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1. Introduction

3D printing creates complex, highly cus-
tomized architectures with applications in
tissue engineering, soft robotics, optics,
and metamaterials.[1–4] Today, the elastic
moduli of materials used for 3D printing
vary from 10 s of kPa in polymers to
100 s of GPa in metals.[5] However, the
material properties resulting from most
3D printing methods are limited to a single
property value or multiple discrete property
values with limited control of spatial gra-
dients. One of the pitfalls in the adoption
of 3D printing for operational part fabrica-
tion is the lack of mechanical performance
and the susceptibility of the structures to
fail as compared with traditionally manu-
factured analogues.[6,7] To address these
shortcomings, improvements in mechani-
cal robustness and flaw tolerance can be
obtained with functionally graded materials
(FGMs).[8]

FGMs in the context of additive
manufacturing and prototyping draw inter-

est for their ability to mimic the changing properties found in
natural structures.[9] Not only do FGMs have enhanced mechan-
ical behavior, but they are able to match the graded properties
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3D printing is transforming traditional processing methods for applications
ranging from tissue engineering to optics. To fulfill its maximum potential, 3D
printing requires a robust technique for producing structures with precise 3D
(x, y, and z) control of mechanical properties. Previous efforts to realize such
spatial control of modulus within 3D-printed parts have largely focused on
low-resolution (from mm to cm scale) multimaterial processes and grayscale
approaches that spatially vary the modulus in the x–y plane and energy dose-
based (E¼ I0 texp) models that do not account for the resin’s sublinear response
to irradiation intensity. Here, a novel approach for through-thickness (z) voxe-
lated control of mechanical properties within a single-material, monolithic part is
demonstrated. Control over the local modulus is enabled by a predictive model
that incorporates the material’s nonreciprocal dose response. The model is
validated by application of atomic force microscopy to map the through-thickness
modulus on multilayered 3D parts. Overall, both smooth gradations (30MPa
change over �75 μm) and sharp step changes (30 MPa change over �5 μm) in
the modulus are realized in poly(ethylene glycol) diacrylate-based 3D constructs,
paving the way for advancements in tissue engineering, stimuli–responsive 4D
printing, and graded metamaterials.
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found in biological tissues; examples include the dentin–enamel
junction of the tooth, the osteochondral (bone–cartilage) unit, the
bone–cartilage–bone junctions of the growth plate in long bones,
and the bone-to-tendon region, among others.[9–12] To withstand a
broad range of physiological forces and prevent premature failure
of structures, a method of fabricating FGMs with 3D, microscale
control must be developed.[13]

Most efforts to fabricate FGMs using 3D printing are limited
to inkjet methods that use multiple printheads to deposit differ-
ent materials on the build stage.[14–16] However, these methods
rely on the jetting of material, which suffers from low resolution
(>200 μm), slow print speed (50–150mmh�1), and strict viscos-
ity requirements.[17] More recently, photopatterning and digital
light processing (DLP) vat polymerization 3D printing have been
used to create FGMs.[13,18] DLP uses a spatial light modulator
(SLM) to project a series of 2D images into a resin vat to create
a 3D object from a computer-aided design file. As DLP uses a
single vat of precursor solution, or resin, it is generally regarded
as unsuitable for fabricating parts that vary in mechanical spatial
functionality or material properties in a precise manner.
Although methods that switch between multiple vats of resin
were developed, these suffer from slow print speed and a limited
ability to control the gradient at the material interface. DLPmeth-
ods that use grayscale light intensity to 3D print FGMs were
developed to have a broad range of material properties but have
been limited to 2D x–y control in the mm–cm range.[13,19]

We build upon recent advancements in the area of front photo-
polymerization kinetics to present a novel approach for predict-
ing, verifying, and controlling conversion through the multilayer
depth of a 3D-printed part.[20] We combine pioneering works
focused on nonuniform photocuring in depth with our recent
findings that energy dose E as a product of intensity I0 and expo-
sure time texp alone does not adequately describe the polymeri-
zation kinetics of the radically initiated photopolymers used for
3D printing. Rather, to predict a more representative effective
exposure E*, the value of I0 must be rescaled by some exponent
to broadly describe kinetics for a range of light intensities such as
those experienced due to light absorption through the layer or
part thickness.[7,21,22] Notably, the dependence of kinetics on
effective exposure rather than energy dose expands the range
of functional gradients that can be printed from a single precur-
sor resin. Herein, we describe the experimental parameter space
for 3D microscale control of mechanical properties within a
monolithic part and demonstrate that gradients can be controlled
through a combination of layer thickness, light intensity, and
exposure time. By modeling the phenomena responsible for
the intrinsic conversion variation with depth, we can impart
mechanical step functions and property gradients within 3D-
printed parts in an unprecedented fashion. This variation can
be utilized to achieve complex functionally graded z-profiles that
are unrestricted to the direction of printing. Sharp step functions
up to 30MPa over distances of �5 μm or gradual change in the
elastic modulus of 30MPa over 100 μm are achieved without the
need for multiple materials. This micron-scale control of the
modulus is experimentally verified via nanoscale mechanical
testing along the z-axis of a 3D-printed part.

In this work, we use a model acrylate photopolymer resin that
is comparable with commercial 3D printing materials to demon-
strate modulus control in z. Our approach exploits the fact that

bottom-up DLP printing (Figure 1A) has two controls on
z-resolution: the light penetration depth and the step size for
each layer. Conversion in each printed layer varies from a maxi-
mum, just past the oxygen-inhibited region near the print win-
dow, to a value defined by the gelation threshold for the case
when layer thickness equals cure depth (Figure 1A). The cure
depth is defined by the gelation threshold that is described by
an exponential decay in light intensity and is governed by
Beer–Lambert absorption, exposure conditions (i.e. layer thick-
ness, light intensity, exposure time), and polymerization kinetics.
When the layer thickness ZL is approximately equal to the cure
depth Cd, a gradient in conversion occurs and is the same in all
layers within the part (Figure 1B). When the layer thickness ZL is
less than the cure depth Cd, each layer experiences overlapping
light exposures from subsequently printed layers, causing an
increase in conversion in the previously printed layers
(Figure 1C). Modeling this process allows us to toggle between
each scenario to fabricate functionally graded parts with micro-
scale control (Figure 1D).

2. Modeling Effective Exposure

To model the modulus profile in a 3D-printed part from a series
of exposures and layer thicknesses, the relationship between con-
version, accumulated energy dose, and cure depth must first be
described. However, earlier models often simplify the photo-
chemical reactions by assuming that resins are “reciprocal,”
meaning that the resin response depends only on the product
of intensity (I0) and time (texp). This assumption often fails for
radically initiated photopolymers.[23] While primary photochem-
ical reactions such as absorbance and initiator cleavage follow the
first-order scaling of reciprocity, radical polymerizations are
known for their sublinear dependence on light intensity due
to subsequent bimolecular radical termination.[24,25] Thus, kinet-
ics in photopolymerization as a function of light intensity I0 and
exposure time texp often cannot be described solely by optical
energy dose E¼ I0 texp, particularly at the high intensities and
small volumes required for 3D printing.[26] Instead, our previous
work showed that polymerization kinetics in acrylate-based res-
ins are related to light intensity by a power law where conversion
Cp is proportional to the product of intensity raised to a power m
and time texp, Cp ∝ I0mtexp, thus giving effective exposure
E*¼ I0

mtexp.
[7] For a given position in z, the polymerization

regime is preceded in time by an oxygen inhibition regime,
which determines the intensity and exposure duration required
to overcome the inhibition threshold. In traditional models of
DLP and stereolithography (SLA), the energy required to over-
come inhibition and reach gelation is known as the critical
energy dose, Ec, where Ec¼ I0tc, and tc is the critical time for gela-
tion. Our previous work showed that rather than using the tradi-
tional Ec, the exposure conditions to overcome the gelation
threshold can more accurately be modeled using a scaled critical
exposure Ec*¼ I0

ntc; this leads to a more representative working
curve that describes cure depth Cd as a function of Ec*, absor-
bance, irradiance intensity, and exposure time.[7] The importance
of differentiating between the n in Ec* and m in E* is further
described in the study by Uzcategui et al.[7] To determine the
value of n, curing kinetics were studied using RT-FTIR to
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correlate Cp with I0 and texp as established previously.[7] Earlier
works have simplified RT-FTIR measurements by carrying them

out on resins without added photoabsorbers. However, the pho-
toabsorber used in this study significantly affected the

Figure 1. A) Custom-built DLP printer for control over irradiance intensity (I0), exposure time (texp), and layer thickness (ZL). These parameters are varied
to produce controlled z-direction conversion, which is measured by the atomic force microscopy (AFM) modulus mapping of cross-sectioned parts. Scale
bar in A applies to modulus maps of B, C, and D. B) Light absorber causes an exponential decay in light intensity along the depth of each exposed layer,
leading to a decay in conversion and only a finite thickness of resin undergoes gelation. This thickness is known as the cure depth (Cd). When the layer
thickness (ZL) is comparable with the cure depth, there is a large change in conversion and thus modulus along the depth of each layer. C) When the layer
thickness is much smaller than the cure depth, each layer experiences multiple light exposures due to light penetration in the layer-by-layer printing
process. D) Micronscale control of properties in z is achieved in a single material by implementing a computational model that incorporates layer
thickness, cure depth, irradiance intensity, and exposure time.
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polymerization kinetics of the resin and thus was incorporated
into the RT-FTIR resin formulation to better represent the kinet-
ics in the 3D-printed parts. To account for the presence of the
absorber, we used the mean of the Beer–Lambert exponential
decay function to get mean intensity through depth. Further
details of these effects can be found in Supporting
Information. The scaling factor n¼ 0.53 was found bymeasuring
Ec for multiple exposure conditions, ultimately resulting in
Ec*¼ 0.96 [(mW cm�2)0.53s]. Conversion is plotted as a function
of time and intensity using a scaling factor m¼ 1 (i.e., assuming
reciprocity) and using a common energy dose (E¼ I0

1texp) in
Figure 2A. Conversely, the same data can be collapsed on to
a single master curve by adjustment of m. To find m, the linear
portion of the conversion curve was extracted for each exposure
condition. The value of m was varied to minimize the error
between the initial slopes, resulting in a best fit master curve with
m¼ 0.77. The scaled data were fit to an empirical relationship with
each regime scaled to appropriate light intensities (Figure 2B).
A third-order polynomial function most accurately captured the
shape of the master curve, which was not achieved from
steady-state approximation. The master curve for conversion
was fit to

Cp ¼
x3 þ ax þ b
x3 þ cx þ d

(1)

where

x ¼ Im0

�
texp �

E�
c

In0

�
(2)

and a¼ 2.32� 105, b¼�1.38� 105, c¼ 2.20� 105, and
d¼ 6.35� 106. Previous work demonstrated that modulus
scales exponentially with conversion.[27] Thus, a second master
curve was fit to Young’s modulus (Ycom) as a function of Cp to
derive a predictive relationship for Ypred(Cp) defined by

YpredðCpÞ ¼ Yc expðβCpÞ þ Yd (3)

where Yc¼ 0.88, β¼ 3.77, and Yd¼ 0.52 are fitting parameters. To
determine the relationship between conversion and modulus, a
series of optically thin and thus nominally homogeneous layers
(ZL¼ 2mm, no photoabsorber added) were printed with varying
exposure conditions and evaluated for Young’s modulus under
compression. The results (Figure 2C) indicate that local modulus
can be approximated in our model solely as a function of local
conversion. This model also has the advantage of being simple
to invert mathematically, unlike one based on intensity. The scaled
model was inverted and applied to a diverse set of printing con-
ditions to investigate the impact of layer thickness ZL, energy dose
E, and effective exposure E* on the through-thickness modulus of
the part. Figure 2D shows the impact of using E, while varying ZL

and E*. Notably, the scaled model highlights that using the same
energy dose but different intensity and time, different E*, has a
direct impact on the modulus profile of each layer and the modu-
lus profile across multiple layers. This reveals that there is an addi-
tional control parameter that can be exploited in nonreciprocal
materials to create functional gradients not possible with recipro-
cal materials where the cross-sectional modulus profile would
depend only on E. Keeping energy dose constant, lower intensity

Figure 2. A) Acrylate monomer conversion as a function of intensity and
exposure time. Reciprocity would cause these curves to overlap when plot-
ted versus energy dose, the product of light intensity and exposure time;
instead, we find that the material has a sublinear response to intensity and
conversion is dependent on a scaled intensity. B)Monomer conversion as a
function of the exposure condition can be expressed by a single predictive
master curve (green), by accounting for the sublinear response in optical
intensity. Shown is the double-bond conversion as measured by real-time
Fourier transform infrared spectroscopy (RT-FTIR), for three exposure inten-
sities. The x-axis is a scaled exposure dose I0

mt, where the scaling factor
m¼ 0.77. C) Compressive Young’s modulus (Ycom) of bulk, optically thin
layers are plotted against conversion for multiple exposure conditions, yield-
ing a predictive curve (magenta). Error bars indicate one standard deviation.
D) Through-thickness Young’s modulus variation predicted via the scaled
exposure model (Ypred) for a constant energy dose (E¼ 180mJ cm�2) while
varying layer thickness ZL between 10, 30, and 100 μmand different effective
exposures. The different intensity and time combinations give differing
exposures (E*), which control the positive gradient achieved by the
10 μm layers (red vs purple) and the negative gradient achieved by a
100 μm layer (yellow vs purple). In both cases, a higher effective exposure
causes a steeper gradient in the positive direction (red, ZL¼ 10 μm) and
negative direction (yellow, ZL¼ 100 μm). The exposure conditions chosen
are the same as the ones used for experiments in Figure 3.
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leads to sharper negative mechanical gradients in layer thick-
nesses that are close to the cure depth Cd and leads to sharper
positive gradients across layer thicknesses that are considerably
smaller than the cure depth Cd (Figure 2D). Importantly, this poly-
merization kinetic behavior is common in most acrylate resins, so
our method is applicable to a diverse set of thermosets where local
stiffness scales with local conversion.

3. Experimental Verification of Effective-Exposure
Model

To test the efficacy of our scaled effective exposure model, struc-
tures were fabricated using the custom DLP system shown in

Figure 1A, applying an equivalent energy dose E, while varying
layer thickness ZL between 10, 30, and 100 μm and varying
effective exposure E* between 82 (mW cm�2)0.77s, 97
(mW cm�2)0.77s, and 140 (mW cm�2)0.77s. Equivalent-dose struc-
tures with ZL¼ 10 μm and E*¼ 140 (mW cm�2)0.77s consistently
over-adhered to the window during printing, so E*¼ 97
(mW cm�2)0.77s was used as the dose-equivalent condition for
comparison at this smaller layer thickness. The through-
thickness modulus variation in z was experimentally
determined using AFM nanomechanical measurements on
ultra-cryomicrotomed cross sections of DLP 3D-printed parts.
Figure 3 shows the through-thickness AFM modulus (YAFM)
variation in equivalent energy dose structures that were printed
with different exposure times, exposure intensities, and layer

Figure 3. AFMmaps of through-thickness Young’s modulus of 3D-printed structures, demonstrating intrinsic mechanical heterogeneity that arises from
the resin’s sublinear response to intensity, light absorption, repeated exposure, and species diffusion. The white dashed line indicates where the line
profile was taken. The energy dose was kept constant for all samples (E¼ 180mJ cm�2). A) Map of YAFM for a structure 3D printed with ZL¼ 10 μm,
where the intensity and time were varied to probe the effect of sublinear intensity scaling. Lower intensity and longer time (red) lead to both a higher mean
modulus and a steeper positive through-thickness gradient. B) Map of YAFM for a structure printed with ZL ¼30 μm, showing a similar steepening of the
positive gradient (orange) to A. C) Map of YAFM for ZL¼ 100 μm, where the gradient is reversed and becomes steeper in the negative direction as the
intensity is lowered and the time is increased. The graphs depict the line profiles (light color) and mean (dark color) of the AFM elastic modulus through
thickness. We attribute spikes in the data to contaminants and sample preparation artifacts.
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thicknesses. The combined theoretical and experimental find-
ings reveal that a higher E* leads to a steeper mechanical gradi-
ent at �100 μm length scales. A steeper positive gradient is
achieved with higher E* and ZL<<Cd and a steeper negative
gradient is achieved with higher E* and ZL �Cd. A comparison
of Figure 2 and 3 highlights that effective exposure reliably pre-
dicts final part modulus trends. For ZL¼ 10 μm and exposures
E*¼ (82, 97) (mW cm�2)0.77s, the Young’s modulus averaged
through the part thickness was (31.4� 5.2, 34.4� 4.2) MPa
and the average experimental AFM modulus was (31.4� 4.1,
34.5� 6.3) MPa. For ZL¼ 30 μm and exposures E*¼ (82, 140)
(mW cm�2)0.77s, the average predicted modulus was¼ (18.2
� 3.8, 26.8� 4.1) MPa and the average experimental AFM mod-
ulus was¼ (19.4� 4.7, 23.8� 4.3) MPa. For ZL¼ 100 μm and
exposures E*¼ (82, 140) (mW cm�2)0.77s the average predicted
modulus was¼ (6.2� 4.4, 11.0� 6.6) MPa and the average
experimental AFM modulus was¼ (9.5� 2.2, 22.2� 3.7) MPa.
A quantitative comparison between the accuracy of scaled and
unscaled exposure models is included in Supporting
Information (Figure S1 and S2, Supporting Information). Our
findings show that increasing effective exposure leads to
increased Young’s modulus throughout the part and increasing
layer thickness leads to decreased modulus throughout the part
(Figure 3). The latter is consistent with findings from Zhao et al.
where the mean modulus of parts printed with ZL¼ 100 μm was
higher than of those printed with ZL¼ 150 μm.[21] We note that
this dependence on layer thickness is dominated by overlapping
light exposures as ZL decreases, which is noted in the study by
Zhao et al. and is discussed above. This effect is less pronounced
in the case where ZL¼ 100 μm because the cure depth of the
material for this I0 and texp is Cd�125 μm, causingminimal over-
lapping exposure between layers (Figure 3D).

To ensure the accuracy of experimental layer thickness and
modulus values for ZL¼ 100 μm, we used nanoindentation
(NI) as a complementary nanomechanical characterization tool
(Figure S3, Supporting Information). The NI and AFM results
are consistent: YNI ranged from 9.6 to 13.3MPa and YAFM ranged
from 7.5 to 13.1MPa. In both NI and AFM results, ZL¼ 100 μm,
E*¼ 82 (mW cm�2)0.77s case shows a �30 % shrinkage during
postprocessing because of the removal of unreacted monomer in
the conversion gradient of the layer.

Of note, the discrepancy between Ypred and YAFM increased at
a higher layer thickness. This is explained by the effect that high
exposure time and low conversion has on localized diffusion of
monomer and oligomers in the partially gelled network. Canal
and Peppas, and Muralidharan et al. demonstrated that mesh
size can be prescribed by exposure conditions and thus
conversion.[28,29] Muralidharan showed that 100% conversion
yielded a mesh size of �1.3 nm, whereas �13.5% conversion

yielded a mesh size of �11 nm in the same acrylate-based resin
used herein. Transport of monomer occurs when the hydrody-
namic radius is smaller than the mesh size of the network.[29]

Estimating the monomer diffusivity D based on the diffusivity
of a 1000 gmol�1 PEGDA molecule (D¼ 72 μm2 s�1), the char-
acteristic diffusion length (

ffiffiffiffiffi
Dt

p
) is �19 μm for the 5 s wait time

between each exposure.[29] Therefore, diffusion occurs on a rele-
vant length scale during the wait time between layers, a phenom-
enon that was not accounted for in our model but would result in
a higher-than-predicted modulus. This finding is congruent with
compression testing findings in the supplement and the work of
Fiedler–Higgins et al., where modulus increased by an order of
magnitude following multiple diffusion-exposure cycles.[30] We
also note that our experimental results indicate a gradient in
YAFM rather than a sharp change between layers predicted by
the model partially due to the inhibitory effects of dissolved oxy-
gen; this is consistent with a recent study performed by
Gojzewski et al.[31] Moreover, these gradients likely serve to dis-
sipate energy and toughen interfaces formed between
layers.[32,33] The model is able to predict microscale Y(z) during
printing over process conditions where transport is negligible,
while predicting relative modulus change (e.g., step changes, gra-
dients) in the presence of significant diffusion and accounting
for effective exposure.

4. Programming of Functionally-Graded Modulus
Profiles

With the predictive ability of the model established, next, the
model was used to inform how exposure conditions (i.e., ZL,
I0, texp) can be calculated from a designed modulus profile
Y(z) to exercise 3D control over the fabrication of monolithic
structures with programmed step functions and functional gra-
dients in modulus. By combining Equation (1) and (3), Y(z) can
be programmed to create monolithic 3D-printed parts with
regions of low and high modulus, step functions, and gradients.
With the model and custom 3D printer, which allows dynamic
adjustment of layer thickness and the effective exposure on each
printed layer, the sharpness of the step functions and the length
scale of the gradients can readily be programmed. Table 1 shows
the dynamic exposure conditions used for Figure 4. The first
example of patterned Young’s modulus (Figure 4A) is a structure
designed to have four distinct mechanical regions: a low modu-
lus region, a low-to-high modulus step, a high-to-low modulus
gradient, and a second lowmodulus region. Using the conditions
in Table 1, the structure in Figure 4A achieved a YAFM step
increase from 26 to 50MPa over just 7 μm. The 50MPa modulus
then decreased in a gradient back to 26MPa over a 150 μm dis-
tance, after which the lower modulus was maintained. Notably,

Table 1. Exposure conditions used to fabricate parts in Figure 4.

Sample Io [mW cm�2]
All layers

ZL1 [μm]
100 layers

texp1 [s]
100 layers

ZL2 [μm]
1 layer

texp2 [s]
1 layer

ZL3 [μm]
5 layers

texp3 [s]
5 layers

ZL4 [μm]
100 layers

texp4 [s]
100 layers

4A 30 10 0.6 146 6 1 6 10 0.6

4B 30 10 0.6 126 2.4 1 2.4 10 0.6

4C 30 10 0.6 126 1.2 1 1.2 10 0.6
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the gradient, which is longer than cure depth Cd, is achieved by
introducing an interlayer sawtooth with decaying mean intensity
to the intralayer sawtooth defined by Cd. Likewise, the thin-lay-
ered sawtooth configuration is also the primary means of achiev-
ing pseudoconstant modulus value over those defined regions.

Our second example (Figure 4B) seeks to shrink the length
scale of the gradient region to 100 μm, which is smaller than
Cd for the conditions in Figure 4A. The gradient control is
achieved by exploiting the relationship between I0, texp, and
Cd. To achieve the sharper gradient requires a shorter exposure
time and a calculated undershooting of the target modulus. By
applying the conditions in Table 1 for Sample 4B, this sharper
gradient is experimentally realized to decrease from
YAFM¼ 60MPa to YAFM¼ 28MPa over 105 μm. Although the
exposure time in Figure 4B is lower than exposure time in
Figure 4A, we achieve a larger modulus step due to the greater
influence of monomer diffusion for ZL2¼ 1 μm, texp2¼ 2.4 s
exposure, where conversion is low as compared with in
ZL2¼ 1 μm, texp2¼ 6 s exposure, where conversion is high.

Our final example of the patterned modulus is a structure with
three distinct constant modulus regions and both positive and
negative 75 μm gradients (Figure 4C). The exposure pattern
exhibits an intermediate modulus region, a step-to-high modulus
region, a gradient-to-low modulus region, and a gradient back-to-

intermediate modulus region. This process shown in Table 1
achieved the bidirectional gradients and multiple modulus levels
by further reducing exposure time to texp2¼ 1.2 s for the second
and third layers compared with processing for Figure 4B. Overall,
the model shows a powerful ability to produce deliberate
z-direction modulus control through straightforward process
parameter variation. This method is uniquely appealing for appli-
cations that require micronscale mechanical patterning, which is
relevant to tissue engineering, graded metamaterials, and 4D
printing.[13,34–36]

5. Conclusion

In summary, we describe a concept and process that greatly
extends the capability of DLP printing for high-resolution digital
manufacturing of parts with complex shapes and programmable
functional gradients. We report micronscale, multidimensional
control of modulus in 3D-printed parts through a model-
informed, experimentally validated approach. Both the process
simplicity and low detriment on printing speed stand in contrast
with current methods for achieving high-resolution 3D mechan-
ical control which relies on multiple precursors and an ability to
exchange them. We further illustrate the unique advantage of

Figure 4. AFM modulus maps of 3D-printed monolithic structures, showing that the optimal choice of exposure conditions, as informed by our scaled
model, enables micronscale through-thickness patterning of modulus. The light pink data is a line profile of the AFMmodulus map (YAFM), the dark pink
line is the mean of the AFMmap for a vertical column, and the green line is the programmed modulus (Ypred) based on the model that does not account
for transport. A) Modulus as a function of depth showing three regions of programmed stiffness. A step function from 26–50MPa, and a 150 μm
continuous gradient to 26 MPa. B) Three regions of programmed stiffness with a step function from 28–60MPa and a 100 μm continuous gradient
to 28MPa. C) Four regions of programmed stiffness with a step function from 26–35MPa, a 75 μm continuous gradient to 6MPa, and a 75 μm contin-
uous gradient to 26MPa.
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applying a robust computational model that uses scaled exposure
(E*¼ I0

mtexp) as opposed to energy dose (E¼ I0
1texp) to pattern

the modulus in the z-direction. The scaled exposure model
reveals direct control over inter- and intralayer gradients, which
provides positive and negative mechanical gradient control,
respectively. Our findings complement prior works using energy
dose-dependent photopolymerization kinetics and demonstrat-
ing x–y patterning, thus forming the final piece of the puzzle
for 3D property control. We note that the model also illuminates
the effect of transport in areas of low conversion, suggesting fur-
ther studies into the effect of diffusion on final part modulus. In
principle, themethod described herein can be applied to anymate-
rial with a well-behaved master curve (Equation (1)), providing
new understanding and capabilities to functional DLP printing.

6. Experimental Section

Materials: Poly(ethylene glycol) diacrylate (PEGDA 700, Aldrich), pen-
taerythritol tetrakis(3-mercaptopropionate) (PETMP >95%, Aldrich),
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, 97 %, Aldrich),
and 2-(2-hydroxyphenyl)-benzotriazole derivative (TinuvinCarboProtect,
BASF Company) were used.

Custom-Built DLP System: This study used a custom-built DLP system
for 3D printing. This DLP used a 405 nm light-emitting diode (LED)
(SOLIS-405C, Thorlabs) as a light source and SLM (1920� 1152
Analog SLM, Meadowlark Optics) as the programmable mask. (Figure 1A)
An acrylate-functionalized glass slide was used as the build stage. Glass
slides were functionalized according to the Gelest Silanation Protocol
using 3-(trimethoxysilyl)propyl methacrylate) (98% Aldrich) as the silane.
A neutral density filter (optical density OD¼ 4) was used with index-
matched immersion oil (Type B, Cargille Laboratories Inc.) to prevent back
scattering. The polydimethylsiloxane print window was prepared using the
Sylgard 184 Silicone Elastomer Kit (DOW CORNING) mixed at a 10:1
resin:hardener ratio. The mixture was degassed and cured between two
glass slides with a 1 mm spacer at room temperature for 24 h.

Conversion Measurement: PEGDA 700 and PETMP were mixed at 99:1
ratio by weight with 0.85 wt% TPO as a photoinitiator to enable free radical
photopolymerization of the acrylate groups under UV–vis exposure and
0.8 wt% TinuvinCarboProtect photoabsorber. RT-FTIR was utilized for
kinetic analysis using a Nicolet 6700 FTIR spectrometer (Madison, WI)
with a KBr beam splitter and an mercury–cadmium–telluride A (MCT/
A) detector. The resin sample was placed between glass slides with
127 μm spacers. A 405 nm LED was used (M405L2-C5, Thorlabs) to irra-
diate the sample. The light intensities used for this study were 3.5, 11.6,
and 30mW cm�2. To account for the presence of light absorbers, the light
intensities were averaged through a depth of 127 μm using the Beer–
Lambert law. Conversion was monitored by the disappearance of the dou-
ble bond (C═C) peak of acrylate at 6200 cm�1 in the near-IR range. This
experiment was repeated with a resin that did not contain photoabsorbers
for kinetic comparison.

Bulk Mechanical Testing: Unconfined compression testing was con-
ducted (MTS; Eden Prairie, MN; 250 N load cell) on dry cylinder-like struc-
tures fabricated using our custom DLP 3D printer. Structures (n¼ 5 per
group) were measured for final dimensions (diameter: 2.358� 0.01mm;
height: 1.9� 0.035mm) and subjected to a 3mN preload followed by a
constant displacement rate of 0.03mm s�1 until failure. Deviations from
the desired printed dimensions and cylindrical shape were taken into
account by calculating stress and strain using measured dimensions
and calculating the mean cross-sectional area for each sample. The stress
and strain data were analyzed, assuming a Poisson’s ratio of 0.5, to yield
the true, or “Young’s”, modulus, which is the slope of the linear region of
points of the true stress versus true strain curve.[37]

3D Prints for Model Validation and Z-control Demonstration: Trapezoidal
structures were fabricated at different exposure conditions to validate a
model for the effect of light intensity, exposure time, and layer thickness

on through-thickness elastic modulus. The trapezoid shape was chosen to
aid in the sample preparation process. An image of a trapezoid was
exposed using a 405 nm LED at I0¼ 30mW cm�2 for texp¼ 6 s at layer
thicknesses of 10, 30, and 100 μm, at I0¼ 3mW cm�2 for texp¼ 60 s at
layer thicknesses of 30 and 100 μm, and at I0¼ 15mW cm�2 for texp¼ 12 s
at a layer thickness of 10 μm to create structures with a final thickness of
2 mm. Structures with a programmed through-thickness modulus profile
were exposed with changing exposure conditions (ZL and texp) throughout
key layers of the print. All of the structures were irradiated for texp¼ 0.6 s at
ZL¼ 10 μm for the first 100 layers. In the structure from Figure 4A, the
stage was subsequently moved by 146 μm followed by five 1 μm exposures
at texp¼ 6 s. In the structure from Figure 4B, the stage was moved by
126 μm followed by five 1 μm exposures at texp¼ 2.4 s. In the structure,
from figure 4C, the stage was moved by 126 μm followed by five 1 μm expo-
sures at texp¼ 1.2 s. In all cases, the remaining layers were irradiated for
texp¼ 0.6 s.

AFM Sample Preparation and Testing: AFM (AFM, Cypher, Asylum
Research) was used in the fast force mapping (FFM) mode to measure
the elastic modulus along the surface of cross-sectioned 3D-printed parts.
A cryo-ultramicrotome (Leica, EM FC7) was used to generate a nanome-
ter-smooth cross section of the printed structures required for accurate
FFM. Compression testing specimens of the fully polymerized material
were periodically referenced to calibrate small changes in the tip radius.
The indentation rate was 300 Hz, the max force set point was 60 nN, and
the force distance was 800 nm. The force curves were analyzed through a
fitting routine using the Johnson Kendall Roberts (JKR) model to extract
the elastic modulus while considering adhesion effects. AFM scans
(30 μm� 30 μm) were digitally stitched to produce a measurement of
the photopattern of the printed part. For visualization of the modulus vari-
ation, cross-sectional profiles were obtained from the center row of the
stitched image and compared with the arithmetic mean taken across
all pixels along the vertical, y, axis.

NI Sample Preparation and Testing: Instrumented indentation testing
was conducted on a Hysitron TI-950 Triboindenter (Bruker, Eden
Prairie MN) using a 5 μm (nominal), 4.032 μm (calibrated), radius
cono–spherical probe and XZ-500 extended displacement stage. Prior
to testing, the 100 μm-thick layered sample was stored with a desiccant
for 7 days. Upon removal from the container, two layers in the center
of the sample were identified as the region of interest for testing. A
4�11 array of indents with 10 μm spacing was placed to span two central
100 μm layers. The starting point of each row was staggered by 2.5 μm to
create effective spacing of 2.5 μm across the width of the layer and avoid
overlapping of indentation stress fields. Indents were conducted using a
load function in displacement control as follows: a surface find was con-
ducted with a 2 μN preload, the probe was then fully retracted by 1000 nm
before reapproaching the sample at 100 nm s�1 and testing to a peak dis-
placement of 1250 nm relative to the initial surface find. The peak displace-
ment was held for 5 s (i.e., due to no viscoelastic creep observed during
longer hold times) before unloading at 100 nm s�1 to a height of 1000 nm
above the initial surface find. The 1000 nm lifts pre- and postindentation
allowed the full adhesion response to be captured for analysis. For each NI
test, the region of the unloading curve between the initial unloading point
and the point of maximum adhesion was fit to the nano-JKR model, as
described by Kohn and Ebenstein,[38] and Poisson’s ratio of 0.5 was
assumed to calculate Young’s modulus.
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