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Abstract

Recently, advanced experimental mechanics have been developed using optical techniques for measuring 3D deformations of
objects in industries. Especially, Moiré systems and 3D DIC (digital image correlation) were competing in characterizing
warpage behaviors of electronics package under thermal loading with consideration of manufacturing process, which is accom-
panied by elevated temperatures. Both techniques conventionally require various surface treatments either physically or chem-
ically, which involves contaminations on measuring objects. Additionally, excessive surface treatment results in reduction of
measurement accuracy. Thus, in this study, truly in situ and non-contact 3D DIC method is developed using virtually generated
speckle pattern. A commercial DLP (digital light processing) projector together with devised collimate lens system is used to
project proper image of speckles on surface of specimen. The collimate lens system fully controls size of speckle image on such
small area of electronics package. The feasibility of 3D DIC with virtual pattern is validated, and warpage characterization of
PBGA (plastic ball grid array) package (15 mm x 15 mm) is successfully demonstrated.

Keywords DIC (digital image correlation) - DLP (digital light processing) - PBGA (plastic ball grid array) - Electronics package -

Warpage

1 Introduction

Due to an increasing demand for miniaturization of electronic
devices while number of input/output of electrical signals in-
creases, there are increasing needs for experimental methods
that can be used to quantify the shape and deformations at
reduced scales. Particularly, warpage measurement is one of
the most common interests due to composite nature of electron-
ic packages subjected to various temperature levels during
manufacturing or service [1, 2]. Since DIC is advantageous in
terms of its non-contact full-field measurement nature and ro-
bustness in correlation algorithm, DIC technique has been
widely adopted in industries. DIC is based on tracking speckle
patterns before and after deformation to determine the full-field
surface displacement and strain for general material system.
Especially, 3D DIC technique consists of two CCD (charge
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coupled device) cameras and exhibits unique benefit of provid-
ing in-plane and out-of-plane deformations and strain tensors at
the same time. This enables 3D DIC to cope the shortfalls of
other optical measurement methods such as Moiré systems [3].

The two key parameters in DIC technique are speckle pat-
tern on sample surface and lighting. Appropriate speckle size
of pattern is generally determined based on FOV (field of
view) size, while the measurement sensitivity is determined
by the uniformity of light distribution. If these conditions are
well satisfied, then its empirically determined sensitivity is
known to be 1/50000 of FOV size in length. However, it is
quite challenging to obtain proper speckle size with sprayed
pattern and uniform light distribution, especially for small-
scale measurements and for objects of complex geometries.
Normally, ceramic sprays are used for thermal deformation
measurements, assuming spray particle itself would never be
deformed during experiments. However, the particle size of
these ceramic or enamel spray is usually 50~100 um, which
may mislead the DIC results in the measurements dealing with
few hundreds microns deformations. Also, it cannot be ap-
plied to measure such thin objects.

Previously, many researchers investigated and developed ad-
vanced experimental mechanics using DIC technique, such as
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materials characterization with microscopic 2D DIC [4-8], dy-
namics of vibrational movement with high-speed 3D DIC [9],
and crack or stress analysis under bending or tensile test with 3D
DIC [10, 11]. In addition, Guangyao Li et al. and Jianwei Liu
et al. applied 3D DIC to analyze the mechanical property of the
weld line and flow stress of the thin-walled tube during
hydroforming process respectively [12, 13]. Most of these
DIC experiments are various pattern generation techniques that
are spraying paint with atomizer, drawing with pen, and using its
original surface textures after etching process [14]. Even Wang
et al. developed their own pattern generation method using spin
coating with powder and resin [15]. In addition, Chen et al.
devised a method to transfer patterns on the surfaces [16]. Yet,
these are still involving chemical or physical surface treatment.

Mostly, it is not desirable or not allowed to contaminate the
specimen with speckle process when 3D DIC is adopted in
manufacturing site. In this regard, a pattern projection (virtual
patterning) as an alternative way of speckle generation can be
considered. Therefore, this study introduces the pattern pro-
jection method using the commercial DLP projector with de-
vised lens system consisting of two different lenses for
adjusting size of the pattern image. A DLP projector is a type
of projector based on the digital light processing chip. The
color passes via the chips, then feeds the image through the
projection optical system, and then appears onto the projection
screen with a magnified image size. The devised collimate
lens system allows an image of pattern to be focused on the
specimen surface with properly sized speckles. Then, this pat-
tern projection method is applied to 3D DIC for surface pro-
filing, and the measurement result is compared with other
optical profilometer in order to validate the measurement ac-
curacy and sensitivity level.

For electronics package assembly, reflow process is known
to be the most economic and efficient as surface mount tech-
nology. Reflow process uses convection chamber to melt fine
solders and induces metallurgical bonding between the elec-
tronics package and PCB (printed circuit board). During re-
flow process, electronics packages are subjected to undergo
high temperatures and resulted in warpage (out of plane de-
formation) due to the nature of composite. Warpage behavior
significantly affects manufacturability and long-term reliabil-
ity [17—19]. In this regard, as one of PBGA (plastic ball grid
array) package, a memory unit of POP (package on package)
was selected in this study [20, 21]. The newly developed
pattern-free 3D DIC is introduced to apply for truly in situ
and non-contact warpage measurement.

2 Schematic of 3D DIC for shape profile
measurement

The object under test is viewed by a stereo CCD cameras for
measuring the 3D displacements (see Fig. 1a). 3D DIC is a
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consequent combination of two cameras’ image correlation
and photogrammetry resulting in 2D and 3D deformation,
3D shape profile, and plane strain tensor under various load-
ing conditions. In DIC measurements, conventionally, a ran-
dom pattern with contrast is applied to the surface of the test
object (see Fig. 1b), which deforms along with the object.
Then, images of the objects while deforming are sequentially
recorded by the CCD cameras and evaluated through image
correlation algorithm comparing images between before and
after deformation [21]. Initially, unique correlation areas are
defined as subsets, typically squared group of 10-25 pixels,
and across the entire imaging area with overlapping of 2~3
pixels between adjoined subsets. The center of each subset is a
measurement point that can be thought of as a virtual
extensometer.

In this study, the physical features of objects’ surface are
substituted by virtual pattern generated by commercial DLP
projectors. Thus, projected patterns are stationary in the image
whether the objects are deformed or not. This means the vir-
tually projected pattern cannot recognize relative 2D displace-
ment, yet it still recognizes 3D shape profiles of each image
among sequential images. By comparing 3D shape of objects
obtained at each loading condition, the absolute 3D deforma-
tion can be effectively determined before and after loading.

In accordance with conventional 3D DIC, stereo cameras
are calibrated determining position and angles together with
optical parameters. Figure 2 shows the setup and process of
determining the 3D shape profile for an object with 3D sur-
face. This surface can be approximated by having many finite
planes as parts of planes indicated virtual planes shown in
Fig. 2b, which is a subset mentioned above. The subset posi-
tions with the image intensity values obtained from camera 1
that can be projected onto the corresponding virtual plane. The
entire surface is approximated by consisting of many virtual
planes illustrated by a red dash line in Fig. 2a. In order to
profile a 3D shape of an object, positions of each virtual plane
are located and correlated in the left and right camera
coordinates.

As shown in Fig. 2b, the virtual plane can be coordinated
by two direction angles (0, &) to the normal vector of the
plane and the variable distance Zpition denoting the location
of the intersection of the plane and the optic axis for camera 1
(0, 0, Zyosition)- Thus, the virtual plane can be represented by
the equation of plane as follows:

Zposition'k = Zcamera 1'K + X camera 1€080 + Y camera 108D (1)

where (Xeamera 15 Yeamera 15 Zcamera 1) @S @ point on the plane,
and k = \/1-(cos26 + cos?D).

Since setup for 3D DIC with projected pattern is basically
followed by conventional 3D DIC calibration process, a vir-
tual plane position is transformed from camera coordinates
into image coordinates and finally located to CCD sensor
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PC with digitizer

CCD camera

(a)

Fig. 1 a Schematic of 3-D DIC system; b specimen surface with speckle pattern, subset

coordinates. A physical relationship between the camera co-
ordinate and sensor coordinate is to consider focal length f'of
used optical system and written as follows:

XCKmC“‘/XSCHSOr = Ycarncra/YSe’ﬂSOl’ = Zcm“crd/.f (2)

By COl’l’lbiIliIlg Eqs (1) and (2)7Xca.mera 1> Ycamera 1» an.mera 1
can be finalized in terms of Xyepsor 15 Ysensor 1-/1, and written as
Eq. (3).

X sensor 1 Zpositionk
)
f] k + X ensor 10058 + Y sensor 1€08

X camera 1 — Y camera 1

_ Y sensor IZpositionk
- 9
fl k4 Xensor 16088 + Y gengor 108

_ f 1 Zpositionk
fl k + Xsensor 1€080 + Y sensor 105D

Z camera 1

3)

Ksensor 1 and Yensor 1 are determined representing loca-
tion of subset in the CCD camera sensor. By conjugating
each camera’s result in the shared-wide coordinate sys-
tem, the optimal position of the subset can be obtained.

Camera2

4

Projection pat /l.

Object

CCD Camera

(a)

White light sources

~_ 7> Virtualplane

Specimen

(b)

Figure 3 describes the actual procedure to measure the 3D
shape profile. The intensity values at the points on the selected
subset from /; is compared with the intensity values at the
projected points on /,, both images taken at the same moment,
via a virtual plane of (0, &, and Z,sition). For this, 0, &, and
Zposition are varied until /; and /, are matched through iterative
correlation algorithm [22, 23], yielding 3D position and orien-
tation of the matching virtual plane. Then, 3D positions on the
surfaces are determined for the subset points. The 3D profiling
can be completed by performing the same process for other
subsets. Then, adjoining subsets are subsequently estimated
for the position and orientation for full-field profile data. In
the 3D DIC with projected pattern, these subsets are not sup-
posed to be behaving as specimen deforms in x- and y-direction,
which mean there is no image correlation achieved in 2D dis-
placement. However, steady in-plane coordinate information
does not affect the correlation of out-of-plane displacement.

Therefore, the feasibility of utilizing 3D DIC with virtual
pattern can be confirmed for absolute 3D deformation measure-
ment using schematic of 3D DIC shape profiling. 3D DIC with-
out physical features of surface is very advantageous considering
assessment of product warpage deformation during continuous

Normal vector

anmera1

Virtual plane

xcamera1

Ycamera1

(b)

Fig. 2 a Schematic of the projection path to determine the orientation and 3-D position for subsets; b a plane generation with respect to camera

coordinate
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Fig. 3 Schematic of DIC
procedure for the 3D shape
profiling

Camera1

manufacturing process or 3D deformation of very thin and frag-
ile objects. In fact, in this study, a novel pattern-free 3D DIC
measurement system was devised using DLP projector together
with collimate lens system to measure smaller scale of object.
This paper present successful warpage measurement of small-
sized electronics package at elevated temperatures.

3 Virtual patterning using DLP projector
3.1 Experimental setup

DIC process requires recognizable intensity differences and
high enough intensity values from the image, which can be
achieved with a pattern consisting two very different colors.
Previous researchers investigated and found that higher inten-
sity of images by gray contrast effect generates more accurate
DIC results [24, 25]. For an optimal use of DIC, the specimen
has to be covered with speckle patterns. Usually, a random
pattern with black dots on a white background provides ex-
cellent contrast levels in intensities. In this study, randomly

1.6X Magnified

20mm X 16mm

ForR S
Original

(a)

Reference

2X Magnified

3-D profile

- S
Virtual Plane R

(9, Q: Zposition)

—

Camera2

distributed speckle patterns are easily generated by using an
imaging software and projected onto the measured specimen
shown in Fig. 4. Moreover, the projected pattern can be easily
magnified by zoom lens of the DLP projector (Fig. 4a).
Figure 4b shows opened image of subset (15 x 13 pixels) with
gray-scale values for individual pixel. There are three benefits
of 3D DIC with projected patterning method. The first is to
control speckle size and distribution, which affects the inten-
sity values of subsets. The second is that size of projected
pattern can be adjusted in accordance with FOV size by using
any drawing software in the PC. The third is that does not
involve any physical sample preparation.

The entire configuration of experimental setup is shown in
Fig. 5. Two high-resolution Marlin CCD cameras (1628 x
1236 pixels) with 75 mm Pentax lenses take a place in a
stereo-vision system facing the specimen at two different lo-
cations. On the specimen, a high-contrast speckle pattern is
projected by a commercial DLP projector. A typical DLP pro-
jector consists of projection lens system as a zoom lens, which
enlarges image size. This means that the pattern image
projected is magnified too much to focus the optimal density

(b)

Fig. 4 Arbitrary drawn speckle patterns using an imaging software. a Original pattern image is magnified by factor of 1.5 and 2: b opened image of

subset with speckles bigger than 1 pixel of radius and pixel values
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Fig. 5 Configuration of 3D DIC
system with pattern projection

system

PC with random pattern

of pattern on the surface of small objects. Thus, a collimate
lens system was designed to adjust pattern image size appro-
priately for projecting in a small scale. As shown in Fig. 6,
designed collimate lens system simply consists of two lenses
combining a single gradient index lens and a molded aspheric
glass lens. According to mechanism of optics, projected image
size can be adjustable as projection lens’s focal length chang-
es, which are denoted as F'and d in Fig. 6. As a result, this lens
array system not only prevents the divergence of light caused
by a projection lens system, but also provides long enough
working distance. In this particular case, distance between
object and lens system is approximately 170 mm with
15 mm X 15 mm pattern image size.

Both cameras are calibrated using conventional 3D DIC
calibration process and FOV size was adjusted to be 15 mm X
15 mm in consideration of a small electronics package size.

4 Validation of 3D shape profile measurement

As mentioned earlier, there is no need for treatment of sample
surface. It is expected that the projected surface profile obtained
by 3D DIC should be resulting as close as its real profile. For
the validation, as shown in Fig. 7, a plastic package with convex

Fig. 6 Collimate lens system to
focus reduced FOV size

Commercial DLP
projector

v
-«

PC with Digitizer

}

Collimate lens system

Measuring specimen

CCD camera

surface is selected for profiling, and a pattern image of random-
ly distributed speckles is projected on the region of interest
(FOV) through a DLP projector with collimate lens system.

In order to assess the feasibility of projecting pattern for
DIC, the surface profile is measured by both DIC and Wyko
surface profilometer (Veeco®), which is well-known for
nanometers of measurement sensitivity, and then the results
obtained by two methods have been compared. It should be
noticed that Wyko profilometer is limited to measure small
FOV size, which means it took a long time to measure this
specimen, while 3D DIC took a second. As shown in Fig. 7,
although it is 35 mm x 35 mm size of package, only 15 mm X
15 mm size of middle area is profiled at room temperature.

Figure 8 shows its topography obtained using DIC and
Wyko profilometer. Both results show an excellent agreement
in contour plots. For a quantitative observation, a diagonal line
indicated as a white dash line in Fig. 8a, has been drawn after
eliminating rigid body motion so that the surface profiles
along this line can be plotted as shown in Fig. 8b. The mea-
sured surface was originally convex shape and its 3D shape
profile was measured 157 pm from Wyko and 151 pum from
3D DIC respectively. It is about 96% close to each other, and
this proves the high accuracy of developed 3D DIC with vir-
tual patterning method.

7 3
D: Enlarged pattern image
Projection lens System.~ size by projection lens system
Collimate‘léns System
[ A
il d
!
= d: Controlled pattern image
F > ‘*sizg by collimate lens system
F: Projection lens'’s focal Iength\"*\
- v
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Fig. 7 Convex shape of a plastic
package and speckle pattern
projected onto surface with white
dashed area for 3D DIC
measurement

Pattern projected area
FOV size (15mm x 15mm)

Z[mm] um
0.052 - 70
- 50
j A -
0.023 4
-0.006
Length,
15mm Length
.0026 15mm
-0.055
- v
-0.084
I Length, 15mm I Length, 15mm
-0.103

(a)

Surface Profile Comparison between DIC and Wyco

e
o

—Wyco
—=—DIC

surface profile, mm

diagonal data length, mm

(b)

Fig. 8 a Surface profile by DIC, left, and Wyko Profilometer, right, and b comparison of surface profile between DIC and Wyko Profilometer
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Fig. 9 a Measured memory package of POP (top portion of PoP package); b typical defect mode of POP during manufacturing process due to warpage

21]

5 Warpage measurement of top portion
of PoP package

In this study, a PBGA package (PoP memory package shown
in Fig. 9a with 15 mm % 15 mm % 1 mm size is considered for
warpage measurement. This particular electronics package
consists of various materials are shown in Fig. 9a, such as
chip, substrate (organic printed circuit board), and plastic en-
capsulation. The structure shows that two chips are bonded
using die attachment and wire bonded to substrate, then
molded by plastic encapsulation. Due to the nature of com-
posite, the package easily experiences out of plane deforma-
tion during surface mounting manufacturing process, which is
carried out at elevated temperatures. Materials used to this
package have different coefficient of thermal expansion
resulting in warpage behavior and sequentially causing vari-
ous defects throughout assembly process as shown in Fig. 9b.
Therefore, the warpage measurement of electronic package is
major concern to understand thermomechanical reliability.
The experimental setup is shown in Fig. 10. The PoP
memory package is placed inside of environmental cham-
ber, with its FOV focused by a pair of Marlin CCD

Fig. 10 Test setup for warpage
measurement

Marlin stereo CCD camera

camera. There is a DLP projector with collimate lens sys-
tem projecting speckle patterns onto the bare bottom sur-
face of the PoP package through the window of environ-
mental chamber. Images are taken while the specimen is
exposed to convectional heating from a room temperature
of 150 °C, at 25 °C, 50 °C, 100 °C, 150 °C, and after
cooling back to 25 °C. Pairs of images taken simulta-
neously before, during and after heating, can be seen
using a software and subjected to image correlation. For
the result, different surface profiles are obtained at each
elevated temperature.

The contour plot of surface profile at room temperature is
shown in Fig. 11a. As shown, the bottom surface of PoP
memory package is shaped diagonally symmetric.
Figure 11b shows the measured surface profiles after rigid
body movement correction at elevated temperatures along
the diagonal 0 and diagonal 1 respectively, and they are con-
sidered as absolute warpages. The package warps in positive
direction in z-axis as temperature increases. While the package
is exposed to various temperatures from room temperature to
150 °C, the maximum warpage values along diagonal 0 and 1
are approximately 12 and 15 pum respectively. In addition,

DLP Projector &
Collimate lens system
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Fig. 11 Warpage behaviors of
PBGA package measured by 3D
DIC with virtual patterning
method. a Surface profile at room
temperature; b surface profiles of
diagonal 0 and 1 at various
elevated temperature from left to
right respectively; ¢ 3D contour
plots of the PoP memory package
at various temperatures

Absolute Warpage for PoP Top_Bottom, diagonal 0
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0.0044

0.0028

0.0013

-0.0002
-0.0017
-0.0033
-0.0048
-0.0063
-0.0078
-0.0094
-0.0109

-0.0124

(a) Surface profile at room temperature

Absolute Warpage for PoP Top_Bottom, diagonal 1

—e—initial 25 C
—=—50C
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—— initial 25 C
—=—50C
——100C

absolute warpage, mm

150 C
—*—back 25 C

150 C
—*—back 25 C

absolute warpage, mm

diagonal length, mm

diagonal length, mm

(b) Surface profiles of diagonal 0 and 1 at various elevated temperature from left to right respectively

150 °C

Z[mm]
0.01

0.0075
0.005

0.0025

-0.0025
-0.005

-0.0075

0.0125

0.015
- o - -0.0175

Back to 25 °b -0.02

(c) 3D Contour plots of the PoP memory package at various temperatures

since the warpage difference between 100 and 150 °C is rel-
atively small, it is expected that the curing temperature of die
attachment was in between 100 and 150 °C. In addition, when
it has cooled down to room temperature, the shape has not
been completely recovered in the direction of diagonal 0 pos-
sibly due to moisture effect inside the package. Each surface
profile is plotted in 3D contour map shown in Fig. 11c, so that
the changes of shape can be seen more visually.
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From the in situ 3D DIC with projected pattering method,
actual warpage behavior of POP memory package is understood.
First of all, the amount of solder paste needs to be optimized for
the surface mount process between top and bottom portion of
POP packages and PCB during manufacturing. Second of all,
repeatable warpage behavior of the package would cause
thermos-mechanical fatigue at the solder joints. Therefore, de-
sign for reliability of the POP package has to be considered.
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6 Summary

The feasibility of the pattern projection method for 3D DIC
measurement is investigated. Virtual pattern generated by DLP
projection yield good results in 3D DIC, and this has been proved
by the warpage measurement of electronic package 15 mm x

15 mm size. In addition, since this method does not involve any
surface treatment of a specimen, it represents an actual profile of
specimen, which was validated by optical profiler. It is highly
advantageous that no sample preparation is required. Although
the pattern projection method cannot be applied to in-plane dis-
placement (2D) measurement or tracking relative 3D deforma-
tions, it can be applied to shape profiling or warpage measure-
ment as shown above. Moreover, it has been discovered that the
light divergence of DLP projector can be prevented by using lens
system with combination of different lenses. By doing so, the
projected pattern is well focused on the specimen’s surface (small
area) at a distance. Moreover, the pattern projection method of-
fers the flexibility of controlling speckle sizes without losing the
stochastic randomness of pattern, which is the pattern require-
ment for DIC measurement, even when the FOV size is smaller
than 15 mm. Non-contamination warpage measurement enables
the industry to examine their products’ behavior subjected to
various loading and continuously monitor qualities of assembly
during manufacturing process.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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