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Abstract: In camera lenses for mobile-phone applica-
tions, all lens elements have been designed with aspheric
surfaces because of the requirements in minimal total
track length of the lenses. Due to the diffraction-limited
optics design with precision assembly procedures, ele-
ment inspection and lens performance measurement
have become cumbersome in the production of mobile-
phone cameras. Recently, wavefront measurements
based on Shack-Hartmann sensors have been success-
fully implemented on injection-molded plastic lens with
aspheric surfaces. However, the applications of wavefront
measurement on small-sized plastic lenses have yet to
be studied both theoretically and experimentally. In this
paper, both an in-house-built and a commercial wavefront
measurement system configured on two optics structures
have been investigated with measurement of wavefront
aberrations on two lens elements from a mobile-phone
camera. First, the wet-cell method has been employed for
verifications of aberrations due to residual birefringence
in an injection-molded lens. Then, two lens elements of
a mobile-phone camera with large positive and negative
power have been measured with aberrations expressed in
Zernike polynomial to illustrate the effectiveness in wave-
front measurement for troubleshooting defects in optical
performance.
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1 Introduction

Optical lenses are crucial in the performance of optical
instruments employed for various scientific and industrial
applications. Today, many optical lenses for consumer
devices are made of plastics and mass produced at low
cost by using injection-molding processes. Meanwhile, in
the injection-molding process, some technical difficulties,
such as geometric deformation, stress-induced birefrin-
gence, and refractive index inhomogeneity, are still chal-
lenging lens designers and manufacturers. This is mainly
due to the complex thermos-mechanical history of plastic
lenses experienced throughout the heating, injecting, and
cooling stages of the injection-molding processes. As the
requirements for compactness and light weight become
stringent, the manufacture of minimal total track length
(TTL) in mobile-phone cameras is getting more attention
in the industry than before. To achieve the minimal TTL
goal, optics engineers start adopting highly aspheric sur-
faces on lens elements and thinner lenses in mobile-phone
cameras [1]. Based on the descriptions in published world
patents [2], two groups of elements, namely in positive or
negative optical power, are commonly employed in the
design. They are used for receiving light rays and converg-
ing onto the image sensor with chromatic compensation.
Therefore, new optical instruments must be designed and
studied in order to fulfill efficient on-line inspection of
lens elements before the complete module is assembled.
Because modern high-resolution mobile-phone
cameras are diffraction limited due to the size of the sensor
pixels, performance measurements of aspheric lenses in
camera modules are painfully done on various aspheric
element designs compared to the spherical elements in
large-format cameras [3]. Therefore, it is of great interest
to explore the potential of wavefront measurement tech-
nology in order to assess or reverse engineer the aspheric
design parameters so that the optical qualities of lens
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modules can be improved. In the literature, Michaeli et al.
reported a straightforward instrument setup in wavefront
measurement by using fiber-optic diode laser serving as a
point light source and calculated the point spread function
(PSF) and modulation transfer function (MTF) of injection-
molded and compression-molded plane-convex lenses in
2007 [4]. Later in 2011, Yang et al. first employed wavefront
measurement data to study the effects of various packing
pressures on the refractive index variations in plastic lenses
via the popularly known wet-cell method [5]. Then, Li et al.
used numerical simulations based on the finite-element
method (FEM) to predict the aberrations based on wave-
front data of the lenses of eyeglasses injection molded with
polymethyl methacrylate (PMMA) plastics [6]. From the lit-
erature review, it is interesting to note that all the papers
reported studies of wavefront measurement of plastic
lenses in medium or large size with a long focus length.
The rationale is concluded as the wavefront measurement
in large-format lens elements is technically achievable than
the aspheric elements in high-resolution mobile-phone
cameras because of the very short focus length and small
effective aperture.

In aspheric wavefront measurement with spheri-
cal aberration, the most popular methods are based on
two fundamental approaches; one uses interferometry
measurement adopted from the standard flat and spheri-
cal surface testing, while the other is to employ a Shack-
Hartmann sensor (SHS) with lens array in front of image
capture devices to record the aberrations data in aspheric
wavefronts. All wavefront aberrations from the above
methods are then processed by computer programs into
either an interferogram or polynomial coefficients after-
wards. The various testing configurations and relevant
algorithms are described elsewhere in the literature [7-
9]. However, the interferometry-based testing methods
are typically only suitable for specific aspheric surfaces
and restricted by the conditions of temporal and spatial
coherent light sources. In 2009, Merola et al. reported a
self-patterning polydimethylsiloxane (PDMS) micro lens-
array characterized by a digital holography method [10].
Of course, the method is still based on interferometers
and still sensitive to environmental disturbances, namely
air flow, temperature rise, and qualities of laser. On the
contrary, an SHS is a device that uses the fact that light
travels in a straight line to measure the wavefront of light.
A transmissive optics test instrument can be simply con-
structed with four subunits, namely light source, test
object, resizing optics, and wavefront sensor [11]. Today,
only a handful of commercial wavefront measurement
instruments are available for tests of optical systems
exhibiting high-order aspheric aberrations, and they are
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mostly custom-made with bundled post-analysis numeri-
cal programs [12].

2 Measurement of wavefront and
aberrations

A wavefront is the locus of points characterized by propa-
gation of position of the same phase. Along a collimated
light source, wavefront propagates as a flat surface in the
direction of light travel. If the wavefront enters a perfect
optical system without aberration, it would be mapped to
a perfect spherical wave and converge on the ideal image
location, which is named the ‘aberration free point’. In a
practical optical system, the wavefront deforms in the exit
pupil or misses the ideal image point, which is defined by
wave aberration function W with optical length measured
along a ray from the actual wavefront to the ideal wave-
front. Aberrations are imperfections in image formation of
optical systems. Some of them are the results of tolerance
balancing during design, whereas others are intrinsic to
a particular image formation system or the fabrication
process of the lenses [13].

The SHS for wavefront measurement consists of a lens
array and a charge couple device (CCD) detector. When
a wavefront enters the lens array, a focused spot field is
captured by the CCD. The snapshot of the focused spot is
then analyzed for intensity and location to calculate the
wavefront map. A wavefront measurement system based
on the SHS can be categorized into four basic configura-
tions, namely basic infinite, finite, infinite, and reflection
mode as shown in Figure 1. In the basic infinite setup, the
lens under test (LUT) is illuminated by a collimated laser
source on one side and measured with SHS by an adjust-
able telescope tuned at the confocal point for image-size
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Figure 1: Basic configurations of wavefront measurement with the
SHS located at the top and LUT (brown) at the bottom: (A) basic infi-
nite, (B) reverse infinite, (C) finite setup, and (D) reflection mode.
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adjustment. This configuration can easily align and locate
the focal point of LUT within the mechanical limits. In the
reverse infinite setup, the LUT is illuminated with a point
laser source emerging from an objective lens; the adjust-
ment of LUT position would re-collimate the point source
to a telescope for image-size adjustment. This setup is the
most appropriate one for LUT with a short focal length.
However, it should be noted that collimating the point
light source by the LUT with large aberrations is difficult.
The finite setup is a modified version of the reverse infi-
nite configuration. The telescope has been fitted with an
extra collimating lens to emulate LUT under application
conditions; hereby, the step to adjust the LUT at confocal
point is not necessary. The setup provides comfortable
adjustment of the LUT position at the best focus point
regardless of the LUT characteristics. For optical lenses or
reflective surfaces with zero optical power, the reflection
setup uses a beam splitter to shorten the optical length
without a collimator and give direct wavefront measure-
ments. The above-mentioned four configurations have to
be dedicated for LUT based on its optical properties and
research objectives.

In injection-molded plastic lenses, the wavefront
aberrations are mainly attributed to three original sources,
namely refractive index variations, residual birefringence,
and geometric surface deviations. To observe materials
variations after the process, the wet-cell method is adopted
by immersing LUT in lens refractive index matched fluids
via a mixture of mineral oils for specific indices. When
the LUT is in the wet cell, the wavefront aberrations could
only be given by the material refractive index variations
plus residual birefringence, as shown in Figure 2. As a
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Figure 2: Schematic drawing for the wet-cell method indicating
inhomogeneity in lens materials.
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result, the final wavefront errors could be measured by
the wavefront measurement system accordingly to assess
surface deviations, residual birefringence, and refractive
index variations in troubleshooting or product verifica-
tion processes [14].

3 Experimental setup and
procedures

For experimental verification of the theoretical prediction of injec-
tion-molded lenses, a plano-convex plastic lens designed with a
long focal length was molded with ZEONEX 480R optic polymers.
The lens has maximum thickness of 1.125 mm with focal length of
130 mm. The effective aperture radius is 5 mm. Figure 3 illustrates
the schematic configuration of the in-house-built instrument based
on the basic infinite setup, whereas the wet-cell method and normal
wavefront measurements could be conducted for the plano-convex
lenses. An He-Ne 5-mW gas laser with wavelength at 543 nm serves
as light source connected with a spatial filter and collimator to give
a plane wave with measured peal-valley (P-V) and root-mean-square
(RMS) basis values in 0.193 and 0.033 waves recorded at the SHS. An
iris was used to adjust the beam size to illuminate the LUT in 10 mm
diameter. Then, a telescopic lens was placed after the LUT on confo-
cal location to resize the wavefront into the SHS. This configuration is
suitable for measurement of aspheric aberrations of LUTs with a long
focus length. Moreover, the wet-cell measurement illustrates wave-
front aberrations introduced by residual birefringence and refractive
index variations. To complete the prediction of residual birefrin-
gence via computer aided engineering (CAE) mold-flow simulations,
it would be necessary to convert the predicted birefringence into an
optic simulation program for wavefront simulations. Figure 4 shows
the schematic structure established by the ASAP optics analysis
program, copyrighted by BRO, AZ, USA. ASAP can simulate focused
spot images and export the image file to wavefront aberrations post-
processing programs. Finally, the simulated wavefront maps are
employed as the reference for the verification of measured wavefront
maps given by the experiments.

In the experimental cases of plano-convex lens, the predicted
results agree well with the experimental measurements. As a further
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Figure 3: Schematic configuration of the in-house-built instrument.
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Figure 4: Schematics in ASAP simulation of the in-house-built
wavefront measurement system.

step, it is of our interest to verify the same approach on the lens ele-
ments of mobile-phone cameras. As the lens elements must have a
short focal length in a few millimeters, the reverse infinite setup as
shown in Figure 5 would be the most appropriate instrument struc-
ture. Hence, a wavefront measurement system (model: WaveMaster
Pro; Trioptics Inc., Germany) was employed for this part of study [12].
In the study, only two representative elements were measured and
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Figure 5: Schematic layout of the Trioptics WaveMaster Pro instrument.
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compared to the simulated results because CAE mold-flow simula-
tions are usually time consuming, and two elements should suffice
for comparison purposes.

4 Measurement results and
discussions

First, the plano-convex plastic lenses were employed for
comparisons of wavefront aberrations due to material
inhomogeneity and surface deviations between the pre-
dicted and measured results. Figure 6 shows the compari-
sons of wavefront map plots for the plano-convex LUT. The
ASAP-simulated ideal wavefront plot is shown at the left-
hand side with symmetric characteristics, while the meas-
ured plots indicate an anti-symmetric bent-up trend at the
left and right edges. Based on the CAE mold-flow simula-
tion results, it is noted that the maximum shear stresses
appear at the left and right edges of the LUT, as shown
in Figure 7. According to the stress-optical law in photo-
elasticity, the refractive index variation is proportional
to the shear stress level, which evidently corresponds to
the increases in wavefront aberrations at the left and right
edges of the LUT. These results agree well with the data
reported by Higashihara and Ueda [15]. As a further step to

SHS sensor

Figure 6: Comparisons of three-dimensional wavefront plots between the simulated lens design (A) and measured value (B).
(A) P-Vvalue=0.213\ and RMS value=0.037X (B) P-V value=0.232X and RMS value=0.043A.
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Figure 7: Plots of shear-stress map based on CAE mold-flow simula-
tion results.
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Figure 8: Three-dimensional plots of true measured wavefront aber-
rations after subtraction of the wet-cell measured value.
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explore the above observation, the wet-cell method is con-
ducted for the same LUT. By subtraction of the measured
value by the wet-cell method from the directly measured
wavefront value, the true wavefront aberrations due to
surface deviations of the LUT are plotted in Figure 8. The
plot indicates that the minimum peak value and concave
feature agree well to the plot of simulated wavefront errors
in Figure 6. Hence, it is concluded that wavefront aberra-
tions contributed by residual birefringence and refractive
index variations could be experimentally separated from
geometric deviations of the surfaces by using the pro-
posed wavefront measurement system.

Finally, it would again be interesting to investigate
whether the previous conclusion could be applied for
lens elements in mobile-phone cameras with a small back
focal length. Taking the first two elements as a comparison
study, one of them is an aspheric element with positive
power made of APEL optical polymers, whereas the other
is an aspheric element with negative power made of OKP1
optical polymers. As both lenses have a focal length of
approximately 2.0 mm with effective aperture of 2.0 mm,
the WaveMaster Pro wavefront measurement system is
employed for measurement of the LUTs. Figures 9 and 10
show the comparisons of wavefront maps between the
measured and the simulated results for both the positive
and negative power elements. Moreover, the Zernike coef-
ficients of the wavefront data are tabulated in Table 1 with
the corresponding specific physical correlation for process
parameters. The results indicate that larger wavefront
aberrations, such as astigmatism in convex lenses, may
still be significant even though aspheric surfaces have
been adopted in the design. This observation confirms the
shop-floor empirical results from local communications
among production engineers concerning the root cause of
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Figure 9: Comparisons of wavefront maps between the measured (left) and the simulated (right) data from the negative power lens element.
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Figure 10: Comparisons of wavefront maps between the measured (left) and the simulated (right) data from the positive power lens

element.

Table 1: Comparisons of wavefront aberrations expressed by Zernike polynomial between the simulated and the measured lens elements of

a mobile-phone camera.

Zernike coefficient in [n][m]

Concave lens element

Convex lens element

Design Measured Design Measured
Defocus [2][0] -0.034 0.002 -0.002 -0.003
Astigmatism [2][-2] -0.017 0.054 0.095 -0.314
Astigmatism [2][2] 7.0x101¢ -0.001 -6.0x10°° 0.673
Coma [3][1] 2.2127%x10% -0.007 6.039x107"° 0.352
Coma [3][-1] 5.0540%x10"° 0.007 -2.058x10*%° -0.051
Primary spherical [4][0] 0.0565 -0.084 -3.561 0.651
P-V errors (A) 0.132 0.326 0.981 2.996
RMS errors (A) 0.030 0.060 0.240 0.716

difficulty in the production of convex elements of mobile-
phone cameras.

5 Conclusions

This paper successfully establishes and verifies the
wavefront measurement systems for explaining factors
influencing image quality, including surface deviations,
refractive index variations, and residual birefringence.
Furthermore, if the CAE mold-flow simulation results
are available, the wavefront aberrations contributed
by injection-molding process parameters can be theo-
retically identified. Furthermore, optical performance
qualities such as PSF, MTF, and Strehl ratio can all be cal-
culated based on the wavefront measurements, though
not described and discussed in this paper. More impor-
tantly, the wavefront measurement systems based on SHS
are readily available for any optical lens with aspheric
surfaces if reconfiguration of optics layout is possible. In

the future, research work could be focused on the study
of compensation in refractive index variations and multi-
ple-lens wavefront aberrations during the lens automatic
assembly processes.
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