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Abstract

In an e�ort to produce a more e�cient optical system designers have begun to shy

away from the traditional ‘spherical’ lens, favoring freeform surfaces which correct for

more aberrations, thereby allowing for a more compact system. The challenge now

is determining how reliably these components can be manufactured, which requires a

tool capable of accurately measuring them. We expand on previous phase measuring

de
ectometry techniques to enable the measurement of high-sag freeform optics by

recording the di�erence in measured phase values. In this paper we justify the need for

these changes by demonstrating where current approximations fall short, and a more

generalized solution is derived. A system incorporating these changes was built to

measure a high-sag freeform surface, the entire curved portion of a Samsung Galaxy

S8 phone in single pass. We demonstrate our method is capable of determining

deviations from an expected surface �gure which makes it ideal for an industrial

setting where quality control and consistency are critical.
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Chapter 1

An Introduction to Optical Metrology

Optics are components which are used to control the path of light through a sys-

tem. In theory the contribution from an optic may be de�ned by its properties such

as shape, �gure, and material. However, in reality its performance depends on how

well the manufactured optic meets the envisioned design. Metrology is the study

of measurement such as dimensions, shape, and temperature; optical metrology is a

sub-�eld where light is the measurement tool used to determine the properties of an

optic or unit under test (UUT). The use of light allows for non-contact measurements;

depending on what we are interested in measuring, the act of taking the measure-

ment will not change the sample. More often than not the target parameter is surface

height. Many optical metrology instruments are used in industry today each lever-

aging a distinct property, or measurand, of light (e.g. irradiance, phase, or slope) to

measure a UUT. Each of these primary measurands comes with a unique set of pros

and cons which ultimately determine where and when a technique should be used.

As optical engineers regularly use machines which operate based on these principles,

it is useful to understand some of the more common techniques.

1.1 Specular Surfaces

Regardless of the primary measurand, all optical metrology systems use light as a

means to examine a UUT. Therefore, it is important to have some degree of control

over how the light is directed. This often means we use optical metrology techniques

to measure surfaces which are specular - i.e. a surface with local height 
uctuations

are much less than�= 8, which ensures that the resultant phase variation is below

�= 4[1]. The better this condition is met, the more the scattering index converges
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toward a delta function. In other words, when the surface is probed, the angle

of re
ection is equal to the angle of incidence. This gives rise to a particularly

interesting consequence: specular surfaces are fundamentally invisible. As light is

not scattered upon re
ection, the surface itself is not seen; instead we see distorted

images of the surrounding sources. The image of the source must illuminate the

desired measurement area which can be a challenge depending on the shape of the

optic.

Figure 1.1: A visual example of how specular (left) and di�use (right) surfaces are
imaged for objects composed of the same material.

1.2 Confocal Microscopy

Confocal microscopy is a commonly used optical probing technique which builds

up a topological map of the UUT by sampling the surface at discrete points. In a

confocal microscope a pinhole, or spatial �lter, is placed at the plane conjugate to

the focal length of the microscope’s objective, preventing o�-axis light from reaching

the detector. The amount of light, or irraidance, passing through the pinhole as the

UUT is shifted along the optical axis is then measured. Thus the primary measurand

is irradiance as a function of position,I (x; y; z). A maximum signal occurs when the

local surface area of the UUT is precisely at the focus of the objective.
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Figure 1.2: A diagram of a common confocal microscope setup. With the addition of
a spatial �lter at the objective’s focal plane rays which are defocused do not make it
to the detector.

Although this method allows for a precise reconstruction of the surface, it su�ers

from an extremely long acquisition time due to the sampling rate of the UUT. Ad-

ditionally, since the primary measurand is irradiance, it is critical that the re
ected

light returns through the system; if the surface is has sharp features the system may

not capture enough light to return a correct height value.

1.3 Interferometry

Interferometry is a technique which compares the di�erence between two wave-

fronts. One wavefront propagates through the system, undeviated, while the other

interacts with the UUT. An interferometer is used to capture the di�erence between

the known reference and unknown measurement wavefronts by recording their inter-

ference pattern, or interferogram.
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Figure 1.3: An interferometer compares the di�erence between two identical wave-
fronts after once has interacted with the UUT.

The interferogram contains information about thelocal phase variationsinduced

by the UUT, and this is the primary measurand of interferometry. The local surface

heights, or optical path di�erence (OPD), between the two wavefronts are encoded

within the measured local phases:

� (x; y) = k(x; y)
2�
�

�
� z(x; y)mod

�
�

k(x; y)

��
(1.1)

k(x; y) is a scaling factor which depends on the geometry of the system, �z(x; y) is the

OPD between the reference and measurement surfaces. By making the assumption

that within all resolution cells the surface is probed at normal incidence, the value

k(x; y) becomes a constant. Now the local phase is proportional to the relative object

height modulo � , scaled by� [1].

As a relative measurement technique, interferometry requires that the incoming

wavefront has the same shape as the surface being measured in order to probe the

UUT at normal incidence. Properly generating this wavefront is extremely intricate,

often achieved with the use of null optics such as reference 
ats/spheres and computer

generated holograms (CGH), which are expensive and often only applicable to a single

UUT.
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1.4 De
ectometry

De
ectometry uses thelocal slopeof the optic obtained by probing the surface with

a beam of light and measuring the amount of de
ection induced. Therefore, local

surface slopes are the primary measurand. These values are recorded by obtaining

a point-to-point correspondence between the source, object, and detector; and when

integrated, provide the target parameter, surface height.

1.png

Figure 1.4: The path of a single ray is traced though a de
ectometry system. The
locations at which it interacts with the source (red), mirror (blue), and detector
(green) allows for information about the local surface to be determined.

With knowledge of the position and orientation of each component, a single ray

may be traced through the system, with its path supplying information about the

local slopes of the surface! x and ! y using the equations below:

! x =

xm � xs

dm2s
+

xm � xd

dm2d

Zm2s � W (xm ; ym )
dm2s

+
Zm2d � W (xm ; ym )

dm2d

(1.2)

! y =

ym � ys

dm2s
+

ym � yd

dm2d

Zm2s � W (xm ; ym )
dm2s

+
Zm2d � W (xm ; ym )

dm2d

(1.3)
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The coordinate pairs (xs; ys), (xm ; ym ), and (xd; yd) correspond to positions on the

plane of the screen, mirror, and detector, respectively.Zm2s andZm2d are the distances

along the optical axis between the vertex of the mirror tothe plane of screen and

detector, whereasdm2s and dm2d are the physical distances between points on the

mirror to points on the planeof screen and detector.W (xm ; ym ) refers to the deviation

of the surface from a plane, at the sampled position (xm ; ym ) [2]. These values allow

for the triangulation of the local slopes of the surface,! x & ! y.

Notice that de
ectometry is an ‘absolute’ measurement technique whose accu-

racy depends on the accuracy of the recorded global positions of each component;

inaccuracies in the knowledge of the components positions will lead to an incorrectly

calculated slope value. As a result, de
ectometry measurements often su�er from

long calibration times.

Figure 1.5: If the positions of the components are not accurately recorded, the local
slopes calculated in Equations 3.3 and 3.3 will be incorrect as they are proportioinal
to the surface normals n1 and n2.
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Chapter 2

Motivation & Objectives

A huge challenge in today’s industry is the ability to accurately measure various

freeform optics, or optics without rotational or translational symmetry, requiring

an extensive amount of time or money. Companies are always looking for ways to

minimize these two factors when developing a product. Recently, Philoptics USA

contacted our lab group, the Large Optics Fabrication and Testing group (LOFT)

at the University of Arizona, to help design a system capable of measuring high-sag

freeform parts.

2.1 Statement of the problem

Philoptics USA provides metrology services to Samsung, for their 
agship Galaxy

S phone, which features a bezel-less curved screen. Without an e�cient way of mea-

suring the unique shape, high-sag and freeform, these screens are produced and units

are assembled with the statistical understanding that a small portion of them will be

defective. We were challenged to create a system capable of validating these screens

before the phones assembly. With a lack of systems capable of meeting their demands

the requirements given were largelyqualitative:

Acquisition time < 10 seconds
Measurement Environment quasi-controlled
Measurement Type single measurement
Resolution 10 nm

These requirements were challenging in and of themselves. The additional com-

plexities of this particular UUT - nominally cylindrical, 110 mm in length, with an 8

mm radius of curvature created an even more di�cult problem. Rather than reinvent
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the wheel, we attempted to modify one of the previously described techniques, to

produce a machine which could best meet the given requirements.

Figure 2.1: Samsung Galaxy S10

2.2 Current Limitations

Given our understanding of the di�erent optical metrology methods, none of them

seemed to o�er an ideal solution to our problem. Confocal microscopy su�ers from

prohibitively long acquisition times which are only exacerbated by the imposed res-

olution requirements, and is limited to measuring surfaces without steep features;

de
ectometry does no better, requiring a time consuming alignment process to yield

accurate results; and interferometry o�ers a shorter collection time at the cost of both

an expensive null optic and an extremely controlled testing environment. However,

among these methods, de
ectometry introduced the most amenable complications so

we looked for any modi�cations that would lessen its need for a stringent alignment

process.
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2.3 Proposed Solution

We propose a modi�ed di�erential phase measuring de
ectometry solution which

considers the di�erence between unwrapped phase rather than slope. In theory, this

removes the need for a precise system calibration as any errors caused by positional

uncertainties will cancel out, provided that subsequent samples are placed nominally

in the same position. Compared to the other relative measurement, interferometry,

our positional tolerance requirements would be relaxed due to a primary measurand

of slope vs. phase. Lastly, as a geometric calculation, the reference (to which all

subsequent samples are compared to) only needs to be similar inphysical shapeas

opposed to generated wavefront. This eliminates the costs introduced by adding a null

optic, since the null optic is the sample itself. It should be noted that the reference

sample must be measured once using one of the more resource consuming techniques

such as pro�lometry.
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Chapter 3

Phase Measuring Deflectomery

The method of discrete, or active, sampling of the surface shown in Figure [1.4]

is largely a theoretical approach. Point-wise sampling, as in a reverse Hartmann

test [2] is not practical, as many iterations are required in order to obtain the ac-

tual surface �gure of a UUT. Instead, the entire surface may be measured passively

through the use of a spatially extended source. The point correspondence between

components required in a de
ectometry measurement is then achieved by displaying

a pattern which encodes positional information. This passive approach is called phase

measuring de
ectometry (PMD).

The goal of phase measuring de
ectometry is to match the phase values displayed

by the source to the phase values recorded by the detector. PMD is generally im-

plemented using a technique called Software Con�gurable Optical Testing System, or

SCOTS, which is so named due to the fact that the extended source used may be

con�gured to display any pattern [2]. Oftentimes this is a sinusoidal pattern with a

measurement dependent frequency as shown in Figure [3.1].
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Figure 3.1: An example of a typical PMD con�guration. A spatially extended source
displays an encoded pattern, the image (distorted by the shape of the surface) is
recorded by the detector. The phases from displayed and recorded image are com-
pared to obtain a point correspondence [3].

Through phase stepping the displayed pattern by known amounts and recording

the irradiance change at every step, we can use well de�ned reconstruction algorithms

to calculate the phase values in the original image. Below is an example of a 4 phase

step reconstruction.

� 0(xd; yd) = tan � 1

�
I 4(x; y) � I 2(x; y)
I 1(x; y) � I 3(x; y)

�
(3.1)

I k(x; y) is the recorded irradiance value at the kth phase step, and �0(xd; yd) is the

computed phase value for a given detector pixel. The recorded phase values on the

detector may then be matched to those displayed on our source �(xs; ys). However,

since the pattern is sinusoidal it is bound between 0 and 2� . The ambiguity when

comparing phase values may be resolved by unwrapping the cyclical phase values

such that they no longer repeat but are instead spread from 0 to 2n� , where n is the

number of periods in the original image.
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3.1 Conjugate planes and Object Space Pixels

Recall that since specular surfaces do not scatter light, they are fundamentally

invisible. However, any optical metrology system measuring a specular surface must

be able to see the source via re
ection o� the surface [1]. In the case of SCOTS the

camera is focused onto the vertex of the UUT to view the spatially extended source,

so the vertex and detector lie on conjugate planes. The idea of conjugate planes is

essential in determining the correct measurement frequency.

For a lens system of focal length f, any point located at a distance z, will be

imaged to a single position z’. In addition, any extended object (plane) at distance z

forms an image plane at distance z’ which can be calculated using one of the Gaussian

Imaging Equations [5],
1
z0

=
1
z

+
1
f

(3.2)

Figure 3.2: To �rst order approximations, a lens system will image an object at
distancez to a singular positionz0 (left). This holds true for extended objects (right).

These planes are conjugate to one another; they are identical, save for a scaling

factor given by the angular magni�cation of the lens system used. Since a lens system

will focus an object onto the detector, the object and detector form a set of conjugate

planes. Images are captured with a pixelated detector, therefore an object space pixel

(OSP) is simply the scaled image of a detector pixel which lies on its conjugate plane
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in object space. Since detector pixels are �nite in size, so too are object space pixels.

3.2 Encoded Source and Digitization

The resolution of a system is de�ned by the smallest measurable interval by said

system, and ultimately, becomes a question of sampling. In the case of PMD, height

resolution is de�ned by the smallest lateral shift measurable on the plane of the screen.

With positional information encoded within the phase of the displayed pattern, its

frequency determines the height resolution. However, the lateral resolution is deter-

mined by the number of, space between, and size our object space pixels. Because

the pixels are �nite in size it leads to a discrete sampling, or digitization, of our ob-

ject. Each detector pixel integrates the irradiance over its scene to output a single

value, meaning that if an object has features which are smaller than our sampling

area, they will not be resolved. Since specular surfaces are to be considered a part of

the imaging system, the object and features in this case are the screen and pattern

respectively. Therefore, thesceneof our object space pixels is the key factor when

determining the correct pattern to display.

Figure 3.3: Recall that as a specular surface, the UUT is to be considered as a part of
the imaging system; the camera is focused onto the vertex of the surface which de�nes
the size of each OSP, however the scene over which each OSP samples is determined
by the shape of the UUT.
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3.3 PMD for high-sag freeform optics

To take a PMD measurement a camera is focused onto the surface of the UUT. The

source is positioned such that its image �lls the measurement area of the surface as

seen by the detector. In this way, the positions of the camera and source are coupled,

and depend on the shape of the measurement area. The extended source then displays

an encoded pattern where each source pixel illuminates a speci�c segment of the UUT

which is captured by a unique detector pixel. The geometrical relationship between

these three components gives us the slope of the illuminated section of the UUT,

shown in Figures 3.4 and 3.5. The accuracy of the computed slopes given by equations

(3.3) and (3.4), and therefore the accuracy of the reconstructed surface, depends on

how precisely the positions of the detector, UUT, and source are known in a global

coordinate system [4].

Figure 3.4: Computing the x slope component of single ray through a de
ectometry
system
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! x =

xm � xs

dm2s
+

xm � xd

dm2d

Zm2s � W (xm ; ym )
dm2s

+
Zm2d � W (xm ; ym )

dm2d

(3.3)

Figure 3.5: Computing the y slope component of single ray through a de
ectometry
system

! y =

ym � ys

dm2s
+

ym � yd

dm2d

Zm2s � W (xm ; ym )
dm2s

+
Zm2d � W (xm ; ym )

dm2d

(3.4)

In setting up a PMD system we obtain the valuesZm2s and Zm2d. By focusing

the camera onto the vertex of the UUT the position of the mirror pixels (xm ; ym )

are found. After taking a measurement, the recorded (� (xd); � (yd)) and displayed

(� (xs); � (ys)) phase values may then be matched, corresponding to physical locations

on the detector and screen. The triangulation equations now rely on correctly deter-

mining the physical valuedm2s which depends on the surface shapeW (xm ; ym ) and

screen position (xs; ys). The screen positions depend on accurately calculating phase



26

values in our displayed sinusoid; therefore, for high-sag freeform optics this requires

that we carefully consider the scenes of each OPS.

As shown in Figure [3.3] the scene of an OSP depends on the shape of the UUT.

For our optic, an 8 mm radius of curvature cylinder, the scenes for each OSP along

the circular cross section may all be di�erent depending on the system’s geometry. In

the case where integration areas are di�erent, Figure [3.6(a)], a single frequency may

not give measurable data over all OSP scenes. This is problematic due to the method

by which the positional information is encoded within the spatially extended display;

if the ‘wrong’ frequency is chosen the integrated value at each phase step may be the

same, which means the positional information is now lost Figure [3.6(c)]. This can be

corrected by positioning the source such that the scenes for every pixel are nominally

the same.

Figure 3.6: The position of the source in a PMD system, where the UUT is convex
in shape, cannot be ignored. (a) & (b) The source should be oriented such that the
scenes for each OSP are nominally the same so that a single frequency sinusoid can
be displayed. (c) The size of the OSP scene determines the minimum period of the
displayed fringe pattern needed to avoid NaN results.
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Chapter 4

Differential Phase Measuring Deflectometry

Phase measuring de
ectometry is a powerful technique capable of determining the

surface �gure of an object. However, as an absolute measurement technique it su�ers

from excessive calibration times. Di�erential phase measuring de
ectometry attempts

to alleviate some of the strict positional tolerances required by switching to a relative

technique; looking at the di�erence between two similar samples. Di�erential phase

measuring de
ectometry (DPMD) traditionally looks at the di�erence between the

computed local slopes of the samples [6] which allows for a de
ectometery measure-

ment to be made without the need for a meticulous system calibration. However, this

technique is only valid when measuring low-sag or ‘
at’ optics as we will soon see.

Equations (3.3) and (3.4) describe how local slopes are calculated in regular phase

measuring de
ectometry. We �nd that the di�erence in local slopes are determined

by the following:

� ! x =
xm � xs
dm 2s

+ xm � xd
dm 2d

Zm 2s � W i (xm ;ym )
dm 2s

+ Zm 2d � W i (xm ;ym )
dm 2d

�
x0

m � x0
s

d0
m 2s

+ x0
m � x0

d
d0

m 2d

Z 0
m 2s � W j (xm ;ym )

d0
m 2s

+ Z 0
m 2d � W j (xm ;ym )

d0
m 2d

(4.1)

The coordinate pairs (xs; ys), (xm ; ym ), and (xd; yd) correspond to positions on

the plane of the screen, mirror, and detector respectively.Zm2s and Zm2d are the

distances along the optical axis between the vertex of the mirror tothe plane of

screen and detector, whereasdm2s and dm2d are the physical distances between points

on mirror to points on the planeof screen and detector.Wi (xm ; ym ) refers to the

deviation of the surface from a plane at the sampled position (xm ; ym ). The primed

variables represent the coordinates and distances from a subsequent measurement of

a di�erent sample Wj . In the case that the UUT is nominally 
at, the simpli�cations
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in Table 4.1 may be made1.

Figure 4.1: For a low-sag optic, changes in the local slope between di�erent UUT’s
will not change the de
ected ray angle by a large amount. This allows for the ap-
proximations in table 4.1 to be made.

x0
m = xm Wi

�= 0 Wj
�= 0

x0
d = xd Z 0

m2d = Zm2d d0
m2d

�= dm2d Zm2d
�= dm2d

x0
s 6= xs Z 0

m2s = Zm2s d0
m2s

�= dm2s Zm2s
�= dm2s

Table 4.1: Variable equivalencies for a DPMD measurement of a low-sag optic.

1the equations for calculating x and y slopes are nominally the same, for the sake of space only
the equations for determining the di�erence in x slope are shown.
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Which reduces equation (4.3) to

� ! x =
1
2

�
xm � xs

Zm2s
+

xm � xd

Zm2d

�
�

1
2

�
xm � x0

s

Zm2s
+

xm � xd

Zm2d

�

=
1
2

�
xm � xs

Zm2s
�

xm � x0
s

Zm2s

�
+

1
2

�
xm � xd

Zm2d
�

xm � xd

Zm2d

�

=
x0

s � xs

2Zm2s
(4.2)

x0
s and xs correspond to pixel positions on our extended source and are solved for by

virtue of taking each measurement. As shown in equation (4.2) the only parameter

that must be known is,Zm2s which is given when building the system. Therefore, we

may converting phase to slope, then take the di�erence between slope maps before

integrating.

4.1 Di�erential Phase Measuring De
ectometry for high-sag
freeform optics

For a high-sag freeform optic the equivalencies shown in table 4.1 no longer hold

true.
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Figure 4.2: The di�erence between two high-sag optics changes the de
ected ray angle
by a large amount which creates the relationships in table 4.2 .

x0
m = xm Wi 6= 0 Wj 6= 0

x0
d = xd Z 0

m2d = Zm2d d0
m2d

�= dm2d Zm2d 6= dm2d

x0
s 6= xs Z 0

m2s = Zm2s d0
m2s 6= dm2s Zm2s 6= dm2s

Table 4.2: Variable equivalencies for a DPMD measurement of a fast optic.

So the di�erence in local slope values is determined by

� ! x =
xm � xs
dm 2s

+ xm � xd
dm 2d

Zm 2s � W (xm ;ym )
dm 2s

+ Zm 2d � W (xm ;ym )
dm 2d

�

x0
m � x0

s
d0

m 2s
+ x0

m � x0
d

d0
m 2d

Z 0
m 2s � W j (xm ;ym )

d0
m 2s

+ Z 0
m 2d � W j (xm ;ym )

d0
m 2d

=
xm � xs
dm 2s

+ xm � xd
dm 2d

Zm 2s � W (xm ;ym )
dm 2s

+ Zm 2d � W (xm ;ym )
dm 2d

�
xm � x0

s
d0

m 2s
+ xm � xd

dm 2d

Zm 2s � W j (xm ;ym )
d0

m 2s
+ Zm 2d � W j (xm ;ym )

dm 2d

=
sin(� s) + sin(� d)
cos(� s) + cos(� d)

�
sin(� 0

s) + sin(� d)
cos(� 0

s) + cos(� d)

= tan
�

� s + � d

2

�
� tan

�
� 0

s + � d

2

�
(4.3)
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As shown in equation (4.3) no real simpli�cation was made in the conversion between

phase and slope. In order to accurately compute the local slopes, the positions of each

component must still be carefully determined, so taking a di�erence in slope maps

does not save any time. However, for two similar optics (even if they are high-sag

and freeform) any di�erence in the returned phase �0(xd; yd) can be attributed to a

change in the local slope of the measurement UUT provided that the samples are

placed in the same position; the tolerance here is de�ned by the size of an OSP. This

allows for a new relationship between thedi�erence in recorded phase �� 0(xs; ys)

and di�erence in local slope � ! x (xm ; ym ) and � ! y(xm ; ym ) shown in Figure [4.3].

Figure 4.3: If the test UUT is placed in the same position as the reference, any change
in recorded phase may be attributed to a change in local slope.

� ! x (xm ; ym ) =
1
2

cos� 1

0

B
@

d
02
m2s + d2

m2s � �� 2(xs)
pxT
2�

2dm2sd0
m2s

1

C
A (4.4)

� ! y(xm ; ym ) =
1
2

cos� 1

0

B
@

d
02
m2s + d2

m2s � �� 2(ys)
pyT
2�

2dm2sd0
m2s

1

C
A (4.5)
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dm2s and d0
m2s are the distances from the surface to the screen in the reference and

measurement tests, respectively. The pixel pitch of the display is given bypx ; py,

and T is the period of the displayed fringe pattern. These two quantities are used to

convert the change in phase ��( xs; ys) into a physical distance with the same units

asdm2s. The one half factor is due to the fact that a mirror rotation of� results in a

ray deviation of 2� . In the case that the di�erences in local slopes are not egregious,

such that d0
m2s � dm2s, the above equations may be simpli�ed:

� ! x (xm ; ym ) =
1
2

cos� 1

0

B
@1 �

�� 2(xs)
pxT
2�

2d2
m2s

1

C
A (4.6)

� ! y(xm ; ym ) =
1
2

cos� 1

0

B
@1 �

�� 2(ys)
pyT
2�

2d2
m2s

1

C
A (4.7)

In summary, taking a di�erence in the recorded phase, rather than the calculated

slopes, enables a di�erential phase measuring de
ectometry system to measure high-

sag freeform optics. This �� may be converted into slope using Equations 4.6 and

4.7, which can then be integrated to give surface heights. The next challenge is to

correctly orient the screen for a high-sag convex UUT, such that the scene in each

OSP is nominally the same allowing for a single frequency sinusoid to be displayed.
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Chapter 5

Results

5.1 New System Geometry

The ideal position and orientation of each component is determined through sim-

ulations. We begin by looking at a cross section of the cylindrical UUT, taking its

center as our global origin. Rays are then traced for the two object space pixels which

de�ne the vertical �eld of view from the detector to the surface. The re
ections of

their upper and lower bounds are then determined and followed until they interact

with our screen. In our case the UUT is 110 mm wide and our 5.3 megapixel camera

has a 2048� 2595 pixel detector, therefore our OSP is 42� 42 micrometers. The

screen region for the upper (green) and lower (red) OSP are calculated as well as the

distance between the two. The ideal geometry is one which minimizes the di�erence

in size of each OSP scene while maximizing the di�erence between them, shown below

in Figure [5.1].

Figure 5.1: For an 8 mm radius of curvature convex UUT the scene for, and distance
between, the upper (green) and lower (red) OSP are determined. An ideal system
geometry for our DPMD measurement is one which minimizes the scene di�erence
while maximizing the distance between scenes.

Table [5.1] below shows the calculated ideal positions vs. the actual measurement

positions. Due to the precision of the mounting components used, the ideal positions

could not be implemented exactly. For example, the back plate of the test stage

prevented the display from being lowered further, shown in Figure [5.2].
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ideal actual
Camera Position [A] (258 mm, 0 mm) (290 mm, 0 mm)
Screen Center [S] (21 mm, 17 mm) (30 mm, 27 mm)
Screen Orientation 3� 5� � 1�

Avg OSP Scene Size 37 px

Table 5.1: Calculated component positions vs physical test set up.

Figure 5.2: The di�erential phase measuring de
ectometry system built to measure
the curved portion of the phone screen.

5.2 Null testing

The �rst test we ran with our system was a sanity check where a speci�c, known,

result was expected. This was done by using the same object as both the reference

and test UUT. The sample was set and measured, giving us the reference unwrapped

phase maps. It was then removed, re-positioned, and measured again to obtain the

test unwrapped phase maps. Each measurement was taken with a 120 pixel period



35

fringe pattern, phase stepped six times, for a total acquisition time of approximately

7 seconds. The di�erence between vertical (y) and horizontal (x) unwrapped phase

maps were then calculated (Reference - Test), shown in Figure [5.3] below.

Figure 5.3: Di�erence in unwrapped phase maps for a single untouched sample. (top)
The di�erence in y unwrapped phase maps. (bot) The di�erence in x unwrapped
phase maps. Both the x and y axis are in units of pixels, the color axis represents
di�erence in phase in radians.

The two uwrapped phase maps were converted into slope maps by using equa-

tions (4.6) and (4.7) which were then zonally integrated via Southwell integration.

Figure [5.4] below shows the calculated di�erence in surface heights as a 2D plot and

meshgrid.
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Figure 5.4: (top) Calculated di�erence in surface for a single untouched sample. (bot)
a meshgrid of the measured di�erence between surfaces. Both the x and y axis are in
units of pixels, the color axis represents height in millimeters (scale factor of 10� 5).

In the case where the reference and tests samples are identical the di�erence in

unwrapped phase and surface height should be zero. In the unwrapped phase maps,

Figure [5.3], this is mostly true with the exception of a few pixels at the boundaries of

our UUT. The integrated surface map shows some curvature between the two samples

with a peak-to-valley (PV) of 200 nanometers. For a surface sag of 8 mm, this is a

percent error of 0:0025%

5.3 Material Added

The next test run was one where material was added to the surface. The added

material was super glue, applied with a brush to form a small bead near the center

of the sample shown below in Figure [5.5].
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Figure 5.5: Curved cover glass sample with a small bead of super glue applied to the
surface.

A new sample was set and measured, giving us the reference unwrapped phase

maps. The sample was then removed and material was added before being measured

again to get the test unwrapped phase maps. Each measurement was taken with a

120 pixel period fringe pattern, phase stepped six times, for a total acquisition time

of approximately 7 seconds. The di�erence between vertical (y) and horizontal (x)

unwrapped phase maps were then calculated (Reference - Test), shown in Figure [5.6].

An identical process to the null test is applied to obtain a surface map for the sample

where material has been added, which is shown in Figure [5.7].
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Figure 5.6: Di�erence in unwrapped phase maps for a sample with material added.
(top) The di�erence in y unwrapped phase maps. (bot) The di�erence in x unwrapped
phase maps. Both the x and y axis are in units of pixels, the color axis represents
di�erence in phase in radians.

The di�erence in unwrapped phase maps both show a change where material has

been added to the sample. However, there is also a signi�cant amount of noise in the

surrounding regions, especially in the case of the x unwrapped phase where the noise

is similar in amplitude to the added defect. There is a smaller amount of variation in

the di�erence in y unwrapped phase maps.
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Figure 5.7: (top) Calculated di�erence in surface for a sample with material added.
(bot) a meshgrid of the measured di�erence between surfaces. Both the x and y axis
are in units of pixels, the color axis represents height in millimeters (scale factor of
10� 3).

The noise present in the di�erence in unwrapped phase propagates through the

slope and surface height conversions leading to the surface map above. The added

material still appears, and there is a steep drop o� on the right hand side as opposed

to the gradual slope present on the left. Upon closer inspection, these errors may be

attributed to a misalignment in the repositioning of the optic in the test measurement

as shown in Figure 5.8.



40

Figure 5.8: Di�erence in unwrapped phase maps for a sample with material added.
(top) The di�erence in y unwrapped phase maps, with new limits on the color axis we
�nd that the sample was misaligned for the second measurement. (bot) The di�erence
in x unwrapped phase maps. Both the x and y axis are in units of pixels, the color
axis represents di�erence in phase in radians.

Changing the limits of the color scale reveals fringe patterns in the di�erence in

unwrapped column phases which indicates that the sample was not placed within

the required positional tolerances. Therefore, the change in phase values considers a

change in local slope as well as sag meaning the equations used to convert phase to

slope are not valid.

5.4 Material Removed

The last test was one where material was removed from the surface by attaching

a soft polishing head to a handheld rotating nail polisher. Material was removed in

three sections, where the amount of time the polishing head was in contact with the

surface increased from left to right. The polishing head was applied for one minute,
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two minutes, and three minutes for the left, center, and right spots, respectively. The

pressure applied was qualitatively the same. The sample with material removed is

shown below in Figure [5.9].

Figure 5.9: Testing a sample with material removed via soft polishing head. The
amount of time the polishing head was applied increases from left to right in one
minute increments, with an initial time of one minute. The dust around each section
is from the polishing head.

A new sample was set and measured, giving us the reference unwrapped phase

maps. Material was removed before being measured again to get the test unwrapped

phase maps. Each measurement was taken with a 120 pixel period fringe pattern

then phase stepped six times, for a total acquisition time of approximately 7 seconds.

The di�erence between vertical (y) and horizontal (x) unwrapped phase maps were

then calculated (Reference - Test), shown in Figure [5.10]. An identical process to

the null test was applied to obtain a surface map for the sample where material had

been removed, which is shown in Figure [5.11].
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Figure 5.10: Di�erence in unwrapped phase maps for a sample with material removed.
(top) The di�erence in y unwrapped phase maps. (bot) The di�erence in x unwrapped
phase maps. Both the x and y axis are in units of pixels, the color axis represents
di�erence in phase in radians.

The di�erence in x unwrapped phase maps clearly shows the central and right

sections where material has been removed, the left hand section is not as clearly

resolved. The y unwrapped phase maps have a similar shape, but the features are

visually suppressed due to the large amplitude noise at the boundary of our UUT.
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Figure 5.11: (top) Calculated di�erence in surface for a sample with material removed.
(bot) a meshgrid of the measured di�erence between surfaces. Both the x and y axis
are in units of pixels, the color axis represents height in millimeters (scale factor of
10� 4).

Similar to the unwrapped phase maps, the integrated surface di�erence map shows

the central and right sections of removed material quite well, while left section is not

resolveable. Additionally, there is a steep fall o� towards the right hand sample of the

constructed surface di�erence map. However, this overall shape may be attributed to

the high amplitude noise in the column phase at the top of our sample. This error

then propagates through the surface as these values are zonally integrated. Applying

a �lter to suppress the noise in the column phase values we may obtain much better

results.
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Figure 5.12: Di�erence in unwrapped phase maps for a sample with material removed.
(top) The di�erence in y unwrapped phase maps, here the high amplitude noise at the
boundaries has been suppressed. (bot) The di�erence in x unwrapped phase maps.
Both the x and y axis are in units of pixels, the color axis represents di�erence in
phase in radians.

Figure 5.13: (top) Calculated di�erence in surface for a sample with material removed
and noise suppressed. (bot) a meshgrid of the measured di�erence between surfaces.
Both the x and y axis are in units of pixels, the color axis represents height in
millimeters (scale factor of 10� 5).
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5.5 Determining Resolution

Di�erential phase measuring de
ectometry allows for the relative measurement of

freeform optics without the need for a meticulous system calibration or an expensive

compensation optic. By changing where the di�erence is taken (measured phase

versus calculated slope) and optimizing system geometries, we enable the technique

to cover surfaces with high-sag. With these changes we were able to meet three of the

four requirements given by Philoptics USA. As the errors introduced in our tests were

not quanti�ed, it is unknown whether the calculated height scale factor is correct. In

order for the resolution of this method to be validated the introduced errors must

be quanti�ed using an industry standard instrument so that height scale factors can

be compared. However, as our system was developed to measure this challenging

surface, which current machines could not, we �nd that none of the instruments

tested o�ers a true `apple-to-apple' comparison to our methodology. Some of the

di�culties that these machines have in measuring our sample are highlighted in the

following validation tests.

5.5.1 Scanning Pro�lometer

The �rst attempt to quantify the error introduced in the materials removed sample

was by measuring the sample with a scanning pro�lometer. We used the Alpha-Step

D-600 stylus pro�ler from KLA Tencor. This is a contact pro�lometer which drags

a stylus across the surface of the UUT and records height variations along its path.

The �rst challenge here is that the Alpha-Step D-600 has a maximum scan length

of 55 mm; approximately half the total length of our sample. Second, since our

UUT is cylindrical the scan line must be parallel to the axis of rotation, otherwise

the recorded data will have an added power term that cannot be subtracted. Third,

to compare surfaces the pro�lometer must measure the UUT in multiple parallel

lines, with spacing and sampling rates equal to the size of the OPS used in our
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de
ectometry measurement. Fourth, since our sample is highly curved the sample

must be angled such that the stylus is aligned with the surface normal for each of

the line scans, meaning the UUT must be repositioned and calibrated at each step.

Lastly, pro�lometery is inherently an absolute measurement technique. Therefore,

two successive measurements, before and after material is removed, must be done for

a true comparison to be made.

Due to the alignment di�culties of this machine, and the inevitable human error,

we did not attempt a relative measurement with the Alpha-Step D-600. Instead

we measured the surface in a series of successive line scans, across the region where

material had been removed, then compared the line scan results to pixel lines from

our de
ectometery measurement.

Figure 5.14: One of the line scans taken with the Alpha-Step D-600, compared to a
pixel line from our DPMD measurement. Both data sets have been properly shifted
and scaled to be plotted together.

With a maximum travel of 55 mm, the Alpha-Step D-600 is capable of measuring

two of the defects in the sample where material had been removed, we chose the middle
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and right defects as they were visible in our DPMD measurement. The sampling

rates between the machines could not be matched so the two data sets have been

interpolated to �t on the same graph. We �nd that after shifting and scaling the data

appropriately, they are `similar' in both trend and scale. However, the amplitudes

of some of the features do not match. Additionally, the overall power trend in the

pro�lometer data suggests that the line scan was not aligned with the axis of rotation

of our UUT.

5.5.2 Scanning White Light Interferometer

Our next validation tests were run using a scanning white light interferometer

(SWLI) using the NewView white light interferometer from ZYGO. The �eld of view

(FoV) used by this machine was smaller than the added defects at 80� 80 micrometers

so we were required to stitch images such that the defects could be fully characterized.

Only the largest defect in the surface where material had removed was measured, in

order to limit the amount of subapertures taken, thus minimizing errors introduced

by translation and stitching. We used the NewView to take and stitch a total of 4

subapertures, then compared pixel line values between the SWLI and de
ectometry

measurements.
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Figure 5.15: The central line scan taken with the NewView white light interferometer,
compared to a pixel line from our DPMD measurement. Both data sets have been
properly shifted and scaled to be plotted together.

Similar to the results obtained from the pro�lometer validation tests, we �nd

that the DPMD and SWLI pixel lines do not align perfectly. The surface height PV

measured by the NewView interferometer is much larger than that of the DPMD

measurement. Additionally, we Figure 5.15 shows a discrepancy in the trend of the

surface towards the left hand side of the defect.
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Chapter 6

Concluding Remarks & Future Work

High-sag freeform optics are extremely di�cult to measure using traditional metrol-

ogy techniques. Our di�erential phase measuring de
ectometry method is capable of

e�ciently measuring these surfaces in their entirety, yielding repeatable results - with-

out the need for a long calibration time or expensive compensation optics - making

it ideal for quality control measurements in a production environment. Our machine

produces similar results to machines used in industry today. However, the resolution

of our DPMD measurement has yet to be determined, given the inability to perform

a true one-to-one comparison against existing metrology methods.
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