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Latent image volumetric additive manufacturing
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Volumetric additive manufacturing (VAM) enables rapid
printing into a wide range of materials, offering significant
advantages over other printing technologies, with a lack of
inherent layering of particular note. However, VAM suffers
from striations, similar in appearance to layers, and similarly
limiting applications due to mechanical and refractive index
inhomogeneity, surface roughness, etc. We hypothesize that
these striations are caused by a self-written waveguide effect,
driven by the gelation material nonlinearity upon which
VAM relies, and that they are not a direct recording of non-
uniform patterning beams. We demonstrate a simple and
effective method of mitigating striations via a uniform opti-
cal exposure added to the end of any VAM printing process.
We show this step to additionally shorten the period from
initial gelation to print completion, mitigating the problem
of partially gelled parts sinking before print completion, and
expanding the range of resins printable in any VAM printer.
© 2022 Optica Publishing Group
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Introduction. Multi-step additive manufacturing (AM) is being
pursued for a wide range of applications [1] such as printing
optics [2–4], microfluidics [5–7], composites with overprinting
[8,9], and regenerative medicine [10–13]. However, inherent
to multi-step AM are layering effects [14–16] which limit the
performance and applications of printed parts via mechanical
inhomogeneity and anisotropy, non-uniform refractive index of
printed optics, and cosmetic imperfection.

Volumetric additive manufacturing (VAM) prints into a vol-
ume of photosensitive resin in a single lithographic step, and
is thus free of inherent layering effects. After tens to hun-
dreds of seconds of optical exposures, the desired geometry gels
and is removed from the remaining liquid resin. Fundamental
to this process is a material nonlinearity—a gelation thresh-
old—which enables delivery of an optical dose for selective
gelation of the desired print volume without unwanted gelation
of the surrounding resin. This approach has multiple advantages
over multi-step AM. Non-contiguous prints become possible;
the lack of material movement during printing removes resin
viscosity constraints, thus increasing the range of accessible
material properties; print times are dramatically reduced; and

layering is fundamentally absent from the printing process. How-
ever, VAM prints [17–21] suffer from large striations – similar
in appearance to layering, and of the order of print feature size
—impacting the homogeneity and shape-accuracy of printed
parts, and presenting a significant cosmetic defect.

In this paper, we examine the source of striations in VAM, and
discuss the hypothesis that the material nonlinearity upon which
VAM relies also drives striations via a self-writing waveguide
(SWW) effect. We present a simple and effective method of
dramatically reducing striations [Fig. 1(F)] via the addition of a
uniform optical exposure applied to the entire volume of resin at
the end of a print. Here, VAM patterning starts as usual, steadily
increasing polymer conversion in the desired print regions, but
not past the gelation threshold as is typical. Instead, the pattern-
ing is stopped just before this material nonlinearity is reached
(see Supplemental Information for further timing details), then
a flood exposure develops the resultant latent image to gelation
[Figs. 1(D) and 1(E)]. We discuss how the technique affects
the system tolerances required to maintain theoretically perfect
print fidelity. We show that the method has the additional advan-
tage of drastically reducing the gelation period (GP) of a print,
defined here as the time between the first appearance of any
gelation and the print completion. This mitigates the problem of
partial-print sinking in low-power or low-viscosity prints, thus
further expanding resin options and increasing the efficacy of
low-cost VAM printers. We conclude by discussing future work
and potential improvements to the method.

Striations in VAM. Striations are a ubiquitous problem in the
field of VAM. A variety of volumetric printers applied to a wide
range of materials suffer from large striations of the order of
the feature size [17–21]. Such striations not only degrade print-
shape accuracy, but any non-uniformities in polymer conversion
can manifest as inhomogeneity or anisotropy of modulus, or as
unwanted refractive index variability. Thus, although VAM is
free from layering, it is not free from layer-like effects. Exam-
ples of typical VAM striations are shown in Fig. 2. Here, we
discuss the hypothesis that striations are caused by an SWW
effect, driven by the material nonlinearity upon which VAM
fundamentally relies, and that striations are not caused by the
direct recording of non-uniform patterning beams.

The strongest evidence that VAM striations are not a direct
recording of writing beams is that the latent cure method detailed
in this paper effectively suppresses striations. With this method,

0146-9592/22/051279-04 Journal © 2022 Optica Publishing Group

https://orcid.org/0000-0002-3290-6988
https://orcid.org/0000-0001-9810-6505
https://doi.org/10.1364/OL.449220
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.449220&amp;domain=pdf&amp;date_stamp=2022-02-28


1280 Vol. 47, No. 5 / 1 March 2022 / Optics Letters Letter

Fig. 1. (A) and (B) A conventional VAM print process. (C) Resul-
tant dental aligner print exhibiting typical striations. As detailed in
Section Striations in VAM, initial local gelation causes focusing,
leading to a self-written-waveguide (SWW) effect, which manifests
as striations (scale bars, 3 mm). (D) and (E) Latent-image process
proposed here: (D) patterning is stopped just before gelation occurs,
leaving a 3D latent image of polymer conversion that is higher in
the desired print region than in the surrounding resin; (E) latent
image is developed across the gelation threshold via diffuse, uni-
form LED illumination, driving only the desired region to gelation.
(F) Resultant print exhibits dramatically reduced striations, with a
smooth surface and improved refractive index homogeneity.

Fig. 2. Scanning electron microscopy (SEM) scans of typical
striations in conventional VAM prints. (A) A cone printed with the
axis of rotation aligned with the central axis of the cone. A roughly
60-µm striation pitch is measured both near the tip of cone, where
the focused beam size is measured to be 11 µm, and near the base of
the cone, where the beam size is 23 µm. A single projector pixel is
measured to have a focused size of 6 and 18 µm at the center and at
the edge of the print, respectively. (B) A slab print—the same as in
Figs. 3(A), 3(B), 3(F), 3(G)—exhibiting irregular striations. Scale
bars, 1 mm. See Supplemental Information for further print details.

typically approximately 90% of the printing dose is delivered
by patterned writing beams before gelation, and then the final
10% of the dose is delivered by a uniform exposure. If striations

were simply a direct recording of non-uniform beams, we would
expect to see them develop along with the rest of the part dur-
ing latent cure. Striation visibility would likely be reduced by
the uniform exposure, but only by a small amount. Instead, we
observe a nearly complete elimination of striations, which sug-
gests a fundamental difference between using highly directional
patterned illumination and an angularly diffuse flood exposure
to cross the gelation threshold.

We hypothesize that striations in VAM are due to the SWW
effect. This effect is well-known to occur in many photopolymer
exposure systems [22], and has been employed to manufacture
waveguides [23–27]. Here, as light gels a small region of mate-
rial, the refractive index increase of this phase change acts as a
lens, concentrating the light to the resin just beyond it.

The increased intensity causes this next region to also gel more
quickly than the surrounding resin. This continues, with each
new region of gelation building upon the growing waveguide,
until a long waveguide—a striation of increased index—extends
through the print region. The properties of SWWs are com-
plex and have been extensively studied in the literature. Notably,
depending on material index-change dynamics and on the inten-
sity profile of writing beams, SWWs can form with variable
widths not matching the size of the writing beams. SWWs can be
unstable in their propagation direction and filamentation can also
occur with stochastic splitting and merging behavior [27,28].

The SWW effect is most pronounced when the refractive
index of the material changes most quickly with conversion;
that is, during the gelation phase change. The much smaller
index change of pre-gelation conversion also produces SWWs,
as perhaps seen in the liquid resin surrounding the prints in
Figs. 3(A), 3(D), and 3(F). However, their impact appears to be
negligible, as evidenced by the striation-free prints presented in
this paper. Thus, prominent print striations would be expected
only when highly directional illumination, such as VAM pattern-
ing beams, are incident on a material near the start of gelation.
As detailed in the next section, avoiding directional illumina-
tion as the material gels dramatically reduces striations in VAM
prints.

Latent cure method. Here we describe a simple, effective,
and inexpensive method of avoiding striations in any VAM print-
ing process by using diffuse light instead of highly directed
patterning beams to cross the material nonlinearity. In this
method, a print starts as usual with patterned illumination locally
increasing polymer conversion in the resin. Just before gelation
is reached, the writing is stopped, leaving a latent image of the
desired print in the form of higher polymer conversion and oxy-
gen depletion for the desired in-part regions than the surrounding
out-of-part regions. Then, an LED with a diffuser applies a low
spatial coherence, uniform exposure to the entire volume of
resin such that the light is incident from a wide range of angles
[Fig. 1(E)]. This develops the latent image into a gelled part, and
the flood illumination is ceased before unwanted gelation occurs
in the surrounding out-of-part regions, thus preserving selective
gelation. With this method, patterning illumination is ideally
stopped just before any gelation occurs. In practice, stopping the
print slightly earlier or slightly later—at the first sign of gelation
on a shadowgram—still produces good results. See the Sup-
plemental Information for further exposure and timing details.
The resultant print exhibits dramatically reduced striations, as
shown in Figs. 1 and 3 which compare the current and pro-
posed VAM processes. The shadowgrams in Figs. 3(A)–3(H),
which highlight even small refractive index changes [29,30],
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Fig. 3. Striation mitigation by the latent cure method proposed in
this paper. (A)–(D) Shadowgrams and (E) SEM scan of conventional
VAM prints of a slab, mesh, and tilted mesh showing striations of
the order of feature size upon completion. (F)–(J) The same geome-
tries printed using the latent cure method. Striations are largely
eliminated, both in (J) surface roughness, and in (F–I) refractive
index uniformity shown via shadowgrams of prints still immersed
in resin. Panels (A),(B), and (F),(G) illustrate the improved shape
fidelity yielded by the method. Scale bars, 1 mm for panels (A)–(J),
with 500 µm for the zooms. The shadowgrams are captured with the
basic collimated LED shadowgraph setup described in [29].

suggest improved uniformity, although measurements without
the surrounding resin in place would be more conclusive. Lastly,
surface striation effects are eliminated, as shown via the SEM
scans in Figs. 3(E) and 3(K). The uniform exposure decreases the
dose-contrast between the in-part and out-of-part regions, reduc-
ing system error tolerances, but only by a small fraction equal
to the in-part dose range [31] of the tomographic reconstruc-
tion—approximately 10% for typical prints. Thus, a theoretically

Fig. 4. Latent cure as a method of speeding the GP in a low
power VAM print. (A)–(D) Conventional VAM process, suffering
from low print power and low viscosity resin. The partially gelled
regions sink before the part is complete. (D) Severely distorted final
part. (E)–(H) VAM print with latent cure used to quickly develop
the entire print through its GP before significant sinking occurs.
Even though the patterning process and viscosity are unchanged
from panels (A)–(D), the rapid gelation via latent cure results in
(H) a significantly improved print. See Visualization 1 for videos of
the prints. The GP could be easily further shortened by increasing
the power of the latent exposure. In this case, a GP of only a few
seconds is difficult to control, so the latent-cure power is reduced
so that gelation could be easily observed, and the latent exposure
stopped before unwanted gelation.

perfect VAM print—one free of missing or unwanted gelled
voxels—will remain so upon latent cure (see the Supplemental
Information for further details). The latent cure method appears
to only require an LED and diffuser for good results; however,
the non-directionality of the latent cure could be improved via
multiple light sources, an integrating sphere around the print, or
any other modification to increase the range of input angles at
which the flood exposure is delivered.

Latent cure to avoid partial-print sinking. The latent cure
step also serves as an opportunity to apply high intensity optical
exposure during the GP of a print. This can dramatically shorten
the GP, ameliorating the distortion of a print due to partial part
sinking during printing [18].

This effect occurs when the polymerization rate is slow rela-
tive to the settling velocity of the gelled material, as is the case
for systems with low print power, low viscosity resins, or large
change in the density upon gelation [32,33]. An inexpensive
latent cure source, free of the etendue requirements that practi-
cally limit patterned print power [18], can be added to any VAM
system to expand the range of materials that it can accurately
print. This could allow low-power VAM printers to use resins
previously only accessible by costly, high-power systems, just as
it could allow state of the art, high-power printers access to a new
range of resins. Figure 4 shows an example of how latent cure
enables printing in a low viscosity (<1 Pa.s) resin that would
otherwise be untenable, given printer power.

Conclusions. Like the layering effects that limit the applica-
tions of typical 3D printing methods, striations in VAM can
cause non-uniformity in modulus and refractive index, and
degrade the print-surface accuracy. We discussed the hypoth-
esis that striations are not simply recorded writing beams, and
are instead caused by an SWW effect [22–25,27] driven by the
material nonlinearity upon which VAM fundamentally relies.
This effect can be avoided by adding a diffuse latent-cure step.
We showed the improved uniformity yielded by this method,
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and we discussed how the resultant reduction in system error
tolerances is small and how theoretically perfect [31] printing is
maintained by the method. We demonstrated the latent cure step
as a method of quickly delivering optical power during the GP
of a print, mitigating the problem of partial-print sinking that
plagues low-power VAM printers, or resins with a particularly
low viscosity or high degree of densification upon gelation.
Future work could improve timing control of the latent cure,
allowing for sub-second GPs. Lastly, the non-directionality of
the latent cure could be improved by an array of lamps, by a
surrounding integrating sphere, etc., improving the uniformity
of the method, and minimizing the SWW effect.
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