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a desired 3D part. Typically, stereolithog-
raphy produces parts in discrete layers. 
Exposed areas are cured through the full 
layer height, whereupon the part is reposi-
tioned and recoated with resin before the 
next layer is exposed. Recently, continuous 
stereolithographic technologies have been 
developed which increase print speeds 
by eliminating the time-consuming repo-
sitioning and recoating steps.[19,20] Print 
speed in continuous stereolithography is 
dependent on the resin absorbance height, 
with low-absorbance resins allowing 
extremely high print speeds of up to 
2000 mm h−1 at the cost of part fidelity.[20]

In stereolithography, the penetration 
depth of light in the resin limits accuracy 
along the vertical axis: unaccounted-for 
light propagation can cause undesired 
curing, known as cure-through, over-
cure,[21,22] the back-side effect,[23] or print-
through error.[19,24] This phenomenon can 

also contribute to cross-linking heterogeneity, introducing 
internal stresses which can deform the part and further reduce 
fidelity.[25] The prevalent strategy to mitigate cure-through is to 
add nonreactive light absorbers to the resin formulation.[21,25–28] 
Highly absorbing resins have been widely adopted despite the 
slower print speeds needed to ensure fully cured layers. Alterna-
tively, cure-through can be mitigated without sacrificing speed 
by modifying the projected images, known as slices, based on 
modeling of the curing process. Optimization-based methods 
to eliminate cure-through by adjusting model dimensions have 
been developed for external surfaces and internal voids in tradi-
tional stereolithography.[22,24,29] Manual adjustments to account 
for cure-through have also been reported.[30]

Nevertheless, slice correction has not been described for contin-
uous stereolithography, where cure-through is a more significant 
and complex problem. Furthermore, existing models of contin-
uous stereolithography are not tailored to this application.[31–33]

Here, we present a curing model and a slice correction algo-
rithm for continuous stereolithography. Previous noncontinuous 
approaches used iterative and heuristic processes to find optimal 
corrections and were restricted to black and white pixels; our 
correction method uses grayscale, which has previously only 
been used to improve lateral resolution,[34] along with an exact 
mathematical solution to precisely set the dose profile within a 
part. We also present experimental validation of our model and 
correction approach using a recently developed two-color con-
tinuous stereolithographic 3D printer.[20] These methods are 
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Additive manufacturing (AM), commonly called 3D printing, 
refers to a number of technologies through which objects are 
created by progressive addition of material.[1,2] With its sim-
plicity and nearly unlimited design choice, AM is attractive 
for producing custom, limited-quantity, and prototype parts. 
AM has found numerous applications in fields including bio-
medical engineering,[3–7] bioinspired materials,[8–10] functional 
materials,[11–17] and the DIY “maker” industry.[18] In projection 
stereolithography, a widely used AM method, photopolymeriz-
able resin is exposed to patterned light to cure cross-sections of 
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adapted for traditional layer-by-layer stereolithography in Section 
S6 (Supporting Information).

Figure 1 shows how our correction process fits into the 
existing 3D printing workflow. To demonstrate the applicability 
of the slice correction method to typical parts, we printed cor-
rected and uncorrected versions of two open-source models 
(Figure 1b,c).[35,36] In both cases, parts printed with uncorrected 
slices significantly deviate from the design as a result of cure-
through. Applying slice correction to these parts significantly 
reduces the occurrence of cure-through, with corrected parts 
showing improved accuracy in the z-direction. Video S1 in the 
Supporting Information demonstrates real-time printing of 
uncorrected and corrected parts.

A schematic of the printer and coordinate system is shown 
in Figure 1d. The coordinate system is defined with respect to 
the build platform, with z = 0 at the platform and increasing 
toward the projection window (i.e., downward). The coordi-
nates x and y are omitted from our notation for simplicity; 
however, the presented equations must be applied at fixed (x, 
y) positions since the projected slices are patterned. The build 
platform begins in contact with the window and continuously 

moves upward while printing. The curing model, then, 
includes simultaneous continuous and discrete processes: 
as the build platform continuously ascends, exposure pat-
terns change at discrete intervals with each slice projected in 
sequence. Below, we present a brief description of the model; 
a complete derivation is available in Section S2 (Supporting 
Information).

To account for the discrete projection of slices, the total accu-
mulated dose at a point is a sum of contributions from each 
slice projected. DT (z) is the total volumetric dose delivered to 
position z in the final part, and the contribution of slice n to 
the total dose is Dn (z). Thus, D z D z

n

N
( ) ( )T n

0
∑=

=
 where slices 

are numbered from zero to N in order of exposure. From Beer’s 
Law, the time-derivative of volumetric dose as a slice is pro-
jected is
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where In,w is the light intensity at the window, zw (t) is the time-
varying position of the window, and ha is the resin absorbance 
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Figure 1. a) Cure-through correction is incorporated into the 3D printing workflow by computationally processing slice images. b,c) Correction applied 
to real models, reducing the extent of cure-through while maintaining print speed. Scale bars are 5 mm. b) #3DBenchy[35] printed at 800 mm h−1 
(ha = 1500 µm, Dc = 230 mJ cm−3), and c) hollow egg[36] printed at 800 mm h−1 (ha = 2000 µm, Dc = 173 mJ cm−3). d) Vertical cross-section of printer 
setup showing nondimensionalized variables of interest: ζ, Ωn, and Φn are the dimensionless z-position, dose, and light intensity, respectively.
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height (i.e., the propagation distance over which the intensity 
falls to 10% of its initial value).

With the build platform continuously ascending, Dn (z) is 
determined for each slice by integrating over the time period 
when the slice is projected. Since the coordinate system is fixed 
with respect to the build platform, time-dependence can be 
incorporated via the continuously increasing value of zw (t) and 
the print speed s = dzw∕dt. Integrating Equation (1) over the 
exposure of slice n yields Equation (2)

( ) 10 10n
n,w ( ) [( 1) ]s a

1
s a

1

D z
I

s
nh z h n h z h{ }= −− − − + −− −

 (2)

where hs is the slicing height. Equation (2) applies if the cross-sec-
tion at height z is exposed to slice n (i.e., when z ≤ nhs); otherwise, 
Dn (z) = 0. The total accumulated dose at a point, DT (z), is obtained 
by summing Equation (2) over all slices to which z is exposed
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or, in dimensionless form
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with dimensionless variables Ω  D Dc
−1 (where Dc is the 

experimentally determined critical dose), ζ  z hs
−1, Φ  Iw Ic

−1 
(where Ic is the minimum intensity needed to reach Dc), and  
η  hs ha

−1. Equation (4) allows calculation of ΩT for any integer 
value of ζ in the final printed part.

Equation (4) can be simplified to quickly perform dose cal-
culations and slice corrections by writing ΩT (ζ) as a function 
of ΩT (ζ + 1)

( ) (1 10 ) ( 1)10T Tζ ζΩ = Φ − + Ω +ζ
η η− −  (5)

Starting at the bottom of the part (i.e., ζ = N) and moving 
upward, the total dose may be calculated for each integer 
value of ζ by considering only the current layer and the pre-
ceding layer. Expressions for ΩT at several values of ζ, along 
with a full derivation, are available in Section S2 (Supporting 
Information).

The above mathematical model allows calculation of the 
accumulated optical dose at any position in the part and any 
time in the printing process. Since Dc defines the threshold for 
curing, an accurate dose profile has ΩT ≥ 1 within designed fea-
tures and ΩT < 1 outside features. At points where these con-
ditions are not met, the printed part will exhibit undercure or 
cure-through artifacts.

Figure 2 shows modeled results for a ladder-like part printed 
using the default slicing approach, in which the maximum 
intensity is projected whenever an intended feature is adjacent 
to the window. There is significant cure-through into the gaps, 
and the bottom of the second feature is undercured. Rather 
than producing the desired two features, the conventional 
approach yields a single, large feature.

The total dose profile shown in Figure 2d is the result of con-
tributions from all slices projected, as expressed in Equation (4). 

A closer look at the bottom feature highlights the causes of 
cure-through and undercure: Figure 2e shows the contribution 
of each slice to the total dose for this feature and, thus, the evo-
lution of the dose curve during the continuous printing process. 
The uncorrected slices use only the maximum and minimum  
projector intensities (p = 1 and p = 0, respectively). While the 
maximum intensity is projected (n = 31–40), the accumulated 
dose rapidly increases for all ζ ≤ n. The nonzero minimum 
intensity results from light scatter in the projection system and 
is related to the projector contrast ratio (see Section S3, Sup-
porting Information). Dose contributions while the minimum 
intensity is projected (n = 21–30 and n = 41–50) are relatively 
small. In the gap from ζ = 21 to 30, the small contributions from 
minimum-intensity slices are overwhelmed by the contributions 
from maximum-intensity slices, resulting in cure-through. The 
feature is correctly cured from ζ = 31 to approximately 38 then 
undercured through its designed bottom edge at ζ = 41, high-
lighting that a point must be exposed over several slices to fully 
cure—even when projecting the maximum intensity. Finally, 
the gap below the feature correctly remains uncured. From this 
simple example, it is apparent that cure-through and undercure 
are inevitable when using unmodified slices with low-absorbance 
resins. This analysis also suggests that carefully designed  
slice images could achieve the desired geometry.

The primary requirement for correcting cure-through and 
undercure is that the full height of each feature is cured without 
gelling nonfeatures. However, as has been recently discussed 
with respect to tomographic printing, it is not possible to deliver 
exactly the critical dose within features and exactly zero dose out-
side features: to do so requires the ability to effectively “subtract” 
dose using negative intensities.[37] Clearly, not all dose profiles 
are achievable. Physically attainable dose profiles must be con-
tinuous and are limited by resin properties and printing param-
eters. These considerations define a set of three constraints, 
illustrated in Figure 3 and derived in Section S4 (Supporting 
Information):

(i) For all points within a feature, ΩT ≥ 1; for all other points, 
ΩT < 1. Since ΩT varies continuously with ζ, features will 
only be reproduced accurately if ΩT = 1 along edges.

(ii) The maximum projector intensity, print speed, and resin 
absorbance height determine the maximum rate at which 
the dose can increase. With ΩT = 1 fixed at the bottom edge 
of the feature, these parameters define a maximum dose 
within the feature and a minimum dose below the feature.

(iii) From Equation (4), the minimum dose at point ζ is limited 
by the minimum projector intensity, the print speed, the res-
in absorbance height, and the dose at point ζ + 1. With the 
dose at the top edge set at the critical dose, these parameters 
define a maximum dose within the feature and a minimum 
dose above the feature.

If any of these constraints are violated, the feature’s edges will 
shift from their designed positions.

The three constraints define target dose regions, indicated by 
shading in Figure 3a. These regions are demonstrated here for 
a particular feature, but they can be generated for any feature 
height by shifting curves (ii) and (iii) along the ζ-axis such that 
the edges of the feature remain at the critical dose. Since the 
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doses at adjacent points are interrelated, it is not possible to gen-
erate arbitrary dose profiles within the regions. However, there 
are an infinite number of achievable profiles which fall entirely 
within the target dose regions and thus produce an accurate part.

To implement slice correction, a valid dose profile is deter-
mined for the feature, and Equation (5) is solved for each pixel 
of each slice (starting from the bottom of the part) to determine 
the intensity required to reach the desired dose. One approach 

Adv. Mater. Technol. 2019, 4, 1900700

Figure 3. a) Three constraints which define the target dose region (shaded): (i) curing of features while nonfeatures remain uncured, (ii) exposure at 
the maximum dose at the bottom of the feature, and (iii) exposure at the minimum dose at the top of the feature. b) Valid dose profiles defined by 
maximum dose Ωmax with corresponding intensity profiles. Here, shading indicates the designed feature height. For a given set of parameters, the 
intensity profile can be tailored to achieve either a uniform dose or a high peak dose within features while still eliminating cure errors.

Figure 2. a) Test model. b) Vertical stack of uncorrected grayscale projections along the plane indicated in (a). Note that only black and white (p = 0 and 
p = 1) are used by default. c) Model prediction from slices in (b) showing areas with cure-through (CT, red) and undercuring (UC, blue). Gray regions 
of the part are correctly cured (CC). d) Grayscale value as a function of n and total accumulated dose as a function of ζ for the (x,y) position indicated 
by the dashed line in (a). Dc = 576 mJ cm−3, hs = 50 µm, ha = 2000 µm, and s = 1000 mm h−1. ζ = 0 corresponds to the top of the part (i.e., the surface 
attached to the build platform). The grayscale value p relates to the intensity of the projected pixel when ζw = n (calibration curve available in Figure S1, 
Supporting Information). Shaded areas indicate designed features. The dose curve indicates the normalized total dose ΩT at position ζ on completion 
of the print, with cure errors indicated in red (cure-through) or blue (undercure). e) Evolution of the total dose curve shown in (d) for n = 21 to n = 50. 
The total dose is the sum of contributions from individual slices, each labeled and represented by a color.
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to designing dose profiles is in terms of a maximum dose, Ωmax. 
Constraint curves (ii) and (iii) are traced up to the prescribed 
Ωmax, which is maintained within the center of the feature. 
Figure 3b shows a collection of these dose profiles and the 
intensities needed to achieve them.

For the important case of Ωmax = 1, the critical dose is uni-
formly delivered throughout the feature. We applied this cor-
rection to the model in Figure 2a, with results illustrated in 
Figure 4. A comparison of Figures 4a and 2b shows how the cor-
rection process modifies slices. For the rung-like inner features, 
the intensity is reduced through most of the feature and a high-
intensity burst is delivered at the bottom. Since there is no pos-
sibility of cure-through for the outer features, they are exposed 
at the maximum intensity. Figure 4b indicates that the correc-
tion has completely eliminated cure-through and undercure in 
our modeled result. Figure 4c,d shows how the corrected slices 
achieve the desired dose profile. The high intensity burst at 
the bottom of the feature ensures all layers reach the critical 
dose. From the bottom-up perspective of the correction calcula-
tions, a constant intensity maintains the dose from one layer to 
the next after the critical dose is achieved at the bottom of the 
feature. From Equation (5), the intensity required to maintain 
a dose between two layers is Φn = ΩT. Thus, to maintain the 
critical dose Φn = Ωc = 1.

To achieve higher maximum doses, features must be exposed 
at higher intensities for shorter periods, as shown in Figure 3b; 
a smaller fraction of the feature is exposed so that constraint (iii) 
is not violated. Though the edges of the feature are at the critical 
dose for each intensity profile, the interior dose varies consider-
ably. As a result, it is important to optimize Ωmax as well as Dc to 
ensure good part quality: high doses drive additional cross-linking, 
improving the part’s green strength (i.e., its tensile strength before 
postprocessing) to ensure a rigid and printable structure but also 
introducing heterogeneous internal stresses that can deform 
the part. Conversely, low doses with long exposure times might 
not sufficiently cure the part since flow is not perfectly uniaxial 
and the resin bath is not infinitely deep. The optimal correction 
parameters depend in some degree on the irradiation system, the 
geometry of the part, the flow profile in the resin bath, and the 
chemical and mechanical properties of the resin.

To test the correction algorithm and optimize its parameters, 
low-absorbance photopolymer resins were prepared (Table S1, 
Supporting Information) for use with a previously described 
two-color continuous stereolithographic 3D printer.[20] Experi-
mental results are shown in Figure 5. The absorbance height 
ha and gelation dose Dgel were determined from the resin 
working curves (Figure 5a, and Section S1.3, Supporting 
Information), and the test geometry in Figure 5b was used to 
investigate the effect of the critical dose parameter on print 
fidelity. We printed test parts using several values of Dc and an 
unconstrained maximum dose (Ωmax = ∞), with results shown 
in Figure 5b–d. Supplying exactly the measured gelation dose 
(i.e., Dc = Dgel) results in missing features and poor fidelity; 
feature sizes increase as Dc increases, and at higher values of 
Dc cure-through is observed (Figure 5c). As discussed above, 
a critical dose higher than the gelation dose is likely required 
due to the simplifying assumptions used in the correction 
algorithm and the need for a part of sufficient green strength. 
For the geometry, resin, and print conditions considered, 
Dc = 5Dgel = 748 mJ cm−3 is the optimal critical dose, achieving 

a marked improvement in fidelity without reducing print speed 
(Figure 5b). Additional optimization details are available in Sec-
tion S5 (Supporting Information).

Adv. Mater. Technol. 2019, 4, 1900700

Figure 4. Correction for model in Figure 2a with Ωmax = 1. a) Vertical stack 
of corrected grayscale projections along the plane indicated in Figure 2a. 
b) Model prediction from slices in (a) showing no cure-through (CT, 
red) or undercure (UC, blue). The full part is correctly cured (CC, gray).  
c) Corrected grayscale value and dose for the (x, y) position indicated by 
the dashed line in Figure 2a. Note that the correction process required 
additional slices beyond the original 50 to ensure the bottom of the 
part was fully cured. Dc = 576 mJ cm−3, hs = 50 µm, ha = 2000 µm, and 
s = 1000 mm h−1. d) Contributions of individual slices to the accumulated 
dose curve shown in (c) for n = 21 to n = 53.
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To further improve fidelity, the traditional approach of adding 
dyes or pigments to reduce light propagation can be used in con-
junction with slice correction (Figure 5e). As previously reported, 
the addition of dyes necessitates slower print speeds.[19,20] 
Regardless, applying slice correction at any dye loading or 
print speed improves the resolution, with higher dye loadings 
enabling printing of small features with less cure-through.

In summary, we have demonstrated a method for improving 
print fidelity on a two-color continuous stereolithographic 

3D printer using resins with moderate to high absorbance 
heights. The approach analyzes and modifies the slice images 
for a model, using grayscale to precisely tune the dose profile 
throughout the final printed part. Furthermore, this approach 
allows control over the dose delivered within features, enabling 
continuous 3D printing of parts with dose-dependent func-
tionality.[38] Though not demonstrated here, this technique is 
applicable to other continuous stereolithographic technolo-
gies, such as CLIP; these methods could also be applied to 

Figure 5. a) Cured thickness versus exposure dose of blue light for two acrylate-based resins (see Table S1, Supporting Information) with differing 
concentrations of blue light absorber. b) Test model (left), uncorrected test part (center), and corrected test part printed with Dc = 5 Dgel = 748 mJ cm−3 
(right). Parts printed in Resin 1 at 750 mm h−1. c) Ratio of height errors (corrected-to-uncorrected) for a range of feature sizes and values of Dc. A ratio 
of zero corresponds to a perfectly corrected feature. d) Parts printed at 750 mm h−1 using slices corrected with different values for Dc. e) Corrected and 
uncorrected test parts for two resins with different absorber loadings (i.e., ha) and print speeds. All scale bars are 10 mm.
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noncontinuous stereolithography, as outlined in Section S6 
(Supporting Information). Practically, this approach is lim-
ited by the resin green strength and the fluid dynamics of 
resin flow. Models that consider these effects or that vary crit-
ical dose with feature height might further improve fidelity. 
Nevertheless, this approach has afforded significant improve-
ment in print quality for our system while maintaining high 
print speeds. Slice correction opens the door for the use of 
less-absorbing resins in stereolithographic systems, enabling 
faster print speeds and expanding the range of applications for 
additive manufacturing.

Experimental Section
Experimental materials and methods can be found in Section S1 
(Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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