperture polishing

lens2 (S2) 5.26 0.11

0.52 0.52

left side and right side:

(1) curve generator rough grinding
(2) curve generator grinding

(3) CNC full aperture polishing

lens3 (S3) 3.70 0.10

0.52 0.36

left side:

(1) curve generator rough grinding
(2) curve generator grinding

(3) overarm polishing right side:

(1) curve generator rough grinding
(2) CNC full aperture flats grinding
(3) CNC full aperture flats polishing

Total 20.86 0.61

1.56 2.50

Total for three lenses — 25.53 €

Total For 1 000 000 pieces to be produced

for three lenses — 1.68 €
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Table 4. PanDao analysis of all aspherical pinhole lens

PanDao analysis fabrication cost, € center grinding coating cost, testing cost, € optimum fabricgtion F:hain left side
example 2 cost, € € and right side:
lens1 (41) 6.88 0.05 0.52 0.67 (1) CNC sub aperture rough grinding
(2) CNC sub aperture grinding
(3) CCP fluid jet polishing
lens2 (42) 3.94 0.04 0.52 0.39 (1) CNC sub aperture rough grinding
(2) CNC sub aperture grinding
(3) CCP fluid jet polishing
lens3 (43) 4.53 0.04 0.52 0.44 (1) CNC sub aperture rough grinding
(2) CNC sub aperture grinding
(3) CCP fluid jet polishing
lens4 (44) 3.99 0.08 0.52 0.39 (1) CNC sub aperture rough grinding
(2) CNC sub aperture grinding
(3) CCP fluid jet polishing
Total 19.34 0.21 2.08 1.89 for four lenses — 23.52 €
Total For 1 000 000 pieces to be produced for four lenses — 4.13 €

Let us now calculate production costs for the same
volume, 10 000 lenses sets. PanDao analyses the
production of the aspherical pinhole lens objective for
surface roughness requirements of 1 nm RMS (Root Mean
Square) [12].

A drawing of all aspherical pinhole objective is
presented in Fig. 5, which consists of a biconvex lens (41)
formed by surfaces 1 and 2, a negative meniscus lens (42)
formed by surfaces 3 and 4, a biconvex lens (43) formed
by surfaces 5 and 6 and biconcave lens (44) formed by
surfaces 7 and 8. Numbers of surfaces 2, 4, 6, 8 and 10 are
not shown in Fig. 5. The rays are traced from left to right
and produce an image on the surface called IM. PPP is a
plane-parallel plate protecting CCD-receiver from damage.
Parameters of PPP element is necessary to take into account
when we design a lens, because the system is diffraction
limited and each optical element input is essential.

In Fig. 5 lens A1, 43, PPP have pink colors, which
correspond to crown BK1 from Schott glass cataloguel.
Lenses 42, A4 have blue color, they are made from flint
material F2 also from Schott glass catalogue.

To illustrate the complexity of optical elements
shape, the attention should be paid to equation (1), which
describes the shape of conic and power series asphere.
In this example we have enough parameters to correct
distortion, which in this lens has the value less than 1.5 %
along the whole image field. So, this lens can be used for
measuring and testing applications.

cr?
O =T by

4 6
+ Gt + Gt

(M

where: z — aspheric sag; k — conic constant; ¢ — surface
curvature; Gy — first aspheric coefficient for even asphere;
G¢ — second aspheric coordinate for even asphere; r —
radial coordinate.

Parameters for optimization are: radii, thicknesses
in both examples, and aspheric coefficients and conic

U https/schott.com/

constants in all aspherical design. Materials of lenses in
our examples are not recommended to use as optimization
parameters, we just select suitable glasses and do
not change them. The attention should be paid that all
aspherical design usually requires all plastic material,
but we assume to select glass because, at this moment,
plastic materials are not included into PanDao materials
catalogue. Materials which we have picked up from Schott
glass catalogue are: BK1 and F2 and they have refractive
index close to plastic materials.

Conclusion

In conclusion, a new optical design software tool, called
PanDao, has been presented for the design of optimum
fabrication chain depending on optical design parameters
and tolerances. By applying this software tool, fabrication
cost can be minimized already at the design stage of optical
systems.

Two pinhole lens optical designs have been presented
and compared in terms of optical system performance
demonstrating that the aspherical objective has substantially

N
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NN\ O AN 3
\_\\ g 3
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\\\\ ~ = ‘

Al A2 A3 A4 PPP M

Fig 5. All aspherical design of four lenses 41, A2, A3, A4
and plane-parallel plate (PPP)
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PRODUCIBILITY ANALYSIS OF LENS SYSTEM DURING OPTICAL DESIGN STAGE

Table 5. Convolution MTF for all spherical (**) and all aspherical designs (*)

Frequency, X-Y Perfect XMTF, X=0 YMTE, Y=0 XMTF, X=1.0,Y=0; X:%M; 51 0
mm~ MTF For axis — sagittal For axis — meridional sagittal T
meridional

% sk k kk % Kk % kK
0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
27.261 0.936 0.935 0.865 0.935 0.865 0918 0.870 0.885 0.742
54.535 0.873 0.870 0.661 0.870 0.661 0.847 0.653 0.777 0.284
81.795 0.809 0.805 0.445 0.805 0.445 0.765 0.410 0.668 0.115
109.061 0.747 0.743 0.256 0.743 0.256 0.682 0.197 0.562 0.072
136.255 0.685 0.681 0.117 0.681 0.117 0.614 0.049 0.464 0.063
163.595 0.623 0.620 0.033 0.620 0.033 0.542 0.028 0.381 0.068
190.855 0.563 0.560 0 0.560 0 0.471 0.051 0.296 0.059
218.124 0.504 0.501 0.007 0.501 0.007 0.416 0.047 0.211 0.046
245.383 0.447 0.444 0.001 0.444 0.001 0.355 0.028 0.139 0.032
272.651 0.391 0.389 0.037 0.389 0.037 0.293 0.002 0.075 0.014
299.915 0.337 0.336 0.074 0.336 0.074 0.244 0.035 0.025 0.007
327.186 0.285 0.284 0.113 0.284 0.113 0.187 0.078 0 0.030
354.447 0.235 0.234 0.136 0.234 0.136 0.134 0.116 0 0.043
381.711 0.188 0.187 0.133 0.187 0.133 0.093 0.132 0 0.031
408.975 0.144 0.143 0.097 0.143 0.097 0.052 0.116 0 0.090

436.242 0.104 0.103 0.063 0.103 0.063 0.019 0.081 0 0

463.507 0.068 0.067 0.031 0.067 0.031 0.002 0.044 0 0

490.778 0.037 0.037 0.019 0.037 0.019 0 0.017 0 0

518.033 0.014 0.014 0 0.014 0 0 0 0 0

545.309 0 0 0 0 0 0 0 0 0

better performance and is even cheaper than the spherical
objective for a production sizes of 10 000 lenses, for
example.

On the other hand, if production numbers go up to
millions, PanDao identifies precision glass molding, PGM
[13], to be the most suited fabrication technology for the
application aimed at reducing cost down to 6 % for the
spherical and to 17 % for the aspherical system.
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