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Morphogenic Growth 3D Printing
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Inspired by nature’s morphogenesis, a new 3D printing process
–growth printing (GP)– takes advantage of a self-propagating curing front
to produce 3D polymeric parts following a growth-like development plan. The
propagation of the curing front is driven by the exothermic polymerization
of dicyclopentadiene (DCPD), which transforms the liquid resin into a stiff
polymer as it propagates at 1 mm s−1. GP is triggered when a heated initiator
contacts the uncured liquid resin in an open container. The initiator nucleates
the frontal polymerization reaction and the isotropic radial propagation of the
growth front. Simultaneously, the initiator is moved up across the free surface
of the resin, pulling the cured object out of the uncured resin. The motion
trajectory of the initiator with respect to the free resin surface controls the
growth morphology of the 3D part. An inverse design algorithm is developed
to produce 3D parts by modeling the reaction-diffusion-driven solidification
process. This process has substantial energy savings and high printing speeds.
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1. Introduction

The most widely used manufacturing
process for polymeric parts is injection
molding. Molding is cost-effective for
mass production but cannot meet the
demand for customized parts due to the
high cost of machining and maintain-
ing the metal molds and the molding
equipment. Moreover, molds and curing
ovens must be larger than the size of the
parts produced, which becomes imprac-
tical for large parts such as the hulls of
boats or the blades of wind turbines.[1]

The introduction of additive manufac-
turing (AM) of polymers has enabled
3D printed geometries suitable for cus-
tom parts. AM has potential uses in
prosthetics, medical devices, wearable de-
vices, optical components, and, more re-
cently, shape morphing parts, known as 4D

printing.[2–11] Current AM research strives to increase the print-
ing speed, size, and material quality, while maintaining a low
cost competitive with molding.[12,13] Recent 3D printing develop-
ments focus on increasing the printing speed by increasing the
curing power delivery and compensating this added power with
active cooling, which unfortunately increase the energy require-
ment and the process complexity.[14]

The growth of natural creatures follows a completely different
manufacturing paradigm from AM. While in AM each voxel is
digitally defined and deterministically deposited or photo-cured,
organisms grow according to a genomic developmental plan de-
scribing the rates of cell division. Cell division on its own cre-
ates isotropic radial growth. However, natural organisms do have
complex morphologies because cell division is modulated by
physical cues, such as mechanical forces and chemical gradients
which follow the developmental plan.[15] Natural growth is sus-
tainable, realizes complex shapes, and does not need molds or
sophisticated equipment. Natural growth requires a developmen-
tal plan which describes the growth process via information en-
coded in the genes, instead of a voxel-based description using
computer-aided design (CAD).

2. Results and Discussions

2.1. Growth Printing Enabled by Frontal Polymerization

Here, we describe growth printing (GP): a 3D printing paradigm
inspired by morphogenesis. GP is similar to tree growth,
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Figure 1. Morphogenic growth printing (GP). a) Morphogenesis of a tree trunk in its natural environment; b) Schematic of a radially-propagating poly-
merizing front which produces a self-growing solid object by consuming the surrounding monomers. The solid and dashed contour lines indicate the
polymerized solid and the advancemet of the reactive front, respectively; c) Chemical reaction describing the frontal ring-opening metathesis polymer-
ization (FROMP) of dicyclopentadiene (DCPD) into pDCPD. GC2 is Grubbs’ second-generation catalyst and P(OR)3 is a phosphite-based inhibitor used
to control FROMP reactivity; d) Experiment of thermally-triggered FROMP nucleation and growth of a solid sphere using v-shaped resistive wire coiled at
its tip; e) Schematics of GP, fused deposition modeling (FDM), and stereolithography (SLA). Labels 1 and 2 point to the liquid resin and the polymerized
solid, respectively; f) Storage modulus G′, loss modulus G″ and temperatures were obtained via a combination of rotational shear rheometry and IR
video. Schematic and IR snapshots taken during in situ FROMP on the rheometer. All scale bars are 10 mm.

whereby new circumferential layers of cells are intrinsically
added onto the trunk periphery (Figure 1a). As will be described
later, GP also emulates how external stimuli, including gravity,
wind, temperature fluctuations, and direction of exposure to sun,
modulate the tree morphology.
In GP, the curing is self-energized by the exothermic frontal

ring-opening metathesis polymerization (FROMP) reaction,
which, once initiated, self-propagates spatially from a nucleus
to instantly cure and solidify dicyclopentadiene (DCPD) liq-
uid monomers.[16–18] DCPD forms poly-DCPD (pDCPD), a ther-
mosetting polymer network via Grubbs’ second generation cata-
lyst (GC2) (Figure 1b). Tributyl phosphite (P(OR)3) is an inhibitor
that regulates and controls the rate of reaction before and after
initiation. In ambient conditions, the cured pDCPD solid would
continue to grow from a small initiation nucleus without any
external supplied energy until all monomer is consumed. The
FROMP reaction is triggered by a localized heat source to elevate
the temperature of the nucleus to about 70 °C. The growth front
self-propagates with a linear speed normal to the liquid–solid in-
terface and hence arbitrary shapes of large sizes can be formed
(Figure 1c). In Figure 1d, a resistive wire coiled into a spool of 3
mm diameter (with 5 turns within the spool) is powered with 5
W power input to trigger the FROMP reaction. Within a second,
a pDCPD sphere forms and continues to grow with a radial front

speed u0f of 1.12 mm s−1 given an initial resin temperature T0 =
20 °C. Parallel to this isotropic growth, GP uses a motion stage
to pull the growing solid through the resin-air interface that de-
fines the geometry of the produced part (Figure 1e). GP is hence
a morphogenic manufacturing – different from traditional layer-
by-layer voxel addition used in fused depositionmodeling (FDM)
or stereolithography (SLA) – because the growth continues like
an organoid culture and the geometry is formed by external gra-
dients of monomer.
GP is enabled because a liquidmonomer with viscosity around

4.9 mPa.s (Point 1) is rapidly converted to polymerized solid with
a storagemodulus of> 10MPa (Point 2) across a narrow (∼1mm)
polymerization front. To capture this rapid phase transition, we
conducted a curing reaction during oscillatory shear rheome-
try, carefully consideringmachine compliance limits.[19] FROMP
of DPCD was conducted on a parallel plate rheometer (DHR-3,
TA Instruments) using disposable, 25 mm diameter plates with
1.7 mm gap. A Peltier element heater was set to 90 °C to initiate
the FROMP reaction between the plates and an oscillation stress
amplitude of 100 Pa was applied at 10 Hz to measure the storage
and loss moduli. As shown in Figure 1f, a rapid increase in shear
storage modulus is observed at the onset of the FROMP reaction.
We observe a four orders of magnitude increase in modulus in 4
s in parallel with an increase in temperature up to 250 °Cwithin a
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Figure 2. GP concept and demonstrations. a) Schematics (top) and photographs (bottom) of GP of a cylindrical (straight) shape; b) Tip motion profile
used to produce the straight shape in a); c) Geometric control of diverging, straight, and converging shapes by increasing the tip velocity to front velocity
ratio ũ; d) Radial control of semi-spherical prints by increasing the dwell times from 3 to 8 s. All scale bars are 10 mm.

few seconds due to the highly exothermic FROMP reaction. The
solid material soon cools to around 90 °C due to diffusion of heat
to the plates. After solidification, pDCPD has a storage modu-
lus of around 2 · 108 Pa. A video of this experiment is provided
in the Supporting Information (SV2) and related descriptions of
the rheological measurements can be found in Supporting Infor-
mation.

2.2. Growth Printing of Axisymmetric Parts

In the simplest GP process to produce axisymmetric shapes, the
tip is mounted on a motion stage, heated to ∼100 °C, and po-
sitioned 1 mm above the air-resin interface. The resin is in a
glass container submerged in a larger ice water bath to control
the temperature during the exothermic reaction. Figure 2a shows
schematic and optical images of the GP manufacturing of a
long cylindrical (straight) shape. A simple tip motion profile con-
sists of the following 4 steps (Figure 2b): (1) dipping (downward
motion), (2) dwell, (3) “un-dipping” (fast upward motion), and
(4) upward motion at a prescribed velocity. The dipping step typi-
cally involves a 5 mm downward motion (−z direction) at 30 mm
s−1 and the “un-dipping step” is a 5 mm upward motion with
the same speed. The dwell time td is the holding step between
steps 1 and 3. As shown in the experimental results presented
in Figure 2c, the part geometry depends on the ratio of the tip
velocity and the front velocity ũ = uz∕u0f . If the tip moves slower
than the front (ũ < 1), the front continuously grows to a larger lat-
eral size, forming a diverging shape. If the tip moves faster than
the front (ũ > 1), the growing part converges to a point. If the

two are nearly the same (ũ ≈ 1), the front maintains its lateral ex-
tent, producing a straight shape. The shapes of the printed parts
are categorized by the cone angle 𝜃. Positive cone angle +𝜃 in
the left image of Figure 2c indicates diverging shape, nearly zero
as straight, and negative as converging shape. The dependence
of 𝜃 on ũ is presented in the Figure 2c. The effect of the dwell
time on the size of the print is shown in Figure 2d. During the
dwell time, the tip holds its position and allows the polymeriza-
tion front to propagate freely in the resin bath, forming an initial
spherical shape.

2.3. Numerical Modeling of Growth Printing: Forward and
Inverse Problems

To simulate the GP process, we numerically solve the following
coupled reaction-diffusion equations:

𝜌cp
𝜕T
𝜕t

= 𝜅AD∇2T + 𝜌Hr
𝜕𝛼

𝜕t
− h

(
T − Tamb

)||∇AD
||,

𝜕𝛼

𝜕t
= A exp

(
− E
RT

)
(1 − 𝛼)nint

(1)

where the temperature T and degree of cure 𝛼 are the variables
of interest. The first relation in Equation (1) models the heat dif-
fusion with 𝜌, cp, and 𝜅 respectively denoting the density, specific
heat, and thermal conductivity of the resin, and Hr is the heat
generated by the exothermic reaction. The last term in that rela-
tion approximates the heat loss at the DCPD-air interface, with h
denoting the heat transfer ‘film’ coefficient and Tamb the ambient
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temperature. The second relation describes the cure kinetics of
DCPD modeled in the form of an Arrhenius relation, with A, E,
and R respectively denoting the rate constant, activation energy,
and ideal gas constant.
The parameters A, E, and n from[20] reproduce front velocity

and temperature consistent with experiments.
A schematic of the axisymmetric simulation problem is shown

in Figure 3a. We adopt an axis system attached to the heated tip
while the immersed free surface progressively raised or lowered
to capture the relative motion of the tip. A description of the ini-
tial and boundary conditions and additional details on the simu-
lations can be found in Supporting Information. The additional
terms in Equation (1) correspond to the smeared Heaviside func-
tionsint,𝛼 , andAD used for tracking the air–liquid resin free
surface, the reaction front, and the air-pDCPD interface, respec-
tively, and defined by

int = 
(
zint(t) − z

)
,𝛼 =

(
𝛼 − 𝛼0

)
∕
(
1 − 𝛼0

)
,

AD = max
(
𝛼 ,int

) (2)

In Equation (2), zint(t) is the vertical location of the free resin
surface,  (𝜙) = 1∕ (1 + exp (2.5𝜙∕Δx)) is a smeared Heaviside
function with Δx denoting the minimum grid size, and 𝛼0 is
the initial degree of cure. As was the case in previous FROMP-
related studies,[21,22] the coupled reaction-diffusion equations are
implemented in the finite-element-based Multiphysics Object-
Oriented Simulation Environment (MOOSE),[23] taking advan-
tage of its robust mesh adaptivity capability needed to capture
the sharp, moving polymerization front.
In the present study, the reaction-diffusion model is used in

two ways: (i) to solve the “forward problem” and predict the shape
of themanufactured part for a givenmotion of the heated tip, and
(ii) to solve the ‘inverse problem’ and predict the motion of the
heated tip needed to achieve a target shape of the printed part.
In Figure 3b, the experimentally measured and computed

shapes of the printed parts are compared for various values
of the velocity ratio ũ. The computational models successfully
capture the main features of the printed parts with divergent,
straight, convergent, and corrugated profiles. These corrugated
parts are obtained by adopting an intermittent upward motion
of the tip, as shown in the Supporting Information video (SV3).
Figure 3c presents a direct comparison between the observed and
computed evolution of the shape of the printed part during the
FROMP-based GP.
We adapt this model to calculate the requiredmotion profile to

produce a certain shape – which we refer to as the inverse prob-
lem. In the solution of the “inverse problem,” the axisymmet-
ric target shapes are expressed by nonuniform rational B-spline
(NURBS) curves.[24] We expect the reaction front to gradually fill
the area enclosed by the target shape but not beyond it by properly
tuning zint; therefore, at each time step t = ti, the location of the
free surface zint is updated to the intersection point (ri, zint) be-
tween the reaction front (the 𝛼 = 0.5) and the target shape. After
the simulation, ti, ri, and zint are transformed to ztip and the cor-
responding G-code. Three examples of inverse problems taken
from natural products (raspberry, squash, and pine cone) are pre-
sented in Figure 3d–f. For each case, we provide the initial pho-
tograph, the NURBS curve, the predicted motion (displacement

and speed) of the heated tip, the printed part based on the G-
code, and a comparison between printed and target shapes. In the
predicted tip motion plots, the dashed horizontal red line refers
to the steady-state planar front propagation velocity (ũ = 1). The
printed shapes in Figure 3d–f are controlled by the velocity ratio
ũ. In the raspberry case, the tip begins with ũ < 1 to form the di-
verging upper region and transitions sharply to ũ > 1 at the con-
verging region near the bottom (Figure 3d). In the squash case
(Figure 3d), the velocity profile starts with ũ ≫ 1 to capture the
shape transition from a nearly spherical shape to the lower cur-
vature. The tip velocity in the case of the pine cone (Figure 3f)
is almost constant, although the steady tip velocity ũ is slightly
lower than 1 due to resin consumption and curvature-dependent
heat diffusion. It is remarkable that the predictions of the inverse
problem lead to a good match between the target and printed
parts despite the relative simplicity of the modeling which ig-
nores convection in the liquid, employs a heuristic chemical ki-
neticmodel, and relies on an approximate thermal boundary con-
dition of the initiator.

2.4. Growth Printing of Asymmetric Parts

Beyond axisymmetric parts, four distinct approaches demon-
strate the ability of GP to produce complex 3D parts: the cross sec-
tion design of the tip, multiple tips with merging fronts, complex
trajectories with angular motion of the tip, and resin viscosity
modification (Figure 4). Figure 4a shows cases with asymmetry
of the cross-section defined by the initiator shape. These shapes
are different than the cylindrical initiator used in Figure 2 and 3.
Here, the initiator breaks symmetry with a 3-fin tip (Figure 4a).
When this geometry contacts the resin, the front initially follows
the tip geometry, while the part is simultaneously pulled up out of
the resin vat. As GP proceeds, sharp corners get more rounded,
i.e., the curvature decreases, due to the radial nature of reaction-
diffusion propagation. As a result, a part which is initially tri-
angular near the initiator becomes more circular near its bot-
tom. A different approach uses two cylindrical heaters instead
of one heater, whereby the distance between the two heaters en-
ables the two distinct fronts emerging from each heater to even-
tually merge during the production of the part (Figure 4b) where
the spacing between the two tips is 15 mm. When two active
fronts merge, they recover almost fully the mechanical strength
of cured pDCPD at the interface (see Supporting Information).
Third, symmetry can be broken lengthwise by complex tip trajec-
tories which include angular motion to produce curved circular
beams (Figure 4c). The cartridge heater is attached to a motor
which rotates at constant angular velocity while the linear mo-
tions compensate for the initiator rotation such that the front re-
mains localized at the DCPD air interface. The vertical motion
is a function of the angular velocity and the natural speed of the
front which is around 1 mm s−1. The horizontal motion profile
maintains the active front location in the resin vat, but this con-
straint can be relieved if an arbitrarily large resin container is
used.
A final approach to break symmetry is to modify the rheolog-

ical properties of the resin to sustain a stretched liquid bridge
that contains and guides the solidification front (Figure 4d). A liq-
uid bridge is formed when the solidification front is lifted above
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Figure 3. Simulation of GP with specified heated tip motion (forward problem) and growth printing for four axisymmetric shapes of natural produce
using the G-codes generated by the numerical solver (inverse problem). a) Simulation schematic; b) Comparison between experimental and simulated
shapes obtained for 3 values of ũ leading to diverging, straight, and converging profiles. For the corrugated shape, the vertical motion of the heated tip
consists of a succession of dwells and upward motions. c) GP of a straight shape: comparison between experiment (solid black) and simulation (dashed
red) results at 5 different times. d) Growth printed raspberry. The control points and NURBS curve (blue) fitted as target shape. Inverse tip displacement
(black), tip speed (red solid) and ũ = 1 reference (red dashed) versus time. Comparison between target and printed shapes; e) Squash; f) Pinecone; All
scale bars are 10 mm.
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Figure 4. Symmetry breaking in GP. a) Tip shapes break axisymmetry. 2, 3, 4-fin tips and the resulting cross-section change during GP; b) Two parallel tips.
A front initiates from each tip then they merge in the middle between them during the motion; c) Curved circular beams made through tip horizontal,
vertical, and angular motion trajectories. The left and right parts were produced with different dwell time, 4.5 and 5.5 s; d) Viscosity-modified resin
enabling a front within the pulled viscous filament. Here, the polymerizing front can propagate in the resin filament out of the vat. By imposition
horizontal or helical tip motion, a kiwi bird and helical horn shapes are produced, respectively.

the far-field horizontal air–liquid resin free surface, e.g., to de-
fine the end of the part. Importantly, the DCPD resin used in all
other cases in this study except Figure 4d has low viscosity; and
hence any liquid bridge formed by lifting the tip breaks quickly.
We hypothesized that with sufficiently high extensional viscos-
ity and within a certain range of off-vertical velocity of the tip,
an inclined liquid bridge could be created that contains the so-
lidification front and guides its path to create more complex and
asymmetric patterns. We increased resin viscosity while retain-
ing successful FROMP reactivity by adding polybutadiene (PBD,
average molecular weight 200 000–300 000) at 15 wt% into the
DCPD monomer resin. We are not aware of this formulation be-
ing reported before, but PBD and pDCPD have been reported
as co-polymer constituents resulting from FROMP reaction of a
mixture of their co-monomers.[25] The zero-shear viscosity of the
resin was increased from 𝜂0 = 4.9 · 10−3 Pa·s to 𝜂0 = 28.5 Pa·s (see
Supporting Information for detailed rheological and mechanical
characterization). This rheology-modified resin successfully sus-
tains a liquid bridge using zig-zag and helical trajectories, local-
izing the front within the bridge to freeze these complex shapes
(Figure 4d). For example, a kiwi bird shape is produced by first
producing the body during the isotropic radial growth of the front
during the dwell time, followed by a zigzag upward trajectory to
form the neck, head, and beak. Similarly, a helical horn shape is
produced by helical motion of the initiator. Details of the print-

ing conditions and the fabrication processes can be found in the
Supporting Information and SV5. Several rheological properties
may be responsible[26] for successfully achieving this processing
flow. In this case, for these flow conditions, we attribute the in-
creased extensional viscosity to be associated with the low strain
rate (lowWeissenberg number) regime, and therefore associated
primarily with the increase in 𝜂0, rather than exploiting viscoelas-
tic stresses or extensional thickening due to stretching of the PBD
polymer chains (see Supporting Information).

2.5. Benchmarking Growth Printing Speed and Energy Use

The GP process presents two major advantages: high print speed
and low manufacturing energy as shown in Figure 5. On this
chart, we compare the FROMP-basedGP and direct inkwriting to
other commercially available additive manufacturing processes
in terms of volumetric print rate V̇ [mm3/hr] and specific energy
consumption (SEC) [MJ/kg]. Processes that are fast, with low to-
tal energy input, are in the upper left. Existing manufacturing
processes require continuous energy input to the printer from
start to end, for example to melt the material (FDM) or for photo
crosslinking (SLA). In contrast, GP only requires a very small
amount of energy (typically ∼ 10 J) to initially trigger the exother-
mic FROMP reaction. Therefore, larger print volumes have a
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Figure 5. Print rate and specific energy consumption (SEC) of various ad-
ditive manufacturing processes. The trends associated with GP process
measurements (star symbols and dashed lines) are discussed in the text.
GP data points (star) are measured from GP experiments. r is the radius
in mm of printing spheres or straight cylinders.

continually decreasing SEC, since the external energy input is
finite but the volume continues to grow, as shown by GP data
progressively populating to the left with larger sizes. The print-
ing rate of GP is governed by the front propagation speed, which
is approximately 1mms−1 for DCPD at room temperature.When
growth occurs along only one direction, as with a straight cylin-
drical part, the volumetric print rate is a constant proportional to
the front speed, yielding a horizontal trend line in Figure 5. How-
ever, when printing occurs in multiple directions, the volumetric
growth rate increases with the size of the part. For example, with
a spherical shape, the volumetric growth rate is proportional to
the product of the sphere surface area and front speed. Hence,
larger parts can have higher volumetric print rates, shown with
the sphere data trending higher with increasing radius. The re-
sulting power law of V̇ ∼ SEC−2∕3 for the sphere is associated
with volume-dependence for SEC and the surface area depen-
dence for V̇ with a constant propagation speed (red star symbols
and dashed red curve in Figure 5). FROMP-based direct ink write
(DIW)[27,28] has the same advantage of low curing energy con-
sumption, but its print rate is limited by its nozzle diameter, not
by the part size, and is thereforemuch lower than GP’s print rate.
An analysis of the other AM processes can be found in the Sup-
porting Information.

3. Conclusion

In summary, we have demonstrated a new morphogenic 3D
growth printing process for fast and energy-efficient manufac-
turing of polymer parts. GP relies on the self-propagating poly-
merization reaction initiated in a resin vat combined with tip
motion. This unique process has various advantages including
low energy consumption (at least 3 orders of magnitude lower
energy consumption than SLA) and fast speed (2 to 10× faster
than the fastest SLA). We describe this manufacturing as mor-
phogenic, a word which describes how geometries are defined
in natural organisms during growth. The term genesis captures
the idea that living cells divide and self-replicate. This replication
forms isotropically growing spherical organoids in the absence of
external forces or chemical gradients. The term morpho captures
the idea that the shape of growing organoids - which is usually

intrinsically isotropic- morphs by external mechanical forces and
chemical gradients. GP is hence a morphogenic manufacturing
because the growth continues naturally by the self-propagating
chemical reaction like the genesis of an organoid and the geom-
etry morphs by external gradient of the monomer. We developed
numerical solutions of the reaction-diffusion equation and a ge-
ometric algorithm that resolves and tracks the interface between
the solid, liquid, and air phases to enable the inverse design of var-
ious bio-inspired shapes. More complex geometries are demon-
strated using several approaches including multi degree of free-
dom initiator motion, initiator tip shape design, and rheologi-
cally modifying the resin. Future work includes expanding on
these geometric capabilities and expanding the current numer-
ical models to capture the asymmetric geometries and the in-
teresting hydrodynamic effects (e.g., convective and Marangoni
flows) which would be encountered in that process.[20,29]

4. Experimental Section
Resin Preparation: Dicyclopentadiene (99 pure DCPD, Ultrene) is solid

at room temperature. Solid DCPD is heated to 50°C to the liquid state and
mixed with 5-Ethylidene-2-norbornene (ENB, Sigma-Aldrich) in 95:5 wt%
ratio. This mixture is liquid at room temperature. The mixed monomers
are filtered through aluminum oxide powders (Sigma-Aldrich) to remove
inhibitors present in the raw materials received from the manufacturer.
In a typical growth-printing experiment, 60 mg of Grubb’s catalyst M204
(GC2, Sigma-Aldrich) are mixed to 3 mL phenylcyclohexane (PCH, Sigma-
Aldrich) and sonicated about 3 min. 19.1 μL tributhyl phosphite (TBP,
Sigma-Aldrich) are then added to the catalyst solution in a nitrogen glove
box, and the prepared catalyst solution is added to 93.2 g DCPD/ENB.
The final resin composition is GC2:DCPD/ENB:TBP:PCH = 1 mg: 1.553 g:
0.319 μL: 50 μL, which is identical to what used in the work of Robertson
et al. (DCPD:GC2:TBP 10000:1:1).[16]

Growth Printing Setup: Approximately 100 g of resin are poured into
a 65 × 65 × 65 mm3 cubic glass beaker. The straight side walls of the
beaker enable side-view optical photography. The resin bath is inserted
into a larger 110 × 110 × 110 mm3 beaker filled with water (15 ± 2 °C)
to regulate the temperature of the resin bath 20 ± 1 °C during the experi-
ments. A cartridge heater of 1/8 inch diameter and 2 inch length (MCH2-
80W-001, Comstat) is mounted to the motion stage (A3200, Aerotech).
With 5W of power supplied to The cartridge heater, the tip reaches approx-
imately 100 °C before being dipped into the resin bath. The motion profile
is programmed in G-code and executed to conduct the vertical motion
for growth printing. A DSLR Camera (EOS R5, Canon) is used to capture
side-view videos.

Asymmetric Growth Printing Setup: 2,3, and 4-fin tips: The copper tips
are waterjet cut to the shape from copper plate (145 copper, McMaster-
Carr) and mounted to the soldering iron. The tip is heated to 200 °C, to
ensure instant initiation of FROMP reaction but not to induce excessive
bubble generation and burning the cured resin. Dwell time ranges 5–7 s
and tip z-velocities are 1.1–1.3 mm s−1. To take bottom view images, a
cube support structure is fabricated using 20/80 aluminum T-frames. The
resin vat and cooling bath sit on an transparent acrylic plate at the top of
the bottom structure. A mirror at 45 degree angle is inserted in the bottom
structure to capture bottom view image using a camera.

Double tips: Two identical cartridge heater tips are mounted to ma-
chined ceramic block (Macor, Corning) with two holes machined to fit
heaters in spacing of 15mm. Then the block is mounted to the linear stage
and GPed with dwell of 5 s and linear z-velocity of 0.9–1.3 mm s−1.

Rotational tip: The cartridge heater is mounted on a motor (NEMA 17
motor with 51:1 planetary gear ratio, Stpperonline) using 3D-printed guide
(Form 3 using high-temp resin V2, Formlabs). The motor is controlled
using an arduino board (Arduino Mega 2560) and synchronized the ro-
tational motion to the linear stage. The linear stage motion is modified
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using custom G code to fix the active front in the resin vat, accounting for
the rotational motion (0.0245 rad s−1) of the tip. The target z-velocity ratio
is 1 to produce long straight print, which is used for straight print in the
main text.

Viscosity modified resin: 15t% of polybutadiene (PBD-cis, Sigma-
Aldrich) of average molecular weight of 200–300k is mixed to the DCPD
and stirred for one full day using a stir bar. The same amount of GC2 cata-
lyst solution is added to prepare the resin. The resin vat is then degassed
for 2–3 min to remove most of the bubbles formed during the catalyst
mixing. Rheology of the resin can be found in the Supporting Information
Section S3.4. The tip is controlled with dwell time of 2 s and dipping and
un-dipping speed is 10 mm s−1. For kiwi-bird shapes, horizonal motion
or slight inclination of 2–3 mm at 6 mm s−1 is imposed. Helix motion is
radius of 6 mm, vertical 9 mm, at 3 mm s−1 speed.

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