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Abstract
A crucial factor for ensuring the reliability of chip packages is the measurement and control of warpage. The warpage of chip
packages, printed wiring boards (PWBs), and PWB assemblies (PWBAs) are typically measured by moiré techniques (i.e.,
shadow moiré, laser fringe projection, and digital fringe projection), which have noncontact, full-field, and high-resolution
capabilities. The application of moiré techniques typically involves spraying a mist of reflective paint on the surface of a sample
to ensure the uniformity of surface reflectance and to obtain better fringe image contrast and better sinusoidal waveforms in the
fringe patterns for the measurement process. However, since painted samples may no longer be re-used, the process of spray
painting is not suited for inline inspection; a new technique for measuring warpage without painting is required. In this research, a
dynamic digital fringe projection (DDFP) technique for measuring the warpage of unpainted plastic ball grid array (PBGA)
packages and boards was developed. The DDFP technique dynamically determines proper fringe intensity distributions for
PBGA packages and PWBs and uses them to produce a better fringe image contrast and better sinusoidal waveforms without
painting. Experimental results showed that the DDFP technique successfully measures the warpage of PBGA packages and
PWBs in unpainted PWBAs accurately.
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1 Introduction

Over the years, integrated circuit technologies have become
increasingly sophisticated and now consist of smaller chip
sizes and higher density circuitry while satisfying superior
reliability requirements. This trend, however, has been accom-
panied by the issue of warpage, which occurs primarily during
the reflow process when chip packages are soldered to printed
wiring boards (PWBs) in a reflow oven and later cooled down
to room temperature as the assembled boards exit the oven.
Warpage is induced by coefficient of thermal expansion
(CTE) mismatches between various materials within chip
packages and PWBs. If induced warpage in chip packages
or PWBs are larger than their critical values, they can cause

component misregistration during the component placement
and insertion processes. The presence of warpage can also
cause reliability problems in chip packages such as die crack-
ing, underfill delamination, and fatigue failure in solder
bumps resulting from high residual stresses [1, 2], as illustrat-
ed in Fig. 1.

The influence of warpage on the failure of chip packages
has made warpage control a critical factor during the reflow
process. To address this concern, the first step is to measure
the warpage accurately and quickly. Several techniques for
measuring the warpage of chip packages and boards (i.e.,
PWBs and PWB assemblies) have been developed. In the
early days, contact measurement techniques, such as the con-
tact profilometer, were used to measure warpage. As the mea-
surement requirement calls for higher throughput and in-line
measurement capabilities, several noncontact warpage mea-
surement techniques were developed.

For example, moiré techniques are widely used to measure
the warpage of chip packages and boards due to their noncon-
tact, full-field, and high-resolution measurement capabilities.
The moiré techniques use fringe patterns to obtain the out-of-
plane displacement of a sample surface, and they can be
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classified into the following three types based on how they
generate the fringe patterns: the shadow moiré, laser fringe
projection (LFP), and digital fringe projection (DFP) tech-
niques. The shadowmoiré uses glass grating, located very close
to the sample, to generate the fringe patterns. This technique is
the most commonly used for measuring warpage because it is
easy to set up and calibrate, and it is fast and therefore facilitates
image calculations [3]. However, it is not a suitable technique
for simultaneously measuring the warpage of chip package(s)
and PWB in a PWB assembly (PWBA) because the glass grat-
ing must be placed very close to the sample surface [3]. Such
proximity can also affect the thermal behavior of the sample
during the reflow process [3].

The fringe projection techniques (i.e., the LFP and DFP tech-
niques) can be used to overcome these disadvantages of the
shadow moiré technique because they do not require glass grat-
ing. Instead, the LFP technique typically uses a laser interferom-
eter to generate the fringe patterns. Its major disadvantage, how-
ever, is its noisy fringe patterns caused by laser speckle [4]. The
DFP technique overcomes this drawback because it uses a digital
projector to generate the fringe patterns. However, the DFP tech-
nique has its own disadvantage in the form of gamma nonline-
arity [5], which represents the nonlinear relationship between the
input and output intensities of the digital projector.

Chang et al. [6] applied a digital light processing (DLP) pro-
jector and a set of optical lenses to a DFP system for measuring
the warpage of a flip-chip ball grid array (BGA) package

and the profile of a solder ball of a flip chip package. They
reduced the fringe pitch by directing the fringe pattern into
a stereo zoom microscope. Yen et al. [7, 8] also used a DFP
system with a DLP projector for measuring the coplanarity
of solder balls of BGA packages. Joo and Kim [9] en-
hanced the sensitivity of a DFP system by using immersion
interferometry and the optical/digital fringe multiplication
method that enables a 52-nm fringe pitch. Pan et al. [10]
measured the warpage of plastic ball grid array (PBGA)
packages using a DFP system with a resolution of 3 μm.
Pan et al. [10] also developed a microscopic DFP system to
measure the warpage of chip packages with size below
10 × 10 mm. The system enables fringe pitch of 80 μm.
Shien et al. [11] developed a novel measurement system
utilizing the DFP technique and measured the warpage of
BGA packages. The results showed that the accuracy is
2.6 μm [11]. Michael et al. [12] used a fringe projection
system to measure a PWBA during the reflow process with
resolution of 2.5 μm.

The moiré techniques are phase-based method like
Fourier transformation [13] and fringe center [14]
methods, which analyze the phase distribution of the
fringe patterns reflected from a sample surface and mod-
ulated by its height distribution. Low fringe image con-
trast and nonideal sinusoidal waveforms in the fringe pat-
terns cause errors in the modulated phase distribution that
decrease the measurement accuracy [5].

Fig. 1 a Component
misregistration. b Die cracking. c
Underfill delamination. d Solder
bump fatigue failure [2]
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To reduce these error sources, the use of the moiré tech-
niques in the measurement process generally requires
spraying the sample surface with a mist of reflective paint in
order to ensure uniform surface reflectance and better fringe
image contrast. Painted samples, however, may not be reused,
and the spray-painting process is not suitable for use in the
assembly line. When an unpainted PWBA containing a
PBGA package is measured using the DFP technique, vari-
ances in surface reflectance between the PBGA package and
the PWB generally result in either too dark or too bright re-
gions in the PWBA fringe image. For example, when a dark
fringe pattern (Fig. 2a) is projected onto the PWBA, the PWB
region of the PWBA fringe image (Fig. 2b) is too dark for
processing. In contrast, when a bright and uniform fringe

pattern (Fig. 2c) is projected onto the PWBA, the package
region of the PWBA fringe image (Fig. 2d) is too bright for
processing. This problem can be solved by projecting a fringe
pattern containing varying intensities, shown in Fig. 2e, in
order to obtain a fringe image with improved fringe image
contrast as shown in Fig. 2f.

In order to accurately measure the warpage of PBGA pack-
ages and boards in a PWB assembly without painting them
with a mist of reflective paint, a dynamic digital fringe projec-
tion (DDFP) technique was developed. The DDFP technique
generates and projects a dynamic fringe pattern, in which
proper fringe intensity distributions are dynamically deter-
mined based on the coordinates and the surface reflectance
of PBGA packages and PWBs. It increases fringe image

(a)                                          (b) 

(c)                                          (d) 

(e)                                          (f) 

Too  
Dark 

Too 
Bright

Improved 
Contrast 

Fig. 2 a A dark fringe pattern. b
A PWBA fringe image
illuminated by a. cA bright fringe
pattern. d A PWBA fringe image
illuminated by c. e A dynamic
fringe pattern. f A PWBA fringe
image illuminated by (e)

Int J Adv Manuf Technol (2018) 96:3235–3249 3237



contrasts and reduces nonideal sinusoidal waveforms in the
fringe patterns when measuring unpainted PWB assemblies.

2 Dynamic digital fringe projection technique

DDFP technique incorporates the DFP technique’s measure-
ment processes [15] for measuring the warpage of painted chip
packages and boards. The steps of the process are (1) to gener-
ate and project a sinusoidal fringe pattern onto a sample surface
[16], (2) to obtain four-step phase-shifted fringe images
reflected from the sample surface [17], (3) to apply the four-
step phase-shifting method to the captured fringe images to
obtain a wrapped phase image [17], (4) to apply the mask-cut
phase unwrapping algorithm to the wrapped phase images to
obtain an unwrapped phase image [18, 19], (5) to convert the
unwrapped phase image to a displacement image that contains
the surface height distribution using the reference-subtraction
and the linear conversion methods [5, 20], and (6) to obtain the
warpage of the sample from the displacement image [15]. Here,
four-step phase shifting method was used to increase the mea-
surement resolution. Four-step phase was chosen because the
measurement resolution is not significantly different for the
phase-shifting method that uses more than four steps [21].

In addition to incorporating the DFP technique’s measure-
ment processes, the DDFP technique includes an automatic
method for segmenting the PBGA package and PWB regions
in an unpainted PWBA image, together with calibration
methods to compensate for the mismatches in coordinates
and intensities between the projected and captured images.
Because coordinate calibration is independent of sample

changes, it needs to be performed only once after the system
is set up. After the segmentation and the calibrations are per-
formed, the DDFP technique generates a dynamic fringe pat-
tern and projects it onto the unpainted PWBA. Figures 3 and 4
present the flowchart and sample images depicting the process
of the DDFP technique, and the remainder of this chapter
details the first four steps of the process, which differ from
those of the DFP technique.

2.1 Coordinate calibration between projected
and captured images

The coordinates of projected and captured images differ; that
is, the fields of view of the projector and the camera do not
perfectly match, causing misalignment of the projected dy-
namic fringe pattern, shown in Fig. 5c.

To calibrate the coordinate mismatches, coordinate transfer
functions (CTFs) were obtained using a checkered pattern
[22] and projector-camera homography [23]. A checkered pat-
tern with n ×m squares was generated, projected, and cap-
tured, which, in turn, divided the projected and captured im-
ages into n ×m divisions, shown in Fig. 6.

The CTF for the ith division is provided in Eq. 1 [23], in
which Ti,j is calculated by the eigenvector corresponding to the
smallest eigenvalue of ATA, where A is given in Eq. 2 [23].

X i xi; yið Þ ¼ Ti1xi þ Ti2yi þ Ti3

Ti7xi þ Ti8yi þ Ti9

Y i xi; yið Þ ¼ Ti4xi þ Ti5yi þ Ti6

Ti7xi þ Ti8yi þ Ti9

ð1Þ

Step1. Perform Coordinate Calibration Between the Projected and Captured Images (Performed Once) 

↓ 

Step2. Segment the PBGA Package and PWB Regions in an Unpainted PWBA Image Using the 
Region Growing Method (RGM) [22]

↓ 

Step3. Perform Intensity Calibration Between the Projected and Captured Images 

↓ 

Step4. Generate and Project Dynamic Fringe Pattern (with Various Intensities) onto the PWBA 

↓ 

Step5. Obtain Four-Step Phase-Shifted Fringe Images: This Increases Measurement Resolution 

↓ 

Step6. Apply Phase Wrapping to the Four Fringe Images to Obtain a Wrapped Phase Image 

↓ 

Step7. Apply Phase Unwrapping to the Wrapped Phase Image to Obtain an Unwrapped Phase Image 

↓ 

Step8. Convert the Unwrapped Phase Image to a Displacement Image 

↓ 

Step9. Obtain the Warpage of the PBGA Package and the PWB from the Displacement Image 

Fig. 3 Flowchart of the
implementation process of the
DDFP technique
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where (Xi,Yi) = coordinates in the ith division of the
projected image, (xi,yi) = coordinates in the ith division
of the captured image, and Ti,j = transformation coeffi-
cients for the ith division.

A ¼

xi1 yi1 1 0 0 0 −X i1xi1 −Y i1xi1 −X i1

0 0 0 xi1 yi1 1 −X i1yi1 −Y i1yi1 −Y i1

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
xi4 yi4 1 0 0 0 −X i4xi4 −Y i4yi4 −X i4

0 0 0 x4 y4 1 −X i4yi4 −Y i4yi4 −Y i4

0
BBBB@

1
CCCCA

ð2Þ

Fig. 4 Sample images obtained in each step described in Fig. 3

Fig. 5 aA PWBA image. bA dynamic fringe pattern generated based on
the chip package coordinates in a (for example, the fringe intensities in
the PBGA package region are darker than those in the PWBA region and

the intensities of each region are determined by the intensity calibration
introduced in Sect. 2.3). c A PWBA fringe image illuminated by b
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where (Xi1, Yi1)~(Xi4, Yi4) = the four corner coordinates of the
ith division in the projected image and (xi1, yi1)~(xi4, yi4) = the
four corner coordinates of the ith division in the captured
image.

The CTFs are used to modify the coordinates in the
projected image in order to compensate for the coordi-
nate mismatches between the projected and captured
images. To validate the coordinate calibration, the coor-
dinates of 35 equally distributed cross marks between
the projected and captured images were compared be-
fore and after the coordinate calibration. Coordinate
transfer errors were quantified by the average differ-
ences between the mark coordinates for the projected
and captured images. Because the number of the
squares (n × m) in the checkered pattern affects the
quantity of coordinate transfer errors [24], the coordi-
nate transfer errors were obtained with various numbers
of squares, as shown in Fig. 7. Here, the errors before
the calibration are reflected when n is zero. As the

figure shows, the coordinate transfer error decreases
when n increases up to 25. Therefore, a 25 × 18 check-
ered pattern was used to calibrate the coordinates (m is
18 when n is 25).

2.2 Segmentation of the PBGA package and PWB
regions in unpainted PWBA images

To generate dynamic digital fringes and measure the
warpage of PBGA package(s) and PWB in an unpainted
PWBA, the PBGA package and PWB regions in an
unpainted PWBA image are segmented using the RGM
[25]. The process of the RGM consists of the following
steps: (1) capturing an unpainted PWBA image, (2)
smoothing the PWBA image using the Gaussian filter
[26], (3) generating the edges around each smoothened
feature using the Canny algorithm [27], (4) segmenting
the regions in the edged image with labels using the
region-growing algorithm [28], and (5) detecting the

Fig. 6 Square divisions in the a
projected and b captured images
when a 5 × 4 checkered pattern is
used and square divisions in the c
projected and d captured images
when a 10 × 8 checkered pattern
is used
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Fig. 7 Coordinate transfer errors
when n of the checker pattern
increases
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PBGA package and PWB regions in the label image
using geometric analysis [25]. The RGM was designed
for PWBAs that contain PBGA package(s) larger than
14 × 14 mm [25]. For the details of each step of the
RGM, refer to [25]. Samples of the unpainted PWBA
images and the resulting segmentation images produced
by the RGM are shown in Figs. 8 and 9. The detected
PWB and PBGA regions are marked with “0” and “1,”
respectively. As shown in those figures, when we use
the RGM, the substrate regions and surface patterns
such as copper patterns and inscriptions are masked-
out (in black).

2.3 Intensity calibration between projected
and captured images

Figure 10 shows the intensity flow in the DFP system.
The intensity transfer function (ITF) represents the rela-
tionship between computer input intensity (II) and cap-
tured intensity (IC). This relationship is generally non-
linear due primarily to the gamma nonlinearity of the
digital projector [29]. The nonlinearity between II and
IC causes the presence of nonideal sinusoidal waveforms
in the captured fringe images, which decreases the mea-
surement accuracy and repeatability of the DFP system

Fig. 8 a Unpainted PWBA
images and b resulting
segmentation images [25]
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[5]. Figure 11 illustrates this nonlinearity for the PBGA
surface of a PWBA. In this case, the average absolute
error between II and IC is 19.1.

To calibrate the nonlinearity for unpainted samples, the
polynomial regression method [29, 30] is applied together

with the lookup table method [30]. A third-order polynomial
regression equations (or ITF) between II and IC for each of the
PBGA and PWB surfaces of an unpainted PWBA are obtain-
ed by regressing six measured intensities for each surface.
Figure 12 shows the ITF obtained using the polynomial re-
gression method for an unpainted PBGA surface.

Using the ITF, a lookup table of the sample surface is
created, which stores 255 IC values and corresponding II
values. Ultimately, the lookup table is used to calibrate input
intensity in order to compensate for the nonlinearity [30]. As
shown in Fig. 13, the nonlinearity significantly declines after

Fig. 9 a Unpainted PWBA
images (rotated) and b resulting
segmentation images [25]

Fig. 10 Intensity flow in the DFP system
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the calibration. In this case, the average absolute error between
II and IC is 4.1. When measuring a PWBA, intensities are
simultaneously calibrated for each of the PBGA package
and PWB surfaces.

2.4 Generation and projection of a dynamic fringe
pattern

After the coordinate and intensity calibrations, a dynamic
fringe pattern is generated. The coordinates of the PBGA
package region in the segmented label image (Fig. 14a) are
converted to those coordinates in the dynamic fringe pattern
(Fig. 14b). For each region in the segmented label image,
separate lookup table obtained from the intensity calibration
that is used to produce a proper fringe intensity distribution is
determined, as depicted in Fig. 14b. After the dynamic fringe
pattern is generated, it is projected onto the PWBA, as shown
in Fig. 14c.

3 Experimental system

The setup of the DFP system developed in this study is
illustrated in Fig. 15, which consists of a charge-coupled
device (CCD) camera and a digital light processing (DLP)
projector. The resolution and the frame rate of the camera
are 1280 × 960 pixels and 32 frames/s, respectively, and
those of the projector are 1280 × 800 pixels and 60 frames/
s. The DDFP measurement technique is a modified version
of the DFP system. A dynamic fringe pattern is generated by
a computer and projected through a digital projector onto the
sample surface. The image of the projected fringe pattern in
its 60 × 45 mm field of view (FOV) is captured by a CCD
camera, which results in 46.89 μm/pixel of image resolution
in the xy plane. The theoretical out-of-plane resolution of the
DFP system can be calculated using Eq. 3 [10]. For the
calculation, the values of P, α, β, and C of the DFP system
are 0.6 mm in the x-direction, 0°, 45°, and 256, respectively.
The theoretical resolution of the DFP system is 2.34 μm in
the z-direction.

R ¼ P
C tanαþ tanβð Þ ð3Þ

where R = resolution, P = fringe pitch, α = observation
angle, β = illumination (or projection) angle, and C =
coefficient of resolving power for the gray level of the
light intensity.

The DFP system includes customized software written in
the C++ programming language. All the processing algo-
rithms, such as the phase wrapping and unwrapping algo-
rithms, are implemented in the software. The same software
controls the camera which captures the images, and the pro-
jector which projects and shifts the fringe patterns. The user
interface of the software is shown in Fig. 16. All the algo-
rithms and functions embedded in the software are automated
so that it can run without operator interference.

IC = -0.0000415II
3 + 0.0154270II

2 -
0.2771693II + 3.0555556
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Fig. 12 An ITF obtained by regressing six measured intensities reflected
from an unpainted PBGA surface
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Fig. 13 Relationship between II and IC after the intensity calibration for
an unpainted PBGA surface
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Fig. 11 Relationship between II and IC for an unpainted PBGA surface
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A calibration block with five steps (6, 14, 39, 87, and
163 μm) was used to validate the DFP system developed in
this study. Using the DFP system, each step of the calibration
block was measured ten times. The averages (y ), the percent-
age errors (Ɛ), and the standard deviations (σ) [31] of the ten
measurements are summarized in Table 1. From those results,
the measurement accuracy and repeatability were quantified
as 1.07 and 0.52 μm, respectively, by the mean absolute error
[31] and the pooled standard deviation [32]. It shows that the
system has very high accuracy and repeatability considering
the resolution of the system that is 2.34 μm.

4 Results and discussions

To validate the DDFP technique, four PBGA packages and two
PWBs, shown in Fig. 17, were used. The sizes of the three-layer

Fig. 14 a The segmented label
image, b the dynamic fringe
pattern, and c the PWBA fringe
image illuminated by b

Fig. 15 Setup of the DFP system

Fig. 16 The user interface of the customized software
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PWBs are 200 × 140 mm and the thicknesses are 1.5 mm. The
sizes of the PBGA packages are 23 × 23 mm, 27 × 27 mm,
35 × 35 mm, and 27 × 27 mm, and the substrate materials of
the PBGA packages are bismaleimide-triazine. The heights of
the PBGA packages used in this study are 1.53 mm, and the
heights of commercially available PBGA packages are from

Table 1 The results of the calibration block measurements

Step height (μm) 6 14 39 87 163

y (μm) 6.45 14.84 37.65 85.18 162.12

(μm) 0.45 0.84 − 1.35 − 1.82 − 0.88
σ (μm) 0.37 0.40 0.59 0.69 0.50

Fig. 17 a PWBA1 with three
PBGA packages and b PWBA2
with one PBGA package

Fig. 18 Warpage of PBGA packages obtained with the DDFP

Int J Adv Manuf Technol (2018) 96:3235–3249 3245



1.4 to 2.33 mm. The package height does not affect the mea-
surement because the system covers up to 16.2 mm.

The four PBGA packages and two PWBs were reflowed
separately in a reflow oven that uses the typical ramp to dwell
and ramp to peak temperature profile [2] to generate the warp-
age of each of them. The warpage of the four PBGA packages
and four PWB regions (60 × 45 mm) shown in Fig. 16 was
separately measured using a contact profilometer with a reso-
lution of less than 0.1 μm as a reference. Red masking tapes
were placed on the PWBs to ensure consistency of the fields
of view in all measurements. Using an adhesive, PBGA pack-
ages were temporarily attached to the PWBs in order to sim-
ulate PWBAs. Then, using the DDFP system, the warpage of
the PBGA package and the PWB in each of the four PWBA
regions (60 × 45 mm) were simultaneously measured as
shown in Figs. 18 and 19.

Next, the PBGA packages were detached from the PWBs.
Both the PBGA packages and the PWBs (60 × 45 mm) were
sprayed with thin film of white paint, and their warpage was
separately measured using the shadowmoiré system as shown
in Figs. 20 and 21. The shadow moiré system uses four-step
phase shifting method.

The measurement results are summarized in Tables 2 and
3. The contact profilometer results were used as references

and were used to compare the DDFP and shadow moiré
results. These comparisons show that the absolute measure-
ment errors of the DDFP results were less than 8% while the
absolute measurement errors of the shadow moiré results
were less than 5%. The major advantage of the DDFP tech-
nique is that it can be used to simultaneously measure the
warpage of PBGA packages and PWB in a PWBA without
spraying it with a thin film of paint. Therefore, the DDFP
technique is the only warpage measurement technique that
can be used in the assembly line during the PWB assembly
process to measure warpage of the PBGA and PWB. On the
other hand, if the PWB surface has too many surface pat-
terns such as copper patterns and inscriptions, the DDFP
technique can be less accurate because it masks out these
patterns during measurement as shown in Fig. 18. If the
masked out regions include the highest and/or the lowest
points of the warped PWB surface, they will not be captured
by this method.

5 Conclusion

This work introduced a novel technique, dynamic digital
fringe projection (DDFP), the first of its kind, for measuring

Fig. 19 Warpage of PWBs obtained with the DDFP
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Fig. 20 Warpage of PBGA packages obtained with the shadow moiré

Fig. 21 Warpage of PWBs obtained the shadow moiré
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the warpage of unpainted plastic ball grid array (PBGA)
package(s) and printed wiring board (PWB) in a PWB as-
sembly. The DDFP technique includes a method for
segmenting the PBGA package and PWB regions in an
unpainted PWB assembly image. It also includes calibra-
tion methods for compensating the coordinate and intensity
mismatches between projected and captured images.
Experimental results showed that the DDFP technique suc-
cessfully measured the warpage of PBGA packages and
PWBs in unpainted PWBAs. When compared to the con-
tact profilometer, DDFP produced a measurement error of
less than 8%. Even though this study demonstrated how to
use the DDFP technique to measure the warpage of PBGA
and PWBs in PWB assemblies, further research can be
conducted to demonstrate how to extend this technique to
measure the warpage of other chip packages. Because of
rapid advances in digital technologies, this new technique
can potentially be used for making accurate measurements
of the warpage of unpainted PBGA packages and PWBs in
an assembly line when chip packages such as PBGAs are
being assembled on a PWB.
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