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Recreating complex structures and functions of natural organisms in a synthetic form
is along-standing goal for humanity’. The aim is to create actuated systems with high
spatial resolutions and complex material arrangements that range from elastic to
rigid. Traditional manufacturing processes struggle to fabricate such complex
systems2. It remains an open challenge to fabricate functional systems automatically
and quickly with awide range of elastic properties, resolutions, and integrated
actuation and sensing channels**. We propose an inkjet deposition process called
vision-controlled jetting that can create complex systems and robots. Hereby, a
scanning system captures the three-dimensional print geometry and enables a digital
feedback loop, which eliminates the need for mechanical planarizers. This contactless
process allows us to use continuously curing chemistries and, therefore, printa
broader range of material families and elastic moduli. The advances in material
properties are characterized by standardized tests comparing our printed materials
to the state-of-the-art. We directly fabricated a wide range of complex high-resolution
composite systems and robots: tendon-driven hands, pneumatically actuated walking
manipulators, pumps that mimic a heart and metamaterial structures. Our approach

provides an automated, scalable, high-throughput process to manufacture
high-resolution, functional multimaterial systems.

Creating systems that can operate like natural organisms has been a
long-standing research challenge’. Natural organisms are extremely
well adapted to operate effectively and efficiently in their environment.
Researchers often tackle this challenge by designing and controlling
systems that combine rigid structures with discrete links*. These systems
are precise (approximately 5 pm)>’, can bear loads (for example, hold up
to approximately 14 kg)® and can move over uneven terrain*. To deploy
suchrigid systemsin the real world, one must use compliant elements at
key design locations (for example, at the contact points’). Natural organ-
isms inspire us to widen the design space and introduce soft materials
throughoutasystem’s whole structure?®. Hybrid systems that are made
of soft compliant materials® but contain rigid load-bearing parts'® can
resemble natural organisms at the macroscopicscale™. Recently devel-
oped hybrid soft-rigid systems can already outperformrigid systemsin
certain unstructured environments™" by adapting to unknown situa-
tions™ andinteracting with living beings in asafe manner®. In addition, we
mustinclude channels and cavitiesto carry, for example, signals, power
or materials. These features are important but difficult to replicate.
Traditionally engineered systems are precision machined from
metal or rigid composite materials. They are hand-assembled and
tediously calibrated**®. These systems are usually stiff (greater than
1GPa)" for ease of control; therefore, they contain only a few soft ele-
ments or flexible joints. However, hybrid soft-rigid systems are made
of polymers that range in stiffness from soft (approximately 3 kPa)™®

torigid (approximately 3 GPa)>?. They are cast or printed at a coarse
resolution with a limited choice of materials*?°. An accurate (few tens
of micrometers) and rapid (millions of voxels s™) multimaterial addi-
tive manufacturing method is required to repeatably produce hybrid
soft-rigid systems with a fine resolution at scale.

Directink write (DIW) methods produce structures made of multiple
resins (that is, epoxy, silicone and nanoclay)* with a range of elastic
moduli (0.02-1,600 MPa)**? and a resolution greater than 50 pm
(ref. 24). Multimaterial multinozzle three-dimensional (3D) printing
directly writes from up to eight nozzles (diameter of approximately
205 pm) single lines of materials (approximately 0.225-3,920 MPa) at
40 mm s~ (ref. 25). DIW methods support a range of resin viscosities,
but scale only proportionally to the number of nozzles and cannot
rapidly change between materials on a voxel level.

Traditional 3D inkjet printing uses thousands of individually address-
able nozzles to deposit low-viscosity resins that are mechanically pla-
narized and ultraviolet (UV) cured®. For acomparable resolution, inkjet
deposition leads to orders-of-magnitude faster layer-by-layer printing
than other line-by-line printing methods (for example, DIW or fused
filament fabrication). Traditional 3D inkjet prints multimaterial bellows
that can be assembled to suction grippers?, intersperses inks to create
discrete changes in material stiffness®, turns soft and rigid acrylates
into thin layers of shape memory polymers® and jets also non-curing
inks to create hydraulic systems°>.,
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Fig.1|Multimaterial 3D printing of soft and hard materials at a high
resolutionviavision-controlled jetting.a, Overview of the 3D printer. A build
plate moves underneath the stationary inkjet, cure and scanner units. The
multimaterial objects are printed layer-by-layer. For each layer, the inkjet units
depositdropletsofink. The UV curing unitinduces the polymerization of the
jetted material. The scanner unitrecords a height map of the deposited layers
onthebuild plate.b, Adigital 3D model of acomplex object to be printed on the
build plate. The different materials intended for the object are colour-coded.

c, Anillustration of the stack of layers. The printer’s slicer software creates

Inkjet droplet deposition variesinink volume dueto avariable flow
rate and nozzle cross-talk. Therefore, each printed layer requires
mechanical planarization, which limits the levels of softness and the
type of material chemistries that can be used®. Soft or slow-curing
materials would be easily smeared and squished by aroller or scraper,
leading to material mixing and spatial variation of material composi-
tion. Materials only qualify for mechanical planarizationifthey canbe
prevented from curing on theroller or scraper. For thisreason, 3D inkjet
deposition currently only uses acrylate chemistries that rely on fast
chain-growth polymerization that only occurs during UV irradiation.
Unfortunately, cured soft acrylate chemistries are highly viscoelastic
owing to poor control over the degree and structure of their crosslink-
ing. The low printing resolution and the limitation to highly viscoelas-
tic soft acrylates with high hysteresis hinder complex multimaterial
robotic designs requiring fine features (Extended Data Fig. 1a-d) and
rapidly deforming sections (Extended Data Fig.1a-c).

A 3D inkjet deposition method called MultiFab* relies on slow
full-field optical coherence tomography scanning of a small area
(2cm x 2 cm). Each scan has to be rasterized and repeated for the full
print surface. All scanned areas are stitched together before correc-
tions to the next print layer can be computed. This leads to a limited
throughput of only 0.05 ml min~and print times per layer on the order
of minutes, even for smaller prints. MultiFab cannot keep up with tradi-
tional 3D inkjet owing to the slow deposition speeds and the limitation
to acrylate resins that do not scale to produce large functional parts.
Especially soft acrylates are not stable to the environment and their
deformation behaviour is dominated by hysteresis.

Without access to soft polymers with low hysteresis, it is not possible
toreproduce complex functional materials and structures with desir-
able properties. Printing hybrid soft-rigid systems necessitates func-
tional polymers that can crosslinkin a controlled manner to minimize
viscoelasticity while achieving a wide range of stiffnesses. Complex
functional systems also require cavities and channels of fine resolu-
tionacross large build volumes despite a high print throughput. These

Compensated bitmap layer

to be printed

these bitmap layers from the object’s 3D model and required support structures
(visualized ingrey). d, Visualization of the vision-based closed-loop feedback
control. Thebitmap layersare sentto the printer. Before eachlayeris deposited,
thebuild plate’s surface and material onit is scanned by the scanner unit creating
aheight map. The control system then modifies the bitmap layer tocompensate
theunevensurface of the previouslayer. The compensated layer is then
deposited. This compensation ensures operationinacontactless manner.

e, Aphotograph of the printed object after removal of the support material.

desirable material chemistries and structural features can be realized
if we employ anon-contact planarization strategy and allow for easily
removable support materials (such as wax) (Extended Data Fig. 2).

Vision-controlled jetting

Here we present a method for inkjet-based multimaterial deposition
using contactless, continuous print adjustments. The method expands
the range of printable materials and the degree of material hardness
to create functional complex systems and robots (Supplementary
Video 1). We call this manufacturing method vision-controlled jet-
ting (VCJ) (Fig. 1 and Supplementary Video 2). Our method utilizes a
high-speed 3D vision system to capture a depth map of the currently
printed surface, and it compensates for deviations from an ideal
planar surface by locally adapting the amount of resin to be jetted
in the next layer. The method'’s vision system uses four cameras and
two laser sources for laser profilometry while printing. The feedback
loop including the surface scan of the whole print area is performed
without slowing down the print process. Our method is 660 times faster
than previous work® by achieving a throughput of up to 33 ml min.

Our contactless procedure enables us to print chemistries that cure
slowly, such asthiol-enes** ¢, which polymerize via a step-growth pro-
cess. This slow cure mechanism builds the polymer’s structure with
more precision, which provides us with control over both the polymer’s
backbone andthe degree and structure of crosslinking (Fig.2). Acrylate
resins, used in conventional 3D jetting, have only arandom distribu-
tion of crosslinking polymer backbones and are therefore much less
controllableintheir curing status. Using VCJ on slow-curing chemistries
enables the fabrication of parts with a wide range of material proper-
ties (Extended Data Table1), including chemical and outdoor (UV and
moisture) compatibility (Extended Data Fig. 3).

Our printer cancreate hybrid structures ata high resolution (32 pm x
64 pm x 20 pum voxel size) and with a high throughput (24 x 10° vox-
els h™) for build speeds of up to 16 mm h™ in the z direction for a
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Fig.2|Material characteristics compared to the state-of-the-art.a, Schematic
of 3D material jetting. Jetting describes a process where inkin anozzle is
ejectedinthe formofdroplets ontoasubstrate using a piezoelectric transducer
b, Acrylate chemistry uses functional monomers cured viaradical polymerization
(represented by molecules A, Band C) intheir inks. Chain-growth polymerization
resultsinarandomand irregular distribution of monomers along the polymer
backbone (blue). Given that all acrylate polymers, rigid and soft, contain this
common backbone chain (blue), the properties are controlled by the monomer
sidegroups, R;and R,, and both the structure and degree of crosslinks R;. This
combination of structural features typically results ina viscoelastic polymer.

¢, Vision-controlled jetting has enabled printing of astep-growth polymer (for
example, thiol-ene) using radical polymerization. The polymer chain consists
ofalternating thiol (D or F) and ene (E or G) monomers. The properties of the

total of 6.15 x 10" individually assigned discrete 3D volume elements
(voxels). The printer’s build volume is 500 mm x 245 mm x 200 mm.
The print heads and the print speed are therefore on-par with
state-of-the-art inkjet printers for this scale and resolution but our
print system including the scanner allows for the first time a wider
range of chemistries and therefore material properties compared to
other printers.

We can use both fast and slow chain-growth polymer chemistries
as resins with our contactless approach. Droplets of different types
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polymer are defined by the regular backbone structure and the degree of
crosslinking.d, The change in elastic modulus during outdoor weathering for
Tango Black Plus and soft thiol-ene. Error barsindicate one standard deviation
from the mean over four samples. e, Change in breakdown strength during
outdoor weathering for Tango Black Plus, Agilus 30 and soft thiol-ene. Error
barsindicate onestandard deviation from the mean over three samples.f, The
hysteresis of the material is defined by the area enclosed by a stress-strain
cycle. Thetwoacrylates tested showed 3- or 4.43-fold increased hysteresis. g, A
dynamic mechanical analysis (DMA) was conducted on soft thiol-ene and two
acrylates (Tango Black Plus and Agilus 30). Changes in storage modulus were
significant between -35°Cto -18 °C, whereas the two acrylate samples showed
significant changesin storage modulus inamuch wider range between-30 °C
tol5°C.

of resins (build material) are jetted concurrently with droplets of wax
(support material). The resin then polymerizes using UV-radiationand
the wax solidifies when cooled down. Like conventionalinkjet printers,
our process also utilizes piezoelectric print heads (4 print heads per
material; 1,024 nozzles per print head), but we additionally introducea
fast surface profilometer. The closed-loop controlled system (Fig. 1d)
allows for single-pass multimaterial printing with currently up to three
build materials and one support material (Extended Data Fig. 1g-i show
three materials).



The 3D vision system provides highly accurate depth maps of the
surface at a resolution of 64 um x 32 um x 8 um. The depth maps
are captured and processed without slowing down the print. A laser
triangulation method focuses a line laser on the surface, and a set of
high-frame-rate cameras captures the images as the print bed moves
under the scanner. This scangenerates dataat2 GB s™'. The system uses
a high-performance graphics processing unit to convert the image
data to a 54-megapixel depth map. This computation takes less than
one second so the control feedback loop can immediately compare
the depthmaptothe sliced computer-aided design model of the parts
and adjust the printing volume density per voxel. The areas with excess
material receive fewer droplets, and the areas with insufficient material
receive a higher density (up to the maximum deposition rate).

The contactless printing process allows us to resolve fine multimate-
rial features (Extended Data Table 2) and to print not only slowly curing
step-growth polymers (such as thiol-enes, Extended DataFig.la-cand
Extended Data Table 1a,b), but also continuously curing polymers (such
as UV-cationic cured epoxies, Extended Data Fig. 1d-f and Extended
Data Table 1¢,d). Different materials within the same family can be
arbitrarily arranged on a volumetric grid. Using our thiol-ene material
family, we can print highly elastic objects that maintain mechanical
properties over time (Extended Data Fig. 3). The process also allows
usto use phase-change waxes as asupport material, without the risk of
smearing and mixing the build and support materials. Our wax melts
into a drainable fluid with a low viscosity in the postprocessing step
(Extended DataFig.2 and Supplementary Video 3) to deliver key geom-
etriessuch aslongchannels (up to45 cm) with small diameters (greater
than or equal to 750 um) (Extended Data Table 2). Moreover, the high
resolution of the material deposition system allows for wax-based
separators with the thickness of a single voxel between different mate-
rial chemistries (Extended Data Fig. 1g-i).

Material characterization

We evaluated the properties of the materials and compared them to
state-of-the-art 3D jetting materials, namely, acrylate resins (Fig. 2).
Specifically, we compared soft thiol-ene to Stratasys PolyJet material
Tango Black Plus. When new, their elastic modulus and elongation
at break match closely. We tested the change of elastic modulus of
acrylate (Tango Black Plus) and soft thiol-ene when exposed to outdoor
weatheringincluding UV exposure, temperature changes and humidity
(ASTM G154). The elastic modulus of Tango Black Plus (0.89 MPa) had
increased after just 250 h by approximately 113-fold and after 1,000 h
by approximately 295-fold to 261 MPa. In comparison, after 1,000 h
only an approximately 4% change in elastic modulus (0.53 MPa) was
observed for our soft thiol-ene (Fig. 2d and Extended Data Fig. 3).
Our soft thiol-ene’s elongation at break changed by less than 1.13-fold
compared to when new. In comparison, the acrylate-based Tango
Black Plus turned brittle by 0.03-fold within less than 250 h of
weathering at a reduced elongation at break of approximately 3%
from initial 119%. The acrylate Agilus 30 by Stratasys, the successor
of Tango Black Plus, also showed a similar behaviour (Fig. 2e). The
modulus of resilience (ASTM D2632) directly after printing was 7%
for Tango Black Plus and 14% for Agilus 30, while soft thiol-ene was
double at 27%.

The viscoelastic behaviour of the materials was quantified using
stress-strain cycles with up to 140% displacement. The acrylates’ hys-
teresis area is 3 to 4.3 times larger than that of thiol-ene’s (Fig. 2f).
Tango Black Plus had an area of (0.42 + 0.05) MPa, Agilus 30 an
area of (0.29 + 0.03) MPa, while soft thiol-ene only had an area of
(0.087 £ 0.006) MPa. A dynamic mechanical analysis (DMA) of soft
thiol-ene (Extended Data Fig. 4) and of the acrylates showed that soft
thiol-ene had amuch narrower region of glass transition T,compared
to the two acrylates (Fig. 2g). Soft thiol-ene’s changes in the storage
modulus were significant between -35 °C to -18 °C, whereas the two

acrylate samples showed significant changes in the storage modulus
within a much wider range, between -30 °C to 15 °C (Fig. 2g).

Printed systems and robots

We show the new capabilities of our printing process through several
functional multimaterial systems that were inspired by nature. After
printing, our system only requires dissolving the support structure
(Supplementary Video 3), connecting pneumatic supply lines and,
insome cases, sealing the support’s drainage holes. In summary, we
presentarobotic hand, awalking robot, arobotic heart and ametama-
terial structure. The tendon-driven hand derives from the magnetic
resonance imaging data of ahuman hand¥, and it has contact sensor
pads at the fingertips and on the palm. The walking robot locomotes
with six legs, senses contact with the environment, and manipulates
objects with its manipulator arm. The shape of the fluidic pump and
itsintegrated valves were inspired by amammalian heart. Finally, the
truss-like metamaterial allows for preprogrammed changes in the
material stiffness. We describe the resulting systemsin the following.

Tendon-driven hand. Humans smoothly interact with objects and
the environment predominantly through touch by hand*. Therefore,
researchers have been using 3D printing to develop touch sensors®,
sensorized skin***° and sensorized grippers*. Our multimaterial
tendon-driven hand is a fully functional print that is fitted with sensor
pads and pneumatic signal lines (Fig. 3a,b and Supplementary Video 4).
The hand cansense contact and initiate grasping and stop finger motion
when the fingertip contacts a grasped object. These skills are made
possible by VCJ’s ability to print long, soft, and thin channels as well as
large cavities with thin membranes. The 19 independently actuatable
tendonsinourbioinspired hand were designed with arigid load-bearing
core and a soft bendable shell (Fig. 3b). Our printing method allowed
us to manufacture this complex system much more easily than other
anthropomorphic hands*.

We connected a set of tendons to servomotors for actuation. The
fingertips are equipped with print-in-place sensor pads, which are
connected to pressure sensors through printed fluidic signal lines
(Fig. 3b). When the hand contacts an object and the sensed pressure
exceeds a threshold value, control actions on the servomotors are
triggered (Extended Data Fig. 5). For example, when the palm sensor
touches an object, it triggers a grasping action (that is, all the fingers
bend). When an object contacts a finger’s sensor pad, the change in
pressure is detected through the signal lines. Once a predetermined
threshold in pressure is reached, the finger motion is stopped before
itreachesafull curl (Fig. 3c). We also actuated individual fingers of the
hand, for example the opposable thumb cantouchthe tips of the other
fingers (Fig.3d). This sensorized setup allows the hand to autonomously
grasp objects. The hand’s grasping capability was evaluated using a
set of objects (Fig. 3e).

Locomoting gripper. There are robots that locomote and react
when they contact the environment*“****, However, these impressive
examples require several manufacturing methods and complex manual
assembly. After support removal, our printed fluid-driven walking
robot (Fig. 4a and Supplementary Video 5) can locomote (Fig. 4f-h),
grasp (Fig. 4i) and sense (Fig. 4i). These capabilities were made possible
by the printer’s ability to create strong airtight soft-rigid interfaces
and complex 3D channels (Extended Data Fig. 6a). Also, the elasticity
and low damping of the material allow the robot to move quickly and
render it easy to control.

Our directly printed walker has asix-legged arrangement that is fitted
with dual-joint legs (Fig. 4b and Extended Data Fig. 6a). Eachleg has a
range of motion from 0°to 30°at the upper jointand from 0°to 20°at
the lower joint; each joint supports actuation pressures up to 35 kPa.
Thesixlegsare supplied with pressurized airin two groups of three legs
(Fig. 4c). Thereis one supply line for the upper joint actuator and one
for the lower joint actuator (Fig. 4b,c). In addition, the robot is fitted
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Fig.3|Aprintedrobotichand, sensorized and driven through tendons.
a,Atendon-drivenfive-fingered soft-rigid hybrid gripper imitatinga human
hand printed inone process.b, (i) Rendered representation of the gripper
withrigid thiol-ene parts shownin blue and soft thiol-ene partsin pink. (ii) Cross-
section of theindex finger with tendon structure and sensor cavity as well as
jointgeometry visible. The 50/50 interface part comprises a mixture of the
two materials. ¢, Visualization of the grasping sequence. After 5 s, the palm
pressuresensor triggers the start of the grasping motion. Theindex finger

withagripper thathasembedded sensor pads atits tips (Fig. 4b,c). The
gripper’s arm can move up and down usingits upper and lower actua-
tors, and the gripper can grasp and lift objects (Fig. 4i). The sensor pad
inthetip of the gripper (Fig. 4b,c) provides feedback ongrasping when
contactis established (Fig. 4e,i); the sensor feedback informs the con-
troller how toadapt therobot’s action. The walker is also able to change
thedirectionitis facing by turning (Fig. 4f) ataspeed of (20/15)° s™. Our
chosen gait cycle (Fig. 4d,h) allows the robot to locomote at a speed
of approximately 0.1 (body length) s or approximately 0.01ms™ina
stable manner (Fig.4g and Extended Data Fig. 6b). Inaddition, revers-
ing the gait cycle moves the robot backwards.

Fluid pump inspired by aheart. We also printed (Fig. 5a) a fluidically
driven pump designed toresemble a heart (Fig. 5b and Supplementary
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starts to close, visualized by the change in position. At16 s, theindex finger
triggers the stopping of the grasping motion before the maximum position
wouldbereached.d, Thereachability of the hand is visualized in aseries of
images showing the ability of the hand to make contact between the thumb and
eachfinger. e, Different objects grasped employing a control algorithm that
startsthe grasp at contact with the palm sensor pad and closes the hand around
anobject until the maximum positionis reached or contact withan objectis
detected.

Video 6). This pump has actuation membranes, one-way valves and
internal sensor cavities embedded in the heart’s chamber (Fig. 5b). The
integrated valves and pumping membranes were inspired by the geom-
etries and mechanisms inmammalian hearts, which have already been
optimized by nature. Our easy-to-remove support material (Extended
Data Fig. 2 and Supplementary Video 3) allowed us to print several
smalland large cavities with thin, soft membranes and rigid walls in one
process (Fig. 5b). Similar pump designs were previously only possible
through the casting or injection moulding of individual components,
both of which were followed by time-consuming and labour-intensive
assembly*® ¥,

The pumping cycle of the bioinspired pump is controlled by the
inflow and outflow of air into the actuation chamber. The cyclic
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position with the upper actuator’s channel structureinred and the lower
channelinblue. c, Anillustration of the four pneumatic networks used for the
locomotion of the robot. The colour code for the channelsis shownind for the
channelsrelated to gaitandin e for grasping. d, Actuation pattern of the four
chambersused for locomotion. Duringinitialization, all actuation channels
arepressurized. Afterinitialization, the gait cycle startsonce ‘Leglow1’is

change of the actuation chamber pressure repeatedly deforms the
actuation membrane, which in turn leads to the intended flow of
liquid (Fig. 5¢). The mechanism design of the multimaterial valves
was inspired by nature and further optimized in its arrangement of

-

pressurized for asecond time. Two states of the gait indicated by the vertical
lineslabelled ‘1’and 2’ areillustrated inh. The gait cyclerepeats once ‘Leglow1’
ispressurized again for a third time. e, The actuation patterns foragrasp are
indicated withsolid lines and the pressurein the sensor padisindicated by a
dashedline. The closed gripper stateisindicated by the vertical linelabelled ‘3.
The controllogic would depressurize the gripper systemifthe pad’s sensor
signalis below athreshold (thatis, contact is not detected). Given that contact
isdetected for theexamplein‘3’, the gripperis commanded tolift the grasped
object.f, Visualization of the robot’s ability to turn. g, The robot’s speed when
locomoting. h, Stillimages of the gait states ‘1’and ‘2’ asillustrated ind with
the changeinlegpositionvisible.i, Sequential stillimages of the grasp
procedure with contact detectionin‘3’,asillustratedine.

soft and rigid materials and feature dimensions. The different steps
in the multimaterial valve optimization process (Fig. 5d) were made
possible due to the fast prototyping ability of the multimaterial
3D printer.
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visualized in pink. (ii) Cross section cut of the heart showing the internal sensor
cavity, the position of the one-way valves, the actuation membrane and the
inlet for airactuation. ¢, Sequential stillimages for the pump cycle showing a
sketch of the pump’s cross sectioninside view. The cyclic change in actuation
pressure P,..compared withatmospheric pressure P,,,and the resultant liquid
flowareindicated.d, Three designiterations of the printed valve. (i) A thin, soft

We tested the pump’s flow rate, sensors and ability to retain water
with a fluidic setup (Fig. 5e). The flow rate was measured for different
pump cycles ranging from 0 beats min™ to 90 beats min™, resulting
in flow rates of up to 2.3 I min™ (Fig. 5f). The printed sensors meas-
ure pressure changes matching the desired pumping frequency;
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membrane that was pronetoinvertonitselfunder pressure. (ii) A thicker
membrane that was still not strong enough to avoid inversion. (iii) A functional
membrane withinternal, rigid reinforcement. e, Heart pump connected to
threeliquid tanks. This setup was inspired by the mammalian cardiovascular
system. Amicrocontrollerisused toread the sensor dataand a piston setupis
used to provideactuation pressure.f, The pump setup canmove liquidin relation
totheapplied pump rate. Amaximum flow rate of 2.3 1 min™at 90 beats min™
was measured. g, The correlation of the commanded signal to the sensed
chamber pressure at 60 beats min™.

therefore, they could be used in a closed-loop controlled setting
(Fig. 5g).

Metamaterial structures. Nature not only shows complex combina-
tions of soft and rigid materials like in the heart butis also abundantin
materials with a wide range of properties. For example, materials can
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Fig. 6 |3D printed multimaterial metamaterial structures with tunable
changesinstiffness.a, 3D structure, 3 x 3 x 3 cells with constant diameter of
thelinks and nodes, respectively. b, The links rendered in pink are soft, and the
nodesrenderedinvioletarerigid. ¢, Force displacement curves for compression
testsonsix different specimens. The decrease in force at high displacementin
thebrown plotline correspondsto the collapse of the structure due to buckling.
Thebendintheforcestraincurveinthe second half of the displacement graph

have various trade-offsin stiffness and weight. VCJ can produce material
architectures that go beyond what we know from nature. For example,
metamaterial structures supersede a material’s properties because
of their topological design. The design of metamaterials uses various
physical principles, allowing a designer to tailor these structures to
specific tasks*®. Structural metamaterials are currently predominantly
3D printed**°. While traditional metamaterials are constructed from
single materials, material systems that combine materials with diverse
properties could lead to awider field of application.

To demonstrate a metamaterial architecture using VCJ’'s material
chemistry and fine features, we printed a range of truss-like meta-
materials (Fig. 6a). Here, we manufactured a set of 3 x 3 x 3 unit cells
that comprised geometrically oriented links (diameter of 1.0 mm
to 2.5 mm) and nodes (diameter of 0.0 mm to 4.5 mm). Varying the
diameter of the soft links and rigid nodes (Fig. 6b) changed the meta-
material’s behaviour under compression. We were able to fabricate
these delicate structures at such low effective densities because of
the printer’s high resolution and its support material, which melts
away easily. We investigated our metamaterial’s change in behaviour
by performing compression tests on different samples (Fig. 6¢). We
were able to tune the behaviour under compression by changing the

corresponds to the rigid nodes making contact, leading to increased stiffness
ofthe structure. The dashed lines show a prediction of how the curve would
have behaved without therigid nodes making contact. d, Stillimages of
compression tests conducted on the material. No compression (d=0 mm) is
shownto theleft; compressionwhen the nodes are touching (d between 10 mm
to17 mm)isshowninthe centre; and approximately 50% compression is shown
totheright.

diameter of the links and nodes (Fig. 6¢). The amount and the onset
of the sudden change in the material property was mostly influenced
by the diameter of the nodes. For one configuration, the structure
buckled for compression greater than or equal to 17.5 mm (Fig. 6¢,d,
brown plot).

Discussion

As the examples above illustrate, we have developed an automated,
high-throughput approach to manufacturing high-resolution, durable
multimaterial functional systems in a single fabrication process. Our
results illustrate that this new printing method can create complex
multimaterial functional robots with integrated sensing and actua-
tion channels. The printer’s high resolution, speed and wide range
of material properties enable a new set of hybrid soft-rigid robots.
The printer can use a wider range of possible material chemistries,
which allows us to build functional and long-lasting materials. Our
contactless printing approach can now create geometries with almost
any internal structure, such as inner cavities, 3D fluid flow channels,
tendon guides and pressure sensing lines. Having freeform control
of how the soft and rigid materials are placed at the voxel level within
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adesign drastically improves the functionality and performance of
printed multimaterial systems.

The V(] printing technology widens the palette of available materials
butisstill limited by arelatively low viscosity of the UV-induced curing
materials. Exposing these materials to outdoor weathering led to small
deformations of some samples, for example, warping (Extended Data
Fig.3e-h). Thiswarpingled to anincreased variationin the tested prop-
erties. Another challenge was that the interface of prints from different
material chemistries did not always adhere well, yet specific tuning of
the chemical composition of the materials can furtherimprove thatin
the future. As aworkaround, the high resolution of the printer allows
for the printing of features for mechanical interlocking of multimaterial
interfaces. The availability of only four print heads in the current design
still limits the complexity of multimaterial designs that canbe printed
inoneprocess. The print processisinherently based on the ample use
of support material. While the support material is easily liquefied and
removed (Extended DataFig.2 and Supplementary Video 3), every cre-
ated cavity must have aconnection to the outside of the printed part for
drainage. In particular, the removal of the wax support material from
small cavities or porous sponge-like structures is difficult despite the
use of surfactants to lower the high surface tension.

We anticipate that VCJ will open new possibilities to quickly and
repeatably create complex objects or machines that were previously
impossible to produce. Our freeform fabrication technology widens the
design space thatis available to engineers and scientists so that we may
rapidly create hybrid soft-rigid structures, systems and robots at the
millimetre to decimetre scale. Our rapid and versatile manufacturing
technology will create new opportunities for scientificinvestigations,
experimental design, complex prototyping and industrial innovation.
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Methods

The results of this work were created with our contactless manufac-
turing system, which allows for a high print throughput independ-
ent of the structure that is to be printed. Our method allows us to
place voxels of materials in freeform. The support material can be
melted and washed away easily to allow for the creation of func-
tional channels, cavities and hollow structures. In the following
section, we describe the Vision-Controlled Jetting method and the
evaluation methods that we used on our printed structures, systems
and robots.

Vision-controlled jetting
The examples presented in this work were all 3D printed using a
multimaterial additive manufacturing platform that utilized a
vision-controlled jetting technology (Fig.1and Supplementary Vid-
eos 2 and 3). The platform has a scanning system, jetting system and
positioning system that can now employ suitable material technolo-
gies, produce accurate print results and scale up in terms of size and
throughput. The platform is composed of six subsystems described
indetail in the following:

1. The positioning subsystem moves the build plate to a certain loca-
tionaccordingto the commands that areissued by the print control
software at aset velocity and along a set path.

2. Each of the inkjet units contains four print heads (three units are
shown in Fig. 1a), drive electronics, material feeds and a pressure
control system to jet a specific material onto the build plate.

3. The UV curing unit uses UVLEDs to cure the materials that have been
deposited onto the build plate.

4. The scanner unit uses its laser profilometry system to generate a
high-resolution topographical map of the build surface.

5. The print control software steers the printing system’s processes by
utilizing the scanner datato generate adapted print layers as needed.

6. Postprocessing removes the support material from the completed
prints (Extended Data Fig. 2).

Positioning subsystem. The positioning subsystem controls the loca-
tionof the build platerelative to the rest of the printer. An axial motion
system utilizes a linear motor to move the build plate under the print
hardware along the x axis. The y and z axes are driven by brushless DC
motors. The y axis is used to shift the location in which the structure
is builtin such a way that it is aligned relative to the print head array.
This axis allows the control loop to compensate for variations in noz-
zle performance. The zaxis ensures that the build surface stays within
working distance of the print heads as the build progresses. All the
axes are operated as servos, using encoders with a1 um resolution
for position and velocity control. The print velocity is limited by the
deposition frequency and the resolution.

Inkjet units. Each inkjet unit contains all the hardware and electron-
icsthat arerequired to print a single material. Each unit contains four
print heads (Fujifilm Dimatix SG1024-L), which are placed in a stag-
gered array to fully cover the build plate. This allows a complete layer
tobe deposited each time the build plate passes under the inkjet units.
The print heads have a native resolution of 400 dots per inch (DPI),
and they eject droplets with a volume of about 70 pl at 15 kHz. The
drive electronics translate the requested layer datainto firing pulses
for the nozzle actuators while the build plate is scanned under the
printheads.

UV curing unit. After the deposition of a layer, the build plate moves
under the curing unit (UV LED lamp) to initiate the polymerization of
the printed material. One lamp is present on each side of the inkjet
units to allow for bidirectional printing. The lamps emit 405 nm light
atl6 Wem™,

Scanner unit. The scanner unit uses custom laser triangulation pro-
filometry. A laser line is projected onto the surface of the build plate
as it is passed under the scanner. An imaging system reads the shape
of thelaser line from a 32 x 2,048 laser line image, and it computes a
two-dimensional height map with 2,048 pixels at each samplinginter-
val.Each camerain theimaging system captures 6,000 laser line images
persecond. Four cameras are needed to cover the full width of the build
plate, and each camera captures 9,000 images per scan to cover the
length of the print. The two-dimensional height maps obtained from
theindividual cameras are assembled into a full 3D height map of the
build surface. In total, each height map is computed from 2.36 x 10°
pixels within 2.5 s. The height maps are geometrically calibrated to a
fixed pixel resolution of 32 pm x 64 pm x 20 um and are provided to
the feedback control system.

Print control software. The print control software orchestrates the
activity of each subsystem to execute successful prints. When a build
job has been defined, the print control software processes the file in
avoxel representation by rendering the geometries at the printer’s
resolution®*2, The voxelization step uses ray tracing to quickly render
the input geometries.

Toprintalayer, afeedback algorithm generates the layer databased
onthescandatafromthepreviouslayerand fromtheinput geometry’s
voxel representation®**, The feedback algorithm aims to maintain
the printing plane at a fixed distance from the scanner by reacting to
the height of each voxel in the scan data. If the print is higher than the
desired level, the feedback control can reduce the amount of ink that
is deposited or skip printing at that voxel in the next layer. If the print
heightis too low for agiven voxel, the feedback control will determine
whichmaterial is missing according to the currently measured height.
Itwillthenincrease the amount of ink that is deposited up to the maxi-
mum capacity of the print head.

The generated layer command is sent to the drive electronics of
the print head. The drive electronics deposit the materials into their
desired positions while the motion control system moves the build
plate underneath the print hardware. This process is repeated as the
parts are built up layer-by-layer until the build has been completed.

Postprocessing the prints. Completed builds are encased inasupport
material, which must be removed before the parts are ready for use
(Extended Data Fig. 2 and Supplementary Video 3). The entire build
is first placed ina convection oven and heated to 65 °C, where it is left
overnight for the bulk of the support material to melt and drain away.
The parts are then removed and placed in a tank of cleaning solution
and heated to 65 °C, where they are sonicated for 20 min. The parts are
thenrinsed with water and allowed to dry in air. The drainage holes in
the printed parts for this study are sealed using cyanoacrylate.

Print velocity. The inkjet units cover the print bed along the printer’s y
direction (Fig.1a). The printbed moves back and forth underneath the
inkjet units in the x direction at velocity v, (equation (1)). The velocity
inthex-directionis dependent onthejetting frequencyfi. of the print
head’snozzlesand ontheresolutioninthexdirectionr,(equation(1)).
The minimum droplet size determines the resolution r, (here, 32 pm)
andtheactuation speed of the print head’s piezo nozzles limits the jet-
ting frequency fi.. The jetting frequency is adapted for each material
toensure best print performance.

Uc=lifie M

Duetothe exothermicnature of the curing process, the printed part
is cooled for a certain amount of time ¢, after each layer has been
deposited. Therefore, the printer takes the time t,,,, to print a single
layer of a certainlength (in the x direction) [, and width (in the y direc-
tion) [,. Thelength [, is determined by the size of the full print bed and
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the distance that spans across all the inkjet heads, the UV lamp and
the scanner. Since the print heads cover the whole print bed inthe y
direction, the layer time t,,, does not depend on the y extension of the
print bed (equation (2)).

tlayer = lx/ux + tcooling (2)

The height of eachlayer hy,,, canbe adapted, anditis dependenton
the total number of deposited droplets in each x location. The layer’s
height is also dependent on the volume of the jetted droplet Vopec
and the resolution in the x direction r, (here, 32 um) and y directionr,
(here, 64 um). The print head’s speed in the z direction v, determines
the overall print speed (equation (3)). In contrast to other printing
methods, the speed for this type of inkjet deposition system does not
depend onthe printed object’s geometryintheydirection. The speed
is, however, dependent on the resolution in the x direction r,and the
resolutioninthe zdirection r, (here, 20 pm), that s, it depends on the
layer’s height Ay, (equation (3)).

hlayer = l/droplet/(rxry) =i 3)
Uv,= rz/tlayer
Inserting equation (1) and equation (2) into equation (3) describes
the relation of resolutions to print speed (equation (4)).

Ur,, r) = rz/([x/(rxfjet )+ tcooling) 4

The user can adjust the print velocity v, (here, 16 mm h™) by adjust-
ing the jetted droplet’s volume. The droplet’s volume can be tuned by
adjusting the fluid’s rheological characteristics or by changing the print
head’s operating parameters (such as the piezo actuation waveform
orjetting temperature). The total print duration is determined by the
buildjob’swidthinthexdirectionand heightinthezdirection. Aslicer
software arranges all parts to be printed in a single build job.

Part packing density on build plate. Many parts can be placed ona
single build plate due to the high packing density of the print process
(for example, hundreds of parts in Extended Data Fig. 2). In contrast,
powder-based print processes pose thermal constraints that do not al-
low parts tobe placed close to each other. While powder-based systems
typically only pack about 15% to 20% (ref. 55), VCJ, as a form of inkjet
material deposition, canaccommodate packing densities above 40%.

Print materials. Three materials were printed together to produce the
final parts: soft, rigid and support. A thiol-ene elastomer was used to
print soft flexible components (Fig. 2). Arigid formulation of thiol-ene
was used asthe load-bearing structure. A phase-change material (wax)
was used asasupportstructure. The phase-change materialisjettedin
amoltenstateatan elevated temperature and hardens asit cools after
deposition. The material melts upon reheating above 60 °C, allowing
for easy removal (Extended Data Fig. 2 and Supplementary Video 3).
Additionally, VCJ also supports the print of epoxies. Two epoxy formula-
tions® have been developed: a tough epoxy (Extended Data Table 1c)
and achemically resistant epoxy (Extended Data Table 1d).

Multimaterial prints. Multimaterial fabrication depends on the chem-
istriesinuse.In general, multimaterial parts must consist of materials
from the same polymer family to ensure adequate bonding when mixed
orplacedindirect contact with each other. Incompatible materials can
refuse to bond, causing separation, or inhibit curing. If multimaterial
partswithincompatible materials are needed, it is possible to separate
the two material regions with a thin separator of support wax (single
voxel) to ensure full cure. This separation benefits from the use of me-
chanicalinterlocking between the two material regions to prevent mate-
rial separation after the supportis removed (Extended Data Fig. 1g-i).

Testing standards and material characterization

We used standardized testing to evaluate the printable materials com-
pared to the state-of-the-art materials. In the following, we describe
the standards used in this work.

Modulus of resilience using ASTM 2632. We investigated the modu-
lus of resilience of the materials directly from the printer according
to ASTM 2632 (ref. 57) with three samples per material. ASTM 2632
specifies the test parameters for impact resilience of solid rubber
from the measurement of the vertical rebound of adropped mass from
16 inchesin height.

Assignment of a glass transition temperature T, by DMA using ASTM
E1640-18. We conducted the DMA and assigned a glass transition tem-
perature 7,according to ASTM E1640-18 (ref. 58). The DMA was per-
formed onsoft thiol-ene (Fig. 2g, Extended Data Fig.4) and compared
with the two acrylates Tango Black Plus and Agilus 30 (Fig. 2g).

Viscoelastic behaviour. The viscoelastic behaviour of the materials
was quantified by recording stress-strain cycles going from 0% to 140%
displacement and back to 0% at a stain rate of about 0.53 s%. The hys-
teresis of the material that relates to its viscoelasticity can beinferred
by the area enclosed by the stress-strain cycle. We tested three samples
of soft thiol-ene and Tango Black Plus, and two samples of Agilus 30.

Outdoor weathering using ASTM G154 Cycle 1. ASTM G154 (ref. 59)
mimics outdoor weatheringin additionto UV exposure. The test repro-
duces the weathering effects that occur when materials are exposed
tosunlight and moisture (rain or dew) during real-world usage. Rather
than just an exposure to humidity, this test causes water droplets to
form on the parts’ surface, modelling dew formation.

The testing standard ASTM G154, Cycle 1 exposes all samples to
0.89 W (m*nm) " UVirradiation at awavelength of about 340 nm from
aUVA-340 lamp. The exposure cycle consists of 8 h UV at (60 + 3) °C
Black Panel Temperature followed by 4 h Condensation at (50 + 3) °C
Black Panel Temperature. The test samples were removed and tested
after250 h, 500 h, 750 hand 1,000 h.

Material characterization. In contrast to processes that require a pla-
narizer, the contactless VCJ process enables printing of chemistries that
continueto cure after the discontinuation of irradiation. Thisincludes
thiol-ene and epoxy chemistries.

Thessoft thiol-ene material®® has a Shore hardness of 32 A, tear resist-
ance of 5.6 kN m™ and elongation at break of 200% (Extended Data
Table 1a). In addition, the material’s exposure to the outdoors was
simulated according to ASTM G154, Cycle 1. After the outdoor weath-
ering, material tests were conducted following ASTM D638: Type IV,
50 mm min (Extended Data Fig. 3d-i). Another thiol-ene resin was used
to print rigid components. The rigid thiol-ene has a tensile strength
of 45 MPa, tensile modulus of 2.1 GPa and elongation at break of 15%
(Extended Data Table 1b).

The thiol-ene step-growth polymerization utilized in this work con-
sists of an ABAB system alternating between poly-thiols and poly-enes.
This polymerization approachresultsin a highly regular polymer chain
structure, which combined with the high molecular weight, achieved
through careful formulation, results in a highly elastic polymer. The
high elasticity of the polymer can be seen in the large change of stor-
age modulus before and after the glass transition temperature 7, in
the DMA (Extended DataFig. 4).

The contactless VCJ process also permits the printing of further
resin families, for example, 100% UV-cationic cured epoxy materials.
Epoxies are particularly attractive for several reasons, including low
shrinkage, high chemical resistance and excellent UV stability. The
tough epoxy presents an ultimate breakdown strength of 53.8 MPa,



an elastic modulus of 2.5 GPa, an elongation at break of 7.1%, a Shore
hardness 78D, Izod impact strength of 33.8 ) m™ and a heat deflection
temperature at 0.45 MPa of 76 °C (Extended Data Table 1c). Inaddition,
the outdoor stability of the epoxy was tested per ASTM G154, Cycle 1, fol-
lowed by ASTM D638, TypelV, at 50 mm min~ (Extended DataFig. 3d).

The chemically resistant epoxy has an ultimate tensile strength of
59.2 MPa, an elastic modulus of 2.7 GPa, an elongation at break of 2.5%,
aShore hardness 81D and a heat deflection temperature at 0.45 MPa of
130 °C (Extended Data Table 1d). This epoxy is also resistant to chemi-
cals and solvents (Extended Data Fig. 3a,c).

The adhesion between cast soft and rigid thiol-ene was tested via
lap shear ASTM D 3163-01 (Extended Data Fig. 7). A shear strength of
(1.08 £ 0.10) MPa was determined for five tested samples.

Printed systems and robots

Robotic hand. The printed robotic hand resembles ahuman hand with
boneswhose shapes have been extracted from open-source magnetic
resonance imaging data®. Thejoints connecting the bones are modelled
toresemble the human anatomy. The printed tendons are attached to
the bonesin locations approximating the anatomically correctinser-
tion areas of the muscles. Rigid guides are modelled as extrusion from
thebonetoguide the tendons to ensure the forces are delivered to the
attachment point. Each printed tendonis connected to aservo motor
(DYNAMIXEL XL430-W250-T, ROBOTIS Co. Ltd.). One end of multifila-
ment fishing line is knotted to the end of the printed tendon and the
other end of the fishing line is spooled onto a reel of the servo motor.

Each fingertip and the palm of the hand are fitted with a sensor pad
that measures pressure. This printed sensor pad is a cavity with a thin
membrane that is connected through a long, printed tubing. Each
printed tubing coming from the sensor pad is externally connected
toacommercial pressure sensor (015PG2A3, Honeywell International
Inc.) with a sensor range of 0 kPa to 25 kPa. The sensor signal is read
out by amicrocontroller (Arduino DUE, Arduino S.r.1.).

The hand’s controller runs on a computer. The motor’s actuation
patterns and control sequences are written in Python, and the sensor
signal from the microcontrolleris read out via aserial connection. The
control loop for the hand allows the closing of the individual fingers
until contactis sensed through the printed sensor pads.

Thehand was evaluated by testing its compliance, dexterity and abil-
ity to grasp objects. The fingers’ compliance was tested through the
manual bending of the joints and hitting the hand withahammer. The
dexterity of the hand was evaluated by controlling the tendon-actuation
to make contact between thetip of the thumb and another fingertip of
the same hand. The object grasping tests were executed according to
amultistep grasping algorithm (Extended DataFig. 5). Several objects
were placedinfront ofthe hand. The closure of the hand was started as
soon as contact was sensed at the palm sensor. The fingers then closed
until their fingertips sensed contact with the object to be grasped.

Walking robot. The printed walking robot prototypeis an eight-channel
system with two sets of two channels for actuating groups of three legs
(Extended Data Fig. 6a). One channel supplies the top joints and one
the bottomjoints of the group of three legs. Applying pressure to these
channels bends the legs at the respective joint. Pressure patterns sym-
metrictothe centre plane of the robotallow the robot tolocomoteina
forward and backward direction. The pressure patterns are adapted to
provide more pressure to one halfthan the other, leading to the robot
turning left or right. Another set of two channelsis used to actuate the
robot’s arm. One actuator is located at the joint intersection with the
body. The other actuates the ‘forearm’. Finally, two channels connect
toagripper.One channelsupplies the gripper with actuation pressure,
the other connects the sensing pad to a pressure sensor. The sensing
pad is a cavity at the fingertips of the gripper. Reading pressures at
these channels allows us to reason about the forces and thereby the
contact made between the tip of the gripper and the contacting object.

We connect the supply channels of the robot to seven channels of
alé-channel proportional valve terminal (MPA-FB-VI, Festo Vertrieb
GmbH & Co.KG). The valve terminal hasindividually addressable chan-
nels that command pressures between 0 kPa to 250 kPa at a flow rate
per channel of up to 380 I min™. The sensing channel is connected
to a pressure sensor (015PG2A3, Honeywell International Inc.) with
asensor range of 0 kPa to 25 kPa. A microcontroller (Arduino DUE,
Arduino S.r.l.) receives the sensor signal and streams the measure-
mentstotheserial port. The pressure patterns and control sequences
arewrittenin Python, and the sensor signal from the microcontroller
isread fromits serial port. We demonstrate the walking robot’s ability
tolocomote, grasp and sense using different objects. Experimental still
images (Extended DataFig. 6b) and video recordings (Supplementary
Video 5) are available.

Heart pump. The functional heart pump is a multimaterial print that
operates as two pressurized-air-driven liquid pumps (Supplementary
Video 6) resembling the double ventricle of a mammalian heart. Two
openingsarelocated at the bottom of the heart to allow pressurized air
to compress the membranes of each artificial ventricle. This compres-
sion corresponds to a heart muscle shrinking the volume of a ventricle.
Theventricle’s volumeis connected to aliquid supply system through
aone-way inlet valve and a one-way outlet valve. These valves resem-
ble the three-leaved heart valves that can be found in the aortic valve,
the tricuspid valve and the pulmonary valve. The outer shell of the
heart approximates amammalian heart. Each ventricular chamber is
fitted with a printed sensor pad that allows the sensing of the heart’s
frequency. The sensor pad connects to a sensor channel in the heart.
The channelis connected to a pressure sensor (015PG2A3, Honeywell
International Inc.) with a sensor range of 0 kPa to 25 kPa. The sensor
signal is decoded on a microcontroller (Arduino DUE, Arduino S.r.l.).
A reciprocating syringe pump system is used to actuate the printed
pump.

To test the flow rate of the heart and the functionality of the sen-
sor, an experimental setup like the circulatory system found in
mammals was used (Supplementary Video 6). Three 10 | translucent
buckets were connected to the heart. The left bucket resembled
de-oxygenated, old blood, the bucket in the middle resembled the
lung’s blood volume and the right bucket was for oxygenated blood
leaving the heart. To measure the flow rate, we recorded the change
in weight of the buckets over time. The sensed frequency in the sen-
sor pads was compared to the frequency of actuation of the syringe

pump.

Multimaterial metamaterial structure. Going beyond the limited
properties of asingle material in bulk, metamaterials canbe freeform
constructed frommultiple materials to provide features not foundina
homogeneous material block. We can adjust by design the stress-strain
curve of amaterial using a truss-based configuration. The links of the
truss are made of soft materials and the nodes of the truss are addi-
tionally reinforced with rigid, spherical elements. This configuration
allows for more distinct changes in material stiffness beyond a given
level of strain.

We printed metamaterials from soft and rigid thiol-ene with different
link and node diameters and tested the resulting cubes of the meta-
materials using a compression testing machine (Instron 5943, lllinois
Tool Works Inc.) and a high-speed camera (FASTCAM Mini AX200,
Photron). Each metamaterial construct was placed in the testing area
of the compression testing machine and was compressed from O mm
to18.2 mminrelative displacement.

Data availability

Alldataneeded to evaluate the conclusionsinthe paperare presentin
the paper and/or the Supplementary Information.
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Extended DataFig.1|Illustrating afeature set the printeris capable of
printing. The first row (a-c) ismade from soft thiol-ene, the second row (d-f) is
made from tough epoxy. a, This custom earpiece made from soft thiol-ene has
asizeof 5cmx2.5cmwith holesbetween 0.4 mmto1mm. Theinner lattice
structure’sstruts are 0.3 mm. b, This object made from soft thiol-ene has asize
of 5cmx 2.5 cmthelamella have awall thickness of 0.9 mm. ¢, This gasket made
from soft thiol-ene has asize of 5cm x 7.5 cmwith awall thickness of 0.75 mm.
d, This static mixer made from epoxy has a diameter of 5.6 cm at a width of
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wax epoxy
21.6 cmwithaninternal strutsize of 0.5 mm. e, This generative design bracket
made fromepoxy hasalength of21.6 cmand awidth of 11.6 cm. f, This generative
design bracket made from epoxy has adiameter of25.4 cm. g, Multi-chemistry
printof epoxy and thiol-ene mechanically interlocked. The upper (white) half
of the printsis made from soft thiol-ene, the lower (grey) half of the print s
epoxy-based. h, Arender of the printed part with colour-coding for thiol-enein
pink, waxinlightgrey and epoxyindark grey.i, The render of the printed part
cutinhalf where the mechanicalinterlockingis visible.
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Extended DataFig.2| Thesupportremoval process. a, The build plate full melting process. ¢, After wax melting, the parts are putinanaqueous degreasing
of printed parts of different material covered in white wax support. The wax solution as thelast step of preparation.
supportismeltedinanovenat 65 °C.b, Intermediate image of the support



Solvent Chem. epoxy Tough epoxy RGD 720 Solvent Soft thiol-ene Tango Black Plus
(5 days) (7 days) (7 days) (7 days) (7 days)
Water 0.3 wt% 2.7 wt% 2.5 wt% Water 4.3 wt% 5.1 wt%
Acetone 0.5 wt% fail fail Acetone 89.6 wt% 139.7 wt%
Isopropyl alcohol 0.0 wt% 4.6 wt% 3.2 wt% Isopropyl alcohol 22.9 wt% 106.4 wt%
Motor oil 0.1 wt% 1.8 wt% 0.6 wt% Motor oil 0.9 wt% 5.1 wt%
Ethanol 0.5 wt% 11.5 wt% 12.9 wt% Ethanol 39.5 wt% fail
c
Solvent Tensile strength Tensile Elongation at
modulus break
Abs. Change Abs. Change Abs.  Change
(MPa) w.rt. (GPa) w.rt. (%) w.r.t.
control control control
Control 53.0 0.0 % 2.70 0.0 % 25 0%
Nitric acid
(2%aq) 51.0 -3.8 % 2.60 -3.7 % 2.6 0%
Sulfuric acid
(20%aq) 53.3 0.6 % 2.60 -3.7 % 2.6 4%
Acetone 69.0 30.2 % 2.60 -3.7 % 7.6 204 %
Ethanol 66.8 26.1 % 2.70 0.0 % 4.0 60 %
NaOH
(20%w/w) 51.3 -3.2% 2.60 -3.7% 24 -4 %
Isopropyl alcohol 52.6 -0.8 % 2.73 1.1% 24 -4 %
Tolulene 57.8 9.1 % 2.67 -1.1% 2.8 12%
Bleach 52.5 -0.9 % 2.79 3.3% 25 0%
Synthetic sea
water 51.4 -3.0 % 2.74 1.5% 23 -8 %
Motor oil 54.0 -1.9% 2.77 26 % 24 -4 %
d
Exposure Tensile strength Tensile modulus Elongation at break
(h)  Absolute Change  Absolute Change  Absolute Change
(MPa) w.r.t. (GPa) w.r.t. (%) w.rt.
control control control
0 53.8 0% 2.50 0 % 71 0 %
250 54.9 2% 242 -3 % 8.8 24 %
500 58.1 8 % 243 -3 % 6.7 -6 %
750 59.2 10 % 240 -4 % 6.4 -10 %
1000 57.0 6 % 2.40 -4 % 6.6 7%
i
Exposure Tensile strength Tensile elongation Elastic modulus Tear strength Tear propagation
(h)  Absolute Change  Absolute Change Absolute Change Absolute Change Absolute Change
(MPa) w.rt. (%) w.rt. (MPa) w.rt. (kN/m) w.rt. (KN/m) w.rt.
control control control control control
0 0.92 0 % 200 0 % 0.53 0 % 3.7 0 % 5.6 0 %
250 0.81 -12 % 200 0 % 0.48 -9 % 34 -8 % 5.7 2%
500 0.79 -14 % 190 -5 % 0.50 -6 % 34 -8 % 6.2 1%
750 0.86 -6 % 230 15 % 0.47 -1 % 37 -0 % 7.0 25%
1000 0.70 -14 % 190 5% 0.51 -4 % 3.5 -5 % 6.3 13 %

view (e,and g) and side view (f, and h) images of material samplesin the test
setup for exposure according to ASTM G154, Cycle 1. Our tough epoxy material
(e, and f) did not show warping compared to the state-of-the-art acrylate-based
material (Stratasys RGD720) (g, and h).i, Soft thiol-ene accelerated aging test
ASTM G154, Cycle1over1000 h exposure. Tests conducted following ASTM
D412: Die C,500 mm/min, ASTM D624-C,and ASTM D624-B, average values
represented.

Extended DataFig.3|Exposuretests for printed materials. a, Weight gain for
rigid polymers under solvent exposure according to ASTM D543. b, Weight gain
for soft polymers under solvent exposure according to ASTM D543. ¢, Change
inmaterial properties for chemically resistant epoxy after five-day submersion
at25°C, following ASTM D543. Tests conducted following ASTM D638: TypelV,
50 mm/min, average values represented. d, Tough epoxy accelerated aging test
per ASTM G154, Cycle1over1000 h exposure, average values represented. Top
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Extended DataFig. 4 |Soft thiol-ene dynamic mechanical analysis. The onset of the drop in storage modulus E” happens at —24.84 °C. The dissipation factor
tan(8) peaks at-16.88 °C. This measurement was taken at another time than DMAin Fig. 2g.
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Extended DataFig. 6 | The walking robot’s channels and actuation. a, Visualization of the walking robot’s channels and respective actuators and sensor pads
arecolour coded. b, Sequential stillimages are taken every second during the locomotion of the walking robot.
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Extended DataFig.7|Lap shear testing for cast soft and rigid thiol-ene. A shear strength of (1.08 + 0.10) MPa was determined by testing five samplesin
accordance with ASTM D 3163-01.
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Extended Data Table 1| Properties for printed materials

a b
Mechanical properties Standard Value Mechanical properties Standard Value
Ultimate tensile strength ASTM D412-C  0.92 MPa Ultimate tensile strength ASTM D638-IV 45 MPa
Elongation at break ASTM D412-C 200 % Elongation at break ASTM D638-1IV 14.6 %
Elastic modulus @ 100 % ASTM D412-C  0.53 MPa Elastic modulus @ 100 % ASTM D638-IV 2.1 GPa
Tear propagation ASTM D624-B 5.6 kN/m Shore hardness ASTM D2240 81D
Tear strength ASTM D624-C 3.7 kN/m Thermal properties
Shore hardness @ 100 % ASTM D2240 32A HDT @ 0.45 MPa ASTM D648 52 °C
Compression set, 23 °C, 72 h ASTM D395-B  10.2% HDT @ 0.45 MPa ASTM D648 48 °C
Thermal properties Glass transition temperature ASTM D3418 66 °C

Glass transition temperature ASTM D3418 -32°C

c d
Mechanical properties Standard Value Mechanical properties Standard Value
Ultimate tensile strength ASTM D638-IV  53.8 MPa Ultimate tensile strength ASTM D638-IV 59.2 MPa
Elongation at break ASTM D638-IV 7.1 % Elongation at break ASTM D638-1IV 25%
Elastic modulus ASTM D638-IV 2.5 GPa Elastic modulus ASTM D638-1IV 2.7 GPa
Flexural strength ASTM D790 85 MPa Flexural strength ASTM D790 71.7 MPa
Flexural modulus ASTM D790 2.3 GPa Flexural modulus ASTM D790 2.4 GPa
Shore hardness ASTM D2240 78D Shore hardness ASTM D2240 81D
Izod impact (notched) ASTM D256 33.8 J/m Thermal properties
Thermal properties HDT @ 0.45 MPa ASTM D648 130 °C
HDT @ 0.45 MPa ASTM D648 76 °C HDT @ 0.45 MPa ASTM D648 116 °C
HDT @ 0.45 MPa ASTM D648 69 °C Glass transition ASTM D3418 131°C
Glass transition temperature  ASTM D3418 (78 to 82) °C Temperature
General properties General properties
Density ASTM D792 1.21 g/cm® Density ASTM D792 1.21 glcm®
Water absorption ASTM D570 0.67 % Cytotoxicity 1ISO 10993-5 Pass (24h)
Flammability UL 94 HB (3.3 mm)

Material properties for a, soft thiol-ene, b, rigid thiol-ene, ¢, tough epoxy, and d, chemically resistant epoxy.



Extended Data Table 2 | Print parameters

a
Relative Linear accuracy Circular accuracy
deviation Nominal length Nominal diameter
Ommto25mm 25 mm to 55 mm 7 mm 8 mm 15 mm 23.5mm 25 mm
X&Y 0.1 % 0.1 % -0.03 % 0.10 % 0.01 % 0.13 % 0.1 %
Z +0.2 % +0.3 % -0.10 % 0.14 % -0.10 % 0.07 % 0.02 %
b
Rib/wall (mm) Unsupported wall (mm)
Pin (mm) Hole (mm) Slot/gap (mm) Resolved Undeformed Resolved Undeformed
Tough epoxy 0.3 0.4 0.40 0.1 0.6 0.2 >1.0
Chem. epoxy 0.3 0.3 0.06 0.6 0.6 0.4 0.6
Soft thiol-ene 0.3 0.3 0.08 0.2 0.6 0.1 >1.0
c d
Embossed text (mm) Debossed text (mm) Fitment 3D channel Drainage hole (mm)
Height Depth Height Depth diameter (mm) diameter (mm) Recommended Possible
Tough epoxy 1.4 0.1 2.0 0.3 0.1t00.2 0.1t00.2 >0.75 204
Chem. epoxy 1.4 0.2 1.6 0.2
Soft thiol-ene 1.4 0.1 1.0 0.2

a, Accuracy for prints with tough epoxy. - ISO/ASTM 52902 b, Resolution for prints (in X, Y, and Z). - ISO/ASTM 52902 ¢, Bossed feature size. d, Design considerations.
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