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Abstract While the indentationmethod is an excellent way to
evaluate the mechanical properties of various sizes of mate-
rials, from the nano-scale to the macro-scale, its applications
have been limited to measuring mechanical properties. In this
study we propose a new application of the dynamic indenta-
tion method, in an indentation machining technology for
mass-production. The core idea is that the array of residual
indentations generated by dynamic indentation testing can be
used to fabricate a lens array suitable for thinner and brighter
displays. We developed an advanced system from a dynamic
indentation system, whose maximum speed and maximum
specimen size were about 10Hz and 250 mm*250 mm, re-
spectively. Using dual actuating heads this system was used
to produce arrays of lenses having depths of 1 μm to 6 mm.
Pile-up is a critical reason why indentation machining tech-
nology had been not widely used in display industries. Since
lower pile-up is observed inmore ductile copper-basedmetals,
we increased the annealing time of the metal molds to reduce
the amount of pile-up. Then, following a quantitative analysis
of the annealing heat treatment and resulting amount of pile-
up, a lens array was successfully machined on a metal mold
fabricated by the developed system. The machined metal

mold was used to manufacture optical plates for a lens array.
The results verified that the indentation machining technology
proposed in this study, based on the dynamic indentation
method, can be applied for the manufacturing of optical com-
ponents for better displays.
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Introduction

The indentation method is an excellent way to evaluate the
mechanical properties of various sizes of materials, from the
nano-scale to the macro-scale, by virtue of its simple proce-
dure. It has been generally used to measure hardness and elas-
tic modulus [1, 2], tensile properties (yield strength, tensile
strength and work-hardening exponent) [3–5], fracture tough-
ness [6, 7] and residual stress [8, 9]. In addition, the dynamic
indentation method can also provide a depth-profile of the
hardness and the elastic modulus of thin films [10] and the
viscoelastic properties (storage modulus and loss modulus) of
polymers [11, 12]. In the previous researches, the indentation
method has been to use to accurately measure mechanical
properties, and consequently, its application has been limited
to such measurements.

At the same time, there is a huge market of the mechanical
machining technology of metal molds, because that is the
basis of mass-production for many manufacturing industries.
The principle of mass-production using machined metal
molds is simple, as shown in Fig. 1. First, a certain shape or
a pattern is machined on the metal molds, and melted polymer
is injected into the molds. The shape or the pattern is replicat-
ed on the surface of the melted polymer, and the final product
is produced after the melted polymer is hardened.
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Here, we propose a new indentation machining technology
which combines the dynamic indentation method and the me-
chanical machining technology of the metal molds. A residual
indentation is generated on the surface of a metal mold after
indenting with an indenter, as shown in Fig. 2. If a spherical
indenter or a Vickers indenter is used, it can produce a spher-
ical or a pyramidal dimple on the surface, respectively.
Moreover, if the indenter or the metal mold is moved rapidly,
arrays of the residual indentations can be machined by repeat-
ing the dynamic indentation method [13]. Since the residual
indentations in the mold are concave, the replicated polymer
has convex patterns, which are very similar to micro lens
arrays (MLA). Micro lens arrays have excellent optical char-
acteristics [14, 15], and are especially appropriate for dot-type
light sources such as LEDs (Light Emitting Diodes) in ultra-
thin and bright displays. For this purpose, we developed a new
machining system and a process using indentation machining
technology, and manufactured a lens array on a metal mold
using the developed system.

Indentation Machining System

Since the static indentation method needs a few seconds to
make a single indentation, using a conventional systemwe are
able to produce only a few hundreds of lenses in 1 h. However,
this speed is too slow to be used in industrial fields. Thus, we
adapted the dynamic indentation method with the goal of ma-
chining at least one lens per second (more than 1Hz). A sole-
noid actuator which can move quickly with a vertical range of
1 to 100 μm was used in the newly developed system to meet
this requirement. The average and maximum machining
speeds of the system were 6Hz and 10Hz, respectively. The
amount of vertical moving of the actuator can be controlled by
changing the input current or input voltage. Moreover, large
lenses having depths from 100 μm to 6 mm can be machined

by directly rotating a camshaft without operating the solenoid
actuator, using the same system. The machining speed was
1Hz in this case. Though the machining speed was lower, this
speed was sufficient because the number of fabricated lenses
decreased when the size of the lenses increased.

In order to prevent breaking the indenter and distorting the
shape of the machined lenses, the stage of the indentation
machining system must stop when the indenter pushes the
metal mold. A highly accurate moving stage whose repeatabil-
ity and movement were about 100 nm and 250 mm*250 mm
was used to meet this requirement. This stage also functions
for ultraprecision cutting, and thus a metal mold with a mirror-
surface having several tens of nanometers roughness can be
prepared using the developed system, before performing the
indentation machining. Consequently, we manufactured lens
arrays with depths of 1 μm to 6 mm on a mirror-surface metal
mold with a speed of more than 1Hz using only the single self-
developed indentation machining system shown in Fig. 3.

Analysis of Inhomogeneous Plastic Deformation
around a Machined Lens

Typically, severe inhomogeneous plastic deformation is ob-
served after indentation machining on 64 brass (Muntz alloy)
which is commonly used as metal molds in industrial fields.

Fig. 1 A fundamental principle of mass production based on a metal
mold (pattern machining on a metal mold→ pattern replication using
melted polymer→ a final product)

Fig. 2 A new idea of indentation machining technology converging
dynamic indentation method and mechanical machining of a metal mold

Fig. 3 A newly developed indentation machining system having dual
actuating heads for indentation machining of small lens arrays (solenoid
actuator) and large lens arrays (camshaft)
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Although the amount of plastic deformation varies with the
size of the machined lenses, this phenomenon always occurs,
and a representative example is presented in Fig. 4. If this
inhomogeneous plastic deformation is replicated directly on
the final products, the final products will have poor surface
roughness, and those final products cannot be used in the
optical industry. Yan et al. removed this inhomogeneous plas-
tic deformation by ultraprecision cutting after completing the
indentation machining [13], however, this ultraprecision cut-
ting process is difficult and involves high cost because it re-
quires an expensive machining system.

This inhomogeneous plastic deformation is known as ‘pile-
up’ [16–19], and the pile-up occurs when the material de-
formed by the indenter does not merge into the substrate and
instead is piled on the surface around the residual indentation.
Cheng et al. [19] indicated that the amount of the pile-up is
inversely proportional to the work-hardening exponent of the
indented material. The work-hardening exponent (n) is
expressed as an exponent of Hollomon’s equation;

σ ¼ Kϵn ð1Þ
,where σ, K and ε are true stress, strength coefficient and true
strain, respectively. Since the work-hardening exponents of
metals are theoretically the same as the uniform strain, which
is an index of ductility according to the theory of instability of
tension [20], higher ductility can reduce the amount of the
pile-up. Generally, an annealing heat treatment is used to en-
hance the ductility of metals, because the annealing heat treat-
ment loosens the tangled dislocations, which helps the de-
formed material be merged into the substrate. Although there
are some materials with intrinsic high ductility, in the case of
the copper-based metals the pile-up can be decreased by

annealing heat treatment [16, 21].
The annealing heat treatment consists of three stages;

heating, holding and furnace cooling. The holding stage is
very important, and its main parameters are temperature and
time. The annealing temperature of 64 brass is generally se-
lected in the range of 425–600 °C [22], thus we set 575 °C as
the annealing temperature. Since the annealing time is depen-
dent on the shape and the size of the annealed specimen, the
variation in the amount of pile-up depending on annealing
time was analyzed quantitatively in this study. The three 64
brass molds were held at 575 °C for 3, 6 and 12 h, respectively.
First, the tensile properties of a non-annealed 64 brass and a
12 h annealed 64 brass were evaluated using the instrumented
indentation test [23]. The testing instrument was an AIT-U
(Frontics, Inc.), and a partial unloading method was applied.
The radius of the spherical indenter was 250 μm and the
maximum indentation depth was 150 μm. A few pairs of true
stress and true strain were derived based on an ISO/TR

Fig. 4 Severe inhomogeneous plastic deformation around a machined
lens (residual indentation) on a general 64brass

Fig. 5 A few pairs of true stress and true strain (filled dots) and fitted
tensile curves (dashed lines) of (a) a non-annealed 64brass (n = 0.141)
and (b) an annealed 64brass (n = 0.287)
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29381:2008 document and they were fitted by Equation (1) in
Fig. 5. The calculated work-hardening exponents of the non-
annealed 64 brass and the 12 h annealed 64 brass were 0.141
and 0.287, respectively. The work-hardening exponent in-
creased due to the annealing heat treatment.

Then, the four molds were machined using the indentation
machining technology, and the three annealed molds were
compared to the non-annealed mold. As shown in Fig. 6, se-
vere pile-up was observed on the surface of the non-annealed
mold, however, little pile-up appeared on the annealed mold.
The surface profiles measured by white light interferometry,
presented in Fig. 7, clearly show a decrease in the amount
(height) of pile-up around the machined area following the
annealing heat treatment. Since the annealing heat treatment
decreased the hardness of the 64 brass, as shown in Fig. 8, the
total volume of the deformed material increased. To verify the
effects of the annealing heat treatment quantitatively, the ratio
of the amount of pile-up and the total volume of the deformed
material should be compared, and this ratio can be expressed
by the ratio of the height of the pile-up and the depth of the
machined lens [19]. The average ratio of each of 25 lenses was
decreased rapidly by the annealing heat treatment, and slowly
by increasing the annealing time, as shown in Fig. 9. The error
bar indicates the value of standard deviation. The normalized
pile-up height was about 0.15 on the non-annealed mold (0 h
annealing time), however, it was reduced to 0.05 on the 12 h
annealed mold. Even though the 2 h annealing decreased the
pile-up significantly, to improve the surface roughness of the

Fig. 6 Machined lenses on (a) a non-annealed 64brass (severe
inhomogeneous plastic deformation) and (b) an annealed 64brass (little
inhomogeneous plastic deformation)

Fig. 7 Surface profiles of machined lenses on (a) a non-annealed 64brass
(severe pile-up) and (b) an annealed 64brass (little pile-up)

Fig. 8 Decrease of hardness versus annealing time of 64brass
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final products the least amount of pile-up is desirable. A lon-
ger annealing time would decrease the normalized pile-up
height a little more, however, it would decrease the hardness
of the 64 brass mold even more, as can be seen by comparing
the rate of decrease shown in Figs. 8 and 9. Since a too soft
metal mold can’t be used for polymer molding, the annealing
time of 12 h was determined to be the optimized annealing
time in this study.

IndentationMachining andMolding of a Lens Array

Based on the developed system and the quantitative analysis
of the annealing heat treatment and the amount of pile-up, a
lens array was machined on a metal mold. The depth of the
designed lens was about 250 μm. The total number of the
lenses was 1377 (51*27), and this designed lens array covered
an area of about 65 mm*35 mm. This design was an extended
result of the authors’ previous research about manufacturing
an optical plate for light diffusion [24]. The 12 h annealed 64
brass was used for the metal mold. A mirror-surface with
several tens of nanometers roughness was prepared before
the indentation machining using a special cutting tool and
the developed system. Since the depth of the lens was larger
than 100 μm, the camshaft was used for the indentation ma-
chining. A spherical indenter with a 600 μm radius made of
tungsten carbide was used. The machining speed was about

1Hz speed, thus, it took about 20 min to machine all the
lenses.

Figure 10 shows the machined metal mold having 1377
lenses. The surface of the metal mold was clear and shiny.
The magnified image of the machined lens in Fig. 11 indicates
there was little plastic deformation and pile-up around the
lenses. The concentric circles in the machined lens (black
color area) are the tool marks of the spherical indenter, not
the pile-up. The 3D morphology of an indentation machined
lens was obtained using a 3D optical microscope (Hirox, Inc.)
as shown in Fig. 12, and the measured depth and half-width
were 242.2 and 480.4 μm, respectively. Based on the geomet-
rical shape of a sphere, the calculated curvature of the inden-
tation machined lens was almost the same as the radius of the
indenter. Elastic recovery can be neglected, or it is possible
that the degrees of elastic recovery along the Z-axis and XY-
axis could be the same.

An optical plate was then molded using the indentation
machined metal mold and injection molding technology.
Injection molding is a common method used for polymer
molding. The molded optical plate was made of PMMA
(Poly(methyl methacrylate)) which is widely used in optical
industries. As shown in Fig. 13, convex lenses were replicated
from the concave lenses of the metal mold on the optical plate.
Since there was little pile-up around the machined lens on the

Fig. 9 Decrease of normalized pile-up height (pile-up height/depth)
versus annealing time of 64brass

Fig. 10 A machined lens array (51*27) on an annealed 64brass by
indentation machining technology

Fig. 11 A magnified image showing little pile-up around a machined
lens

Fig. 12 A 3D morphology of a machined lens
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metal mold, flat surfaces were observed around the replicated
lenses. These results verified that the dynamic indentation
technology method in this study can be applied to mass-
production for indentation machining.

Conclusions

In this study we proposed an indentation machining technol-
ogy for mass-production as a new application of dynamic
indentation. An optical plate was manufactured following a
quantitative analysis of the mechanism affecting the amount
of pile-up produced by the indentation and annealing of 64
brass, and using a newly developed system. We can conclude
the following:

(1) An indentation machining system with dual actuating
heads and a highly accurate moving stage was newly
developed, which can make arrays of lenses having
1 μm to 6 mm depth while operating at an indentation
process speed of 1Hz to 10Hz.

(2) An inhomogeneous plastic deformation called pile-up
generally occurs around a machined lens after indenta-
tion machining. Since the amount of the pile-up is in-
versely proportional to the ductility in case of copper-
based metals, it can be controlled by annealing heat
treatment.

(3) There was little pile-up around a machined lens array on
an annealed 64 brass mold, thus, an optical plate was
manufactured following a general process of mass-
production using a metal mold.

(4) The demonstrated indentation machining technology
based on dynamic indentation can be applied to manu-
facture a metal mold for mass-production of a lens array.
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