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Significance

Here, we report a technology to 
grow a polymer structure, which 
can adapt its growing direction in 
response to environmental 
stimuli. Inspired by tip-growing 
cells like pollen tube and fungal 
hyphae, our artificial system 
grows from tips as polymer 
precipitates but requires much 
weaker pressure than the natural 
counterparts. We demonstrate 
various applications, including 
printing 3D structures in a 
confined space, autonomously 
bypassing mechanical obstacles, 
and transporting liquids 
underwater in a shielded 
manner. In addition to suggesting 
a material system for novel soft 
robots that can autonomously 
interact with the surrounding 
environments, our bioinspired 
growing system serves as a tool 
to enhance physical 
understanding of nature’s 
tip-growing cells.
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Soft systems that respond to external stimuli, such as heat, magnetic field, and light, find 
applications in a range of fields including soft robotics, energy harvesting, and biomed-
icine. However, most of the existing systems exhibit nondirectional, nastic movement 
as they can neither grow nor sense the direction of stimuli. In this regard, artificial 
systems are outperformed by organisms capable of directional growth in response to 
the sense of stimuli or tropic growth. Inspired by tropic growth schemes of plant cells 
and fungal hyphae, here we report an artificial multistimuli-responsive tropic tip-grow-
ing system based on nonsolvent-induced phase separation of polymer solution, where 
polymer precipitates as its solvent dissolves into surrounding nonsolvent. We provide 
a theoretical framework to predict the size and velocity of growing precipitates and 
demonstrate its capability of sensing the directions of gravity, mechanical contact, and 
light and adjusting its growing direction in response. Exploiting the embedded physi-
cal intelligence of sensing and responding to external stimuli, our soft material system 
achieves multiple tasks including printing 3D structures in a confined space, bypassing 
mechanical obstacles, and shielded transport of liquids within water.

tip growth | polymer precipitation | biomimetics | physical intelligence

Implementing the adaptability of living organisms in an artificial system is a topic of 
significant interest in soft robotics, (1–4) energy harvesting, (5) and biomedicine (2, 
4, 6). A range of materials that expand, shrink, stiffen, or soften in response to envi-
ronmental stimuli like heat, magnetic field, electric field, light, and humidity have 
been developed to perform programmed tasks (1–5). However, mostly responding in 
a nondirectional manner as they lack the ability to sense the direction of the stimulus, 
artificial stimulus-responsive systems are still frequently outperformed by living organ-
isms, which conduct diverse challenging tasks while sensing the directions of various 
stimuli imposed from the environments. For example, while navigating their envi-
ronments through growth as shown in Fig. 1A, some plants can sense the direction 
of gravity and grow along or against the direction, a behavior termed gravitropism 
(Fig. 1B) (7). Many plants sense and respond to the direction of light or exhibit 
phototropism, by either growing toward or away from the light (Fig. 1C) (8). Similarly, 
some plants can sense and respond to the mechanical contact (Fig. 1D), exhibiting 
thigmotropism (9, 10). Tropic growth, the directional growth in response to the 
directional stimuli, allows the plants and fungi to adapt to the surrounding environ-
ments. Developing artificial systems equipped with this trait will allow us to build 
innovative robots that can actively adapt their shapes and movements to the environ-
ments for medical, industrial, military, and environmental applications. In addition, 
building and scrutinizing artificial tropic growth systems can enhance our under-
standings of nature’s tropic growth, in turn.

We first consider the fundamental physical mechanism underpinning the tropic tip 
growth of plants and fungi. Plant cells or fungal hyphae grow through expansion, which 
is driven by the internal turgor pressure while resisted by cell wall strength (11). Although 
turgor pressure has no preferential direction as a scalar quantity, some cells can grow in 
an anisotropic manner. For example, as shown in Fig. 1A, pollen tubes can guide the 
growth to occur only at its tip by locally reducing the cell wall strength at the tip (12, 13). 
Such tip growth is adopted in various cells from different kingdoms including protonemata 
and root hairs of plants and hyphae of fungi. Adopting the identical growth scheme, those 
tip-growing cells exhibit a similar shape of a long cylindrical body topped with a semi-sphe-
roidal tip. Tip growth offers multiple advantages including rapid and precise direction 
adjustment in response to external signals and energy efficiency (14). It is widely perceived 
that the following three conditions are necessary for tip growth to occur: i) cell wall strength 
gradient in the meridional direction with the lowest strength at the apex, ii) sufficiently 
large turgor pressure to expand the cell wall, and iii) tip-targeted cytoplasmic streaming D
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which provides expanding cell wall with building blocks and pre-
vents thinning of the cell wall (13).

Inspired by this tip-growing strategy of nature, here, we devel-
oped a system that can mimic tip growth by simultaneously sat-
isfying the aforementioned three conditions using 
nonsolvent-induced phase separation (NIPS) of a cellulose acetate 
(CA)–acetone solution. Because the CA precipitate grows in an 
analogous manner to the tip-growing cells, it possesses pollen 
tube-like morphology—a long cylinder topped with prolate sem-
ispheroidal tip as shown in Fig. 1E (Movie S1). Moreover, similar 
to the plant cells, the growing CA precipitate adjusts its direction 
in response to the applied external stimuli, i.e., gravity, light, and 
mechanical contact, thereby exhibiting gravitropism, phototro-
pism, and thigmotropism. Tropic characteristics allow us to steer 
the growing precipitate using various stimuli as depicted in the 
first three panels of Fig. 1F. In addition to the growing direction, 
the size of the precipitate can also be precisely controlled by var-
ying the internal pressure as illustrated in the fourth panel of 
Fig. 1F. Finally, as shown in the rightmost panel of Fig. 1F, the 
growing precipitate can be used as a conduit for shielded under-
water transport of liquids.

Results

Conditions for Tip Growth. Tip-growing of CA precipitate is 
achieved by extruding the CA–acetone solution inside a bath of 
water as shown in Fig. 1E, the experiment carried out in a setup 
illustrated in Fig. 2A. The extruded polymer solution rises to form 
an opaque cylinder with a transparent, prolate semispheroidal tip via 
NIPS. As shown in Fig. 2A, when the transparent solution contacts 
water, the solution rapidly transforms to a transparent gel at the 
interface as significant amount of solvent, acetone, immediately 
diffuses out into the water (15). Through continuous deprival 
of acetone and invasion of water, the inner solution near the gel 
layer eventually turns into an opaque solid of CA when the CA 

concentration crosses binodal curve giving rise to phase separation 
(SI Appendix, Supplementary Discussion S1) (16). Therefore, 
always transparent tip indicates that fresh solution is continuously 
replenished at the growing tip to lower the CA concentration.

Because acetone and water are gradually exchanged at the solu-
tion–water interface, gel’s viscosity at the tip, which provides the 
wall strength, increases monotonically along the meridional direc-
tion (17, 18) and establishes wall strength gradient. The high 
internal pressure coming from extrusion expands the semisphe-
roidal tip but the expansion is ceased at the equator as the viscosity 
increases. This is verified by visualizing the internal flow through 
particle tracking velocimetry, in which fluorescent particles seeded 
in the solution are tracked during growth (Movie S1). As shown 
in the top right picture of Fig. 2A, similar to the tip-growing cells 
that exhibit orthogonal growth at the tip (19), the fresh solution 
within the tip flows orthogonal to the tip interface, consistent 
with the trajectory predicted by a mathematical model  
(SI Appendix, Supplementary Discussion S2).

The outer phase-separated layer at the stalk guides the internal 
flow toward the continually advancing tip. This is also confirmed 
by internal flow visualization in Fig. 2A, which clearly shows that 
the fresh solution flows toward the tip with negligible radial veloc-
ity in the cylindrical stalk. The scanning electron microscopy 
(SEM) image in the bottom right of Fig. 2A shows the cross sec-
tion of the resulting hollow cylinder of CA. Therefore, the afore-
mentioned three conditions required for tip growth (13) can be 
met by extruding various polymer solutions undergoing NIPS in 
a nonsolvent (SI Appendix, Supplementary Discussion S3).

The tip growth is only achieved within limited ranges of CA 
concentration and extruded flow rate as shown in the regime map 
of Fig. 2B, where the red dots denote the tip-growing condition. 
Otherwise, the extruded solution grows from the nozzle (base) with 
its tip solidifying first (Left Inset), in contrast to the tip-growing 
solution (Right Inset). This is because the tip growth of polymer 
solution is only possible when the wall strength at the tip, a function 
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Fig. 1. Tip-growing polymer precipitate and its tropic characteristics. (A) A pollen tube of lily, Lilium longiflorum, germinated from a pollen grain. A long cylindrical 
cell grows out of the pollen with the growth limitedly occurring at the tip. Growing direction of the pollen tube is denoted by a black arrow. (Scale bar, 50 μm.) (B) 
Gravitropism of Aeonium arboreum leaves. The leaves grow in the direction against the gravity. (C) Phototropism of Glycine max sprouts. The sprouts grow toward 
the light. (D) Mimosa pudica leaves before applying touch stimulus (Left) and after applying the stimulus (Right). The leaves fold when touched. (E) Tip-growing of 
CA precipitate in water. As the solution is continuously fed, the opaque cylinder elongates while the growing tip remains transparent. t = 0 corresponds to the 
initiation of solution extrusion. (Scale bar, 3 mm.) (F) Tropic characteristics and functions of our system. Similar to the plant cells, the growing precipitate can sense 
gravity, light, and physical contact and change growing direction in response. This allows the precipitate to bypass obstacles and grow toward a target (lead of a 
LED). The size of the precipitate can be precisely controlled, and therefore, it can pass a small gap. The grown precipitate can be used as a fluid conduit to transport 
fluid in a shielded manner, and by transporting conductive fluid, the precipitate can be used as a growing wire that completes an electronic circuit underwater.D
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of CA concentration, balances the internal pressure, determined by 
the flow rate. If the wall is too strong, or the solution turns into 
solid too rapidly due to high solution concentration (20), the inter-
nal pressure cannot deform the wall and therefore basal growth 
rather than tip growth arises. If the wall is too weak to withstand 
the internal pressure owing to the high flow rate, the tip bursts as 
in over-pressurized tip-growing plant cells (SI Appendix, 
Supplementary Discussion S4) (21). The burst pressure, or maxi-
mum flow rate for tip growth, increases with increasing solute con-
centration because solution’s viscosity increases with solute 
concentration. Growth is not observed when extruding solutions 
with low concentrations, below 15 wt%, where no solid structures 
can be formed (22). Previous studies on extrusion of CA–acetone 
solution in water using similar experimental setups failed to achieve 
tip growth because they usually extruded the solution very fast, 
thereby causing solidification to initially occur at the tip (23, 24).

Growth Dynamics. The growing precipitate’s diameter is controlled 
by the extruded flow rate while being independent of the extruding 
nozzle size (SI Appendix, Supplementary Discussion S5), which 
allows us to grow structures whose size vary significantly in a 
single setup. This is in contrast with typical fluid jets whose size 
is determined by the nozzle—only the jet velocity varies when 
the flow rate is altered. This is because as mentioned above, tip 
growth from the solution is achieved by the balance between the 
wall strength at the tip and internal pressure. With increasing 
flow rate, the internal pressure increases, which in turn promotes 
expansion of outer gel layer at the tip, resulting in increased radius. 
For solutions that contain CA with different average molecular 

weights as a solute, we varied extrusion flow rates to obtain the 
relationship between the radius of growing precipitate, R, and the 
growth rate of cylinder length, U , R ∼ U 2 as shown in Fig. 2C. 
We found that change in the molecular weight of the solute exerts 
an insignificant effect on the size of the growing CA precipitate. 
When two CA precipitates growing from different nozzles come 
close to each other at their tips, they merge and then regrow from 
a single tip (SI Appendix, Supplementary Discussion S6) similar 
to the fusion observed in fungal hyphae (25, 26). The size of the 
merged tip is also determined by the sum of the two flow rates.

We now rationalize the above empirical relation between R and 
U . As the pressure governs growth, we first measured the pumping 
gauge pressure, P, in the syringe pump for different flow rates, to 
find R ∼

√

P (SI Appendix, Supplementary Discussion S7). As 
the tip growth of CA shares the similar physical mechanism to 
that of tip-growing cells in nature, we apply the corresponding 
biomechanical theory to the tip growth of CA solution (27, 28). 
Because the tip expands orthogonal to its own interface  
(SI Appendix, Supplementary Discussion S2), the geometry of the 
tip represented by the ratio between two principal curvatures can 
be expressed using a single flow coupling variable, �(s), such that 
� s(s)∕��(s) = 1 − 2�(s), where s is the meridional position, � s(s) 
is principal curvature in meridional direction, and ��(s) is curva-
ture in circumferential direction (27). While the radius of the 
precipitate increases with the flow rate, the tip is always a prolate 
semispheroid with the major axis being 1.3 times longer than the 
minor axis (SI Appendix, Supplementary Discussion S8). This is 
because flow coupling variable �(s), analogous to Poisson’s ratio 
in elasticity, is determined by the polymer solution (27).
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Fig. 2. Tip-growing condition and growth dynamics. (A) Schematic illustration of the experimental setup (Left), solvent–nonsolvent exchange in the tip during 
growth (Middle), internal flow visualization using fluorescent particles (Top Right), and SEM image of the growing precipitate (Bottom Right). Red arrow in the left 
schematic denotes the meridional direction. The cylinder in the SEM image was obtained by first replacing the internal fresh solution with liquid metal during 
growth and then rinsing the liquid metal away after the cylinder is solidified. (Scale bars, 300 μm.) (B) Regime map of tip-growing (Right Inset image) and basal-
growing (Left Inset image) conditions of extruded CA solution. Red and black dots denote tip-growing conditions and basal-growing conditions, respectively. 
(Scale bars, 3 mm.) (C) Experimentally measured radius of the tip-growing precipitate, R versus growth rate, U. Black line stands for y = 45x

2. Inset: log–log plot 
of R versus U. Line with a slope of 2 is shown together with the data points in the Inset. (D) Lengthening rate �−1 of various tip-growing cells in nature versus the 
pressure that drives the growth. Data and references are provided in SI Appendix, Table S1. Each data point is the average of three measurements, and error 
bars correspond to the SD (C and D). Error bar is smaller than the size of the symbols in D.
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As every tip of the growing precipitate assumes a similar shape, 
they must have identical nondimensional strain rate on the iden-
tical position when we nondimensionalize the tip geometry using 
the radius R. To calculate the strain rate, we consider the consti-
tutive equation of �̇ = �∕�, where �̇ is the strain rate, � is the 
stress, and μ is the gel viscosity. Although typical plant cell walls 
behave like Bingham plastic, (29) we use the constitutive equation 
for viscous cell walls (28) because the yield stress of our growing 
solution is less than 4 kPa, an insignificant value compared to the 
extrusion pressure (SI Appendix, Supplementary Discussion S7). 
From axial force balance, meridional strain rate at the tip �̇s is 
written as (27, 28),

where � is the wall thickness that increases proportional to the 
square root of water contact time because acetone–water exchange 
is diffusion-driven (SI Appendix, Supplementary Discussion S9) 
(30).

Here, μ depends on water contact time t because μ increases as 
acetone–water exchange proceeds. We consider time-varying vis-
cosity μ ∼ t�, as in thermosetting polymers, where � is a fitting 
parameter (31, 32). As every tip has a similar shape, the distance 
the solution travels from the apex of the tip before being deposited 
at the equator, is proportional to the tip radius R. Therefore, given 
the self-similar nature of the tip growth, the time required for the 
fresh solution at the apex of the tip to reach the equator is propor-
tional to the characteristic time � = R∕U, and the nondimensional 
strain rate is given by �̇s�. Substituting P ∼ R2, μ ∼ ��, �� ∼ 1∕R, 
and � ∼ �0.5 into �̇s�, we obtain the relation between the cylinder 
radius R and the growth rate U  that the growing precipitate must 
satisfy to fulfill the identical nondimensional strain rate condition, 
R(�−3.5) ∼ U (�−0.5). For � = 6.5, we get R ∼ U 2, which matches 
our experimental observation, noting that � ranges typically from 
4 to 8 (32). We also provide a theoretical model to predict the 
length of the transparent region at the tip of the growing precipitate 
(SI Appendix, Supplementary Discussion S10).

To compare our tip-growing precipitate with tip-growing cells, 
we consider the lengthening rate defined by �−1 = U ∕R, and 
pressure P driving the growth in a given system (33). As shown 
in Fig. 2D, cells adopt large turgor pressure, at least a few hundred 
kPa, to grow (34, 35). In contrast, tip growth of precipitate is 
achieved with far smaller pressure since the outer skin-layer is soft 
gel with the yield stress �y ∼ 1 kPa, two orders of magnitude lower 
than plant cell walls with �y ∼ 100 kPa (36). Tip-growing CA 
precipitate exhibits higher lengthening rate than plant cells even 
with far smaller pressure, achieving energy efficient growth.

Control of Size and Growth Direction. Size control of the growing 
precipitate via flow rate modulation is even possible during the 
growth and is perfectly reversible with no hysteresis. As shown 
in Fig. 3A, when the flow rate is altered during extrusion, the 
precipitate’s soft tip changes in size as the internal pressure varies 
(Movie S1). However, the size of the opaque cylinder, which 
has already undergone phase separation, is not affected. These 
growing characteristics allow us to build a multistepped cylinder 
with precisely controlled diameters. Using a dumbbell-shaped rod 
made by controlling the flow rate during extrusion, we conducted 
a tensile test to characterize the mechanical property of the tip-
grown object (SI Appendix, Supplementary Discussion S11).

Because the internal pressure drives the tip growth, the weakest 
part of the tip that expands the most determines the growing 
direction. Therefore, tip-growing cells subtly regulates the cell wall 

strength at the tip to change its growing direction (37, 38). 
Similarly, tropism is observed in the tip-growing precipitate when 
an applied external stimulus shifts the weakest position, and sens-
ing ability is structurally embedded. Without any artificial inter-
vention, as CA–acetone solution is lighter than the surrounding 
water, the fresh solution at the tip tends to flow against gravity, 
implying that the apex of the tip is weakest. This corresponds to 
the negative gravitropism, and Fig. 3B shows that the tip keeps 
growing in the direction of buoyancy even after the nozzle extrud-
ing CA solution is rotated (Movie S2). Defining the growth angle 
� as the angle between the growth direction and the horizontal 
line, � remains as 90° even when the nozzle is rotated (� = 0◦ to 
90◦). When the density of the solution is higher than the sur-
rounding water, the precipitate grows in the direction of gravity, 
exhibiting positive gravitropism (SI Appendix, Supplementary 
Discussion S12).

Besides gravity, we can actively steer the growing precipitate 
using light by adding photoinitiator, camphorquinone (CQ), 
coinitiator, ethyl-4-(dimethylamino)benzonate (EDMAB), and 
cross-linker of poly(ethylene glycol) diacrylate (PEGDA), to the 
solution. These additives cause polymerization of the monomer 
when irradiated by light with 450 nm wavelength (39). When 
the tip is subjected to a local photostimulus of laser sheet, gen-
erated by splitting laser beam with plano-concave cylindrical lens 
(LK1336RM, Thorlabs), wall strength is locally modulated as 
the light-shed part stiffens. With the growth ceased at the stiff-
ened part, the tip changes direction by growing from the shaded 
region. As shown in Fig. 3C, when the precipitate originally 
growing against gravitational direction encounters a tilted laser 
sheet, it grows along the laser sheet (� = 65◦), exhibiting photot-
ropism. When the laser is turned off, the growing precipitate 
recovers the original negative gravitotropism (� = 90◦) at t = 260 
s (Movie S2).

The growing precipitate can passively interact with the sur-
rounding environments through mechanical contact without 
being damaged thanks to soft gel covering the tip. When the 
growing tip contacts a hydrophilic porous mechanical obstacle  
(SI Appendix, Supplementary Discussion S13), although the 
growth is ceased at the contact spot, neighboring region can still 
grow leading the precipitate to change direction. Fig. 3D shows 
precipitate encountering mechanical obstacle, a tilted hydrophilic 
foam, grows along the foam (� = 30◦) (Movie S2).

Thigmotropism enables the precipitate to autonomously sense 
and bypass obstacles. As shown in Fig. 4A, when the tip-growing 
precipitate enters a forest of pillars of hydrophilic foam, the pre-
cipitate smoothly makes its way through the obstacles, a result of 
combination of thigmotropism and gravitropism (Movie S3). 
However, when a basal-growing polymeric solution, 30 wt% CA–
acetone solution, encounters an identical pillar array, it buckles 
and coils after initial contact rather than bypassing the obstacles 
as shown in Fig. 4B.

Thigmotropism also enables the growing precipitate to solve 
mazes autonomously. Fig. 4C shows the precipitate solving a maze 
comprising dead ends and an exit after corners. Although the 
precipitate entering the maze at t = 0 may first enter a dead end 
at t = 8 min, it can sense the dead end, change direction, return 
to the crossroad (t = 14 min), and eventually solve the maze (t = 
20 min). This ability is owing to the precipitate’s tendency to seek 
a path of minimal resistance to its growth. Similarly, when the tip 
of a growing precipitate encounters the edge of an obstacle, it can 
split into two branches. However, growth is soon ceased at the 
smaller branch and only the larger one keeps growing since the 
internal solution tends to flow toward the larger branch where it 
will experience less resistance.

�̇s =
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We finally demonstrate the possible applications of our grow-
ing polymeric precipitation system. First, exploiting its capability 
to sense the direction of external force, the precipitate can print 
a 3D structure inside a confined space. Conventional extru-
sion-based 3D printing techniques, such as fused deposition 
modeling (40) or direct ink writing (41), require adequate space 
for the printing nozzle to freely move. On the contrary, we can 
make the precipitate to grow into a specific shape from a fixed 
nozzle, by rotating the system. For example, Fig. 4D shows a 
spiral of CA printed inside a vial, which is built by rotating the 
axially tilted vial during extrusion, utilizing the negative gravit-
ropism of the growing precipitate. We can control the diameter 
of the spiral by changing the angular velocity, such that for solu-
tion extruded with flow rate of 8 mL/h, large angular velocity 
(0.93 rpm) results in small diameter (6 mm) and small angular 
velocity (0.54 rpm) results in large diameter (10 mm) as illus-
trated in Fig. 4D.

Typical tip-growing plant cells act as a channel, through 
which materials are transported, e.g., pollen tubes transport 
sperm cells from the pollen to the ovule, and root hairs 
uptake nutrition and water from the soil. Inspired by these 
biological functions, we suggest our growing precipitate tube 
as a material transporting channel. The significantly low per-
meability of the precipitate wall is discussed in SI 

Appendix, Supplementary Discussion S14. Just by replacing 
the fresh CA–acetone solution with another fluid, the tube 
can serve as the fluid conduit. As shown in Fig. 4E, when the 
internal fluid is switched to liquid metal (eutectic Ga-In 
alloy), the CA tube guides a growing conductive wire that can 
complete an electric circuit from a battery to an LED (light 
emitting diode) bulb (Movie S3). To do so, the precipitate 
first grows from the nozzle toward the lead (t = 80 s). Once 
the precipitate touches the lead, liquid metal, instead of CA–
acetone solution, is fed through the nozzle. Since the precip-
itate is nonconductive, the LED bulb is not lit when only 
the precipitate contacts the lead (t = 270 s). However, when 
the transported liquid metal touches the lead, the bulb is lit 
(t = 300 s). In this manner, materials heavier than its sur-
rounding media can be transported against gravity while 
electrically insulated by the polymeric sheath.

The solidified wall of CA is capable of transporting water-mis-
cible liquid in water (Movie S3). In Fig. 4F, the growing precip-
itate is guided using a laser sheet toward a target (t = 4 min), an 
open end of a glass tube situated just below the free surface of 
water in the bath. By modulating the flow rate, the diameter of 
the tube was reduced from 3.8 mm in the beginning to 2.0 mm 
before entering the glass tube and then increased again to 5.0 mm 
to enable tight fitting with the glass tube (t = 15 min). Then, 
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Fig. 3. Size control and tropism in the tip-growing precipitate. (A) In situ size modulation of a growing cylinder. The thick and thin parts are made by extruding 
the solution with flow rates of 8 and 2 mL/h, respectively. The black line in the graph denotes the radius of the growing tip, R, and the yellow line denotes flow 
rate. (B) Gravitropism of growing CA precipitate. Although a nozzle from which the solution is extruded is rotated 90° at 100 s (� = 90

◦), the tip keeps growing in 
the direction of buoyancy (� = 90

◦). The black line in the graph denotes growing angle, and yellow line denotes the rotated angle of the nozzle. (C) Phototropism 
of the growing CA precipitate. By partially shedding light on the tip using a laser sheet, the growing precipitate can be remotely guided. Polymerization occurring 
at the light-shed part of the tip locally increases the viscosity (μ

1
> μ

2
), and ceases the growth. Original growing direction is denoted by white dotted line and laser 

sheet is denoted by yellow arrows. The yellow line in the graph denotes on-off status of the laser, the red line denotes the time when the growing precipitate first 
encounters the laser sheet, and the black line denotes growing angle. (D) Thigmotropism of growing CA precipitate. When the precipitate contacts an inclined 
hydrophilic foam, it changes direction to grow along the obstacle. Red dye was added to the solution to enhance contrast. The yellow line in the graph denotes 
the contact status, and black line denotes growing angle. White arrows in the pictures denote reorientation of growth direction in response to the external 
stimuli (B, C, and D). (Scale bars, 5 mm (A–D).)

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 S
E

O
U

L
 N

A
T

IO
N

A
L

 U
N

IV
 o

n 
Ja

nu
ar

y 
3,

 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
14

7.
46

.2
45

.8
5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2211416120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211416120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211416120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211416120#supplementary-materials


6 of 8   https://doi.org/10.1073/pnas.2211416120� pnas.org

water-miscible acetone–ethanol mixture (colored with red dye) is 
extruded into the CA tube and finally collected at a container 
above the water bath (t = 37 min).

Conclusions

We have reported tropic tip growth of polymeric precipitate from 
CA–acetone solution extruded in water, which is able to sense 
multiple stimuli and change its growing direction accordingly. 
Sharing identical underlying physical mechanism in growth, the 
shape of growing polymeric precipitate resembled that of 
tip-growing cells in nature while the artificial system grew in a 
highly energy efficient manner compared to the cells. With the 
position of weakest part at the tip determining the growing 
direction, the precipitating system exhibited negative gravit-
ropism and thigmotropism. By adding photosensitive additives 
to the solution, we imposed negative phototropism on the 

growing solution. These tropic characteristics enabled the grow-
ing polymer precipitate to perform various tasks including print-
ing 3D structures in a confined space, sensing and bypassing 
mechanical obstacles or mazes, and transporting another liquid 
through water.

Stimuli-responsive systems that can grow in a tropic manner 
can pave a pathway to artificially realizing various biological func-
tions observed in plants and fungi. In addition, because the system 
is based on a polymer solution, various materials can be mixed or 
dissolved to enhance the responsivity or functionality of the sys-
tem. For instance, phase separation front can be remotely guided 
using magnetic field by adding ferromagnetic particles to the 
solution.

Unlike rigid robots that require both sensors and actuators to 
interact with their surrounding environments, our system is capa-
ble of perceiving environmental changes without sensory parts 
thanks to its pressure-driven growth mechanism that structurally 
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Fig. 4. Autonomous exploration and applications of the tip-growing precipitate. (A) Tip-growing polymeric solution bypassing a pillar array of hydrophilic 
foam. Negative gravitropism and negative thigmotropism of the tip-growing precipitate enables the precipitate to make its way through the pillar array without 
external intervention. (Scale bar, 10 mm.) (B) Basal-growing solution (30 wt% CA–acetone solution) encountering a pillar array. Unlike tip-growing solution, 
basal-growing solution is blocked by the pillars. (Scale bar, 10 mm.) (C) Tip-growing precipitate autonomously solving a maze through growth. Trajectory of the 
growing solution is denoted by gray lines. The schematic of experimental setup is shown next to the images, where the maze patterned foam is covered with a 
thin hydrophilic foam. (Scale bar, 10 mm.) (D) A spiral built inside a vial exploiting negative gravitropism. The schematic of the experiment is shown next to the 
image, where the size of the blue arrows denotes the magnitude of the angular velocity. (Scale bar, 5 mm.) (E) Growing precipitate used as a conduit of liquid 
metal to connect a battery (outside the picture) and a submerged lead of the LED. The LED bulb is lit only when the transported liquid metal contacts the lead at 
t = 300 s. The schematic right to each picture illustrates the connection status, and the overall circuit diagrams are shown below the pictures. (Scale bar, 5 mm.) 
(F) Shaped growth of the precipitate for transport of water-miscible liquids in water. The water-miscible acetone–ethanol mixture is collected at the container 
above the water bath at t = 37 min.
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embeds the sensing ability. Soft mechanical systems capable of 
versatile adaption to the surrounding environments as demon-
strated in this work will enrich soft robotic technologies armored 
with physical intelligence (42).

Materials and Methods

Materials. CA–acetone solution was prepared by dissolving CA (Sigma-Aldrich) 
in acetone. The concentration of CA in the solution varied from 10 wt% to 35 wt%, 
and the polymeric solution was extruded using a syringe pump (LSP04-1A, Longer 
Precision Pump). When visualizing the internal flow, 0.5 wt% fluorescent particles 
(PS-FluoRed-10.0, microparticles GmbH) were added to the solution. In some 
experiments, Oil Red O (Sigma-Aldrich) was added to the polymer solution for 
visualization purposes. In phototropism experiments, CQ (Sigma-Aldrich), EDMAB 
(Sigma-Aldrich), and PEGDA (Sigma-Aldrich, average Mn ~ 700) were added to 
the solution. The composition of the photo-responsive solution was 16 wt% CA, 
56 wt% acetone, 2 wt% CQ, 2 wt% EDMAB, and 24 wt% PEGDA, and when using 
the photo-responsive solution, 20 wt% acetone–water solution was used as a 
surrounding liquid. EGaIn used in liquid transport experiment was purchased 
from Thermo Fisher Scientific.

Gravitropism Experiment. For the experiment shown in Fig. 3B, the nozzle was 
attached to a rotary stage. The rotary stage was then submerged in a bath of water, 
and CA–acetone solution was extruded through the nozzle. During the extrusion, 
the stage was rotated 90° counterclockwise. After the rotation, the precipitate 
started to grow in the direction of buoyancy at the tip.

For the experiment shown in Fig. 4D, first the nozzle was inserted and fixed 
on the bottom of the vial before water was filled in the vial. CA–acetone solution 
was then extruded through the nozzle. During the extrusion, the vial was rotated 
to guide the growing precipitate.

Phototropism Experiment. For the experiments shown in Fig. 3C, a tilted 
laser sheet was generated on the path of growing precipitate using a 450-
nm laser with power of 1 W and a plano-concave cylindrical lens. When the 
precipitate originally growing in the direction of buoyancy entered the laser 
sheet, it started to grow along the sheet. The tip-growing precipitate recovered 
its original growing direction when the laser was turned off. The growing 
direction of the precipitate was guided by changing the tilted angle of the 
laser sheet.

Thigmotropism Experiment. For the experiments shown in Figs. 3D and 4 A, 
B, and C, hydrophilic melamine foam was patterned using a laser cutter. Patterns 
of inclined plate (Fig. 3D), pillar arrays (Fig. 4 A and B), and maze (Fig. 4C) were 
engraved in the foam, respectively. The patterned foam was placed on the path 
of the growing precipitate, and when the tip of the growing precipitate contacted 
the foam, it changed the growing direction.

Liquid Transport Experiment. For the experiments shown in Fig.  4E, the 
cathode lead of the LED was connected to a 220 Ω resistor and cathode of  
3 V battery. The anode lead of the LED was placed on the water bath above the 
nozzle. The nozzle was connected to a T-shaped fitting, whose other two branches 
were connected to a syringe filled with polymer solution and EGaIn, respectively. 
The syringe containing EGaIn was connected to the anode of the battery using 
a jumper wire. Through the nozzle, first the CA–acetone solution was extruded 
to connect the nozzle and the anode lead, then EGaIn was extruded to replace 
the fresh CA–acetone solution inside the grown tube. Because CA is an insulator 
with the dielectric constant of about 5, LED was not turned on when the growing 
precipitate contacted the lead, but when conductive EGaIn contacted the lead, 
the electric circuit was completed and LED was turned on.

For the experiments shown in Fig. 4F, the nozzle was attached to the open end 
of the 90° bent glass tube with inner diameter of 5 mm. The glass tube was fixed 
on the plate that covers the liquid bath, and the nozzle connected to the tube 
was placed above the petri dish on the plate. The other end of the glass tube was 
placed inside the bath of acetone–water solution. Using a T-shaped fitting, the 
nozzle placed on the bottom of the bath, from which the polymer was extruded, 
was connected to two syringes filled with photo-responsive polymer solution and 
20 wt% acetone–ethanol solution, respectively. Photo-responsive polymer solu-
tion was initially extruded from the nozzle, and during the growth, the precipitate 
was remotely guided toward the glass tube using a laser sheet. To enter the tube, 
the diameter of the precipitate was reduced by reducing the flow rate. After the 
entrance, the diameter was increased to tightly fit in the tube and extruded liquid 
was switched to acetone–ethanol solution. Through continuous extrusion of the 
acetone–ethanol solution, this water-miscible liquid was transported through the 
grown tube and was collected on the petri dish.

Tip-Growing Cell Data. Tip-growing cell data were obtained from the literature. 
The turgor pressure that drives the growth P and lengthening rate �−1 of the data 
presented in Fig. 2D are provided in SI Appendix, Table S1.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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S1. Precipitation from the CA-acetone solution

When fresh CA-acetone solution is extruded in a bath of water, the solvent (acetone) im-

mediately diffuses out at the solution-water interface. The rapid depletion of solvent leads to

instantaneous gelation of the solution at the interface, which results in a thin, dense non-porous

skin layer. Through the skin layer, the outward diffusion of solvent (acetone) and the inward

diffusion of non-solvent (water) occur simultaneously, as illustrated in Fig. 2(a). The diffusion

driven solvent–non-solvent exchange alters the concentration of the internal fresh solution, in a

way that solute concentration increases, solvent concentration decreases, and non-solvent con-

centration increases with increasing water contact time. When the concentration of the solution

crosses the binodal, the solution is separated into a polymer rich phase and a polymer lean phase

(liquid-liquid phase separation) [S1]. After drying, the former becomes solid matrix while the

latter forms a void, resulting in a porous solid as shown in the SEM image of Fig. 2(a). When

liquid-liquid phase separation occurs, the initially transparent solution turns opaque as observed

in the stalk of the growing precipitate.
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S2. Verification of the orthogonal growth at the tip

To verify whether the precipitate grows perpendicular to the interface at the tip, we com-

pared the experimentally obtained particle trajectories to those modeled by orthogonal growth

assumption. We first calculate theoretical trajectory of the particles under the orthogonal growth

assumption Initially (t0), an arbitrary point near the apex of the tip, P0, is chosen and the normal

vector is calculated at this point. The normal vector can be calculated since the tip shape is al-

ways similar to a prolate spheroid with the major axis 1.3 time longer than the minor axis in this

particular process condition. Then, the intersection point of this normal vector and the tip at the

next time step t1, P1, becomes the position of the material point at t1, and the line connecting

the two points is the trajectory of the material point from time t0 to t1 under the orthogonal

growth assumption. Repeating this step, we can obtain the theoretical trajectory which ends

once the material point reaches the periphery of the tip. The theoretical trajectory is determined

by the geometry of the tip, and the growth velocity only determines the time required to travel

the trajectory.

We then quantitatively verify whether the experimentally obtained particle trajectories match

the theoretically obtained ones. We calculated the coefficient of determination (R
2
) between the

experimental trajectories and our theoretical model shown in Fig. S1(b). For each line shown in

Fig. S1(b), R
2
exceeds 0.98, implying that our theoretical model well predicts the experimental

results.
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b

t0

t1

t2

t3

t4

P0

P1

P3P4

a

P2

FIG. S1: Particle trajectories near the growing tip surface. a, Calculation of theoretical

particle trajectory. Red circles denote the position of material point Pi at each time step ti, and

red line denotes the trajectory of the particle. b, Experimentally obtained particle trajectories.

White circles denote the experimental position of particle at each time step, and red lines denote

theoretical trajectories based on the orthogonal growth assumption. CA-acetone solution with

CA concentration of 20 wt% was extruded at the flow rate of 1 ml/h. Scale bar, 500 µm.
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S3. Growth behavior of polymeric solutions other than CA-acetone

To investigate growth behavior of polymeric solutions other than CA-acetone, we first varied

the solvent of the solution. While using CA with average Mn∼30,000 as a solute, instead of

acetone, two mixtures of acetone and N,N-dimethylacetamide (DMAc), weight ratio of 2:1 and

1:2, were used as a solvent. The solute concentration was fixed as 20 wt%, and both solutions were

extruded in a bath of water. When the weight ratio of acetone and DMAc was 2:1, the extruded

solution exhibited tip growth. However, when the weight ratio of acetone and DMAc was 1:2, the

extruded solution exhibited basal growth, implying too fast solidification near the nozzle. This is

because polymeric solution with high DMAc content in the solvent requires only a small amount

of non-solvent for phase separation to occur [S2]. In other words, phase separation immediately

occurs in solution with high DMAc content in the solvent, which results in basal growth.

Second, we varied the polymer used as the solute. We used polysulfone (PSf) and polyvinyli-

dene fluoride (PVDF), as a solute. For the solvent, we again used two mixtures of acetone and

DMAc (weight ratio of 2:1 and 1:2). The solute concentration was fixed as 20 wt%, and both

solutions were extruded in a bath of water. PSf did not dissolve in the solvent when the weight

ratio of acetone and DMAc was 2:1. 20 wt% PSf-acetone-DMAc solution with acetone and DMAc

weight ratio of 1:2 resulted in basal growth. On the other hand, PVDF dissolved in both mix-

tures of acetone and DMAc. Similar to PSf, basal growth was observed in PVDF-acetone-DMAc

solution when the weight ratio of the acetone and DMAc was 1:2. However, when weight ratio of

the acetone and DMAc was 2:1, the PVDF-acetone-DMAc solution exhibited tip growth.

From the experimental results, we can conclude that tip growth of precipitate can be achieved

by extruding polymeric solutions that (i) undergo NIPS and (ii) require large amount of non-

solvent to achieve phase separation in a bath of non-solvent.
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S4. Bursting of tip

When the flow rate is increased during growth, the size of growing tip increases owing to the

increased internal pressure. However, when the modified flow rate, or pressure, is too high for the

phase separation front to withstand, the tip bursts. The failure occurs at the junction between

the bulged tip and the stalk as shown in Fig. S2. It has been reported that tips of pollen tubes

[S3] and root hairs [S9] also burst when the internal pressure is increased. Both the artificial and

natural growing tubes burst at the junction of tip and stalk, where the sudden jump of tensile

stress arises.

t = 60 st = 45 s t = 56 s

FIG. S2: Tip bursting owing to high internal pressure. Increasing the flow rate beyond

which the precipitate can endure results in bursting of the tip. CA-acetone solution with CA

concentration of 20 wt% was first extruded at the flow rate of 2 ml/h, then the flow rate was

increased to 25 ml/h. Then, the tip bulges owing to the increased internal pressure (t = 56 s) and

failure occurs at the junction denoted by yellow arrow between the tip and the body. The tip is

separated from the stalk when failure occurs (t = 60 s). The tips are indicated by white arrows.

Scale bar, 5 mm.
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S5. Nozzle-independent growth

We compared the size of cylinder formed by phase separation of CA solution while varying the

nozzle size. If the flow rate, which determines the internal pressure, is identical, the size of the

growing cylinder is invariant regardless of the nozzle diameter. Fig. S3 shows that the nozzle size

has no effect on the size or the velocity of growing precipitate.

2R2R2R

FIG. S3: Growing precipitates extruded from different sizes of nozzles with identical

flow rate. Using the nozzles with inner diameter of 0.25, 1.07, and 2.70 mm (from left to right),

CA-acetone solution with CA concentration of 25 wt% was extruded at the identical flow rate of 3

ml/h. Regardless of the nozzle diameter, growing precipitates yield identical stalk radius (R = 1.2

mm) and growing velocity (0.18 mm/s). Scale bar, 3 mm.

7



S6. Merging of two growing precipitates

When two growing precipitates extruded from different nozzles approach each other, their tips

merge and grow as one. When the distance between the two tips are close enough, they can sense

each other due to the high acetone concentration near the tip. High acetone concentration near

the other tip delays the diffusion of acetone out of the solution, which makes the local strength of

the wall relatively weaker. This leads the precipitates to grow towards each other, and eventually

they meet and merge as shown in Fig. S4. After merging, they grow a single tip while its size is

determined by the sum of the two flow rates.

t = 0 t = 30 s t = 70 s

FIG. S4: Merging of two growing precipitates. The solution streams merge when they

contact at their tips. After merging, the solutions grow a single tip (t = 70 s). The tips are

indicated by white arrows. Scale bar, 3 mm.
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S7. Internal pressure of growing tip

We measured the pumping pressure of CA solution by attaching the force sensor to the pusher

block of the syringe pump. As the pumping speed is very low, we assumed the viscous dissipation

to be negligible and internal pressure to be identical to the pumping pressure. The polymeric

solution requires small gauge pressure, less than 4 kPa, to grow a tip, allowing us to neglect the

yield stress necessary to initiate flow. Measured internal pressure increased with increasing flow

rate, which led to increased radius of growing precipitate with an empirical relationship of R ∼
√
P

as shown in Fig. S5.

Pressure, P (kPa)
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FIG. S5: Radius of growing precipitate, R versus internal gauge pressure, P . Red dots

correspond to experimental measurement results, and black line corresponds to an empirical line,

R = 0.15
√
P with R in mm and P in kPa.
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S8. Tip shape

We compared the tip shape of the precipitate while varying the flow rate. As shown in Fig. S6,

the shapes of tip are always prolate semi-spheroid with semi-major axis (a) being 1.3 times longer

than the semi-minor axis (b) regardless of the flow rate. This is because the shape of tip is solely

determined by a single flow coupling variable, one of material properties, when the tip grows in an

orthogonal manner [S5]. As we always used solutions composed of cellulose acetate and acetone,

the tip shape is always similar.

b

a

b

a

b

a

FIG. S6: Tip shape of growing precipitates with varying flow rates. Tips growing from

different flow rates of CA solutions are overlapped with white ellipse, whose semi-major axis is

1.3 times longer than the semi-minor axis as a guide. CA-acetone solution with CA concentration

of 25 wt% was extruded at the flow rates of 1, 3, and 5 ml/h (left to right). Scale bar, 1 mm.
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S9. Wall thickness

We measured the wall thickness of growing precipitates. During growth, the extruded fluid was

switched to liquid metal (EGaIn) to replace the fresh inner solution. Liquid metal was continuously

fed until filling the entire hollow stalk. When the extrusion was finished, the precipitate was kept

in water for 1 h to ensure that solvent–non-solvent exchange had fully taken place. Then it was

taken out of water and liquid metal inside the solution was rinsed out to obtain a hollow cylinder

of CA. Finally, the hollow cylinder was cut-open and wall thickness at varying positions was

measured using an optical microscope. Fig. S7 plots wall thickness versus distance from the tip,

which shows that wall thickness increases proportional to the square root of distance from the tip,

or square root of water contact time because the solution grows with a constant velocity. This

implies that the gel made of CA, acetone, and water, whose thickness increases with the square

root of non-solvent (water) diffusion time [S6], forms the channel wall.
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FIG. S7: Wall thickness, tw versus distance from the tip, l. CA tube was fabricated by

first extruding the CA-acetone solution of CA concentration 25 wt% at the flow rate of 5 ml/h,

then replacing the inner solution with liquid metal.
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S10. Length of the transparent region

The length of the transparent region, L, in the growing precipitate, which consists of a semi-

spheroidal tip and the upper part of the cylinder near the tip, increases with increasing R as

shown in Fig. S8. The experimental data for different CA concentration are collapsed to a single

line of L = 1.3R + Lc, where 1.3R is the length of the transparent tip and Lc is the length of the

transparent cylinder. When contacting the non-solvent (water), the initially transparent polymer

solution undergoes phase separation and turns opaque when non-solvent-contact time exceeds the

precipitation time tp, which, for an immersed polymer film, increases proportional to the square

of initial film thickness [S6]. For the transparent cylinder, the gel layer thickness at the equator

of the tip δ(S) acts as the initial thickness because there is no influx of fresh solution to the gel

layer once it is deposited at the equator. Therefore, with the precipitate growing at a constant

growth rate U , Lc is calculated as Lc = Utp ∼ Uδ
2(S). This leads to L ∼ 1.3R + Uδ

2(S), and
substituting δ(S) ∼ τ

0.5
(Supplementary Discussion S8), we get L ∼ 1.3R + Uτ , which matches

our experimental observation.
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FIG. S8: Length of the transparent region. Experimentally measured transparent length

at the tip, L versus R. Black line stands for y = 2.5x. Each data point is the average of three

measurements, and error bars correspond to the standard deviation.
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S11. Mechanical properties of the tip-grown objects

To characterize the mechanical properties of the fabricated objects, we conducted tensile test of

a dumbbell-shaped specimen (Fig. S9a) using a Universal Testing System (Instron 34SC-1). The

specimen was fabricated by controlling the extrusion flow rate during growth, and was placed

in water for 2 days after the extrusion to ensure complete solidification. The shoulders of the

specimen were attached to the slide glass, which was gripped by the apparatus, and the specimen

was pulled with a constant rate of 1 mm/min until break. Inset of Fig. S9(a) shows the cross-

section of the fractured specimen, revealing its porous structure. We plot a stress-strain curve of

the specimen in Fig. S9(b). By measuring the initial slope of the curve, we find Young’s modulus

(E) to be 320.7 ± 28.4 MPa (number of samples, n = 3). We can enhance the mechanical

property, E, by converting the CA to cellulose via deacetylation process [S7]. Conversion was

done by immersing the CA specimen in ethanolic NaOH solution for 24 h, and the stress-strain

curve of the NaOH treated specimen is shown in Fig. S9(b). The measured E (initial slope) of the

NaOH treated specimen is 399.3 ± 11.1 MPa (n = 3), which is approximately 20% higher than E

of the untreated specimen.
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FIG. S9: Characterization of mechanical properties. a, A specimen used in tensile test, and

a picture of a fracture surface (inset). The specimen is fabricated by first extruding the solution

with extrusion flow rate of 13 ml/h, then reducing the flow rate to 6 ml/h, and then increasing

the flow rate to 13 ml/h. The diameter of the specimen at the shoulder is 3.5 mm, and diameter

of the gauge section is 2.5 mm. Large voids in the center and small pores near the wall are clearly

visible on the fracture surface in the inset. Scale bars, 1 cm (picture), and 1 mm (inset). b,

Stress-strain curves of dumbbell-shaped specimens. Black line denotes the result from the bare

specimen, and red line denotes the result from the NaOH treated specimen.
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S12. Positive gravitropism of a dense polymeric solution based precipitate

We can control the solution’s density by changing the solvent. By using the mixture of acetone

(ρa = 784 kg/m
3
) and ethyl lactate (ρe = 1030 kg/m

3
) as a solvent, we can make dense solution

that is heavier than the surrounding water (ρw = 997 kg/m
3
). In contrast to the CA-acetone

solution based precipitate that exhibits negative gravitropism, the precipitate based on the pre-

cipitation of the dense solution grows in the direction of gravity, exhibiting positive gravitropism,

as shown in Fig. S10.

t = 2 min t = 3 min t = 4 min

g

Growing 

precipitate

Tip

Stream of 

heavy solvent

FIG. S10: Positive gravitropism of a dense polymeric solution based precipitate. The

tip-growing precipitate grows in the direction of gravity when the polymeric solution is heavier

than the surrounding liquid. A stream of heavy solvent that has diffused out of the solution flows

downwards from the tip. The composition of the solution is 25 wt% CA, 18.75 wt% acetone,

56.25 wt% ethyl lactate. Scale bar, 5 mm.
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S13. Effects of the surface characteristics of substrate on the post-contact behavior

of the precipitate

During the tip growth, the solvent (acetone) diffuses out of the solution in the direction of

buoyancy because it is lighter than water. Therefore, as shown in Fig. S11(a), when the tip-

growing precipitate meets a substrate, either hydrophobic or non-porous, the solvent accumulates

at the surface to form a high-solvent-concentration layer. The solvent–non-solvent exchange,

which results in the wall strength gradient and directional growth of the precipitate, is inhibited in

the high-solvent-concentration layer. Thus, when the tip-growing precipitate contacts hydrophobic

or non-porous substrates, it does not grow in a directional manner but rather expands radially as

shown in Figs. S11(b) and (c).

On the other hand, we can suppress the build-up of high-solvent-concentration layer near the

surface by using hydrophilic porous substrates. As shown in Fig. S11(d), when the substrate is

hydrophilic and porous, the solvent infiltrates through the pores instead of being accumulated on

the substrate. Therefore, as shown in Fig. S11(e), when contacting a hydrophilic porous substrate

like filter paper (or a hydrophilic foam as used in our thigmotropism experiment), the precipitate

continues to grow from its tip in a directional manner, along the substrate.

16



t = 30 s
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Filter paper t = 30 s t = 150 s t = 270 s

FIG. S11: Effects of surface characteristics on the post-contact behavior of tip-growing

precipitate. a, Schematic of a tip-growing precipitate approaching either hydrophobic or non-

porous substrate. b, Post-contact behavior of the tip-growing precipitate upon contacting a

hydrophilic glass (side view). After the contact, the tip expands radially. c, Post-contact behavior

of the tip-growing precipitate upon contacting a hydrophobic PDMS film (top view). Similar to

b, the tip expands radially. d, Schematic of a tip-growing precipitate approaching a hydrophilic

porous substrate. e, Post-contact behavior of the tip-growing precipitate against hydrophilic

porous filter paper (top view). After the contact, the precipitate continues to grow from its tip

along the substrate. Scale bars, 5 mm (b, c, e).
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S14. Permeability of the fabricated CA tube

We measured the water permeability of the fabricated CA tube. First, by replacing the internal

fresh polymeric solution with liquid metal (EGaIn) during growth (Fig. S12a), we closed the distal

end of a CA tube as shown in Fig. S12(b). Then, as shown in Fig. S12(c), we attached the open

end of the CA tube to a PTFE tubing, which was connected to a pressure chamber partially filled

with water. The permeability of the CA tube was obtained by measuring the volume of water

pressed out of the tube under the applied pressure in the chamber. Since the wall was much

thinner than the closed end, water would mostly permeate the wall of the tube if any. However,

no water was detected at the outside wall of the tube even when the applied gauge pressure

exceeded 1 bar. This implies that the permeability of the precipitate wall is low enough to make

the precipitate tube suitable for liquid transportation.

Gas 
tank

Pressure
 regulator Valve

Pressure
gauge

Chamber Water

CA tube
with a
closed end

PTFE
tubing

P

Closed
end

Hollow
tube

E
G

a
In

C
A

C
A

Closed
end

Hollow
tube

a

c

b

FIG. S12: Measuring the permeability of the precipitate. a, Schematic of fabricating a

CA tube with a closed end. Liquid metal (EGaIn) that partially fills the CA precipitate is rinsed

away after solidification. b, Longitudinal section of the fabricated CA tube with a closed end.

CA-acetone solution with CA concentration of 25 wt% was extruded at the flow rate of 5 ml/h.

After the solidification, the resulting tube was cut in half in the longitudinal direction. Scale bar,

5 mm. c, Schematic of experimental setup for measuring the permeability of the precipitate.
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Table S1. Turgor pressure and lengthening rate of tip growing cells

Classification Species P (kPa) τ
−1

(s
−1
) Reference

Pollen tube L. longiflorum 250 0.00423 (21)

Pollen tube L. longiflorum 170 0.00415 (21)

Pollen tube L. longiflorum 140 0.00597 (21)

Pollen tube L. longiflorum 141 0.0079 (21)

Pollen tube L. longiflorum 160 0.00792 (21)

Pollen tube L. longiflorum 190 0.00972 (21)

Pollen tube L. longiflorum 240 0.00987 (21)

Pollen tube L. longiflorum 240 0.00843 (21)

Pollen tube L. longiflorum 250 0.0078 (21)

Pollen tube L. longiflorum 270 0.00598 (21)

Pollen tube L. longiflorum 290 0.00838 (21)

Pollen tube L. longiflorum 260 0.01258 (21)

Pollen tube L. longiflorum 170 0.01398 (21)

Pollen tube L. longiflorum 140 0.01837 (21)

Fungus A. nidulans 600 0.00333 (S8)

Fungus P. blakesleeanus 480 0.00236 (35)

Fungus N. crassa 111 0.01038 (S9)

Fungus N. crassa 130 0.01808 (S9)

Fungus N. crassa 144 0.02673 (S9)

Fungus N. crassa 194 0.0336 (S9)

Fungus N. crassa 249 0.03192 (S9)

Fungus N. crassa 300 0.04023 (S9)

Fungus N. crassa 322 0.04079 (S9)

Fungus N. crassa 385 0.04344 (S9)

Fungus N. crassa 400 0.04827 (S9)

Fungus N. crassa 472 0.05094 (S9)

Fungus N. crassa 494 0.04958 (S9)
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Fungus N. crassa 564 0.05465 (S9)

Water mold A. bisexualis 690 0.00275 (S10)

Water mold S. ferax 390 0.0439 (S11)
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Captions for Movies

Movie S1 (separate file). Characteristics of tip-growing polymer precipitate

When CA-acetone solution is extruded in the bath of water, the precipitate grows from its tip,

which can be noted by the tip that always remains transparent. Internal flow visualization verifies

that the tip growth is internal pressure-driven, and that the fresh polymer solution is replenished

at the tip. The size of the growing precipitate can be precisely modulated by controlling the flow

rate.

Movie S2 (separate file). Tropic characteristics of tip-growing precipitate

When the nozzle in which the polymer solution is extruded is rotated during the extrusion, the

precipitate reorients the growing direction and continues to grow in the direction of the buoyancy

(negative gravitropism). When light is partially shed at the tip of the photo-responsive solution

using laser sheet, the precipitate grows along the laser sheet (negative phototropism). When the

growing precipitate contacts inclined plate of melamine foam, the solution changes direction and

grows along the obstacle (negative thigmotropism).

Movie S3 (separate file). Applications of tip-growing precipitate

Negative gravitropism and thigmotropism enables the growing precipitate to bypass array of

pillars of melamine foam without any external intervention. The grown precipitate can be used as

a fluid conduit, while the solidified wall enables shielded transport. The grown precipitate can be

used to transport conductive liquid metal in water and complete an electric circuit. Water-miscible

liquid can also be transported in water through a non-straight path using remotely steered CA

tube. Water-miscible acetone-ethanol solution is transported through water and collected in the

petri dish above the water bath.
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