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Abstract. Ultra-violet (UV) laser assisted stereolithography is used to print graded interpenetrating polymer networks (IPNs)
by controlling network formation. Unlike the traditional process where structural change in IPNs is achieved by varying the
feeding ratio of monomers or polymer precursors, in this demonstration property is changed by controlled termination of
network formation. A photo-initiated process is used to construct IPNs by a combination of radical and cationic network
formation in an acrylate/epoxy system. The extent of the cationic network formation is used to control the final properties
of the system. Rapid-Scan Fourier Transformation Infrared Spectroscopy (RS-FTIR) is used to track the curing kinetics of
the two networks and identify key parameters to control the final properties. Atomic force microscopy (AFM) and differential
scanning calorimetry (DSC) confirm the formation of homogenous IPNs, whereas nano-indentation indicates that properties
vary with the extent of cationic network formation. The curing characteristics are used to design and demonstrate printing
of graded IPNs that show two orders of magnitude variation in mechanical properties in the millimeter scale.
Keywords: polymer blends and alloys, interpenetrating polymer networks, functionally graded materials, mechanical properties, photo curing

1. Introduction
The control of material properties, and in particular
the development of functionally graded materials
(FGMs), is one of the frontiers of current design and
manufacturing [1, 2]. Nature, through the process of
evolution, normally selects materials that better fit
their application and frequently arrives at designs
that perform their task through grading. This, for example, is how a soft-bodied squid can manipulate a
hard beak [3]. The use of FGMs in nature is more
the norm than the exception and is seen in practically
every system, such as in plant stems, shells, teeth,
and bone [4]. Similar advantages can be achieved in
manufactured parts if one can manufacture function-

ally designed graded properties. In mechanical systems, such as composites, grading can be used to remove discrete interfaces and result in the distribution of stresses [5, 6]. This can help to reduce stress
concentration at critical locations and suppress the
onset of permanent (plastic) deformation, damage,
or cracking [7–10]. Smooth transitions in composition across an interface can also improve interfacial
bonding between dissimilar materials [4, 11–13]. To
design and manufacture FGM parts, one needs a
flexible platform to create controlled grading without introducing discrete interfaces.
One way to control properties in a macromolecular
system is to use interpenetrating polymer networks

*

Corresponding author, e-mail: mnegahban@unl.edu
© BME-PT

1003

Li et al. – eXPRESS Polymer Letters Vol.10, No.12 (2016) 1003–1015

(IPNs). IPNs have already been used in many applications [14–18]. IPNs are polymer systems that are
formed from two or more networks in close proximity in a manner to achieve modulation of their physical properties by interpenetration of their individual
networks [19, 20]. The same networks can produce
IPNs with different properties by changing the fraction of each network in the system [14, 18]. Thus, a
spatial variation of the fraction of the networks in
IPNs can be used to create grading [1, 21, 22].
IPNs normally expresses characteristics that are between those of the individual constructing networks
[23]. By properly selecting the mixture (i.e., the ratio
and type) of the components constructing IPNs, one
can make different IPNs that can have properties
ranging from a soft rubber to a hard glassy material
[24, 25]. This suggests that one can get large grading
in IPNs by selecting appropriate networks and by
varying their ratio in space. One can achieve this, for
example, by selecting long acrylate and short epoxy
cross-linking oligomers to build the respective networks [26].
Polymer networks can be constructed by different
curing methods such as thermal and photo curing
[27]. Photo curing is typically fast and also controllable [28, 29], and has been the basis of numerous
conventional applications in coatings, adhesives,
inks, printing plates, optical wave guides, microelectronics and 3D printing [30]. Many IPNs, including
acrylate/epoxy based IPNs, have been made by such
a process [31–33].
The main mechanisms for photo curing of polymers
are free-radical and ionic polymerization [30]. Typically, radical photo polymerization is fast and controllable as the radicals can be rapidly initiated by
light and rapidly terminate in its absence. On the
other hand, ionic photo polymerization is a living
process that is slower and typically only terminates
with the lack of availability of the monomer/crosslinker [34]. Acrylate is known to follow a radical
process and epoxy a cationic process [27, 32, 35] and
show a difference between their curing rates [36, 37].
A mixture containing acrylate and epoxy components during photo polymerization will have the networks growing concurrently, which should give simultaneous IPNs that typically are a more homogenous material and has better properties compared to
sequential IPNs [20, 33, 38, 39].

The cationic process during photo polymerization is
subject to continued curing after the termination of
light exposure (dark curing) and continues as long
as there is availability of the uncured component [40,
41]. The dark curing of a component that is following cationic polymerization, such as that for epoxy,
can be controlled and terminated by changing the
availability of the uncured fraction by a process such
as washing with a solvent [42, 43]. The premature
termination of the network formation of the cationic
component in IPNs will result in a material with different properties [43, 44]. Spatial variation of the
time of termination of the cationic component may
result in one way to control the grading of IPNs.
An acrylate/epoxy system is considered for making
graded IPNs by photo polymerization in a printer.
The kinetics of IPNs formation are studied by RapidScan Fourier Transformation Infrared Spectroscopy
(RS-FTIR), and the characteristics of the IPNs are
evaluated by optical microscopy, Differential Scanning Calorimetry (DSC), Atomic Force Microscopy
(AFM), and nano-indentation. A printing process for
making graded IPNs based on controlling the extent
of dark curing is designed and implemented in a 3D
printer, and the resulting grading is evaluated by
nano-indentation.

2. Materials and methods
IPNs were prepared using a mixture of two photo initiated cross-linking components. Bisphenol A ethoxylate dimethacrylate (acrylate) and the photo initiator
2-Hydroxy-2-methylpropiophenone formed the component that follows radical polymerization. Bisphenol A diglycidyl ether (BADGE) and Triarylsulfonium hexafluoroantimonate salts, mixed 50 wt% in
propylene carbonate, as the photo initiator are the
component that follows cationic polymerization. All
components were supplied by Sigma-Aldrich Co.,
USA. Figure 1 presents the chemicals that form the
IPNs and their associated photo initiators. The acrylate oligomer used in this study has the repetition
unit length of n = m = 15, and its molecular weight
is Mn ≈ 1700 g/mol.
The solution used for this study was made of 1 wt%
of cationic initiator in solvent (propylene carbonate),
0.25 wt% of radical initiator, 49.375 wt% each of
acrylate and BADGE. For simplicity, this is termed
the 50/50 acrylate/BADGE mixture as it contains
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Figure 1. Chemical structures of (a) Bisphenol A ethoxylate dimethacrylate (b) 2-Hydroxy-2-methylpropiophenone,
(c) Bisphenol A diglycidyl ether, and (d) Triarylsulfonium hexafluoroantimonate salts

equal part of the two monomers (oligomers). The
components were mixed together by mechanical stirring (VWR, VMS C7 S1) at 2000 rpm for approximately 40 min under vacuum and kept under an inert
Argon environment at 50±1 °C before photo polymerization.
The light attenuation of the system was evaluated by
measuring the transmission of 322 nm light, produced by a tunable laser (Opotek, HE 355 LD, USA),
through different thicknesses of the sample. The samples were put in cylindrical rings of different thickness that were set on a fused silica glass of 25 mm
thickness. The power transmission was measured by
a light power meter (Ophir thermal sensor, USA).
The curing kinetics of the mixtures was studied by
Rapid-Scan FTIR (Agilent technologies, Cary 670)
on a temperature-controlled Attenuated Total Re-

flectance (ATR; GladiATR, PIKE, USA) set, at
85±1 °C. As shown in Figure 2, a cylindrical container ring was used to hold the sample, of approximate
film thickness of h = 200±5 µm, on the diamond sensor of the ATR. Photo curing was initiated under a
controlled Argon atmosphere from the top of the
sample by a collimated light. The light was produced
by a tunable laser (Opotek, HE 355 LD, USA) set at
322 nm, which was connected by a UV optical fiber
to a collimator aligned perpendicular to the top of
the sample. The characteristic of the collimated beam
was evaluated with a power meter and beam profile
camera (Ophir thermal sensor, Ophir Spiricon camera). The laser was connected to the system by a
fiber optic cable connected to a collimator that produced a uniform power distribution. The power distribution out of the collimator was measured by a

Figure 2. Schematic illumination of sample on environmentally controlled ATR setup for FTIR evaluation of curing kinetics
at the bottom surface. The power of the collimated laser beam is I0 at the top of the sample and is attenuated to I
at the bottom where the measurement is done.
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power meter (Ophir, USA). The FTIR used the MCT
detector to analyze the material at the bottom of the
sample (directly adjacent to the diamond of the ATR)
over the range of 400–4000 cm–1 at a rate of 0.5 or
1 spectra per second with a spectra resolution of
4 cm–1. The Beer-Lambert law was used to calculate
the attenuation of the light power through the sample
thickness to calculate the power intensity at the surface of the diamond (bottom of the sample) where
the FTIR measurements were taken from.
The kinetics of curing for our system was evaluated
from the FTIR spectra measured at the bottom sample surface, as shown in Figure 2, by monitoring the
respective intensities of the different peaks. Typical
initial and intermediate FTIR spectra during the curing are shown in Figure 3. The variable peaks at
1638 cm–1 (C=C) and 778 cm–1 ( ) are, respectively,
associated with the conversion of acrylate and
BADGE [31]. Conversion of each component was
calculated using the peak-height method based on
the ratio of the height of the variable peak to the reference peak at 1607 cm–1. This peak is one of the
three reference peaks at 1510, 1580 and 1607 cm–1
of –C=C–H aromatic [45, 46].
Optical micrographs of the samples were taken using
a Nikon Optiphot-2 Polarized Optical Microscope
(POM) equipped with the Nikon Nis Elements D
software. The pictures were obtained in both reflection and transmission modes, allowing picturing homogeneity of the material from the surface to the
bulk.
Due to the small size of the samples prepared on the
Rapid-San FTIR, DSC was performed on the cured
samples using a twin-type power-compensation fast

Figure 3. Typical initial and intermediate FTIR spectra from
700 to 1700 cm–1 of the acrylate/BADGE mixture

scanning chip calorimeter (Flash DSC 1, MettlerToledo, Switzerland). Micro-gram sized samples, including the full cross section, were taken from the
center of the cured sample before post curing and
were analyzed on MultiSTAR UFS 1 MEMS chip
sensors. The positioning of the sample in the middle
of the sensor was ensured using a Leica® optical microscopy tool. A Huber TC100 immersion cooler was
used to cool samples to –80 °C before any measurement. Nitrogen purge gas (99.9% purity) was used
at a flow rate of 20 mL·min–1 to avoid condensation
of water from the environment. The Flash DSC analyses were carried after conditioning of the sensor at a
heating rate βh = 1500 K·s–1 from –70 to 250 °C.
The mechanical property of each sample after the curing process was evaluated using nano-indentation
(Hysitron, TI-950 Triboindenter, USA). The samples
made on the ATR during Rapid-Scan FTIR were each
evaluated at two points on the lower surface using
each time nine measurements on a 3×3 grid of dimensions 0.7 by 0.5 mm. For the printed samples,
50 µm of the surface was removed before testing to
avoid any surface-specific characteristics. This was
done by first using 600 Grit sandpaper to roughly
polish away around 50 µm (600 Grit ~30 µm), then
synthetic velvet cloth and de-agglomerated alumina
(300 nm) dispersion (BUEHLER) was applied to fine
polish the surface. For the printed samples, measurements were taken on the centerline of the path of the
traveling beam. Four measurements were made in
each case on a 4×4 square grid of dimension 10 µm.
The results were analyzed using standard analysis
[47] for a conical tip (Ti-0093) in displacement control mode with maximum displacement of 500 nm.
AFM (Anasys instrument, USA) was used in contact
mode to study topology and phase angle in some
samples.
The graded sample was made in a 3D printer. In the
3D printing machine, the printing head was installed
with a focus lenses, which was connected with a silica UV optical fiber (1 mm diameter) to the same laser
source and settings. A thermal heater was used on
the sample platform to allowed vertical adjustment
under the printer head. The temperature of the mixture
on the platform was monitored by an IR beam thermometer. The 3D printing machine was controlled
through G-code. The entire printing area was kept
under an Argon atmosphere. The details of the print-
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ing process are described in the grading design included in the Discussion and Demonstration section.

3. Uniform curing results and discussion
Photo curing on the FTIR-ATR system and the later
demonstration of graded curing required knowledge
of the attenuation of light as it passes through the
mixture. The attenuation of light in a homogeneous
system is given by the Beer-Lambert law I =
I0·exp(–ξh) [48, 49], where I is the transmitted power,
I0 is the incident power, ξ is the attenuation coefficient, and h is the thickness of material the light is
transmitting through. The system used was a mixture
of monomers (oligomers) and photo initiators as described above. For a homogeneous mixture, we can
calculate the attenuation coefficient from Equation (1):
p=

n

/ xi pi

(1)

i=1

where for n components, xi is the concentration of
component i, and ξi is its respective attenuation coefficient. The attenuation coefficients for the components of our mixture were evaluated by direct power
transmission through a sequence of fixed thicknesses
for each pair of monomer (oligomer) and photo initiator. The results are shown in Figure 4. The initial
attenuation coefficients for the acrylate, radical photo
initiator, epoxy, and cationic initiator (including solvent) where respectively evaluated as 0.12, 132.5,
0.09, and 1666 mm–1 by fitting linear regression lines
to the data. For the final mixture used (respectively
1 and 0.25 wt% cationic and radical initiators), this
gives the attenuation coefficient of the total system

Figure 4. Attenuation coefficient of light as a function of
concentration of initiators

Figure 5. The dependence of modulus on the concentration
of BADGE for a polychromatically cured system

as ξ = 17.1 mm–1. This attenuation increases with the
curing of the systems to about ξ = 18.1 mm–1 after
60 s.
Before the start of this work, the characteristics of
the acrylate/BADGE system was studied by preparing and curing, under a polychromatic lamp, samples
with different concentrations of BADGE. The modulus for these concentrations was evaluated by nanoindentation and indicated a lack of sensitivity of the
modulus to changes in the concentration of BADGE
above 50%, shown in Figure 5. This suggested use of
the 50/50 acrylate/BADGE system selected here as
it could provide both a high modulus and the modulus would be sensitive to reduction in BADGE content.
The effect of the duration of light exposure was studied for the 50/50 acrylate/BADGE mixture on a temperature controlled ATR attached to a rapid-scan
FTIR as shown in Figure 2. The samples were exposed to light from 50 to 2400 s in an Argon atmosphere. Using the Beer-Lambert law, the power at the
bottom of the sample, where the FTIR spectra are
evaluated from, was calculated to initially be
0.245 mW/cm2, which decreases with curing. There
is an increase of attenuation during curing that was
directly measured for the two separate systems. A
rough estimate, based on curing of the individual systems, indicates that the power can reduce in the order
of 25% in the first 60 s. For each sample, in addition
to evaluating the curing under light, curing after the
end of light exposure (dark curing) was also evaluated up to 2400 s. The results of this study are shown
in Figure 6. As can be seen, for these conditions the
conversion process of both the acrylate and BADGE
are unaffected by light exposures longer than 60 s.
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Figure 6. Effect of different durations of light exposure followed by dark curing for the 50/50 acrylate/
BADGE mixture: Conversion of (a) acrylate component and (b) BADGE component.

Figure 6a indicates that the acrylate reaches the
plateau of full conversion after approximately 60 s
of light exposure. For exposures below this minimum required exposure, the acrylate does not fully
cure. Figure 6b shows that the epoxy component continues to cure for over 40 min, but is not affected by
light exposure after the minimum light exposure
time for activation of all the cationic initiators, which

was approximately 60 s. As can be seen, full curing
of the BADGE still occurs for shorter exposer times
(e.g., 50 and 55 s), but the time to reach full curing is
longer. In these cases there is a possible change in
the final structure of the cross-linked polymer and its
properties [43, 44]. For the experimental conditions,
full initiation of the BADGE should happen between
55 and 60 s. As shown in the figure, light exposure
after 60 s did not have any effect on the curing process
as the acrylate was fully converted and the cationic
initiators for the BADGE monomer (oligomer) were
fully initiated. We denote this as a fully initiated system, after which dark curing in the system (for the
BADGE component) occurs unaffected by light exposure.
An experimental study of the effect of the extent of
dark curing was done to establish if the extent of dark
curing could be used to control final material properties. From Figure 6b, four curing times of 300, 700,
900, and 2400 s (fully cured) were selected for the
main study. Samples of the 50/50 acrylate/BADGE
system were prepared and allowed to cure to these
respectively selected curing times using the same
conditions described above, after which the samples
were removed and put in acetone [42] for 24 hours
to remove any uncured BADGE monomers (oligomers). This was done to terminate any further curing

Figure 7. Transmission optical microscopy of the top (left), middle (center), bottom (left) focus depths for the 300 s (top)
and 2400 s (bottom) cure times (200 µm scale shown)
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Figure 8. Optical transmission microscopy focused in the center of the thickness for (a) pure acrylate, (b, c, d, e) for 50/50
acrylate/BADGE mixture with 300 to 2400 s of curing, and (f) pure epoxy (100 µm scale shown)

of the BADGE network. For reference, samples of
pure acrylate and pure BADGE, using their respective initiators, were prepared and cured under the
same conditions.
Figure 7 shows transmission optical microscopy of
the 300 and 2400 s cured 50/50 acrylate/BADGE system. The picture is focused on the top (front), middle,
and bottom (back) surfaces. Optical spectroscopy provides a picture of density variations in the samples.
The 300 s dark cured system shows micrometer sized
variations throughout the system, while the fully cured
system (2400 s curing) shows no noticeable variation on this scale. Figure 8 shows a comparison of
the different extents of curing in comparison to that

of pure acrylate and pure BADGE. As can be seen,
the pure acrylate shows density variations on the scale
of 20–30 micrometer, while the pure BADGE shows
variation at a scale of 3–5 micrometer. As can be seen
for the 50/50 mixtures, all show density variations that
are similar to that of pure acrylate. This variation is
showing more diffused characteristics with the increase of the dark curing time, possibly an indication
of the increasing formation of the BADGE network.
Figure 9 shows Atomic-Force microscopy (AFM) of
the surface of the 50/50 fully cured acrylate/BADGE
system. As can be seen from Figure 9a, there is a pattern of approximately 60 nanometer circular indentations of 4 to 10 nanometer depth. The phase angle,

Figure 9. AFM micrographs for (a) height and (b) phase angle of the 50/50 fully cure acrylate/BADGE system
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Figure 10. Mechanical property of samples evaluated by
nano-indentation after the total time of curing indicated. In each case, 60 s of initial light exposure
was followed by dark curing to the final curing
time indicated.

shown in Figure 9b, indicate a small phase difference
of less than 10 degrees between adjacent locations,
indicating similarity of material properties for the
holes and their surrounding material.
Figure 10 shows the change in mechanical properties
of the 50/50 mixture after different extents of curing.
The modulus was evaluated by nano-indentation on
the samples after post curing for 1 hour at 150 °C.
Shown is curing times starting from 160 to 2400 s that
correspond to dark curing times from 100 to 2340 s.
As above, in each case the conversion of the BADGE
component was terminated by washing the sample
after the dark curing. As can be seen, for curing times
below 400 s, the modulus of the system is identical
to pure acrylate, while after this time the modulus
gradually increases to that of pure BADGE.
Figure 11 shows the heat flow signal obtained by
Flash DSC for pure acrylate, pure epoxy, and the
50/50 acrylate/BADGE system for different amount
of curing time. As above, the 50/50 systems were exposed with the laser for 60 s and then dark cured
until the indicated total curing times. This produced
circular samples under the laser spot of approximately 1–2 mg size with 200 µm thickness and approximately 2–3 mm diameter, which is smaller than the
5–10 mg sample size recommended for regular DSC.
From these, 0.5–10 µg samples were cut from the center of the circular disk, including the full cross-section, and placed at the center of the Flash DSC sensor. For each sample, the figure includes an optical
picture of the segment cut from the central portion of
the circular sample and a strip cut from this and ro-

Figure 11. Flash DSC thermograms of the cured systems for
pure acrylate, pure BADGE and the 50/50 acrylate/BADGE IPNs under different curing times
(300–2400 s). Heat flow is scaled and shifted to
visually separate the signals.

tated to show the cross section. The DSC sample was
cut from this strip. In each case, other than for pure
acrylate, the samples were post cured in the Flash
DSC for 5 minutes at 170°C. For pure acrylate, which
had a glass transition (Tg) around –30 °C, the sample
was post cured at 70 °C. In every case both the heating signal and the cooling signal after post curing
was repeatable, showing no further changes even
after multiple cycles of heating and cooling. The figure shows the heat flow during heating from –80 °C
at a rate of 100 °C/s. As the mass is not known for
the Flash DSC samples, the signals shown have been
scaled, shifted and rotated to allow clear observation
of the glass transition. As can be seen in Table 1, the
Tg of the 50/50 acrylate/BADGE system varies between that of pure acrylate and pure BADGE. We
observed a single Tg for the mixture with no other
observable transitions. A single observed Tg is evidence of the formation of homogeneous IPNs [50,
51]. It should be noted that the Tg seen during Flash
DSC is typically 10–20 °C higher than that seen in
regular DSC. This is due to the higher heating speeds
in the Flash DSC.
Table 1. Glass transition temperatures at 100 °C/s for pure
acrylate and BADGE and the partially dark cured
50/50 mixtures
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Pure
acrylate
–17±2 °C

50/50 acrylate/BADGE mixture
Pure
Fully
BADGE
300 s
700 s
900 s
cured
5±2 °C 46±2 °C 57±2 °C 74±2 °C 140±5 °C
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Changing the properties of IPNs is typically achieved
by changing the ratio of the two or more components
that will construct the networks of the IPNs. As shown
in Figure 10, one can achieve two orders of magnitude variation in mechanical modulus even when
starting from the same 50/50 acrylate/BADGE mixture by prematurely terminating the formation of the
BADGE network through controlling the extent of
dark curing. As shown in Figure 11, this premature
termination of network formation still produces homogenous IPNs, which is evidenced by a single observed Tg and no other observed transitions [50, 51].

4. Graded printing design and demonstration
The main goal of this work is to demonstrate the ability to print graded IPNs entirely based on knowledge
of the curing kinetics and, in particular, to achieve
this from the same initial mixture. As was demonstrated in the last section, properties can be changed
for the same initial mixture by controlling the extent
of the dark curing of the cationic (epoxy) component.
This information is used to design and demonstrate
a printing process for constructing graded IPNs.
A 3D printer was used to construct a graded sample
based on the observed kinetics for the 50/50 acrylate/BADGE system. The printer was connected by
a fiber optic cable to the same laser source used for
the results shown in Figure 5–11. Unlike the conditions on the ATR, shown in Figure 2, the printer head
produced a light beam that was focused in the curing
system. As a result, the beam was not collimated. In
addition, the beam spot in the printer moves so that
it produces a substantially more complex light exposure (see [52]). In addition to light attenuation in the

solution, at least three other factors need to be considered to allow adaptation of the results obtained
from curing on the ATR, which is under a stationary
and columnar lighting source. In particular, the laser
beam in the printer is focused, the power distribution
in the cross section of the beam is not uniform, and
the beam moves, which makes the exposure at the
centerline of the beam path vastly different from its
outer edges. These facts are described in Figure 12.
The power distribution of the beam at the focal point
of the light is shown in Figure 12b, which when
moved produces an exposure distribution that resemble that shown in Figure 12c, having a decreasing
exposure from the center line of the beam path to its
edges. For the conical power distribution measured
in Figure 12b, the exposer takes the form shown in
Figure 12e (normalized to the central intensity) for
the points identified in the beam profile shown in
Figure 12d, and results in the total energy exposures
shown in Figure 12f. As a result, the light exposure
varies substantially at different positions under the
moving light beam. To simplify the demonstration,
we focused our attention on the centerline of the
traveling beam line, which is exposed to a triangular
energy profile. In addition, we know that the kinetics
of radical curing of the acrylate changes with the
square root of the light power, while the initiation of
the cationic initiators are a linear function of power
[53, 54]. Therefore, over exposing a point will result
in faster formation of the acrylate network, while
will have only a small effect on the formation of the
BADGE network. Assuming the earlier formation of
the acrylate network relative to the BADGE network
will not have a substantial effect on the final proper-

Figure 12. Schematic of laser beam profile, motion, and exposure for moving printer head
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ties of the system, conditions were selected that
over-expose the system as the light source traveled
over the mixture.
The demonstration of grading was done by placing
the 50/50 acrylate/BADGE mixture in a sandwiched
mold that included 250 µm thick polycarbonate (PC)
container (spacer) that was placed on a 2 mm thick
PC slide and covered with a 1mm fused silica cover.
The sample and mold were put on the hot plate of the
3D printer and kept in an Argon controlled atmosphere at 85 °C. The laser beam from the printing
head was focused at 200 µm sample depth from the
top surface, with a light spot diameter of 2 mm. The
peak of the power intensity of the laser at this location was 2.6 mW/cm2 taking into account the attenuation using the Beer-Lambert law. The printing head
was programmed to move 25 mm from the left to the
right in a straight line along the sample cavity with
a velocity of 0.01 mm/s. Immediately after scanning
the sample with the laser, the mold was immersed in
an acetone solution to separate the PC parts of the
mold and was left in the acetone for 24 hours to extract the uncured components from the sample [42].
The sample remained connected to the fused silica.
After this extraction, the sample was post cured for
one hour at 150 °C. The sample was then polished to
remove about 50 µm from the bottom surface before
characterization by nano-indentation.
For the selected exposure conditions and sample
thickness of the curing system, as the traveling beam
passes over a point, the centerline of the traveling
beam should fully cure the acrylate and fully initiate
the cationic initiator to start curing the BADGE.
Thus, the elapsed time from when the beam passes
a point should approximately be the dark curing time
for the formation of the BADGE network.
The insert of Figure 13 shows the printed sample and
the graph shows the modulus measured along the
centerline of the beam using nano-indentation. In this
case, the beam travels from left to right, so the sample at the left was exposed first and thus had the
longest dark curing time. As the sample was washed
in acetone immediately after completing the exposure, the dark curing time in the sample linearly decreased from left to right. As can be seen, in this
demonstration the modulus varies from 3,300 MPa
to 24 MPa over a distance of about 10 mm. In addition, the sample shows a color variation that goes

Figure 13. Mechanical property of the printed IPNs measured by nano-indentation on the centerline of the
sample

from a slight yellowish color, sometimes seen in
epoxy curing, on the left to being clear, characteristic
of acrylate, on the right. The printing was repeated
twice and both repetitions show similar grading. The
authors believe that this is the first time that grading
of the modulus has been demonstrated in IPNs that
are made by starting from a uniform mixture and for
which the dark curing time is used to achieve a two
order of magnitude change in properties.

5. Conclusions
IPNs have traditionally been used to get several orders of magnitude change in mechanical properties
through varying the ratio of the components in the initial mixture used to obtain the IPNs. This is possible
when starting with components that have vastly different properties so that the ratio of the components
can results in behavior varying from a rubber to a
rigid glass by mixing different amounts of each component and then curing the system. The current work
demonstrates that one can also obtain IPNs with similar variations even when starting from a single ratio
of components. This was done for an acrylate/epoxy
system that was photo initiated. The acrylate in this
system follows a radical, while the epoxy followed a
cationic network formation. As a result, the epoxy
continued to form its network even after light exposure had ended. Control of this dark curing time was
used to construct samples with vastly different properties, yet still obtaining IPNs. It is believed that this
is the first time that the dark curing time has been
demonstrated as a tool to obtain IPNs of vastly different properties from the same initial mixture.
In addition, it was demonstrated that the dark curing
time of the cationic component can be used to print
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a grading that gradually varies several orders of magnitude in the modulus over the millimeter length scale.
Since the system is forming IPNs, the grading should
be scalable down to the nanometer length scale, and
may have potential in nano-printing of graded properties. It is believed that this is the first time that graded IPNs have been constructed from a single mixture
based on controlling the dark curing time.
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