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Rotational multimaterial printing of 
filaments with subvoxel control

Natalie M. Larson1,2, Jochen Mueller1,2, Alex Chortos1,2, Zoey S. Davidson1,2, David R. Clarke1 & 
Jennifer A. Lewis1,2 ✉

Helical structures are ubiquitous in nature and impart unique mechanical properties 
and multifunctionality1. So far, synthetic architectures that mimic these natural 
systems have been fabricated by winding, twisting and braiding of individual 
filaments1–7, microfluidics8,9, self-shaping1,10–13 and printing methods14–17. However, 
those fabrication methods are unable to simultaneously create and pattern 
multimaterial, helically architected filaments with subvoxel control in arbitrary 
two-dimensional (2D) and three-dimensional (3D) motifs from a broad range of 
materials. Towards this goal, both multimaterial18–23 and rotational24 3D printing of 
architected filaments have recently been reported; however, the integration of these 
two capabilities has yet to be realized. Here we report a rotational multimaterial 3D 
printing (RM-3DP) platform that enables subvoxel control over the local orientation 
of azimuthally heterogeneous architected filaments. By continuously rotating a 
multimaterial nozzle with a controlled ratio of angular-to-translational velocity, we 
have created helical filaments with programmable helix angle, layer thickness and 
interfacial area between several materials within a given cylindrical voxel. Using this 
integrated method, we have fabricated functional artificial muscles composed of 
helical dielectric elastomer actuators with high fidelity and individually addressable 
conductive helical channels embedded within a dielectric elastomer matrix. We 
have also fabricated hierarchical lattices comprising architected helical struts 
containing stiff springs within a compliant matrix. Our additive-manufacturing 
platform opens new avenues to generating multifunctional architected matter in 
bioinspired motifs.

Helical architectures that exhibit unique functionalities are abundant 
in both natural and synthetic systems1,2. For example, the helical assem-
bly of actin and tropomyosin in skeletal muscle thin filaments gives 
rise to the high contractility and specific work of skeletal muscles1,25. 
Meanwhile, the nastic motion of plants arises from helically arranged 
stiff cellulose fibres within plant cell walls1,2,17,26–28. In synthetic sys-
tems, recent efforts have focused on creating helical architectures 
for applications ranging from artificial muscles1,3,7,10,29,30 to mechani-
cal metamaterials31,32 to hierarchical lattices with rope-like beams14. 
Inspired by these helically structured systems, we developed RM-3DP 
to enable simultaneous fabrication and patterning of multimaterial 
architected filaments with locally programmable subvoxel control over 
the orientation of azimuthally heterogeneous features, thus enabling 
fabrication of synthetic multimaterial helical filaments patterned in 
arbitrary one-dimensional (1D), 2D and 3D motifs.

Our RM-3DP method combines two enabling features: (1) a multi-
material nozzle with azimuthally heterogeneous subvoxel features 
and (2) a printhead design that allows several pressure-controlled ink 
reservoirs as well as the nozzle to rotate freely (Fig. 1a,b). Our nozzles 
possess a ‘shell–fan-core’ geometry, in which the fan elements generate 

an azimuthally heterogeneous architecture (Fig. 1b and Extended Data 
Fig. 1). Free rotation of the pressure-controlled ink reservoirs and noz-
zle is enabled by a four-channel rotary union, which transfers pres-
surized air from a set of stationary inlets to a corresponding set of 
rotating outlets (see Fig. 1a, Supplementary Video 1 and Methods). The 
ink reservoirs and nozzle are connected to a shaft, which is coupled to 
a stepper motor that controls the rotation and angular velocity, ω, of 
the rotating components of the system. This system is mounted on a 
three-axis, motion-controlled stage that controls translational velocity, 
v, and gap height, h, between the printing nozzle and substrate. Dur-
ing printing of helically architected filaments, the ratio of angular to 
translational velocity, ω/v, determines the shear field and, ultimately, 
the theoretical helical angle, ϕ(r) = tan−1(rω/v), of the multimaterial fea-
tures embedded within these filaments as a function of radial position  
r (r = 0 at the core centre)24. Mathematically, the ideal interfaces between 
multimaterial features are helicoidal surfaces. We define a dimension-
less rotation rate, ω* = Rω/v (in radians), in which R is the radius of the 
largest internal nozzle feature, as a measure of the maximum idealized 
shear field imposed by nozzle rotation and translation during printing24.  
We also define two more dimensionless parameters: a dimensionless 

https://doi.org/10.1038/s41586-022-05490-7

Received: 16 January 2022

Accepted: 27 October 2022

Published online: xx xx xxxx

 Check for updates

1Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA. 2Wyss Institute for Biologically Inspired Engineering, Harvard University, 
Cambridge, MA, USA. ✉e-mail: jalewis@seas.harvard.edu

https://doi.org/10.1038/s41586-022-05490-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-022-05490-7&domain=pdf
mailto:jalewis@seas.harvard.edu


2 | Nature | www.nature.com

Article

gap height, h* = h/(2R), and a dimensionless volumetric flow rate, 
Q* = Q/(vπR2), in which Q is the sum of the flow rates Qi for each chan-
nel. Q* is equal to 1 when the filament radius is equal to the nozzle radius.

Our RM-3DP platform can be used in three configurations (Fig. 1d–f).  
Each configuration is specified by the angles of the printhead rota-
tion axis (θP) and filament deposition (θD) relative to the horizon-
tal. Prototypical extrusion-based 3D printing is defined by θP = 90° 
and θD = 0° (ref. 33) (Fig. 1d). Meanwhile, angled printing is defined 
by θP < 90° and θD = 0°, in which the gap height, h, now corresponds 
to the vertical distance between the substrate and the top edge of 
the shell or outermost nozzle feature (Fig. 1e and Supplementary 
Video 2). Finally, in vertical printing (θP = 90° and θD = 90°), filaments 
are printed out of plane by translating the nozzle in the z direction 
(Fig. 1f). To impart mechanical stability to the vertically patterned 
filaments, the printhead is outfitted with ultraviolet (UV) lights to 
enable curing on the fly16.

Printed filament and subvoxel geometries are influenced by the 
printhead configuration (θP and θD) as well as ω*, h* and Q*, as demon-
strated by a parameter sweep of these conditions using viscoelastic 
polydimethylsiloxane (PDMS) inks as an example (Figs. 1b and 2a and 
Extended Data Figs. 2 and 3a,b). The target filament geometry is a 
subvoxelated24,34 straight cylinder with a circular cross-section, in 
which the volume of an individual voxel for Q* = 1 is defined as 2πR3 
where the voxel length along the filament axis is 2R (Fig. 1c). The target 
subvoxel geometry comprises perfectly helical fan traces that appear 

as sinusoidal curves from any view perpendicular to the long axis of 
the filaments. During prototypical printing (θP = 90°, θD = 0°), high 
values of h* and ω* lead to instabilities that cause the filaments to 
become non-cylindrical or deviate from the printhead travel path, 
similar to those that arise at large h* in prototypical extrusion-based 
3D printing35,36. At the subvoxel level, red and blue fan traces show a 
warped helical architecture in which the degree of warping becomes 
increasingly prominent at high ω* and low h*. We posit that warping 
arises in part owing to non-uniform forces around the azimuth of the 
filament that are inherent to its deposition and relaxation on a sub-
strate and in part to the need for the filament to bend 90° after it exits 
the nozzle. For particularly low values of h* (for example, h* = 1), the 
90° bend occurs over a relatively short vertical distance, leading to 
pronounced subvoxel warping. Warping effects induced by filament 
bending during printing are notably reduced when the printhead 
is oriented at a shallow angle relative to the deposition surface (for 
example, θP = 25°, θD = 0°). For angled printing, optimal filament and 
subvoxel geometries are observed for h* = 1. However, some degree of 
subvoxel warping is inherent to printing on a substrate. When needed, 
vertical printing (θP = 90°, θD = 90°) can be used to simultaneously 
eliminate the warping effects caused by the substrate and the bend-
ing of the filament.

To further demonstrate the ability to locally program the orienta-
tion of subvoxelated filaments on the fly, we printed 1D filaments with 
gradients in ω*, switching in ω* and alternating chirality (Fig. 2b and 
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Fig. 1 | Rotational multimaterial 3D printing of architected filaments with 
programmable subvoxel control. a, Image of RM-3DP printhead oriented 
vertically (θP = 90°) and deposition surface oriented horizontally (θD = 0°).  
b, 3D model of four-material shell–fan-core nozzle tip (for RM-3DP with θP = 90°, 
θD = 0°) with diameter 2R = 2.5 mm. c, Photograph of four-material PDMS 
filament deposition using the nozzle illustrated in b. Print parameters were 

θP = 90°, θD = 0°, ω* = 2, Q* = 1, h* = 2, v = 1 mm s−1. A cylindrical voxel is outlined 
by the dashed white lines. Scale bar, 1 mm. d–f, Schematics of three RM-3DP 
print configurations demonstrated in this work: prototypical printing: θP = 90°, 
θD = 0° (d); angled printing: θP < 90°, θD = 0° (e); vertical printing: θP = 90°, 
θD = 90° (f). In f, a fixture holds four evenly spaced UV light guides directed at 
the filament to enable curing on the fly.
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Supplementary Video 3). Further capabilities are highlighted in a 2D 
square spiral pattern produced by rotating the printhead at discrete 
locations (that is, only at the corners) to maintain the continuity and 
location of a given material (shown in blue) along the outside of the 
filaments within this pattern (Fig. 2c and Supplementary Video 4). 
In another demonstration, we used a helical print path (Fig. 2d and 
Supplementary Video 5). Without nozzle rotation (Fig. 2d (i)), we have 
limited capabilities. However, with nozzle rotation, a hierarchical heli-
cal structure with ω* = 2 (Fig. 2d (ii)) and a helix with the blue fan trace 
maintained along the outside of the helix superstructure (Fig. 2d (iii)) 
can be readily fabricated.

Helical dielectric elastomer actuators
To demonstrate our ability to fabricate functional filaments, we 
designed and printed helical dielectric elastomer actuator (HDEA) 
filaments with discrete, individually addressable helical conductive 
channels with high helix angle, thin layers and high multimaterial inter-
facial area embedded within a dielectric elastomer matrix. The HDEA 
filaments consist of basic units of actuation composed of soft dielectric 
elastomer membranes sandwiched between two soft electrodes. HDEAs 
can be designed to exhibit a contractile response when electrostatic 
forces compress the dielectric elastomer membranes between helically 
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Fig. 2 | Patterning geometric complexity across scales. PDMS filaments 
extruded from shell–fan-core nozzles presented in Fig. 1b and Extended Data 
Fig. 1. a, Filaments printed at varying values of ω*, h* and θP (with constant 
θD = 0° and Q* = 1). b, Patterning 1D filaments with gradients in ω* (rows 1 and 2), 
switching in ω* (row 3) and alternating chirality (row 4). Print parameters were 
θP = 25°, θD = 0°, Q* = 1, h* = 1, v = 2 mm s−1. c, A 2D square spiral pattern with 90° 

printhead rotations at the corners to ensure blue remained on the outside of 
the trace. Print parameters were θP = 90°, θD = 0°, Q* = 1, h* = 1.1, v = 4 mm s−1.  
d, 3D helical print patterns with: (i) no nozzle rotation, (ii) nozzle rotation at 
ω* = 2 and (iii) one nozzle rotation per printhead revolution. Print parameters 
were θP = 90°, θD = 0°, Q* = 1, h* = 2, v = 4 mm s−1. All scale bars, 5 mm.
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patterned electrodes. Others have produced HDEAs by helical cutting 
of a dielectric elastomer tube, deposition of compliant electrodes on 
the helix faces and device assembly30. Using RM-3DP, HDEAs can be 
rapidly printed in a single step by co-extruding two viscoelastic inks 
from a shell–fan-core nozzle to simultaneously form both dielectric 
(shell, fan-core) and conductive (fans) components in a helical geom-
etry (Fig. 3a–c and Extended Data Fig. 3c,d). The dielectric elastomer 
components are composed of a soft acrylic ink that, after UV curing, 
exhibits a Young’s modulus Ysoft = 0.52 ± 0.03 MPa (mean ± standard 
deviation (s.d.)) and a dielectric constant of 5.45 ± 0.08 (mean ± s.d.) 
at 1 kHz (Extended Data Figs. 4a and 5a,b). The conductive ink contains 

carbon black particles as a filler, remains as an uncured viscoelastic 
electrode embedded within the HDEAs and has a conductivity of 
8 × 10−3 ± 2 × 10−3 S m−1 (mean ± standard error) at 1 kHz (Extended 
Data Fig. 5c).

HDEA filaments are fabricated by vertical printing (Figs. 1f and 3a 
and Supplementary Video 6) using a 5-mm-diameter shell–fan-core 
nozzle (Fig. 3b and Extended Data Fig. 5d,e) and UV curing on the 
fly. This approach was ultimately adopted to ensure that the printed 
filaments have a symmetric subvoxel helical architecture and, hence, 
display only axial actuation and twisting under an applied voltage. By 
contrast, HDEA filaments printed at an angle (θP = 15°, θD = 0°) undergo 
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Fig. 3 | HDEA filaments. a, Photograph of RM-3DP of an HDEA with ω* = 1 using 
the vertical printing (θP = 90°, θD = 90°) configuration with UV curing on the fly. 
Scale bar, 10 mm. b, 3D model of shell–fan-core nozzle tip. c, Photographs of 
representative filaments with ω* = 1, 5, 10 and 15 on the print stage immediately 
after printing. d, Experimental and simulated axial actuation strain as a 
function of voltage for HDEAs with ω* = 1, 5, 10 and 15. Theoretical average 
helical angles over the entire active area, ϕ , are also noted on the plot. For each 
ω*, N = 7 specimens were tested. For the simulation results, estimated electric 
fields, E, are noted for the two highest voltage results for ω* = 10 and 15. In this 
and subsequent plots of axial actuation strain, a negative strain means that the 

filaments contract axially with applied voltage. e, Total twist angle for the 
entire 20-mm actuator as a function of voltage for each specimen plotted in d. 
A negative twist angle corresponds to a tightening of the helix. f, Photograph 
showing axial contraction and twisting of an HDEA with ω* = 10. Scale bar, 
5 mm. g, Simulation results for an HDEA with ω* = 15, filament diameter = 5 mm, 
core diameter = 0.25 mm, shell thickness = 0 mm (shell inner diameter = 5 mm) 
and ten fans with a fan angle of 5° (dielectric volume fraction 0.86). Estimated 
electric fields are noted for the two highest voltage results. The inset shows a 
schematic of the simulated filament cross-section.
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warping in their helical structure, which induces a bending response 
in addition to axial and twisting actuation (Extended Data Fig. 6 and 
Supplementary Video 7).

HDEA filaments with programmable actuation behaviour are 
achieved by varying ω* from 1 to 15 during vertical printing. These fila-
ments are tested in 0.5-kV increments starting at 2 kV applied voltage 
and increasing up to 10 kV or until electrical breakdown (Fig. 3c–f, 

Extended Data Fig. 7, Supplementary Fig. 1a and Supplementary 
Video 8). The filaments show maximum contractile (negative-valued) 
strains of about −4.4 ± 0.6% (mean ± s.d., number of specimens N = 7) 
for ω* = 10 and −4.1 ± 0.9% (mean ± s.d., N = 7) for ω* = 15 (Fig. 3d). Nota-
bly, the filaments show contractile strains for ω* = 5, 10 and 15 and 
extensile strains for ω* = 1. The transition from contractile to extensile 
strains is expected to occur when the helical angle drops below 45°. 
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Our results are consistent with this prediction, as the theoretical aver-
age helical angle over the entire active area, ϕ , decreases from 71° at 
ω* = 5 to 32° at ω* = 1 (Fig. 3d). Meanwhile, all HDEAs, regardless of ω*, 
twist in the direction that corresponds to a tightening of the helix 
(defined as a negative twist angle) (Fig. 3e,f). In applications in which 
twisting is undesirable, HDEAs with periodically alternating chirality 
may be designed such that their local twisting opposes the neighbour-
ing twist without affecting the overall achievable axial strain.

We note that RM-3DP could be used to print HDEA filaments with 
higher actuation strains and lower actuation voltages by implementing 
more extreme shell–fan-core features (for example, smaller fan angle). 
To explore this design space, we carried out finite element simulations 
to predict the axial strain of filaments generated using different feature 
geometries and a constant filament diameter of 5 mm (see Supplemen-
tary Information). For model validation and optimization, simulations 
are first performed using the same geometries and ω* values as the 
above experiments (Fig. 3d and Supplementary Figs. 1b, 2 and 3). Simu-
lations investigating individual geometric parameters (such as core 
diameter) predict improved performance for geometries with a larger 
relative dielectric elastomer actuator active area (thinner shell, smaller 
core), thinner dielectric layers (more fans) and higher dielectric volume 
fraction (smaller fan angles) (Supplementary Figs. 4–8). A strategic 
combination of these four parameters could give rise to substantial 
improvements in HDEA performance. For example, for the geometry 
shown in Fig. 3g, a contractile strain of −10% is predicted for ω* = 15 at 
an applied voltage of 2 kV (Supplementary Fig. 9). Looking ahead, we 
plan to generate HDEAs with improved actuation performance using 
nozzle designs with more extreme features, as well as other functional 
architectures with high-fidelity helical and orientable channels that 
are uniquely enabled by RM-3DP.

‘Springy’ filaments and lattices
To generate structural composites, we printed architected ‘springy’ fila-
ments and 3D lattices composed of stiff and soft subvoxelated elements. 
Springy filaments are fabricated by co-extruding two viscoelastic inks 
from a fan-core nozzle to embed stiff acrylic springs (blue fan features) 
within a soft acrylic matrix (transparent fan-core feature) (Fig. 4a–d, 
Extended Data Figs. 3e,f and 4d,e and Supplementary Video 9). UV 
curing on the fly is used to minimize interdiffusion between the inks 
as they come into contact after exiting the nozzle (Fig. 4a–d and Sup-
plementary Video 9). After curing, the Young’s moduli (Y) of the stiff 
and soft acrylic base materials differ by more than three orders of mag-
nitude: Ystiff = 2,700 ± 200 MPa and Ysoft = 0.52 ± 0.03 MPa (mean ± s.d.) 
(Extended Data Fig. 4a,b).

Notably, we find that the tensile mechanical behaviour of springy 
filaments can be tuned by varying ω* (Fig. 4e–g, Extended Data Fig. 8a–k 
and Supplementary Video 10). As ω* increases from 0 to 5, the tensile 
strain at failure increases by roughly 30-fold to 40-fold (Extended 
Data Fig. 8l). Furthermore, as ω* increases from 0 to 3, the Young’s 
modulus of the filaments decreases by roughly 100-fold (Fig. 4g). As 
ω* increases further from 3 to 5, the modulus increases slightly from 
9 ± 1 MPa to 31 ± 3 MPa (mean ± s.d.), which may arise because of an 
increasing prevalence of an interdiffusion zone22,34 between the stiff 
and soft materials and/or geometric factors in filament deformation 
as the helical layers become thinner and exhibit a more warped helical 
architecture. In the extreme case of complete interdiffusion between 
the stiff and soft acrylic inks within the fan region (ω* → ∞), the filament 
modulus may be estimated by that of a filament with fully mixed stiff 
and soft acrylic inks in the fan region and a soft acrylic core (purple 
line in Fig. 4g). The estimated Young’s modulus for ω* → ∞ is larger than 
that of the springy filament produced at ω* = 5, suggesting that it may 
represent an asymptotic value approached as ω* increases.

Building on these capabilities, we printed hierarchical 3D lattices in 
the form of woodpile structures composed of springy filaments. The 

lattices are composed of five layers with strut filaments printed in a 
0°/90°/0°/90°/0° pattern (Extended Data Fig. 9). Lattices are printed 
with constant ω* values of 0, 0.75 and 3, and with a gradient in ω* rang-
ing from 0 to 3 in the 0° direction (Fig. 4h and Extended Data Fig. 9). All 
lattices are tested in tension along the 0° direction (Fig. 4i, Extended 
Data Fig. 10a–c and Supplementary Video 10). Akin to the springy 
filaments, the moduli of the springy lattices produced at ω* = 0.75 are 
roughly an order of magnitude higher than those produced at ω* = 3 
(Extended Data Fig. 10d). Meanwhile, the springy lattices produced 
using a gradient in ω* are slightly stiffer than those produced at ω* = 3, 
yet reach a similar maximum stress before failure. Furthermore, the 
lattices with a gradient in ω* fail in the position along the 0° direction 
in which ω* ≈ 3, that is, where the lattice is programmed to be weakest, 
whereas the lattices with ω* of 0.75 and 3 fail in more random locations 
(Fig. 4j). Moving forward, we plan to integrate functional materials into 
these complex architectures.

Summary
We have developed a rotational multimaterial 3D printing method that 
enables programmable subvoxel control over the local orientation of 
azimuthally heterogeneous features in multimaterial functional and 
structural filaments, which can be patterned in 1D, 2D and 3D motifs. 
By implementing nozzles with more extreme internal features, the 
resolution, complexity and performance of these hierarchical bioin-
spired architectures could be further enhanced from the subvoxel 
scale to the macroscale.
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Methods

Materials
The clear PDMS ink was prepared by mixing 170 g of Sylgard 186 base 
with 17 g of a thiol-functionalized crosslinker ([4–6% (mercaptopropyl)
methylsiloxane]-dimethylsiloxane copolymer (SMS-042 from Gelest)), 
5.61 g of fumed silica (CAB-O-SIL TS-720, Cabot Corp.) and 1.87 g of 
2-hydroxy-2-methylpropiophenone (Irgacure 1173) photoinitiator in a 
SpeedMixer (1,800 rpm, 18 min). The aforementioned clear PDMS inks 
and all of the following described inks were mixed with a SpeedMixer 
(FlackTek, Inc.) and 2-min breaks were implemented between every 
2 min of mixing to allow time for cooling of the mixer, as recommended 
by the equipment supplier to increase the mixer lifetime. Red and blue 
pigmented PDMS inks were prepared by mixing 20 g of the clear PDMS 
ink with 0.2 g of Silc Pig silicone colour pigment (Smooth-On, Inc.) of 
the appropriate colour in a SpeedMixer (1,800 rpm, 6 min). The con-
ductive electrode ink used in the HDEA demo was prepared by mixing 
40 g of a difunctional aliphatic urethane acrylate oligomer (CN9028, 
Sartomer) with 24 g of dioctyl phthalate and 8.32 g of carbon black par-
ticles (Acetylene Black 50%-01, Soltex, Inc.) in a SpeedMixer (1,800 rpm, 
18 min). Carbon black was chosen because of its low density, low cost 
and good stability37. To improve dispersion of the carbon black, the ink 
was roll-milled (Torrey Hill, T50) five times. The soft acrylic ink used as 
both the dielectric elastomer ink in the HDEAs and as the soft structural 
ink in the springy filaments was prepared by mixing 130 g of urethane 
acrylate oligomer (CN9018, Sartomer) with 130 g of isodecyl acrylate, 
52 g of fumed silica nanoparticles (CAB-O-SIL TS-720, Cabot Corp.) and 
2.6 g of 2,2-dimethoxy-2-phenylacetophenone (Irgacure 651) photoini-
tiator in a SpeedMixer (1,800 rpm, 18 min). To improve dispersion of 
the silica, the ink was roll-milled (Torrey Hill, T50) five times. The stiff 
acrylic ink used in the springy filament demo was prepared by mixing 
75 g of E-Shell 300 Clear (EnvisionTEC), 6.75 g of fumed silica (CAB-O-SIL 
M5, Cabot Corp.) and 0.08 g of blue Silc Pig silicone colour pigment 
(Smooth-On, Inc.) in a SpeedMixer (1,800 rpm, 18 min). The fully mixed 
stiff and soft acrylic ink referenced in the springy filament discussion 
(Fig. 4g purple line and Extended Data Fig. 4c) was prepared by mixing 
the stiff and soft acrylic base materials (described above) in a 50:50 
volume ratio in a SpeedMixer (1,800 rpm, 18 min). After preparation, 
inks were loaded into 55-cc UV/light block amber syringes (Nordson 
EFD) and centrifuged to remove air bubbles.

Rheological measurements
Rheological measurements on the PDMS ink were performed on a Dis-
covery HR-3 rheometer (TA Instruments) and rheological measure-
ments on the acrylic and carbon-based inks were performed on an AR 
2000ex rheometer (TA Instruments). Measurements were performed 
at 20 °C using a parallel-plate geometry with a diameter of 20 mm and 
a gap of 0.5 mm. Apparent viscosities were determined by carrying out 
shear-rate sweeps using shear rates of about 0.01 s−1 to about 100 s−1. 
Oscillatory measurements were carried out at a frequency of 1 Hz over 
a range of shear stresses from about 1 Pa to about 1 kPa.

Shell–fan-core nozzles
The shell–fan-core nozzles were designed using 3D computer-aided 
design software (SolidWorks). The model was printed using a stereo-
lithography 3D printer (Perfactory Aureus, EnvisionTEC). For all noz-
zles, HTM140_v2 green resin was used, with a layer height of either 25 
or 50 µm and a calibrated power of 700 mW. After printing, the nozzles 
were rinsed with isopropyl alcohol using a wash bottle with a long stem 
to flush the channels. The nozzles were then dried under a stream of 
compressed air.

All shell–fan-core nozzles were designed with Nf (integer) regularly 
spaced identical fans of fan angle ψ (°) with the centreline of the fan 
walls coinciding with radii of the circular nozzle. The fans are designed 
with this ‘pizza-slice’ geometry such that the volume fraction of each 

material—and thus the axial spacing between material layers—within 
the fan region is constant with radial position r (r = 0 at the core centre). 
The walls separating the fans from the fan-core and shell (if present) 
are all 0.1 mm thick at the nozzle tip—the minimum that could be reli-
ably printed on the stereolithography 3D printer. Example nozzle-tip 
dimensions are illustrated in Extended Data Figs. 1d, 4d and 5d. Ideal 
filament cross-section dimensions for Q* = 1 assume that extruded inks 
extend to half of the wall thickness dividing the fans, fan-core and shell 
(if present) (Extended Data Figs. 1e, 4e and 5e). The desired volumetric 
flow rates Qi for each section (such as shell, fan-core and fans) of the 
nozzle were computed using the area fractions, fi, of each section of 
the filament cross-section for an ideal filament with Q* = 1, as well as R 
and the desired Q* and v for the given print: Qi = (fi)(Q*)(vπR2).

Rotational multimaterial 3D printing
The shell–fan-core nozzles were attached to ink-filled syringes (Nor-
dson EFD) using short polyurethane tubing with Luer locks on either 
end, as well as to an XY Linear Stage (M-DS25-XY, Newport Corporation, 
MKS Instruments, Inc.) for centring the nozzle about the rotation axis. 
The linear stage was coupled to a long steel shaft (8 mm diameter, 420 
Stainless Steel). The steel shaft passed through the central axis of a 
four-passage rotary union (LT-2141, Dynamic Sealing Technologies, 
Inc.), was coupled to the shaft of the rotary union (silver part in Fig. 1a) 
and at its end was coupled to a Nema 17 geared stepper motor (gear 
ratio 5:1, STEPPERONLINE). Both the rotary union housing (blue part 
in Fig. 1a) and stepper motor were mounted on an aluminium bread-
board (MB1560/M, Thorlabs, Inc.), which was mounted onto a z axis of 
a 3D motion control system (Aerotech). The stepper motor rotation 
was synchronized to the print motion through direct interfacing with 
the 3D motion control system used to translate the printhead in x, y 
and z directions. Meanwhile, the ink-filled syringes (up to four) were 
attached to pneumatic couplings (up to four) on the shaft of the rotary 
union. The four couplings on the shaft of the rotary union connect to 
four independent fluid passages with corresponding couplings on 
the housing, allowing for continuous rotation of either component 
(shaft or housing) and continuous gas flow through the four independ-
ent channels. The four pneumatic couplings on the housing of the 
rotary union were connected to four independent digital pressure 
controllers (PCD-100PSIG-D, Alicat Scientific), which were used to 
supply programmed pressures to each of the syringes synchronously 
with print motion. The pneumatic pressures used for printing were 
between 0 kPa (0 psi) and 552 kPa (80 psi). The pressure supplied to 
each independently controlled channel was calibrated individually 
to achieve the desired volumetric flow rate Qi of ink from each sec-
tion (such as shell, fan-core and fans) of the nozzle. Calibration was 
performed for a given channel and ink by applying a programmed 
pressure for a programmed amount of time, weighing the quantity 
of ink extruded during that time and using the extruded ink weight, 
extrusion time and ink density to compute the volumetric flow rate 
at the programmed pressure. Pressures were adjusted in an iterative 
fashion until the pressure corresponding to the desired volumetric flow 
rate was identified. This process was repeated for each channel and ink. 
Specific details on the printing methods for the demonstrations using 
PDMS inks, the HDEA filaments and the springy filaments and lattices 
are provided in the Supplementary Information.

Mechanical measurements
Springy filaments, consisting of both soft and stiff acrylic, as well as 
complementary single-material filaments of the soft acrylic (used as 
both the dielectric elastomer ink in the HDEAs and as the soft structural 
ink in the springy filaments) and stiff acrylic base materials, and the 
fully mixed stiff and soft acrylic composition were tested to failure 
under tension at a rate of 50 mm min−1 with initial gage lengths of about 
30 mm (Fig. 4e–g and Extended Data Figs. 4a–c and 8a–k). Springy lat-
tices, consisting of springy filaments composed of both soft and stiff 



acrylic, as well as complementary single-material lattices composed of 
filaments of the soft and stiff acrylic base materials, were also tested to 
failure under tension at a rate of 50 mm min−1 (Fig. 4i,j, Extended Data 
Fig. 10a–c and Supplementary Video 10). Details on sample prepara-
tion, tensile testing, data analysis and computation of the theoretical 
composite moduli of filaments are provided in the Supplementary 
Information.

Dielectric constant measurements
The static dielectric constant of the cured soft acrylic ink was obtained 
by electrochemical impedance spectroscopy. A thin, 97 ± 11 µm 
(mean ± standard error), film of the dielectric elastomer was blade 
coated (Gardco Digital Microm Film Applicator) onto a conductive 
aluminium-coated polyethylene terephthalate substrate. A second 
electrode was formed on the top surface with gold powder inside a 
circular, 1-cm-radius, laser-cut acrylic mask with silver-painted edges 
and copper tape electrical leads. The sample was placed inside a Faraday 
cage and electrochemical impedance spectroscopy measurements 
were made with a Gamry Reference 3000 potentiostat and fit using the 
Python impedance.py package38. A Randles constant phase element 
(Randles CPE) model39 was found to fit the data better than a resis-
tor in series with a parallel resistor and capacitor (R-(RC)) (Extended 
Data Fig. 5a). The fit CPE capacitance, Cf, 212 ± 6 pF (mean ± standard 
error), film thickness (d) and masked area (Am) are input into the plate 
capacitor model, Cf = ϵrϵ0 Am/d, to compute the static dielectric constant 
ϵr = 7.4 ± 1.0 (mean ± standard error).

The dynamic dielectric constant of the cured soft acrylic ink was 
obtained by directly measuring the capacitance using the same samples 
and an Agilent E4980A Precision LCR Meter. The capacitance values 
were input into the plate capacitor model to compute the dielec-
tric constant ϵr (Extended Data Fig. 5b). For the tested capacitance, 
low-frequency measurements are expected to be of low accuracy owing 
to device signal noise.

Conductivity measurements
The conductivity of the carbon-black-based conductive electrode ink 
used in the HDEA application was measured using a Discovery HR 20 
rheometer (TA Instruments) equipped with a dielectric accessory and 
LCR Meter. Measurements were performed at room temperature using 
a parallel-plate geometry with a diameter of 25 mm. A series equivalent 
circuit was used. The total conductance, GT, was measured using an AC 
signal frequency of 1 kHz and a range of gap heights (distance between 
parallel plates), g, ranging from 500 µm to 2,000 µm in increments of 
100 µm. The total resistance, RT = 1/GT, is RT = (ρ*g/Ap) + 2RC + 2Rm, in 
which ρ is the resistivity of the ink, Ap is the area of the parallel plate, RC 
is the contact resistance and Rm is the resistance of the contact metal. 
Thus, the slope of a plot of RT versus g is equal to ρ/Ap. Linear regression 
of RT versus g gives a slope, ρ/Ap, of 260,000 ohm m−1 with a standard 
error of 54,000 ohm m−1 (Extended Data Fig. 5c). Thus, the resistivity of 
the ink ρ = 130 ± 30 ohm·m (mean ± standard error) and the conductiv-
ity, σ = 1/ρ, is 8 × 10−3 ± 2 × 10−3 S m−1 (mean ± standard error) at 1 kHz.

HDEA filament actuation
HDEA filaments were prepared for testing by removing the tips of the 
initial and final segments (in which ω* = 0), inserting silver-plated cop-
per wires into the electrode fans approximately 1 cm deep into the final 
segment section of the filament and then encapsulating the exposed 
ends in the soft acrylic ink. For strain and twist measurements using 
image analysis, a subset of the HDEA specimens were coated with a 
white speckle pattern by means of a spray paint (Rust-Oleum) mist. 
Other specimens were left bare. The HDEAs were then attached to a 
frame and allowed to hang freely. Two alligator clips were attached to 

the wires: one clip for the two positive electrodes and one clip for the 
two negative electrodes. A LabVIEW program was used to apply sine 
wave voltage profiles (XP Power CB101 high-voltage power supply, 10 kV 
maximum output voltage) while recording video of the HDEA actuation 
from the side and bottom of the filament using two uEye cameras (IDS 
Imaging Development Systems Inc.) (Extended Data Fig. 7). The sine 
wave voltage profiles had a minimum voltage of 0 kV and a maximum 
voltage that was increased incrementally until device breakdown or up 
to 10 kV (the maximum of the power supply). Further details on sample 
preparation, voltage profiles, image analysis for axial strain and twist 
measurements, and estimation of breakdown fields are provided in 
the Supplementary Information.

Analytical modelling of HDEAs
A previously unpublished approximate analytical expression for the 
axial actuation strain of an HDEA predicts that the strain varies as the 
voltage squared and that the geometrical characteristics are embodied 
in a dependence on ϕ(r). Comparison with the finite element simula-
tions shows that the simple analytical model is reasonably successful 
in capturing the helical geometry but also supports the necessity of 
the detailed electromechanical simulations. The details and deriva-
tion of the analytical expression are provided in the Supplementary 
Information.

Finite element simulations of HDEAs
The commercial finite element software COMSOL Multiphysics 5.5 
(Dassault Systèmes, Waltham, MA, USA) was used to numerically inves-
tigate the response of the HDEA filaments. Further details are provided 
in the Supplementary Information.

Data availability
The main data supporting the findings of this study are available within 
the paper and its Supplementary Information. Other datasets generated 
or analysed during the current study are available from the correspond-
ing author on request. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Shell–fan-core nozzle used for RM-3DP of PDMS inks. 
a–e, Nozzle for RM-3DP in the prototypical printing configuration (θP = 90°, 
θD = 0°). a, Top view of 3D model of entire nozzle showing four Luer lock fittings 
for connecting to syringes and square mounting component for coupling to 
centring stage. b, Side view of 3D model of entire nozzle. c, Section view of 3D 
model of entire nozzle from same viewing direction as b, with section taken 
along the dashed line in a. d, Dimensions of nozzle tip overlaid on 3D model of 
nozzle tip. ID, inner diameter; OD, outer diameter. e, Ideal filament cross-
section dimensions for Q* = 1 assume extruded inks extend to half of the wall 

thickness, dividing the fans from the fan-core and shell. These dimensions were 
used to calibrate volumetric flow rates before printing. f–h, Various views of 3D 
model of long shell–fan-core nozzle for RM-3DP in the angled printing 
configuration (θP < 90°, θD = 0°). Nozzle-tip dimensions and estimated filament 
cross-section dimensions are identical to those of the shorter nozzle illustrated 
in a–e. f, 3D model of tip geometry. g, Top view of 3D model of entire nozzle.  
h, Section view of 3D model of entire nozzle, with section taken along the 
dashed line in g.
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Extended Data Fig. 2 | Effects of printing configuration and printing parameters on PDMS filament and subvoxel geometry. PDMS filaments were extruded 
from shell–fan-core nozzles presented in Fig. 1b and Extended Data Fig. 1. Scale bar: 5 mm.



Extended Data Fig. 3 | Rheological properties of printable inks. Log–log 
plots of the apparent viscosity as a function of shear rate (a,c,e) and the shear 
moduli as a function of shear stress (b,d,f) for the uncured PDMS ink (a,b), the 

uncured dielectric elastomer and conductive carbon inks for HDEA filaments 
(c,d) and the uncured soft acrylic and stiff acrylic inks for springy filaments and 
lattices (e,f).
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Extended Data Fig. 4 | Materials and nozzle geometry for springy filaments 
and lattices. a–c, Tensile testing of cured soft, stiff and mixed acrylic base 
materials. a, Stress–strain curves for N = 17 tensile tests for cured soft acrylic 
(Young’s modulus = 0.52 ± 0.03 MPa; mean ± s.d.), used as both the dielectric 
elastomer ink in the HDEAs and as the soft structural ink in the springy 
filaments. b, Stress–strain curves for N = 9 tensile tests for cured stiff acrylic 
(Young’s modulus = 2,700 ± 200 MPa; mean ± s.d.). c, Stress–strain curves for 

N = 11 tensile tests for a fully mixed combination of the stiff and soft acrylic base 
materials in a 50:50 volume ratio (Young’s modulus = 220 ± 20 MPa; 
mean ± s.d.). d,e, Fan-core geometry used in RM-3DP of springy filaments and 
lattices. d, Dimensions of nozzle tip overlaid on 3D model of nozzle tip. e, Ideal 
filament cross-section dimensions for Q* = 1 assume extruded inks extend to 
half of the wall thickness, dividing the fans from the fan-core. These 
dimensions were used to calibrate volumetric flow rates before printing.



Extended Data Fig. 5 | Material properties and nozzle geometry for HDEA 
filaments. a,b, Dielectric constant of crosslinked dielectric elastomer ink.  
a, Static dielectric constant measurements. A Randles CPE model was found to 
fit the data better than a resistor in series with a parallel resistor and capacitor 
(R-(RC)). b, Dynamic dielectric constant for two specimens. For each specimen, 
capacitance measurements were performed three times. The plotted data 
points represent the average dielectric constant computed from the three 
measurements. For the tested capacitance, low-frequency measurements are 
expected to be of low accuracy owing to device signal noise. c, Conductivity 
measurement of carbon-black-based conductive electrode ink. Plot of total 
resistance, RT, versus gap height, g, using an AC signal frequency of 1 kHz. 

Linear regression of RT versus g gives a slope, ρ/Ap, of 260,000 ohm m−1 with a 
standard error of 54,000 ohm m−1, in which ρ is the resistivity of the ink and Ap is 
the area of the parallel plate. Thus, the resistivity of the ink ρ = 130 ± 30 ohm·m 
(mean ± standard error) and the conductivity, σ = 1/ρ, is 8 × 10−3 ± 2 × 10−3 S m−1 
(mean ± standard error). d,e, Shell–fan-core geometry for RM-3DP of HDEAs.  
d, Dimensions of nozzle tip overlaid on 3D model of nozzle tip. e, Ideal filament 
cross-section dimensions for Q* = 1 assume extruded inks extend to half of the 
wall thickness, dividing the fans from the fan-core and shell. These dimensions 
were used to calibrate volumetric flow rates before printing, to compute 
dielectric layer thicknesses and to create filament geometries for finite 
element analysis simulations.
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Extended Data Fig. 6 | HDEAs fabricated with printhead at an angle and 
deposition surface oriented horizontally. a, Photograph of HDEA filament 
deposition with UV curing on the fly. The filament being printed in the 
photograph has ω* = 5. The top, near and far sides of the filament are labelled 
for reference for the following images. b, Microscope images showing the top, 
under, near and far sides of a filament with ω* = 5, showing the warping of the 
helical architecture. The angle of the helical features on the outer surface on 

the far side (about 81°) is notably higher than that on the near side (about 68°). 
Also note that the filament surface on the top side is slightly bumpy, whereas 
the surface on the underside is relatively smooth. Scale bar: 1 mm. c, Photograph 
of actuation of an HDEA with ω* = 5, showing the filament at 0 kV and 9 kV 
applied voltages. The filament contracts slightly in the axial direction, twists in 
the direction that tightens the helix and bends towards the far and top sides. 
Scale bar: 5 mm.



Extended Data Fig. 7 | Actuation of HDEAs printed in the vertical 
configuration (θP = 90°, θD = 90°). Photographs of side views and bottom views 
of several HDEAs before actuation (0 kV) and during actuation (>0 kV), showing 
filament twisting and axial extension (ω* = 1) or contraction (ω* = 5, 10 and 15). 

Examples of both bare filaments (a) and speckled filaments (b) (for twist  
and axial strain measurements) are shown. Scale bars in a and b: 5 mm.  
In c, magnified views of the filaments in a are provided. Scale bar: 1 mm.
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Extended Data Fig. 8 | Tensile measurements on springy filaments. a–k, Stress–strain curves for springy filaments with ω* ranging from 0 to 5 (N = 5 for all).  
l, Failure strain of springy filaments as a function of ω*.



Extended Data Fig. 9 | Springy 3D lattices. a–d, Photographs of springy 
lattices composed of filaments with ω* = 0 (a), ω* = 0.75 (b), ω* = 3 (c) and a 
gradient in ω* ranging from 0 to 3 in the 0° direction and ω* = 0 in the 90° 
direction (d). Scale bar: 10 mm. e, Image of one of the cut faces of a springy 

lattice with a gradient in ω* in the 0° direction. The spanning of the filaments 
across gaps in the woodpile lattice results in slightly wavy, rather than straight, 
filaments within the structure. The wavy nature of the filaments is expected to 
influence the mechanical properties of the lattices. Scale bar: 4 mm.
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Extended Data Fig. 10 | Tensile measurements on 3D lattices. a–c, Stress–
strain curves for springy lattices composed of filaments with ω* = 0 (N = 2)  
(a), lattices composed of only stiff acrylic filaments (N = 3) (b) and lattices 
composed of only soft acrylic filaments (N = 3) (c). d, Moduli of springy lattices 
as a function of ω* (N = 2 for each ω*). Solid grey lines are the moduli of the 

springy lattices with a gradient in ω* in the 0° direction (N = 2), solid blue lines 
are the moduli of the lattices composed of pure stiff acrylic filaments (N = 3) 
and solid black lines are the moduli of the lattices composed of pure soft acrylic 
filaments (N = 3).
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