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Abstract

Tomographic  Volumetric  Additive  Manufacturing (TVAM), also known as
Computed Axial Lithography (CAL), offers unparalleled geometric freedom and speed but
faces challenges with inconsistency caused by user-induced wvariation. This paper

presents novel insights into mitigating user-induced variation by addressing
manual preparation of the photopolymer and print vials. Two

different methods of preparing the print vials are employed to investigate the
oxygen concentration within a batch of photopolymer, each followed by ten
consecutive prints of the same geometry and subsequent analysis of the

polymerization progressions captured through in-situ monitoring. Results show that the
oxygen concentration of the photopolymer is highly dependent on the method of
preparation, and that promoting oxygen diffusion directly in the print vial to
saturate  the photopolymer before printing significantly increases the consistency of
the printing process. Using this methodology, print vials exhibited a curing onset variation
of only a few seconds, significantly enhancing the uniformity of the printed parts.

Introduction

Tomographic ~ Volumetric ~ Additive =~ Manufacturing  (TVAM), also  known as
Computed Axial Lithography (CAL), is a new Additive Manufacturing (AM)
technique initially presented in 2017 and subsequently popularized in 2019 by
Kelly et al. [1,2]. In TVAM, rather than printing geometries layer-by-layer,
geometries are instead printed on a volumetric basis meaning they materialize in their
entire volume simultaneously, which leads to support-free printing and smooth surfaces
[2, 3, 4, 5], easy overprinting [2, 6], as well as isotropic material properties for a wide
range of materials including acrylates [2, 3], ceramics [5, 7], thiol-enes [8, 9], and
cell-laced hydrogels [10, 11]. Additionally, the manufacturing time is reduced to only
a few minutes, or even a few seconds [3, 12, 13], as TVAM is effectively the
equivalent of printing all layers at once compared to traditional layer-by-layer AM
techniques. However, despite TVAM showing great potential and while significant
advancements have already been made within the field across the many engineering
disciplines it spans, the technique is facing challenges with inconsistency due to user-
induced variation, which is limiting its widespread adoption.

The  volumetric  printing capability s achieved by  projecting a
sequence of tomographic light patterns into a rotating cylindrical print vial filled with
a high-viscosity photopolymer exhibiting non-linear curing, as seen in Fig. 1. After only
a few revolutions of the print vial, the superposition of the projected light patterns results
in a 3D energy dose that makes the photopolymer cure in the desired shape when
the curing threshold is reached. Once cured, the printed part can be extracted from
the cylindrical print vial and cleaned of any residual uncured photopolymer prior to post-
curing, yielding the result seen in Fig. 2C. The non-linear curing
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behaviour of the photopolymer is caused by the presence of inhibiting species dissolved within
the photopolymer, combined with the photoinitiator used having a low absorption at the
specified projection wavelength. The dissolved inhibitor sets a critical dose threshold by
providing an inhibition period where free radicals are scavenged at a much faster rate than they
are formed and react with the monomers, which allows for the 3D energy dose to build up
without inadvertently curing the photopolymer in unwanted regions within the print vial. Once
the inhibitor has been sufficiently depleted by the 3D energy dose, the polymerization and
subsequent crosslinking reactions take place, after which the projection must be stopped once
the part has fully formed.

Due to the nature of the printing process, determining the time at which to stop the
projection is therefore critical to the geometric fidelity of the printed parts, as too short a
projection time will result in the geometry not fully forming, while too long a projection time
will cause overcuring, as regions outside the 3D energy dose will also begin to exceed the
critical dose threshold. In layer-by-layer AM techniques, the print time mostly depends on the
size, volume and vertical resolution of the printed part. However, in TVAM, the print time
predominantly depends on the morphology of the part itself due to the nature of the printing
process, which makes determining the optimal print time inherently difficult.

Traditionally within the field, the time at which to stop the projection has been
determined manually by continuing the projection for a short period of time after the first signs
of curing had been observed, and then stopping once the part appears to have fully formed.
However, as this approach is heavily influenced by the subjectivity of the user since the
polymerization progression is difficult to see by eye, it was soon realized that better and more
objective methods were needed. In response, Loterie et al. [3] presented an approach based
upon in-situ monitoring, where a shadowgraphy imaging system was used to provide
information about the polymerization progression of a print, which was then used for spatial
adjustment of the tomographic light patterns, allowing for a second, more accurate print to be
made using the same print time. This idea was later expanded on by Li et al. [14] using a
Schlieren imaging system to also track the degree of curing, yielding even more information
about the polymerization progression. A different approach was introduced by Orth et al.
[15,16], where isotropic light scattering caused by the photopolymer curing was used for on-
the-fly metrology and as a metric to determine when a print should be stopped or how it should
be improved, while also making it easier to observe the printing process by eye. Further
advancing the field, Weisgraber et al. [17] developed the digital twin, VirtualVAM, capable of
simulating the polymerization progression during prints, which has been proven to qualitatively
match experimental results. However, timestamps from the digital twin and the experimental
results have shown to differ, indicating that in its current state, VirtualVAM alone cannot be
used to determine the optimal print time. Similarly, the Energy Threshold model presented by
Salajeghe et al. [18] tracks energy accumulation over time within the photopolymer. However,
as their study only considers one revolution of the print vial, this likewise only provides a
qualitative indication of how the polymerization will progress, but not a definitive time at which
to stop the projection to get the most optimal print quality.

Regardless of whether the time at which to stop the projection is determined manually,
through in-situ monitoring, or by means of simulation, once the optimal print time has been
established for a particular geometry, any consecutive print of the same geometry using this
print time should ideally result in the same consistent polymerization progression and print
quality. However, previous experience has shown that this is not always the case, which is
believed to be a consequence of user-induced variation. This inconsistency has proven to be
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especially problematic when it comes to demonstrating presumed improvements to the printing
process emerging from research within the field, as comparison of identical geometries printed
with, for example, changes to the tomographic light patterns, cannot be performed objectively
on an equal basis. Put simply, without a proven, repeatable, and consistent printing process, it
becomes difficult to conclude if a resulting change in print quality, whether positive or negative,
can be attributed directly to the presumed improvement, or if it simply falls within the
variability of the printing process. Establishing well-defined procedures that ensure consistency
in the printing process is therefore highly important and will allow researchers to draw more
accurate conclusions faster, thereby accelerating research within the field.

The printing procedure can overall be divided into three steps: 1) Preparation, where the
photopolymer is prepared and the print vials are filled, 2) Printing, where the print vials are
exposed to the sequence of tomographic light patterns while rotating, and 3) Post-processing,
where the printed geometries are carefully extracted from the print vials and then cleaned using
a solvent prior to post-curing. When it comes to the first of these three steps, it is believed that
the manual work involved in mixing the photopolymer and preparing the print vials makes it a
significant source of user-induced variation. To consistently achieve the same print quality for
geometries while using the same print time, it naturally follows that the photopolymer must
exhibit consistent material properties, such that the inhibition period and optimal print time is
uniform for all print vials once filled. For photopolymers such as the Bisphenol A glycerolate
diacrylate and Poly(ethylene glycol) diacrylate (BPAGDA/PEGDA) mixtures presented by
Kelly et al. [2], the inhibitory effect is achieved by deliberately letting oxygen diffuse into the
photopolymer after mixing. In their publication, this procedure is described as storing the
photopolymer in an open container exposed to room air for several days with the aim of
ensuring sufficient and uniform oxygen concentration throughout the photopolymer before the
print vials are filled. However, there are no dedicated studies in literature investigating whether,
or how, this is achieved for the entire batch of photopolymer. Should the oxygen concentration
prove not be uniform, this could help explain the inconsistency that is currently observed as it
would cause the inhibition period and optimal print time to vary between print vials as they are
filled, effectively making the printing process unpredictable and a matter of trial and error.

In this paper, two different methods of preparing the print vials have been employed
with the objective of investigating the oxygen concentration within a batch of photopolymer as
well as quantifying its effect on the consistency of the printing process. The first method seeks
to characterize the uniformity of the oxygen concentration throughout the container in which
the batch of photopolymer is stored, while the second method seeks to promote oxygen
diffusion directly in the print vials with the aim of ensuring that the photopolymer becomes
fully saturated before printing. After preparation of the print vials, ten consecutive prints of the
same geometry were performed for each of the two methods, followed by an analysis of their
respective polymerization progressions captured through in-situ monitoring. In Section 2, a
detailed description of the methods used in mixing the photopolymer and preparing the print
vials is provided, along with an overview of the experimental setup used for printing. In Section
3, the results obtained from the different methods of preparing the print vials are presented and
discussed, and finally, a conclusion is drawn based on the findings.
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Figure 1: TVAM setup and working principle. A DLP projector sequentially projects a set of
tomographic light patterns into a rotating vat filled with photopolymer. As the images are
superimposed over time, the accumulated light dose cures the photopolymer into the desired
3D object. Figure adapted from [2] with permission.

Copenhagen, (B) STL-file used for generating the projection image set, (C) Post-cured print.
The Thinker was chosen as the reference geometry, as it is a common benchmark geometry
within the field of TVAM due to its recognizable form and geometric complexity.
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Methodology and experimental setup

In preparation for the study, a batch of 75:25 wt% BPAGDA/PEGDA with 10.4 mM CQ/EDAB
photoinitiator added was mixed and subsequently stored in a 1000 ml laboratory glass bottle
covered with aluminum foil. After filling the glass bottle, it was intentionally left open for a
week to allow atmospheric oxygen to diffuse into the photopolymer, in accordance with the
method established by Kelly et al. [2]. However, since the surface area available for diffusion
had been small relative to the total volume of photopolymer, it was questioned whether the
oxygen concentration had in fact become uniform, or if a slight oxygen concentration gradient
going from the top to the bottom of the glass bottle could potentially have formed during this
time.

To address these questions, two experiments each employing different methods of
preparing the print vials were performed to investigate the oxygen concentration within the
batch of photopolymer as well as quantifying its effect on the consistency of the printing
process. Normally, the print vials have been filled manually by pouring the photopolymer
directly from the glass bottle, however, as this method would disturb the potential oxygen
concentration gradient, instead, an automated machine capable of filling the print vials while
keeping the glass bottle vertically was developed, as seen in Fig. 3A. The machine features a
simple X/Z gantry system that can fill six @30 mm borosilicate glass test tubes at a time using
a peristaltic pump connected to a long filling nozzle in one end, and a metal straw going to the
bottom of the glass bottle in the other end. The filling nozzle is equipped with a pneumatic tube,
which allows for flushing the print vials with pure nitrogen gas during filling. This displaces
any atmospheric oxygen that may be present, thereby helping to preserve the effect of the
oxygen concentration gradient on the consistency of the printing process, should it exist. In the
first experiment, the print vials were filled using the automated filling machine while being
flushed with pure nitrogen gas to prevent any oxygen transfer during the process. Once filled,
the print vials were immediately sealed, heated in hot water to remove air bubbles, and then
allowed to cool down to room temperature before being used for printing in random order.

In the second experiment, the print vials were also filled using the automated filling
machine, however, without being flushed with pure nitrogen gas or immediately sealed. Instead,
once filled, the print vials were oriented horizontally and rotated to coat the internal walls and
induce a large surface area, as seen in Fig. 3B, thereby promoting oxygen diffusion directly in
the print vials with the aim of ensuring that the photopolymer becomes fully saturated before
printing. After this procedure, the print vials were sealed, heated in hot water to remove air
bubbles, and then allowed to cool down to room temperature before being used for printing in
random order.

The experiments were performed on a purpose-built TVAM printing setup as seen in
Fig. 3C-D, consisting of a PRO4500 UV (405 nm) DLP-projector from Wintech Digital used
together with an AL50100-G aspheric lens from Thorlabs for collimation of the projected light,
resulting in a projected pixel size of 44 x 44 um and a 10 mm depth of field. The print vials
were rotated using a belt-driven RB-90-1-D rotary stage from Newmark Systems while being
submerged in 75:25 wt% BPAGDA/PEGDA without photoinitiator added acting as the
refractive index matched fluid. For in-situ monitoring and recording during each print, a
shadowgraph imaging system was implemented consisting of two GoldTL™ 55-348 telecentric
lenses from Edmund Optics used in combination with a Basler Ace acA2440-75uc camera and
a red (625 nm) SL162 LED from Advanced [llumination. For both experiments, The Thinker
was used as the reference part to be printed, as seen previously in Fig. 2. The corresponding
sequence of tomographic light patterns was generated using the Object-Space Model
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Optimization algorithm (OSMO) [19] in VAMToolbox [20], at a vertical resolution of 570
pixels corresponding to a projected height of 25 mm. The OSMO algorithm was chosen as it
provides a large process window as seen in Fig. 4, i.e., a large contrast between the in-part and
out-of-part dose. The large process window helps to improve the robustness of the printing
process as it allows for slight errors in dose delivery and material response while still achieving
ideal curing, meaning that if the process window is hit, any printed geometry will in theory
achieve its most optimal print quality for the given TVAM printing setup. After printing, the
parts were carefully extracted from the print vials and then post-processed accordingly.

Figure 3: Experimental setup. (A) Automated filling machine with pneumatic tube, (B) Print
vial oriented horizontally and rotated to promote oxygen diffusion, (C) Closeup while printing,
(D) TVAM printer.
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Figure 4: Dose distribution histogram of The Thinker generated using the OSMO algorithm
[19] in VAMToolbox [20]. Optimization parameters: Dp=0.8, Di=0.75, Iterations=500.

Results and discussion

For each experiment, twelve print vials were prepared using their respective methods, with the
first two being used to determine the time at which to stop the projection by performing test
prints which were stopped once the parts appeared to have fully formed. If the printed parts
turned out either under- or overcured after post-processing, the print time was then adjusted
accordingly in increments of 15 seconds, until a satisfactory print quality was achieved. The
increments could potentially have been made smaller to determine the optimal print time more
accurately. However, given the limited amount of photopolymer available for the experiments
and the large process window provided by the OSMO algorithm, it was decided that increments
of 15 seconds were adequate. For the first experiment, the optimal print time was determined
to be 2 minutes and 30 seconds and applied to ten consecutive prints, as seen in Fig. 5. In the
second experiment, the same initial print time was used as a reference. However, this resulted
in a severely undercured print, indicating a higher oxygen concentration in the photopolymer
(see Appendix A). Consequently, the print time was increased by 15 seconds to 2 minutes and
45 seconds and used for the subsequent ten prints, as seen in Fig. 6.
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Figure 6: Post-processed prints from the second experiment. Scale bars: 5 mm.

1221



Following the two experiments, the inhibition period was determined for each of the prints by
carefully analyzing the recordings, as seen in Fig. 7A-C, and noting the curing onset, i.e., the
time at which the very first sign of curing was observed. In Table 1, the curing onset for each
print can be seen along with a calculation of the associated mean, standard deviation, variance
as well as other descriptive metrics.

Figure 7: Polymerization progression during printing. (A) Timelapse of print, in increments of
approximately 3 seconds from curing onset, (B) first visible sign of curing, (C) finished print

suspended within the photopolymer in the print vial. While the polymerization progression of
only one print is shown, the head of The Thinker was the first region to begin curing in all prints.

Table 1: Curing onset time and descriptive metrics from both experiments.

Curing onset [s]

Print Experiment #1 Experiment #2 Difference
#1 93 116 23
#2 85 116 31
#3 93 116 23
#4 94 116 22
#5 106 117 11
#6 106 116 10
#7 83 115 32
#8 94 115 21
#9 105 115 10
#10 105 116 11
Mean 96.4 115.8 19.4
Std. Dev 8.67 0.63 8.47
Variance 75.16 0.4 71.82
Minimum 83 115 10
Maximum 106 117 32
Print time 150 165 15

From the results, it is seen that the inhibition period was approximately 20 seconds longer on
average and significantly more consistent in the second experiment, where oxygen diffusion
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was promoted directly in the print vials to saturate the photopolymer before printing, compared
to the first experiment, where the print vials were instead immediately sealed after being filled.
In the first experiment, the curing onset varied by a maximum of 23 seconds between the prints,
which could indicate an oxygen concentration gradient throughout the container in which the
photopolymer is stored. However, since the print vials were used in random order during both
experiments, this oxygen concentration gradient cannot be confirmed with certainty, although
the observed variation strongly suggests its presence. In hindsight, the print vials could have
been numbered and used sequentially given the working principle of the automated filling
machine, which most likely would have resulted in the inhibition period increasing gradually
during the ten consecutive prints, thereby making it easier to draw conclusions about the
presence of any potential oxygen concentration gradient. This could, nonetheless, have also
affected the quality of the prints in the first experiment, since the time at which to stop the
projection would have been determined using two print vials with a comparatively lower
oxygen concentration than the rest, potentially leading to problems with undercuring in the
subsequent prints. Regardless, as also evidenced by the high standard deviation, the inconsistent
inhibition periods between the print vials in the first experiment still indicate a severely non-
uniform oxygen concentration throughout the container in which the photopolymer is stored,
which in itself is the primary finding of interest.

In the second experiment, the inhibition period varied by a maximum of only 2 seconds,
which, supported by the lower standard deviation, indicates a significantly more uniform
oxygen concentration between the print vial, likely caused by the photopolymer becoming fully
saturated before printing due to the method of preparation. Arguably, this variation could be
within the margin of error. However, it could also result from slight errors in dose delivery due
to differences in the borosilicate glass test tubes used as print vials, which could potentially be
investigated in future studies.

When examining the surfaces, the quality appears to be similar in both experiments.
However, all prints can be seen to be affected by varying degrees of striations due to non-
uniform curing and trapped air bubbles in the refractive index matched fluid due to the high
viscosity, as also evident in the recordings. While the non-uniform curing is a more complex
problem to solve, the trapped air bubbles could be avoided by using a less viscous fluid with a
refractive index close to that of the photopolymer, such as mineral oil. However, since the
refractive indices are unlikely to match exactly, this would lead to issues with refraction in the
plane of curvature of the print vials, which would then need to be managed accordingly.

Upon analyzing the prints by eye, the geometric fidelity of the prints from the second
experiment seems to be significantly more uniform and higher than the prints from the first
experiment, especially when looking at print #2 in Fig. 5, which appears severely overcured in
comparison to print #6 in Fig. 5, despite the projection being stopped at the same time. At first
thought, this could simply be explained by the differences in curing onsets between these two
prints. However, print #10 in Fig. 5 also appears to be slightly overcured in comparison to print
#6 in Fig. 5, despite having the same curing onset and being stopped at the same time, which is
seemingly counterintuitive and contradictory. This further emphasizes the challenges
associated with inconsistent material properties and the user-induced variation that follows, as
it effectively makes the printing process unpredictable and a matter of trial and error. In the
second experiment, none of these problems manifest, ultimately cementing saturation of
photopolymers with oxygen-mediated inhibition periods before printing as a fundamental
prerequisite for ensuring consistency in the printing process, with more uniformity and a higher
geometric fidelity of the printed parts to follow.
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Conclusion

In this paper, two different methods of preparing the print vials have been employed with the
objective of investigating the oxygen concentration within a batch of photopolymer as well as
quantifying its effect on the consistency of the printing process. For each method of preparation,
two experiments consisting of ten consecutive prints were performed, followed by an analysis
of the polymerization progressions captured using in-situ monitoring.

Results show that for photopolymers with oxygen-mediated inhibition periods, a non-
uniform oxygen concentration can occur throughout the container in which the photopolymer
is stored, leading to inconsistency in the printing process if not addressed. By fully saturating
the photopolymer with oxygen directly in the print vials before printing, the inhibition period
was increased by approximately 20 seconds on average, while the maximum variation of the
curing onset was reduced from 23 seconds without oxygen saturation and 2 seconds with
oxygen saturation, indicating a significantly more uniform oxygen concentration between the
print vials. This resulted in an improved and significantly more uniform geometric fidelity of
the printed parts, while the surface quality remained largely unaffected.

In conclusion, fully saturating the photopolymer before printing ensures consistency in
the printing process, helps mitigate user-induced variation, and establishes a foundation for
future experimental campaigns where consecutively printed parts can be analyzed qualitatively
and compared on a more objective and equal basis.
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Appendix

Appendix A: Undercured initial print in Experiment #2
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