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Abstract

The relatively new field of Volumetric Additive Manufacturing (VAM) performs printing into

a fixed volume of resin in a single lithographic step. This has multiple advantages over multi-

step additive manufacturing methods. Notably, non-contiguous parts become possible, layering

effects are eliminated, print speeds are improved by orders of magnitude, and the lack of material

movement mid-print enables high-viscosity or even solid resins, opening the doors to a host of new

material properties. However, prior to this work, VAM suffered from multiple limitations that both

restricted its scope of application and prevented its practical use as a manufacturing technique.

Firstly, there was a lack of tomographic calculation techniques to provide sufficient optical

dose control for a variety of VAM applications. From printing 3D parts without shape error, to

controlling grayscale optical dose for e.g. printing optics or functionally graded materials, control

over dose is critical in VAM. We present a simple and effective approach to VAM image computation

that significantly improves over prior methods. We demonstrate the flexibility of the approach

by extending it to include material response models, optical models including beam shape and

occlusions for overprinting, as well as to the problem of controlling grayscale dose throughout a

print.

Secondly, VAM was limited to printing into small cylindrical sample packages. We present a

tomosynthetic VAM printing geometry that allows for printing into flat surfaces. This lends itself

to applications such as the manufacturing of flat microfluidic chips, printing into well plates, or

any other printing application requiring beam access through a surface. It further allows for the
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patterning of arbitrarily large sheets. We discuss theory and image computation for this printing

geometry, and we present experimental proof of concept prints.

Thirdly, VAM ubiquitously suffered from large striations – similar in appearance to layering,

and on the order of print feature size – impacting the homogeneity and shape-accuracy of printed

parts, and presenting a significant cosmetic defect. We present evidence that the material nonlin-

earity upon which VAM relies also drives striations via a self-writing waveguide (SWW) effect. We

demonstrate a simple and effective method of dramatically reducing striations via a latent-cure,

flood-exposure step. We additionally show this to drastically shorten the period from initial gela-

tion to 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 discuss the fundamentals of VAM optics and materials, and the constraints on both that

inform the design approach of VAM printers and resins. We present measurement methods for

material selection, and we detail the design and alignment of a particular printer.
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Figures

Figure

1.1 Tomographic VAM printing of a 3D geometry. A : Rotating cylindrical vial containing

liquid resin. The surrounding rectangular cuvette holds a refractive index matching

bath. 405 nm writing light is incident on the resin. B : Schematic of a 2D slice-region

of the printing setup. C: After about one minute, a part solidi�es due to accumulated

optical energy. It it removed from the surrounding liquid resin, then it is wash and

post-cured. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
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2.1 Illustration of the dependence of voxel size on beam width and divergence. For this

illustration, the intensity distribution across the width of the beams is ignored, and

only beam width is considered. For a more detailed analysis, see the chapter on

image computation. A : Schematic of a 3D tomographic back projection showing

the intersection of non diverging beams projected from square DMD pixels. The

intersection of these beams forms a voxel whose shape is approximately cylindrical.

As the number of projection angles approaches in�nity, the voxel shape approaches an

exact cylinder. B : Two dimensional view of a single slice-region of the reconstruction

showing the intersection of non diverging beams. The circular (in 2D) voxel that is

formed is outlined in black. C: Diverging Gaussian beams whose focus is set to the

center of the vial. Voxels formed near the center of the vial are small in diameter -

equal to the waist width of the focused beam.D : The voxels near the edge, however,

are larger and not necessary circular, as they are formed by the intersection of

defocused beams. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Number of resolvable spots at a wavelength of 405 nm that can �t across the width

of a vial when the DOF is equal to the vial diameter. Left : Since the vial is round,

when the DOF is equal to the depth through the diameter of the vial, it is also

equal the width of the vial. A DOF equal to the vial diameter yields an f#. That

f# also de�nes minimum beam spot size 2! 0. Thus, the number of resolvable spots

NSPOTS across the width of a vial is equal to DOF=(2! 0) =
p

�= 2
p

DOF=� . Right :

For 405nm light, we can plot this relationship (blue plot) to see that NSPOTS goes

as
p

DOF or, equivalently, as
p

vial diameter. The minimum spot size of a beam

follows the same trend, as is plotted in orange. . . . . . . . . . . . . . . . . . . . . . 9

2.3 A burnt �ber core caused by focusing a 1 W, 405 nm laser onto a 70� 70 �m �ber

with a polymer cladding. The laser ran for many hours without burning the �ber,

suggesting dust as a cause of failure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
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2.4 DMD micromirror layout, tilt directions, and light input and output directions. A : A

Cartesian grid of micro-mirrors. The line about which each mirror pivots is sketched

with a black dashed line. Each mirror can tilt by � 12°, where 0° would correspond

to the plane of the mirror being parallel to the grid of mirrors. An input and output

beam form a plane that is orthogonal to the mirror pivot planes. An end-on view

of this plane is shown in red. That is, beams input to the DMD lie in a 45° plane

that is orthogonal to the plane formed by the locus of micro mirrors. B : A sketch

of light incident on and exiting a DMD on state pixel. The dashed blue lines are

Cartesian axes, with one axis orthogonal to the plane of the DMD. The input and

output beams, shown in purple, lie in a 45° plane to the DMD. The angle between

an incident beam and the normal to the surface of the DMD is variable. The power

e�ciency of re
ected beam depends on this angle, � inc . C: Micro mirrors act as a

blazed grating. The path-length di�erence between beams going to di�erent mirrors

causes a relative phase delay, and thus interference. When choosing an input angle

� inc , we seek to minimize destructive interference, thus maximizing power in the 0th

di�raction order. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Simulation of DMD di�raction. A linear phase ramp is applied to the DMD by light

incident at � inc . Scanning through a range of input angles lets us see the e�ects

on di�raction e�ciency. Here, we assumed 405 nm light, and a micromirror pitch

matching our Vialux V-9001 DMD (7.6 �m ). A : A poorly chosen input angle of

� inc = 37°. B : The resultant di�raction pattern. The 0 th order contains only about

a quarter of the total power - a poor e�ciency. Instead of the majority of the

power going into a single order, most of it is split into four orders. Such an example

from the lab is shown. C: The DMD phase that results from an optimum choice

of � inc = 23:3°. D : The resultant di�raction pattern. Here, the power into a single

order is maximized, with about 80% of the power going into the 0th order. This is

also observed in the lab, as shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
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2.6 The Design of a VAM printer used in this work. The laser is a multi-mode 3 W,

405 laser from Civil Laser. The �ber is a 100� 100�m square-core �ber made by

Ceramtec Optics. Note that a 0.22 NA, 70� 70�m may also be used for larger sample

depth of focus, although that comes at the cost of reduced power. The mirrors,M 1

and M 2 are AR-coated for high re
ectively at 405 nm. L 1 is a 20� microscope

objective with an e�ective focal length of 9 mm. The focal lengths of lensesL 2 � L 4

are: 90 mm, 51mm, and 100mm, respectively. A helium-neon laser is used to monitor

print formation; its 633 nm wavelength does not a�ect the resin. Lens L 5 expands

the beam such that its width spans the vial diameter. The lensL 6 then focuses that

expanding beam into a screen. These shadowgram focal lengths are not critical, as

they are used for qualitative print monitoring. . . . . . . . . . . . . . . . . . . . . . 19

2.7 VAM printer details. A : Light path from �ber, to DMD, then towards print plane.

Note that the light angles up towards the DMD. B : Print vial with resin, immersed

in a bath of index-matched liquid. A rotation stage spins the vial within the index-

match bath. Here, the index-match liquid was resin without photoinitiator, making

it non-reactive to the 405 nm light. C: A photograph of a part just after print

completion. The part is still immersed in resin, but its increased density causes

increased refractive index which, for this resin, allows it to be seen by eye.D : A

photograph of the shadowgram screen just after print completion. The shadowgram

makes refractive index changes noticeable, which aids in determining the point in

time at which the part is complete. . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
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2.8 Simulated e�ects of misaligning the center of projections with the axis of rotation.

A : A 2D tomographic reconstruction (using FBP with 720 projection angles) of a

target geometry. B : The reconstruction that results from laterally misaligning the

axis of rotation by 0.4% the width of the projections. This corresponds to a lateral

misalignment of only 4 �m for a 1 cm print, but noticeably degrades reconstruction

sharpness.C: The reconstruction that results from laterally misaligning the axis of

rotation by 0.6% the width of the projections. Further reconstruction degradation

is apparent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Initial rough measurements of molar absorptivity for four photoinitiators that were

eventually discounted from our search for an initiator with � � 1 at the candidate

laser wavelengths of 405 nm and 473 nm.A : Irgacure 1173 was not absorptive

enough. Note that the isosbestic point - where initial and bleached absorptivities

are equal - is near the 473 nm laser line.B : Irgacure 819 was appropriately sensitive

only near 450 nm - not a candidate wavelength. No bleached data was collected for

this sample. Note that the 
at region of the plot between about 330 and 440 nm

is saturated data. C: Irgacure 379 was too sensitive at 405 nm, and not sensitive

enough at 473 nm.D : Irgacure 184 was too low in sensitivity at visible wavelengths. 31
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3.2 Molar absorptivity data for Irgacure 907 collected with assistance from Darren

Liu. A : Molar absorptivity computed from di�erent concentration ranges of I907

in ethanol. The solid and dashed lines show data for unbleached and photobleached

initiator, respectively. B : The data from (A) was narrowed to exclude wavelengths

where measurements were saturated or very noisy, then the data was averaged to

plot molar absorptivity of both photobleached and unbleached I907. The molar ab-

sorptivity of the radical photoinitiator, TEMPO, is also plotted in red (data from

[1]). C and D : raw data showing absorbance and I907 concentration for two optical

wavelengths. For these, the line �t was constrained to pass through the origin. Both

data sets were from the "High Concentrations" set of dilutions. All points should

ideally perfectly �t a line. Especially for longer wavelengths, spectrometer noise sig-

ni�cantly degrades the data accuracy. However, we found the �nal level of accuracy

of this data (B) to be su�cient for an initial photoinitiator selection. . . . . . . . . 32

3.3 Microscope images of I907 in PEGDA250 placed between glass slides, then gelled

into 2D shapes with a 405 nm laser. Top : 575-625 nm emissions via a 561 nm

stimulation source. Local stimulation intensity was approximately proportional to

the 405 nm writing dose. Bottom : The same microscope, a Nikon AR1, was used

in di�erential interference contrast mode to examine the refractive index change in

the gelled structures. Thanks to Joseph Dragavon for his assistance with collecting

this data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.1 Overview of tomographic VAM concept. A : Computed images, optically projected

into a vial of photosensitive resin. B : Cross-section of accumulated optical dose dis-

tribution (normalized units of dose). C: Perfectly-gelled cross section of a \thinker";

resin gels where the optical dose is above a threshold, forming a 3D printed part that

is removed from remaining liquid resin. Image from [2]. . . . . . . . . . . . . . . . . 41
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4.2 Illustration of FBP and how circular projection geometries non-uniformly sample the

frequency-space of an object.A : A 2D object comprised of four squares of constant

value, with forward projection illustrated. B : Di�erent projection angle sample

di�erent data from the object. C: Simply back-projecting the projection data yields

a poor reconstruction of the original object. D : A spatial Fourier transform of the

object in (A). Via the Projection Slice Theorem, each projection image from (B) is

equal to the inverse Fourier transform of a line passing through the origin of (D),

perpendicular to the projection direction. E: The Fourier-space linear ramp �lter

that must be applied to the data in (B) to correct for non-uniform sampling. F:

The object in (A) is correctly reconstructed after �ltering. This �ltering and back-

projecting is the FBP algorithm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3 Dose reconstruction via forward projecting a binary model of a target geometry, then

back projecting the resultant set of images. The reconstruction is blurred due to sup-

pressed high spatial frequencies inherent to forward then back projecting. Instead of

optimizing image intensities in projection-space to improve the reconstructed dose,

we will instead optimize the model to improve dose. This �rst reconstruction serves

as an initial step in the model-optimization algorithm shown in the next �gure.

Note that since all projection values are non-negative in this case (as no �ltering nor

thresholding was applied), they can be represented by intensities with no modi�ca-

tion. Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
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4.4 Object space model optimization (OSMO) algorithm for binary-gelation VAM print-

ing. A: One model-update iteration of the OSMO loop. Each model in the loop

produces a dose-reconstruction by the process shown in (B) forward projection, clip-

ping any resultant negative values to zero, then back-projecting and normalizing to

form a dose-reconstruction. Negative values must be clipped to convert projections

to physically realizable intensities. Note that, unlike all subsequent models, the ini-

tial model (Fig. 4.3) has no negative values in its projections, and thus does not

require a clipping step. A, Left Column: A given i th model (in this case, the initial

model is pictured) produces a reconstruction.A, Step 1: Unwanted extra dose in

the out-of-part regions of the reconstruction are computed and subtracted from the

i th model to form an intermediate model. Only the extra dose that lies above a lower

threshold, D l , is included. A, Middle Column: The intermediate model is then

used to compute a dose-reconstruction.A, Step 2: The prior step of subtracting

out-of-part values from the model, inadvertently reduces some desired dose in the

in-part regions. This missing in-part dose is calculated by comparing the in-part

reconstruction voxels to an upper threshold,Dh . These values are then added to the

intermediate model to form a (i +1) st model, completing one model-update iteration.

B: The model produced by m iterations, the dose reconstruction it produces, and

the resultant perfectly gelled part. Computationally, the gel threshold is modeled

by setting all voxels above a gelation-dose to unity, and setting all voxels below that

dose to zero. Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
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4.5 Reconstruction Quality Metrics. A : A target geometry to be printed. B : An opti-

mized dose-reconstruction, shown in normalized units of dose. The parameter values

were D l = 0.6 and Dh = 0.8. C: Voxel Error Rate (VER) converging to zero.

D : The distribution of doses in the reconstruction for the in-part and out-of-part

regions. Since the histograms do not overlap, VER is 0, and thus the gel threshold

is above all out-of-part voxels, and below all in-part voxels. Therefore, this dose-

distribution will print a part that theoretically exactly matches the target geometry.

The Process Window is the distance between histograms, and represents room for

error with optics or materials, without a change in the �nal gelled shape. As long as

dose is applied such that the gel threshold lies within the process window, the part

will gel in the correct shape. The In-Part Dose Range (IPDR) is the range of

doses, as a fraction of maximum dose, that in-part voxels receive. Image from [2]. . 53

4.6 Trade-o� between process window size, and IPDR.A, Top : Binary VAM reconstruc-

tion with D l = 0 :51, andDh = 0 :59. A, Bottom : Histograms of in-part and out-of-

part dose. B, Top : Binary VAM reconstruction with D l = 0 :95, andDh = 0 :98. B,

Bottom : Histograms of in-part and out-of-part dose. Reconstruction-A has a pro-

cess window over 3 times larger than that of Reconstruction-B, but an IPDR that is

over 10 times larger. Note that choosing parameter values that try to simultaneously

accomplish a small IPDR and a large process window (e.g.D l = 0 :7, and Dh = 0 :98)

does not work { trying to achieve such a reconstruction results in histogram overlap,

and a non-zero VER. Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . 55
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4.7 Frequency-�ltering a target to generate an improved initial model. This reduces the

number of algorithm iterations necessary to converge to good solution, compared

to simply using the target as the initial model. For this target, with D l = 0 :85

and Dh = 0 :9, required iterations were reduced by 25%.A : A target geometry. B :

An initial reconstruction that results from using the target geometry as the initial

model, a process illustrated in Fig. 4.4.C: The target geometry with a 2D frequency

ramp �lter applied. D : The initial reconstruction that results from using the �ltered

target as a model. Both initial models converge to qualitatively identical �nal dose

reconstructions, with identical quality-metric values. Image from [2]. . . . . . . . . 57

4.8 Examples of OSMO convergence from di�erent initial guesses: the original target

geometry, the �ltered target as described above, an array of ones, and an array

of random numbers between zero and one.A and B : Convergence for the mesh

structure shown in Fig. 4.7A with 720 projection angles. For the plot shown in (A),

D l was 0.85 andDh was 0.9. For (B), D l was 0.65 andDh was 0.75. This is an

unusual case in which �ltering slows convergence toV ER = 0. C: A di�erent target

geometry, yielding the convergence shown inD with D l = 0 :65 and Dh = 0 :75. . . . 58
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4.9 Convergence comparison example with the previously-published CAL2019 method.

A : Binary target geometry. B : VER convergence for the �rst 30 iterations of the

OSMO and CAL2019 methods. Note that the initial VER value for OSMO is slightly

smaller than for CAL2019, due to di�erent initial guesses: 2D model �ltering ver-

sus clipped FBP, respectively. While CAL2019 plateaus to a small VER near zero

( 10� 5), further iterations of OSMO drive the reconstruction beyond a VER of zero,

to a positive process window size. The CAL2019 reconstruction had an IPDR of 0.12

and a process window size of -0.23%.C and D : OSMO dose reconstruction and

histogram. The OSMO parameter values wereD l = 0 :83, and Dh = 0 :9, V ER = 0,

and the process window size was 5.9% of the maximum dose with an IPDR of 0.11.E

and F : CAL2019 dose reconstruction and histogram. The histogram overlap yields

a non-zero VER value with no positive process window size. SinceV ER > 0, a print

would have voxels with gelation error. While these voxels would be few, the lack of

a process window would result in further error in a physical implementation, due to

imperfect precision in optics and materials. Image from [2]. . . . . . . . . . . . . . . 59

4.10 Modeled e�ects of total dose errors upon gelation for OSMO and CAL2019. Recon-

structions shown in Fig. 4.9. A : Modeled gelation when the OSMO reconstruction

(shown in Fig. 4.9C) is overexposed by 2.95%. Since this error falls within the re-

construction process window, no gelation errors occur, and the �nal simulated part

matched the target geometry. B : CAL2019 gelation upon the same 2.95% overex-

posure. C: The extra gelation that occurs in (C) due to this error. D : Modeled

gelation when the OSMO reconstruction (shown in Fig. 4.9C) is underexposed by

2.95%. Since this error falls within the reconstruction process window, no gelation

errors occur. E: CAL2019 gelation upon the same 2.95% underexposure.F: the

missing gelation in (E) that occurred due to underexposing the CAL2019 recon-

struction by 2.95%. Inset shows the missing gelation size relative to small print

features. Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
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4.11 Modeled e�ects of total gelation errors due to projector non-uniformity, with peak

intensity at the center of the projections. Apodization functions were applied to the

image sets computed in Fig. 4.9. before back projecting them to form reconstruc-

tions. A : Gaussian apodization (0.84 at edges, and unity at center) applied to each

projector image computed in Fig. 4.9. B : Resultant gelation for CAL2019 - the

unwanted and missing gelation voxels are detailed inC. For (B/C), VER was 0.16,

and the threshold that minimized the number of gelation voxel errors was 0.87.D :

Resultant gelation for OSMO with the apodization in (A) applied to all projections.

E: Extra and missing gelation from (D). Here, VER was 1.8E-5, and the threshold

that minimized the number of gelation voxel errors was 0.89. Image from [2]. . . . . 62

4.12 Modeled e�ects of total gelation errors due to projector non-uniformity, with peak

intensity o�set from the center of the projections. Apodization functions were ap-

plied to the image sets computed in Fig. 4.9. before back projecting them to form

reconstructions. A : An apodization function, with a maximum value of 1 o�set by

20% the total width of the function, with a value of 0.95 at the left edge, and a value

of 0.83 at the right edge. B : Resultant gelation of applying (A) to the CAL2019

image set. C: The resultant extra and missing gelation voxels in (B). Here, VER

was 0.15, and the threshold that minimized the number of gelation voxel errors was

0.87. D : Resultant gelation from applying (A) to the OSMO image set computed in

Fig. 4.9. E: The resultant extra and missing gelation voxels in (D). Here, VER was

7.8E-5, and the threshold that minimized the number of gelation voxel errors was

0.89. Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
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4.13 Global dose histograms from di�erent slice-scalings for reconstruction of a Thinker

geometry. A : Scaling the independent 2D slices to have the same maximum recon-

struction dose results in a process window of 2.8%.B : Scaling the slices to the

minimum in-part dose increases the process window size to 3.3%. This is due to the

increased process-window overlap caused by scaling the slices to have the high end

of each process window equal in dose, thus increasing the global process window. . 65

4.14 Method of plotting reconstruction dose details to better visualize slice-scaling choices.

For each slice (vertical axis), a red dot indicates the maximum out-of-part dose. The

length of the blue line is the IPDR. The left end of the a given line is the minimum

in-part dose for that slice, and the right end is the maximum dose. . . . . . . . . . 66

4.15 Per-slice reconstruction details from re-scaling slices of a Thinker geometry using

the three criteria presented in this section. For each slice: the red dot is the largest

out-of-part dose, the left end of the horizontal blue line is the smallest in-part dose,

the right end of the blue line is the largest dose, and the green line represents the

gelation threshold that is at the midpoint between the rightmost red dot and the

leftmost line-end. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.16 Re-binning pixels across multiple rotations enables simultaneous part formation.A :

Binary target geometry. B : When a constant image set (gray squares) is projected

across 10 rotations, the object starts forming (surpassing the gel threshold) after 9

rotations. When the intensity of pixels is re-binned such that the majority of the dose

is delivered at the end of the build (orange circles), the object does not form until

the �nal rotation. C: Rate of gelation for a constant image set versus the image-set

with value redistributed as per Eqn. 4.6. C, Top Row : Dose reconstruction after

the 8th , 9th and 10th rotation for redistributed image set. C, Bottom Row : Dose

reconstruction after the 8th , 9th and 10th rotation for the constant image set. Image

from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
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4.17 Experimental demonstration of redistributing light intensities. A : model 3D part. B :

Calculated proportion of gelled voxels after each rotation when the intensity is either

constant for each rotation (gray squares) or redistributed across 30 rotations such

that the majority of the dose is delivered at the end of the build (orange circles).C:

Snapshots from videos of parts forming without (constant) and with redistributing

the light intensities at the time points denoted in (B) by pink stars. At t1 no object

is visible in either the constant nor the redistributed light intensities. At t2 the edges

of the cube are visible for the constant case, but no part is visible in the redistributed

case. At t3 the full part is visible in both cases. D : Extracted parts for the constant

(left) and redistributed (right) light intensities. Scale bar: 2 mm. Experimental parts

were printed using a custom VAM printer equipped with a 405 nm LED light engine

(CEL5500, Digital Light Innovations), with a maximum intensity of 55 mW=cm2 il-

luminating a resin vial �xtured to a rotation mount (HDR50, ThorLabs). [3] Bisphe-

nol A glycerolate diacrylate (BPAGDA), poly(ethylene glycol) diacrylate (Mn 250)

(PEGDA), and - Methyl-4'-(methylthio)-2-morpholinopropiophenone and Irgacure

907 photoinitiator were purchased from Sigma Aldrich and used without further pu-

ri�cation. The photosensitive resin mixture is a 75:25 wt% mixture of BPAGDA and

PEGDA, respectively, with 40 mM of Irgacure 907. [4]. Image from [2]. . . . . . . . 72
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4.18 Dose reconstruction frommth OSMO model, applied to inhibited resin. This process

is used during model optimization, and to compute a �nal image set.A : mth model.

B : One of N (e.g. 360) forward projections.C: Image set is clipped not at zero, but

at gmin < 0. D : Image set is shifted by +jgmin j, yielding non-negative intensities. E:

Image set is back projected, forming a dose reconstruction.F: The dose is applied to

an inhibited resin. The ratio of � gmin to 1 is the same as the ratio of the inhibition

period to the conversion period of the resin. In terms of conversion, when all units

are normalized, this has the e�ect of subtracting a factor of jgmin j from the resultant

conversion distribution. For mathematical convenience when optimizing a model,

adding jgmin j from step (C) to (D), and subtracting jgmin j at the �nal step, can be

omitted. By the linearity of the Radon Transform, the addition and subtraction of

jgmin j cancel each other out (under normalization), yielding the same �nal conversion

distribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.19 The e�ects of including material inhibition when computing VAM image-sets. A :

A target geometry. C: A conversion pro�le computed under the assumption of no

material inhibition. C: The voxel distribution from the reconstruction shown in

(B). A 4% process window size allows for some material and optical imperfections,

without a�ecting the �nal shape of the gelled part. D : A conversion pro�le computed

assuming a 10% inhibition period. E: The voxel distribution from the reconstruction

shown in (D). The process window size is four times larger than what was achieved

in (B)/(C) without inhibition, resulting in a reconstruction with four times more

tolerance to material and optical errors. A high-contrast reconstruction such as this

would be desirable for applications with large optical or material uncertainties, or

for applications where the initial-gelled part must be driven to higher degrees of

polymeric conversion before removal from remaining resin, and post-cure. Image

from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
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4.20 A : Gaussian point spread function (PSF).B : Back projection with Gaussian-pixel-

PSF projector. C: Optimized reconstruction with D l = 0 :5, Dh = 0 :6, and 150

iterations. Optical parameters: wavelength = 405 nm, numerical aperture = 0.1,

digital micromirror device pixel pitch = 10.8 �m , and magni�cation = 0.36. (D)

Thresholded reconstruction, threshold = 0.545. Here, VER was 0.074, IPDR was

0.512, and process window size was -15.5%. Image from [2]. . . . . . . . . . . . . . 77

4.21 Details for the Gaussian beam reconstruction shown in Fig. 4.20.Top : Algorithm

Convergence, measured in VER.Bottom : Histograms of dose for Gaussian beam

reconstruction. Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.22 A : Target and occluding geometries. C: Back projection with custom projector;

occluded regions are shown as black regions adjacent to the occluding geometries.

C, D : Optimized raw and thresholded reconstructions with D l = 0 :35, Dh = 0 :60,

threshold = 0.515, and 120 iterations. Image from [2]. . . . . . . . . . . . . . . . . . 79

4.23 Details for the occlusions reconstruction shown in Fig. 4.20.Top : Algorithm Con-

vergence, measured in VER.Bottom : Histograms of dose for the occlusions recon-

struction. Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.24 A : Dense target and occluding geometries.B and C : Optimized raw and thresh-

olded reconstructions with D l = 0 :73, Dh = 0 :74, threshold = 0.687. D : Algorithm

convergence and histograms of dose in B. Here, VER was 0.0756, IPDR was 0.4341,

and Process Window was -38.3%. Image from [2]. . . . . . . . . . . . . . . . . . . . 81
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4.25 A : A 2D dose reconstruction yielding a VER of zero, made by a set of projections

over only a 130° range, with D l = 0 :78 and Dh = 0 :79. B : A gelation threshold

applied to the dose shown in (A) yields a perfectly gelled slice of a thinker geometry.

C: A tomosynthetic printing geometry, with projection direction vertically angled by

40° from the standard printing geometry. D : A slice of a 3D thinker-geometry dose-

reconstruction with VER near zero (1.7E-4), made with the tomosynthesis writing

geometry shown in (C), with D l = 0 :74 and Dh = 0 :75. The process window size

was -0.70%, and the IPDR was 0.26. Note that (D) shows a 2D slice of a 3D

reconstruction, not a 2D reconstruction. In this case, 360 angles, all at a 50° to the

axis of rotation, were used. Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . 82

4.26 Algorithm Convergence and Histograms of Dose for reconstructions shown in Fig.

4.25. A and B Dose histograms and algorithm convergence for tomosynthetic recon-

struction shown in Fig. 4.25D. Here, the algorithm converged to a VER of 1.7E-4.

C and D Dose histograms and algorithm convergence for limited angular range re-

construction shown in Fig. 4.25A. Here, the algorithm converged to a VER of zero.

Image from [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.27 VAM print using OSMO algorithm, yielding a PW of 5%. The resin was 3:1 BPA-

GDA:PEDGA250 with 80 mM of I907. The print time was 48 s with a maximum

optical intensity of 233 mW=cm2. A : SEM image of the print taken by Archish

Muralidharan. B-C : Photographs of the part. D-F : Corresponding views of the

target STL �le. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.28 VAM print using OSMO algorithm, yielding a PW of 4.8%. The resin was 3:1 BPA-

GDA:PEDGA250 with 80 mM of I907. The print time was 72 s with a maximum

optical intensity of 233 mW=cm2. A-B : Photographs of the part. C-D : SEM image

of the print taken by Archish Muralidharan (scale bar: 5 mm). E-H : Corresponding

views of the target STL �le. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85



xxviii

4.29 VAM prints using OSMO algorithm. The box was printed into a 3:1 BPA-GDA:PEDGA250

resin with 80 mM of I907. The print time was 37 s with a maximum optical intensity

of 426mW=cm2. The octet strut was printed into a 3:1 BPA-GDA:PEDGA250 resin

with 20 mM of I907. The print time was 184 s with a maximum optical intensity of

647mW=cm2.A-B : SEM images of the prints taken by Archish Muralidharan (scale

bars: 5 mm). C-D : Corresponding views of the target STL �le. . . . . . . . . . . . 86

4.30 Prints of a hollow box made up of mesh walls.A : Projected side view of the target.

B-C : Print immersed in resin and after a 10 min ethanol wash, respectively - severe

swelling and distortion occurred. D : A dose reconstruction pro�le of the top of

the box. E-F : The same box target printed as in index structure into a 2-stage

holographic photopolymer [5] prepared by Gabe Seymour. The printed boxes had 8

mm side lengths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.31 Grayscale tomographic reconstructions by non-negative projection sets.A : A target

dose to reconstruct and its histogram.B : A model, M, formed by frequency-�ltering

the target. C: The reconstruction and histogram yielded from the model. D-F :

Reconstructions and their histograms yielded by adding a constant to the model. The

more the model is shifted, the higher the dose values that reconstruct the object in the

necessarily reduced-contrast reconstructions. There is a trade-o� between uniformity

and contrast. E.g. the average spread of each dose-region in the reconstruction in

(F) is smaller than those in (C-E). However, the reconstructions shown in (C-E)

exhibit a larger dose contrast than the reconstruction shown in (F). Image from [2]. 89
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4.32 Example of reconstructing a gradient index (GRIN) lens pro�le via the object space

method presented in this section. A : A target GRIN pro�le of the form sech(gr),

whereg is a constant andr a radial coordinate. B : The reconstruction resulting from

object-space method described in this section, with no constant shift added.C: The

di�erence between the target and the reconstruction. D : Cross sections through the

centers of the target and the reconstruction. E: The central portion of (D). Even

though the approximation is poor at the outer radius of the reconstruction, it is

much better in the central 50% of the print. The central region could be used to

print a good approximation to a GRIN lens. . . . . . . . . . . . . . . . . . . . . . . 90
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4.33 Example of a reconstruction made via FBP, expect with the image set shifted to be

non-negative. A : The reconstruction formed by a �ltered image set that was shifted

to have a minimum value of zero. In arbitrary units, the background dose is 18, and

the in-part dose is 19.25 (7% higher than the background).B : A conversion pro�le

that would be produced if the dose in (A) were applied to a resin with a su�ciently

large inhibition period, followed by a linear conversion vs dose response. Such a

conversion curve is sketched in (D).C: Sketch of a resin response without a radical

inhibitor added. Oxygen adds a very small inhibition period, so applying the dose

in (A) results in a very small conversion contrast. That is, if the intensity pro�le in

(A) is applied such that the oxygen in the out-of-part regions is exactly depleted,

the total dose applied will be small since the oxygen inhibition period is small. Since

the value 7% larger than this small dose is small, the in-part regions are driven only

a small way up the conversion curve. This is shown with the blue arrows. The black

arrows show an alternative use for the dose.D : An inhibition period equal to a dose

of 18 results in a conversion pro�le (B) with a background of approximately zero,

and an in-part conversion corresponding to a dose of 1.25. Since the in-part dose is

7% greater than the background dose, further increasing the inhibition period would

allow for higher in-part conversion while keeping the background conversion at zero.

More inhibition would allow for an further increased in-part conversion. The blue

arrows show an example conversion range, likely most applicable as endpoints to

grayscale reconstruction's dynamic range. The black arrows shown an example with

a slightly shorter exposure time. This might be used for a binary print in which we

want to ensure no out-of-part gelation. . . . . . . . . . . . . . . . . . . . . . . . . . 94
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4.34 Example showing how discretely sampled FBP reconstructions vary with angular

sampling density. This is relevant to VAM since spatial resolution is �nite (projected

beams are not in�nitely small), as is angular resolution. In the continuous limit, a

reconstruction would have two voxel values: zero and one (after normalization).

Instead, we see broad distributions of voxel values for both in-part and out-of-part

voxels. A, B, C : FBP reconstructions of a binary target, along with dose histograms

using 0.5, 1, and 1.3 images per azimuthal degree, respectively. Further increasing

angular resolution did little to improve the result. This is likely because spatial

resolution - and not angular resolution - is the limiting factor to reconstruction

quality. Unfortunately, while is is conceptually easy to increase angular resolution

in VAM, spatial resolution is fundamentally optically limited. Any such deviations

from theory could have some e�ect on value ranges of a shifted FBP image set. . . 96

4.35 Example of the very low dose contrast that results from using shifted FBP on a

particular target geometry: a resolution target. A : Image set histogram from FBP,

producing B , a dose reconstruction. C: Histogram of the shifted FBP image set;

note that non-negative value range. D : Shifted FBP dose reconstruction from (C),

with dose histograms shown inE. Note the very low dose contrast. F : Sketch of

a hypothetical inhibited resin. If we wanted an in-part conversion that would be

produced by a dose value of 1 without the presence of inhibition, we would need the

inhibition period to span 225 units of dose. That is, since the fractional di�erence

between the in and out-of-part doses (E) is about 225:1, then so must be the ratio

of the dose to clear inhibition and the dose to a�ect conversion. . . . . . . . . . . . 97
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4.36 Simulated reconstruction showing the impact of nonreciprocity, assuming a simple

model for e�ective dose: t � I 0:86. A-B : OSMO dose reconstruction with a process

window of 1.6%. Suppose we assume that the resin responds linearly to an e�ective

dose of t � I 0:86, where t is time and I is optical intensity. Applying this scaling

exponent to the project images, then back projecting, results in a reconstruction

of e�ective dose, which will be proportional to resin response. Applying this to

the image set that generated (A-B), we getC-D , the simulated e�ect of material

nonreciprocity. A negative process window occurs, along with a large VER. . . . . . 102

4.37 OSMO extrapolation strategy. A : Illustration of the value of a single voxel in an

OSMO model. A single iteration is performed by an OSMO step. Extrapolating

model values can speed OSMO convergence. However, we have not yet found an ex-

trapolation speed that, for all targets, always speeds convergence while never slowing

it. B : An initial OSMO model. C: A �nal OSMO model. . . . . . . . . . . . . . . . 106

4.38 Increased projection direction concepts for VAM.A : The addition of projections

parallel to the axis of rotation would signi�cantly increase options for dose delivery.

B : Tilting the axis of resin rotation during printing would allow access to a full range

of tomosynthesis angles in a single print. This would likely require index matching,

although compensation for image distortion is possible. This approach could also be

applied to 
at samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.1 Potential applications of tomosynthetic printing geometry. A : 2D pattern stitching

scheme. Note that if the glass slides are part of the �nal package, we should be

careful to only include resin voxels in the optimization process. That is, we do not

care what dose is delivered to glass, air, etc., so we should take care to not over-

constrain the optimization problem by including surrounding out-of-part voxels that

physically will lie outside of the resin. B : Example of printing into a well plate -

something that conventional VAM would be unable to do. . . . . . . . . . . . . . . 110
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5.2 Tomosynthesis PSF computed via the Projection Slice Theorem.Left Column :

2D slices of frequency space �lled by sweeping a plane through the origin about all

azimuthal angles. The plane angles are perpendicular to the real space projection

directions, where� = 0 � is standard tomography. Middle Column : The PSF of the

projection geometry, computed by taking the Fourier transform of the �lled Fourier

space. Right Column : Enlarged view of the PSFs. (A) is not far from standard

tomography at 10°, so we see the PSF (C) similar in shape to a cylindrical voxel. At

a very steep tomosynthesis angle (G) of 80°, the PSF (I) is elongated vertically; we

lose resolution in the vertical direction. . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.3 Example of a tomosynthetic OSMO reconstruction with a positive (0.5%) process

window. D l was 0.86,Dh was 0.9, just over 1k iterations were used, and the tomosyn-

thesis angle was 20°. A : Slice of the target geometry (shown in F), made through

the center of the shape and normal to the axis of rotation. B : The same slice, but

though the 3D dose reconstruction. Note that the gaps between the pillars are high

in dose - this drives the PW to be small. C & D : Slices through the center of the

part along di�erent coordinate axes. In both, the axis of rotation lies vertically along

the center of the reconstruction slice. The tomosynthesis angle can be seen in the

streaks of dose.D : Dose reconstruction histogram.F: The target geometry. . . . . 114

5.4 Example of a tomosynthetic OSMO reconstruction with a VER of 0.2%.D l was 0.87,

Dh was 0.9, 5k iterations were run, and the tomosynthesis angle was 35°. A : An

octet-strut target geometry. B : Reconstruction dose histograms.V ER > 0 implies

histogram overlap. C-E : Slices through the 3D dose Reconstruction, parallel to the

axis of rotation. (C) is a central slice. F-H : Slices perpendicular to the axis of

rotation. (F) is a central slice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
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5.5 Example of a tomosynthetic OSMO reconstruction with PW of 3%. D l was 0.87,

Dh was 0.9, 2k iterations were run, and the tomosynthesis angle was 35°. A : A knot

geometry. B : Reconstruction dose histograms. C-E : Slices through the 3D dose

Reconstruction, perpendicular to the axis of rotation. (C) is a central slice. F-G :

Slices parallel to the axis of rotation. (F) is a central slice. . . . . . . . . . . . . . . 116

5.6 A tomosynthetic OSMO reconstruction with PW of 2.1%. D l was 0.85, Dh was

0.9, 1.5k iterations were run, and the tomosynthesis angle was 25°. A & B : A

dental aligner target geometry. C: Reconstruction dose histograms.D : Central slice

through the 3D dose Reconstruction, parallel to the axis of rotation. (E) Central

slice perpendicular to the rotation axis. F: Central slice, normal to the prior slices. 117

5.7 Experimental setup used to print with the 25°tomosynthesis image set discuss in

the previous �gure. A : Side view. The rotation axis was tilted by 25°, achieving

the desired tomosynthesis angle with the writing light. B : View of vial with resin

(3:1 BPA-GDA:PEGDA250, 20 mM I907) immersed in index-match 
uid (the same

monomer blend, but without photoinitiator). C: Image of the printed part immedi-

ately after print completion. The maximum print intensity was 230 mW=cm2, the

print time was 109 s, and the part was about 1 cm long. . . . . . . . . . . . . . . . 118

5.8 Photos of the part printed in Fig. 5.7 for a qualitative comparison to the target geom-

etry. The perspectives are di�erent (camera-part distance, and simulated distance to

the STL �le), making any but the most crude qualitative comparison di�cult. How-

ever, the shape looks generally correct, we believe this to be the �rst experimental

demonstration of tomosynthetic printing, and it proves that the method is, indeed,

possible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
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5.9 A few conceptual approaches to coupling light into 
at samples. A : Immersing the


at sample in an index-match bath. B : Refracting light directly into the sample.

Avoiding a back-re
ection at the exiting air-glass interface is important for avoiding

stray light in the sample. An optical absorber, such as black polydimethylsiloxane,

laminated to the back surface, prevents this. C: A prism with index-match oil

between the prism and the sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.10 Experimental attempt at coupling light into a 
at sample surface with a prism and

and index-match oil. A : Side view. The sample holder was a glass slide glued to

a tube. In terms of the coupling interface, this is equivalent to a sandwich-style

sample. B : View through the prism of the sample. Where oil does not �ll the gap

between sample and prism, a re
ection is seen instead. The glass slide was not

perfectly normal to the tube's central axis, causing the introduction of air into the

oil �lm during sample rotation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.11 Illustration of tomosynthesis optics challenge, ignoring the problem of coupling light

into a sample that we discussed in the previous section.A : To print the same sized

part as with a standard tomography setup, tomosynthetic VAM requires an extended

DOF. This requirement becomes even more noticeable at low tomosynthesis angles.

Unfortunately, it is these lower angles that we would prefer to use, as they result in

improved resolution (see Fig. 5.2).B : One approach could be to tilt the DMD. This

will result in a tilted image whose degree of tilt goes as the imaging magni�cation.

This, however, creates imaging aberrations.C: A di�ractive optical element (DOE),

such as a blazed transmission grating, could be used to angle the writing light, while

keeping the plane of focus parallel to the DOE. This is a particularly attractive

solution as it decoupling DOF from the length and width of the sample. . . . . . . 122
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6.1 A{B : A conventional VAM print process. C: Resultant dental aligner print ex-

hibiting typical striations. As detailed in Section 6.1, initial local gelation causes

focusing, leading to a self-written-waveguide (SWW) e�ect, manifesting as striations

(scale bars: 3 mm).D{E : The 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: The

latent image is developed across the gelation threshold via di�use, uniform LED illu-

mination, driving only the desired region to gelation. F: The resultant print exhibits

dramatically reduced striations, with a smooth surface and improved refractive index

homogeneity. Image from [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.2 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 �m striation pitch was measured both near the tip of cone,

where the focused beam size was measured to be 11�m , and near the base of the

cone, where the beam size was 23�m . A single projector pixel was measured to have

a focused size of 6 and 18�m at the center and at the edge of the print, respectively.

B : A slab print { the same as in Fig. 6.4A, B, F, G { exhibiting irregular striations.

Scale bars: 1 mm. Shadowgram images of the cone print formation are shown in

Fig. 6.3. See Section 6.2.3 for further print details. Image from [6]. . . . . . . . . . 129

6.3 Shadowgram showing the development of the cone print from Fig. 6.2. The formation

of striations is visible upon the initial gelation. Image from [6]. . . . . . . . . . . . . 130
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6.4 Striation mitigation by the latent cure method proposed in this paper. A{D: Shad-

owgrams and E: SEM scan of conventional VAM prints of a slab, mesh, and tilted

mesh showing striations on the order of feature size upon completion. F{J: The

same geometries printed using the latent cure method. Striations are largely elimi-

nated, both in surface roughness (J), and in refractive index uniformity shown via

shadowgrams of prints still immersed in resin (F{J). A{B and F{G illustrate the

improved shape �delity yielded by the method. Scale bars: 1 mm for A{J, with

500 �m for zooms. The shadowgrams were captured with the basic collimated LED

shadowgraph setup described in [5]. Image from [6]. . . . . . . . . . . . . . . . . . . 132

6.5 In-part and out-of-part dose histograms, in normalized units, of VAM reconstruc-

tions. The top image shows a process window [2] of 9.1%. Adding a latent 
ood

exposure to the entire volume shrinks that to 8.2%, slightly reducing the error tol-

erance of the printing process (e.g. timing, illumination uniformity, etc.). When a

VAM print is stopped just prior to the gelation of any voxels, the in-part histograms

highest values are just under the gelation threshold. Thus, to push these in-part

voxels to gelation, a dose equal to the width of the in-part histogram (the In Part

Dose Range [2]), must be added. Adding this value of dose to all voxels, both in

and out of part, reduces the contrast of the reconstruction. However, as long as the

histograms are separated by a positive value, the gelation threshold can be chosen

to lie between them, thus gelling all in-part voxels without inadvertently gelling any

out-of-part voxels. The latent VAM technique would likely work well in combina-

tion with the image-set re-binning technique described in Section 4.1.7. A re-binned

image set would require a shorter 
ood exposure period, and the images in the �nal

rotation would better match a uniform exposure than would a standard image set.

Both these factors would minimize the extent to which the process window size was

reduced. Image from [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
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6.6 Sketch of a resin response requiring a large process window to avoid gelation errors.

Consider a resin that requires a degree of conversion beyond gelation in order to

survive post processing. The additional dose required to attain this conversion re-

quires a process window of at least that dose in order to avoid unwanted out-of-part

gelation. Image from [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.7 A : Sketch of latent-cure illumination setup. An LED with di�user is aimed at the

corner of the VAM index match bath; it is also aimed upwards so that it is not

directly primarily orthogonally to the rotation axis. B : Image of a VAM print in

progress. As soon as the �rst hint of gelation appeared on a shadowgram, the writing

illumination was turned o�. C: Image of the same print during the latent-cure phase.

Similar setups have been used on other VAM printers to good e�ect. The particulars

of the 
ood-exposure setup seem to not be important; so far they have all worked. . 136

6.8 Latent cure as a method of speeding the GP in a low power VAM print. A{D :

Conventional VAM process, su�ering from low print power and low viscosity resin.

The partially-gelled regions sink before the part is complete.D : Severely distorted

�nal part. E{H : VAM print with latent cure used to quickly develop the entire print

through its GP before signi�cant sinking occurs. Even though the patterning process

and viscosity were unchanged from A{D, the rapid gelation via latent cure results

in, H: a signi�cantly improved print. 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

was di�cult to control, so the latent-cure power was reduced so that gelation could

be easily observed, and the latent exposure stopped before unwanted gelation. Image

from [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

A.1 Sample OSMO code implemented in Matlab . . . . . . . . . . . . . . . . . . . . . . 150



Chapter 1

Introduction

Multi-step additive manufacturing (AM) is being pursued for many diverse applications [7]

like: printing optics [8, 9, 10], micro
uidics [11, 12, 13], composites requiring overprinting [14, 15],

regenerative medicine [16, 17, 18, 19, 20], etc. However, multi-step processes have some inherent

challenges. From extrusion-based techniques to stereolithographic [21] printing, they struggle with

three main challenges:1. Structures must be connected and supported,2. new printing-material

must be transported to the part during the print, and 3. printed parts su�er from layering e�ects

[22]. Challenge #1 has been addressed by a variety of approaches [23], but these present additional

steps that slow down printing, and the �nal part-options are ultimately still limited. Challenge #2

not only limits print speed, but limits the resins that can be used for printing; e.g. printing cannot

be done into solids, and the mechanical properties of parts are ultimately limited by the viscosity of

the printing-resins [24, 25]. Challenge #3 is tolerable for some applications, but for others (e.g.

printing optics, printing parts that must be uniform or otherwise patterned in modulus), it can

cause inhomogeneities in material properties (e.g. refractive index, modulus, chemical functionality,

etc.) that limit its applications, and it is a problem that the �eld of multi-step AM is still working

to solve.

The relatively new �eld of Volumetric Additive Manufacturing (VAM) performs printing in a

single lithographic step [26, 27, 28, 4, 5]. While some approaches rely on two-color chemistry to print

layer-by-layer in a �xed volume of resin [29], the most general VAM method to print into a single-

photon absorbing photosensitive material does so tomographically. In tomographic VAM printing
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