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• Protein and DNA machines
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Computational design of protein machines (video)
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• Mechanically constrained axle-rotos assemblies from designed axles and rotors

elongated to generate extended C3 homo-
oligomers (Fig. 2C). Details of the methods,
as well as scripts for carrying out the design
calculations, are provided in the supplemen-
tary materials. Synthetic genes encoding axle
designs generated from the three approaches
(12xC3s, 12xC5s, 12xC8s, 6xD2s, 12xD3s, 6xD4s,
6xD5s, and 12xD8s) were obtained, and the
proteins were expressed in E. coli. The de-
signed proteins that were well expressed,
soluble, and readily purified by Ni-NTA affi-
nity chromatography were further purified on
SEC. Success rates for the first, second, and
third approachwere 37.5% (6/16), 43% (14/32),
and 33% (4/12), respectively, as assessed by the
match between estimated molecular weight
(MW) from SEC with the MW of the design
model (Fig. 2D; figs. S1 to S3; and table S1).
Designs with matching SEC traces were fur-
ther examined using SAXS, negative stain EM,
and cryo-EM (figs. S1 to S3).
The first approach generated D2, D3, and

D4 axle-like structures with folds featuring
interdigitated helices with extended hydrogen
bond networks.We obtained a 4.2-Å 3D recon-
struction of a D3 axle (D3_3) with backbone
nearly identical to the design model (back-
bone RMSD = 1.9 Å) (Fig. 2A and figs. S3, S4,
and S7); SAXS data were also consistent with
the design model (Vr = 6.0) (table S2 and
figs. S1 and S2). The central homohexameric

50-residue helices (D3_2) could also be solubly
expressed and formed an oligomeric self-
assembly that eluted at the expected volume
(fig. S3 and table S1). D3 design D3_1, consist-
ing of 36-residue-long single helices, was pro-
duced by chemical peptide synthesis and
assembled into a homohexamer (figs. S3 and
S8), and fusion to wheel-like C3s generated a
larger D3 oligomer as designed (D3_4) (fig.
S3). A D4 peptide homo-oligomer designed
using the same approach (D4_1) had a SEC
profile consistent with the expected oligomer-
ic state (figs. S2 and S3 and table S1). Negative
stain EM of a D2 design (D2_2) yielded a low-
resolution 3D reconstruction with the overall
features of the design model (Fig. 2D and fig.
S3); the corresponding central 50-residue D2
peptide (D2_1) could also be expressed, and
the SEC elution volume corresponded to the
expected oligomeric state (fig. S3 and table S1).
The second approach generated D3, D4, D5,

and D8 axle-like structures, with interdigi-
tated helices with internal cavities in the D5
and D8 cases where each central helix only
contacts the two neighboring ones (Fig. 2B).
We obtained a 7.4 -Å electron density map of
a D8 design (D8_1) revealing a backbone
structure nearly identical to the design model
(backbone RMSD= 2.9 Å) (Fig. 2B and figs. S3,
S5, and S6). This cylinder-shaped homode-
cahexamer has a large central cavity, an 84-

residue helix, and opposing N and C termini
close to its center (Fig. 2B and fig. S3). Nega-
tive stain EM 3D reconstructions of D8_2,
D8_3, D5_2, and D4_2 were consistent with
the design models (Fig. 2D and fig. S3). We
converted several of these designs from di-
hedral to cyclic symmetry by connecting N
and C termini, and two such designs, one C5
(C5_1) and one C8 (C8_1), yielded EM recon-
structions with good agreement with the de-
sign model (Fig. 2D and figs. S1 and S3).
SAXS profiles of additional designs (4xD3s,
2xD4s, and 1xD5) were consistent with the
design models with Vr < 10 in most cases and
measured MWwithin 15% of the designmod-
el for D3_1 and D3_8, and within 1% for D5_1
(table S2 and figs. S2 and S3).
The third approach yielded four C3 axles

with smaller aspect ratios and overall sizes,
containing a large wheel-like feature at one
end, a narrow central three-helix section, and
a six-helix section at the other end. SAXS pro-
files together with SEC traces suggested that
the designed oligomerization state is realized
in solution (Vr ~ 12) (tables S1 and S2 and figs.
S1 and S2). For design C3_A1, we obtained a
low-resolution cryo-EM map that recapitulates
the general features of the design model, with
prominent C3 symmetric DHR extremities and
opposing prism-like extensions (Fig. 2C and
figs. S1 and S4).
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Fig. 1. Overview of protein machine assembly and rotor component design
approaches. (A) (Left) A blueprint of a simple two-component machine
consisting of an assembly of an axle and a rotor mechanically constrained by the
shape of the interface between the two. (Middle) Systematic generation by
computational design of a structurally diverse library of machine components
and design of interfaces between axle and rotor that mechanically couple the
components and direct assembly. (Right) Example of hierarchical design and
assembly of a protein machine from axle and rotor components, here a D3 axle
and C3 rotor, and interacting interface residues. Wheel-like cyclic DHRs are fused
to the end of the axle and rotor components to increase mass and provide a
modular handle and a structural signature to monitor conformational variability.
(B) Hierarchical design strategies for rotor components. (Top) A single-chain
C1 symmetric and internally C12 symmetric a-helical tandem repeat protein is

split into three subunits, and each is fused to DHRs by means of helical fusion
(HelixFuse) to generate a C3 rotor (C3_R1) with an internal diameter of 28 Å.
The 6.0-Å cryo-EM electron density (shown in gray) shows agreement with the
design model. (Middle) A single-chain C1 symmetric and internally C24 symmetric
a-helical tandem repeat protein is split into four subunits, and each is fused to DHRs to
generate a C4 rotor (C4_1) with an internal diameter of 57 Å. The 7.9-Å cryo-EM
electron density (shown in gray) shows agreement with the design model. (Bottom)
Hetero-oligomeric helical bundles and DHRs are fused and assembled into a
higher-ordered closed C3 structure through helical fusion, after which another
round of helical fusion protocol is used to fuse DHRs to each subunit, to generate a
C3 rotor (C3_R3) with an internal diameter of 41 Å. The negative stain electron
density (shown in gray) shows agreement with the design model. Monomer
subunits are colored by chain. Scale bar, 10 nm.
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were obtained with D3-C5 rotary assemblies,
and SEC and SAXS profiles were in agreement
with the design model in both cases (Vr < 15)
(tables S1 and S2 and figs. S2 and S10).
Second, we experimented with more direct

steric coupling to limit conformational varia-
bility primarily to rotation of the rotor around

the axle. We used shape-complementary axle
and rotor components to enable the incorpo-
ration of steric constraints restricting transla-
tion, leveraging Rosetta’s ability to design tightly
packed interfaces and hydrogen bond network–
mediated specificity (27). We designed seven
axle-rotor assemblies using this approach: three

withC3 symmetric axleswithC1 rotors (C3-C1_1
to C3-C1_3) (fig. S10) and four larger designs
with C3 axles and rotors (C3-C3_1 to C3-C3_4)
(Fig. 4A and fig. S10) with DHR arm exten-
sions. The C3 symmetry matching of the rotor
and axle differs from the mismatching in the
other designed assemblies, and the extent of
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Fig. 4. Computational sculpting of the energy landscape by design of
interface side-chain interactions. (A) (Left to right) Models of C3 axle (C3_A1),
C3 rotor (C3_R1), D8 axle (D8_1), and C4 rotor (C4_1) used to design C3-C3
and D8-C4 axle-rotor assemblies. Overlaid SEC chromatograms (absorbance at
215 nm) of axle (gray), rotor (blue), and full assembly (black). Models of
symmetry-matched C3-C3_1 and quasi-symmetric D8-C4 assemblies and close-
ups on the interface reveal the shape-complementary cogwheel topology.
(B) Energy landscapes corresponding to the C3-C3 (top) and D8-C4 (bottom)
axle-rotor assemblies. (Left) 2D rotation-translation energy landscapes showing
a narrow band of low energy where the rotor sits on the axle. (Right) 1D
rotational energy landscape has three main minima corresponding to the C3
symmetry of the interface with nine additional lesser energy minima for C3-C3
and eight main energy minima corresponding to the C8 symmetry of the
interface and additional 18 lesser minima for D8-C4. The energy landscapes were
computed by scoring 10 independent Rosetta backbone and side-chains relax

and minimization trajectories (solid red line with error bars depicting the
standard deviation; kilocalories per mole, as calculated by Rosetta). (C) Single-
particle cryo-EM analysis of the C3-C3 assembly. The rotor is evident in the
6.5-Å resolution electron density in the side and top views; only a portion of the
axle is resolved. In the panel to the right, the experimental 2D class averages
(3) match the projection of the design model (1) more closely with
conformational variability (4) than without (2). (D) Single-particle cryo-EM
analysis of the designed D8-C4 rotor. The electron density (in gray) at 5.9-Å
resolution shows the main features of the designed structure and two distinct
rotational states (1), also visible in the simulated projections (2), which closely
resemble the experimental 2D class average (3). (E) 3D variability analysis
and computed rotational landscape of the D8-C4 axle-rotor assembly. The
two resolved structures (shown in gray on the left and right) are separated by a
45° rotational step. Corresponding computational models are shown in spacefill
(blue and gray). Top row: top view; bottom row: side view. Scale bar, 10 nm.
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generally used in protein design. To prevent
potential disassembly at low concentrations
owing to weak axle-rotor interactions, we
sought to kinetically trap the rotor around the
axle by installing disulfide bonds at the rotor
subunit-subunit interfaces. To gain stepwise
control on the in vitro assembly process, we
introduced buried histidine-mediated hydrogen
bond networks at the asymmetric interfaces
between rotor subunits to enable pH-controlled
rotor assembly (fig. S9, and see methods in
the supplementary materials). To test this ap-
proach, we selected three of the machine com-
ponents described above—a D3 axle, a C3
rotor, and a C5 rotor—and constructed axle-
rotor assemblies with D3-C3 and D3-C5 sym-
metries (designsD3-C5 andD3-C3, respectively)
(Fig. 3A and fig. S10). To thread axles and rotor

together, we computationally sampled rota-
tional and translational DOFs and designed
complementary electrostatic interacting sur-
faces excluding positively charged residues
on the axle (lysine and arginine) and nega-
tively charged residues on the rotor (aspartate
and glutamate). Given the shape complemen-
tarity between the internal diameter of the
rotors and the axle thickness, the interface is
tight for D3-C3, constraining the rotor on the
axle, and loose for D3-C5. By design, the D3-C3
can rotate and translate along the main sym-
metry axis (z), whereas the D3-C5 rotor has
rotation and translation components along x,
y, and z (Fig. 3, A and B, and fig. S11). Synthetic
genes encoding the one axle and two rotor
designs were obtained, and the proteins were
separately expressed in E. coli and purified

by Ni-NTA affinity chromatography and SEC,
which indicated that the surface redesign did
not affect solubility or oligomerization state
(figs. S1 and S3). After stoichiometricmixing of
the designed D3 axle and C3 rotor, EM analy-
sis showed a collection of assembled and iso-
lated axle and rotor molecules (fig. S9A, top
panel). After dropping the pH and reducing
the disulfide, the particles appeared as a mix-
ture of opened, linear, and hard-to-distinguish
particles (fig. S9A, middle panel). After restor-
ing the pH under oxidizing conditions, the par-
ticles appeared fully assembled by EM (fig. S9A,
bottom panel). Biolayer interferometry assays
showed that the rotor and axle associated rap-
idly with an approximate association rate of
103 M−1·s−1 and a dissociation constant (Kd) in
themicromolar range (fig. S12). Similar results
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Fig. 3. Design of symmetry-mismatched D3-C3 and D3-C5 axle-rotor
assemblies. (A) (Left to right) Models of a D3 axle (D3_3) and C3 (C3_R3)
and C5 (C5_2) rotors and cryo-EM 2D average of axle alone before assembly.
Overlaid SEC chromatograms (absorbance at 215 nm) of axle (gray), rotor (blue),
and full assembly (black). Models of D3-C3 and D3-C5 assemblies with top-
view and side-view close-up on interfaces; shape and symmetry results in
different DOFs. (B) (Left) 2D rotation-translation energy landscapes showing
a large area of low energy where the rotor can be positioned on the axle.
(Right) MD simulation results are shown as vectors whose magnitude
corresponds to the computed mean square displacement of the rotor relative
to the axle along the six DOFs. The D3-C3 system is largely constrained to
rotation along the z axis (blue), whereas the D3-C5 assembly allows rotation
along x (green), y (red), and z and translation in z, x, and y. N- and C-terminal
unit vectors of an ensemble of MD trajectories are superimposed on an axle-rotor

model structure. (C) (Left) 3D cryo-EM reconstruction of D3-C3, processed
in D3 at 7.8-Å resolution suggests that the rotor sits midway across the
D3 axle, consistent with the designed mechanical DOF. The maps are shown
in side views, end-on views, and transverse slices, as surface for the axle and
as mesh for the rotor, at two different thresholds. (Right) Simulated 2D class
averages without (1) and with (2) conformational variability, and experimental
averages (3). (D) (Left) 3D cryo-EM reconstruction of D3-C5, processed in
C1 at 8.6-Å resolution, has the overall features of the designed structure,
shown as surface and mesh at different thresholds. The 2D averages capture
secondary structure corresponding to the C5 rotor but could not be fully
resolved, which is consistent with the rotor populating conformationally
variable states. (Right) Simulated 2D class averages without (1) and with
(2) conformational variability, and experimental averages (3). Scale bar for
cryo-EM density, 10 nm.
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DNA Origami
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.

ARTICLES NATURE|Vol 440|16 March 2006
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scaffold and create the periodic crossovers. Staples reverse direction
at these crossovers; thus crossovers are antiparallel, a stable configu-
ration well characterized in DNA nanostructures16. Note that the
crossovers in Fig. 1c are drawn somewhatmisleadingly, in that single-
stranded regions appear to span the inter-helix gap even though the
design leaves no bases unpaired. In the assembled structures, helices
are likely to bend gently to meet at crossovers so that only a single
phosphate from each backbone occurs in the gap (as ref. 16 suggests
for similar structures). Such small-angle bending is not expected to
greatly affect the width of DNA origami (see also Supplementary
Note S2).
Theminimization and balancing of twist strain between crossovers

is complicated by the non-integer number of base pairs per half-turn
(5.25 in standard B-DNA) and the asymmetric nature of the helix (it
has major and minor grooves). Therefore, to balance the strain15

caused by representing 1.5 turns with 16 bp, periodic crossovers are
arranged with a glide symmetry, namely that the minor groove faces
alternating directions in alternating columns of periodic crossovers
(see Fig. 1d, especially cross-sections 1 and 2). Scaffold crossovers are
not balanced in this way. Thus in the fourth step, the twist of scaffold
crossovers is calculated and their position is changed (typically by a
single bp) to minimize strain; staple sequences are recomputed
accordingly. Along seams and some edges the minor groove angle
(1508) places scaffold crossovers in tension with adjacent periodic
crossovers (Fig. 1d, cross-section 2); such situations are left
unchanged.

Wherever two staples meet there is a nick in the backbone. Nicks
occur on the top and bottom faces of the helices, as depicted in
Fig. 1d. In the final step, to give the staples larger binding domains
with the scaffold (in order to achieve higher binding specificity and
higher binding energy which results in higher melting temperatures),
pairs of adjacent staples aremerged across nicks to yield fewer, longer,
staples (Fig. 1e). To strengthen a seam, an additional pattern of
breaks and merges may be imposed to yield staples that cross the
seam; a seam spanned by staples is termed ‘bridged’. The pattern of
merges is not unique; different choices yield different final patterns of
nicks and staples. All merge patterns create the same shape but, as
shown later, the merge pattern dictates the type of grid underlying
any pixel pattern later applied to the shape.

Folding M13mp18 genomic DNA into shapes
To test the method, circular genomic DNA from the virus M13mp18
was chosen as the scaffold. Its naturally single-stranded 7,249-nt
sequence was examined for secondary structure, and a hairpin with a
20-bp stemwas found.Whether staples could bind at this hairpinwas
unknown, so a 73-nt region containing it was avoided. When a linear
scaffold was required, M13mp18 was cut (in the 73-nt region) by
digestion with BsrBI restriction enzyme. While 7,176 nt remained
available for folding, most designs did not fold all 7,176 nt; short
(#25 nt) ‘remainder strands’ were added to complement unused
sequence. In general, a 100-fold excess of 200–250 staple and
remainder strands were mixed with scaffold and annealed from

Figure 2 | DNA origami shapes. Top row, folding paths. a, square;
b, rectangle; c, star; d, disk with three holes; e, triangle with rectangular
domains; f, sharp triangle with trapezoidal domains and bridges between
them (red lines in inset). Dangling curves and loops represent unfolded
sequence. Second row from top, diagrams showing the bend of helices at
crossovers (where helices touch) and away from crossovers (where helices
bend apart). Colour indicates the base-pair index along the folding path; red

is the 1st base, purple the 7,000th. Bottom two rows, AFM images. White
lines and arrows indicate blunt-end stacking. White brackets in a mark the
height of an unstretched square and that of a square stretched vertically (by a
factor.1.5) into an hourglass. White features in f are hairpins; the triangle
is labelled as in Fig. 3k but lies face down. All images and panels without scale
bars are the same size, 165 nm £ 165 nm. Scale bars for lower AFM images:
b, 1 mm; c–f, 100 nm.
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that could dictate a rotation of the motor. Instead, depending on the 
nature and location of energetic minima in the motor relative to the 
axis of the electric field, the modulation can produce a kinetic asym-
metry per field cycle that causes the motor to move with a preferred 
rotation direction (Extended Data Fig. 2).

We encoded our motor design in DNA sequences29 (Supplementary  
Datasets 1–5) and self-assembled the motors in one-pot reaction mix-
tures using previously described procedures33. We assessed the quality 
of self-assembly using gel-electrophoretic mobility analysis (Extended 
Data Fig. 3) and validated the 3D shape of the motor complex, includ-
ing the pedestal, the triangular platform and the rotor dock, with a 
3D electron density map that we determined using single-particle 
cryo-electron microscopy (cryo-EM) (Fig. 2a,b and Extended Data 
Fig. 4). Within the resolution, the electron density map showed all the 
desired main structural features, including the obstacles and the rotor 
dock. We also validated the correct assembly of the full motor complex 
featuring the full-length rotor arm by imaging with negative-staining 
transmission electron microscopy (TEM) (Fig. 2c).

Total internal reflection fluorescence (TIRF) microscopy of surface- 
immobilized motor particles in equilibrium showed rotating particles 
in which the rotor arm preferentially dwelled in six discrete positions 
(Fig. 2d and Extended Data Figs. 5a and 6). These positions corre-
sponded to orientations with the rotor arm trapped on either side 
of the protruding obstacles, which we established using DNA-PAINT 
imaging34 (Fig. 2e and Extended Data Fig. 5b). The DNA-PAINT images 

also provide a compelling illustration of the relative dimensions of 
the triangular platform versus the much longer rotor arm. Our motor 
complex thus realizes a diffusive rotary mechanism featuring several 
energetic minima (Extended Data Fig. 7).

We used centroid tracking32 to more accurately determine the rotor 
arm orientation per frame from the single-particle TIRF videos. In equi-
librium, that is, when the external field was off, the motor particles 
showed unbiased random rotary movements with vanishing cumulative 
angular displacements, as expected from equilibrium fluctuations in 
an energy landscape (Fig. 3a and Extended Data Fig. 8). By contrast, 
when we turned on the AC field, a fraction of the motor particles (32.3%) 
immediately changed from random, undirected rotation to processive 
rotation with a directional bias (Figs. 3a and Supplementary Videos 1 
and 2). The maximum angular velocity we recorded was approximately 
250 full turns per minute and approximately equal numbers of motors 
rotated processively in clockwise (CW) and counterclockwise (CCW) 
directions when the field was turned on (Fig. 3b).

The direction of rotation and the effective angular speed of each 
motor particle could be controlled by the orientation of the AC field 
axis relative to the motor particles (which are fixed on the substrate). 
To demonstrate this property, we used a four-electrode setup that 
allowed us to tune the effective direction of the AC field axis by a super-
position of electric fields applied in the x and y directions of the glass 
coverslip plane. In one set of experiments, we rotated the AC field axis 
in increments of 5° every 1.6 s while recording and tracking single motor 

~
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Fig. 1 | Motor design and experimental setup. a,b, Schematics of a pedestal 
and a triangular platform, respectively. Cylinders indicate DNA double helices. 
c, Schematic illustration of motor assembly steps. d,e, Rotor arm components. 
f, Left, schematic illustration of the experimental setup for observing motor 
dynamics in an inverted TIRF microscope. The pedestal is fixed through several 

biotin–neutravidin linkages to a microscope coverslip. Orange star, Cy5 dyes. 
Blue stars, labelling positions for DNA-PAINT imager strands. Right, two 
platinum electrodes are immersed in the liquid chamber from above and 
connected to a function generator generating a square-wave alternating 
current to create a fixed-axis energetic modulation that acts on all motors.

electrodes from the motors, but it means that 
most of the electrical energy is lost on the way 
to the motor. Another breakthrough is needed 
to address this issue.

I have previously argued9 that vast numbers 
of tiny motors will be used in the future to 
power micro-robots and ‘active’ materials 
(which contain units that consume energy to 
produce motion or exert mechanical forces).  
Engineers are currently racing to achieve this 
vision by building motors using microfabri-
cation techniques, biotechnology or organic 
chemistry, and choosing between electricity, 
light and fuels as the energy source. In the case 

of DNA devices, biotechnology can be used to 
manufacture motors in large numbers10, and 
— as now shown by Pumm et al. — electricity 
can be used as the energy source for operation 
in water. By comparison, the electric motor2 
reported in 2003 was prepared using methods 
developed for fabricating semiconductor 
devices, and is operated in a vacuum to pre-
vent the condensation of water on the exposed 
parts. The two motors are therefore comple-
mentary, and are likely to be used in different 
environments and applications, suggesting 
that there is room for more than one winner 
in this race.

Pumm and colleagues’ achievement is 

another step forward for DNA nanotechnol-
ogy, demonstrating that DNA can be used to 
make a motor composed of multiple parts 
that have dimensions of up to several hundred 
nanometres, yet have precisely fabricated 
features at a much smaller scale, as are needed 
for the motor’s operation. Furthermore, the 
authors have applied the hard-won theoret-
ical understanding of Brownian ratchets to 
construct a new type of artificial nanoscale 
motor. More broadly, their findings show that 
we are getting closer to acquiring a mastery of 
molecular engineering, with the development 
of tools that can shape, move and assemble 
nanostructures whose functionalities rival 
those of the molecular machinery found in 
cells.
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“Crucially, the authors 
demonstrate that their 
system can do work  
against a load.”

constructing nanoscale objects such as sheets, 
tubes and boxes4. Today, DNA origami struc-
tures are increasingly used as substructures 
of larger assemblies5,6. 

Pumm and colleagues take things further by 
reporting a rotary motor that self-assembles 
from three DNA origami structures: a pedestal, 
a platform and a rotor arm (Fig. 1). These parts 
are gigantic by molecular standards (the rotor 
is 550 nanometres long, for example), and the 
fact that they assemble correctly simply by 
diffusing around in solution is arguably as 
surprising as it would be to find that nuts and 
bolts thrown into a washing machine have 
threaded together during a wash cycle.

Importantly, the motor’s operation relies 
on a ‘Brownian ratchet’ mechanism7, in which 
random rotations of the rotor caused by 
thermal fluctuations are promoted in a desired 
direction of rotation, but blocked in the 
opposite direction. The idea of working with 
randomness, rather than trying to suppress 
it, is tremendously appealing to those aim-
ing to engineer microscopic machines. In 
this case, the randomness of thermal fluctu-
ations is overcome by the interaction of an 
applied, periodically changing electric field 
with the asymmetrical shape of the intrinsi-
cally charged motor. The precise mechanism 
by which the electric field acts on the rotor 
requires further study, however, because the 
field also produces other effects that could 
alter rotor movement — for example, it induces 
a flow of ions through the water around the 
device. 

Often, when I read about a new nanomotor, 
my first thought is to question whether it can 
actually do mechanical work. The develop-
ment of machines that produce predictable 
motion without doing work is still an achieve-
ment — in engineering history such machines 
proved invaluable, because they could be used 
as clocks for applications such as ocean nav-
igation. Are Pumm and colleagues’ devices 
capable of more than producing directed 
motion? Crucially, the authors demonstrate 
that their system can do work against a load 
by winding up a molecular spring, and that it 
therefore is unequivocally a motor. 

My second thought is often about the 
efficiency of the nanomotor. Many artificial 
microscopic motors have energy efficiencies 
equivalent to a car consuming one million 
litres of petrol per 100 kilometres of travel, 
precluding their widespread application8. 
Pumm and colleagues derive an equation that 
can be used to roughly estimate the efficiency 
of their DNA origami motor, accounting for 
energy losses due to internal frictional drag. 
However, the biggest drain on efficiency is that 
the electrodes generating the electric field are 
placed milli metres apart around the device, 
a distance that is more than 1,000 times the 
rotor length. This is necessary to separate 
electrochemical reactions occurring at the 

Figure 1 | The assembly and operation of a DNA nanomotor. Complex nanoscale structures can be 
assembled from DNA using the ‘origami’ technique, in which a long DNA strand is folded into a complex 
shape by dozens of short DNA strands acting as staples. Pumm et al.1 report a nanomotor consisting 
of a pedestal, a platform and a rotor (a), all produced using the origami technique. These components 
self-assemble in solution to form the motor, which docks to a glass surface (b). Obstacles are incorporated 
on the edges of the platform to create a ratchet that promotes movement of the rotor in one direction. An 
alternating voltage applied to electrodes (not shown) on either side of the motor generate an electric field 
that spins the rotor.
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motions. As a result, we obtained single-particle trajectories that give 
cumulative angular displacement per single particle as a function of 
time (Fig. 3c and Supplementary Videos 3 and 4). From these data, 
we computed the effective angular speed of each motor and plotted 
these as a function of the orientation that the field axis had in each 
1.6-s increment (Extended Data Fig. 9). For most motors, we observe 
a sinusoidal dependency of motor speed on field direction, including 
stalling and direction reversal. Each motor has a specific AC field ori-
entation for which the motor shows maximum and minimum speed. 
We attribute these 'phase shifts' between motor speeds to the fact that 
the motors are fixed with random orientations on the microscopy cov-
erslip. We aligned the angular speed versus field orientation data and 
computed the average and standard deviation of angular speed over 
an ensemble of 75 motor particles, which provides an impression of the 
motor-to-motor speed variability (Fig. 3d). We also characterized the 
dynamics of individual motors as a function of AC field frequency and 
amplitude (Fig. 3e–g and Supplementary Videos 5–8). The effective 
angular velocity of the motors depended on AC frequency, with an 
optimum at 5-Hz driving frequency. The directional bias of rotation 
was absent when applying DC fields and it also vanished at high AC 
frequencies (100 Hz). Similarly, the angular velocity of the motors 
could also be controlled by the AC field amplitude, showing an optimal 
effective angular velocity in the amplitude band between 20 and 60 V.

On the basis of the data recorded, we can estimate the torque and 
the work done on the environment by the motors, which—in our exper-
iments for Fig. 3—was dissipated in the form of frictional drag of the 
long rotor arm with the solvent. The rotational friction coefficient for 
the rotor arm ζ πηL( = )r

3  is approximately 4 × 10−22 N m s. On the basis 
of the maximum observed angular velocity of 25 radians s−1 (1,500% s−1), 
we arrive at a maximum torque of approximately 10 pN nm, which may 
be compared with the 50 pN nm that F1F0-ATPase can generate35. The 
estimated maximum power of our motors dissipated in friction was 
250 pN nm s−1 (62 kBT s−1), which corresponds to the equivalent of the 
free energy delivered by the hydrolysis of approximately 2.5 ATP mol-
ecules per second at cellular conditions.

We can gain insight into the mechanism of our motors by considering 
the effective energy landscapes in Fig. 4a–c, computed exemplarily for 
different stator-field orientations of a simplified two-minima rotary 
motor (see also Extended Data Fig. 2). The asymmetry needed for net 
directionality selection (bias or ratcheting) is created by the interplay 
between the background static potential landscape provided by the 
motor body and the external modulating field. The extent of asymmetry 
depends on the orientation of the motor energy landscape relative 
to the field (Fig. 4c), as illustrated exemplarily by Langevin dynamics 
simulations in these energy landscapes that lead to rotation trajectories 
with CW, CCW and absence of directional bias, respectively. Because 

a Obstacle 3 Obstacle 1

Obstacle 2

Rotor dockb

c

d

e

Fig. 2 | Structural analysis of the DNA origami motor. a, Different views of a 
3D electron density map of the motor block determined by means of 
single-particle cryo-EM (see also Extended Data Fig. 4 and in the Electron 
Microscopy Data Bank (EMDB) under code EMD-14358). b, Motor block cryo-EM 
map detail depicted at different density thresholds at which the three 
obstacles and the rotor dock can be discerned. Inset, schematic showing the six 

preferred dwelling sites of the rotor arm. c, Exemplary negative-staining  
TEM images of a motor variant with long rotor arm attached. Scale bar, 50 nm. 
d, Exemplary single-particle fluorescence images. Scale bar, 500 nm. The 
images show the standard deviation of the mean intensity per pixel computed 
over all the frames from recorded TIRF videos. e, DNA-PAINT images showing 
rotor arm tip positions relative to the triangle platform. Scale bar, 500 nm.
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we randomly deposited motor particles on microscopy cover slides in 
our experiments, we obtained an approximately uniform sampling 
of motor orientations relative to the field axis, and thus a sampling of 
motors rotating CW or CCW at various speeds (Fig. 3c,d). Supplemen-
tary Videos 9–11 summarize schematically how the expected motor 
speed depends on field orientation, frequency and amplitude.

To test the irreversibility of our mechanism at the level of individual 
motors, we analysed the properties of their fluctuations in the context 
of stochastic thermodynamics36. If we compile the distribution of dis-
placement angles as a function of time (at multiples of the AC field 

period T), we expect that the rotors will naturally take stochastic steps 
along the direction of the bias and also against it (Fig. 4d and see also 
Fig. 3a). Stochastic thermodynamics allows us to investigate the degree 
of entropy production in a non-equilibrium system with a finite trajec-
tory, from the ratio between the upstream and downstream transition 
rates. Denoting θ θ t θP( + ∆ , 0)0 0,  as the probability of rotation by angle 
∆θ over the period t from the initial position of θ0, we expect a fluctua-
tion relation that explores irreversibility by extracting the average 
entropy production ∆s in the nanomotors over the period of time t = nT 
(an integer multiple of the period of the AC field), in the form
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Fig. 3 | Motor dynamics. a, Exemplary single-particle traces showing 
cumulative angular displacement of rotor arm tips, with the AC field off during 
the first 10 s. Blue and orange, exemplary motors rotating CW and CCW, 
respectively; green, a particle that continued wiggling without apparent bias 
even when the field was on. The AC field was a 5-Hz square wave with amplitude 
20 V, unless otherwise specified. A close-up of the first 10 s with the AC field off 
can be found in Extended Data Fig. 8. b, Histograms of the angular speed of 
single particles with field off (left, N = 557) versus field on (right, N = 1,078).  
c, Exemplary single motor traces showing the influence of AC field axis 
orientation on motor speed. The AC field axis was rotated stepwise in 5° 
increments. Dashed lines indicate time points when the field direction was 

updated. d, Scatter plot of phase-corrected angular speeds for different AC 
field axes (N = 75). The box plots show the 25th and 75th percentiles, with the 
whiskers indicating the 10th and 90th percentiles. Red lines within the boxes 
mark the median. e, Solid lines, exemplary single-particle traces seen during  
an AC frequency sweep, showing a CCW and a CW rotating motor. Dotted lines 
give the effective angular speed as turns/field cycles. f, Solid lines, exemplary 
single-particle traces seen during a voltage sweep, showing a CCW and a  
CW rotating motor. Dotted lines give the directional bias efficiency as in  
e. g, Scatter plot of absolute angular speeds per AC field cycle for different 
frequencies (left, N = 156) and different voltages (right, N = 28). Box and whisker 
plots as in d. See also Supplementary Videos 1–8.
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Fig. 1 | Design and dimensions of the DNA leaf-spring nanoengine.  
a, Schematic of the leaf-spring nanoengine, showing the dimensions of the stiff 
origami arms. Green circles, attachment sites for streptavidin binding; blue 
circle, T7RNAP part of the HT–T7RNAP fusion protein. Top: arrangement and 
dimensions of the 18-helix bundle that forms the origami arms. b, Schematic 
of the 90° left turn of the view shown in a. Orange rectangle, HT; blue circle, 
T7RNAP. c, Schematic and dimensions of the 90° left turn of the view shown 
in b. d, Schematic and dimensions of the 90° left turn of the view shown 
in c. e, Schematic and dimensions of the inner surface of the origami arms 
flanking the 28-nm-long leaf-spring helices (dark grey) that are arranged in a 
sliced honeycomb lattice fashion (below). Red dots, attachment sites of the 
dsDNA template strand; yellow dot, attachment site of the HT–T7RNAP. f, AFM 
characterization of the leaf-spring nanoengine. Overview (left) and detailed 
image (right) of the nanoengines. g, TEM of the nanoengine in negative staining. 

Overview (left) and detailed image (right) of the nanoengines. Green arrows, 
streptavidin molecules bound to biotin-modified staples protruding from  
one of the origami arms opposite to the location of the HT–T7RNAP fusion 
protein (blue arrow). h, Full opening and closing cycle of the compliant 
mechanical structure: (1) in the open structure the dsDNA template is bound  
by the immobilized HT–T7RNAP fusion protein and transcription begins;  
(2) upon transcription, HT–T7RNAP pulls the opposing origami arm towards 
itself, forcing the structure to close; (3) when the terminator sequence is reached, 
the T7RNAP releases the dsDNA template linker, which causes the structure to 
actively open to its equilibrium conformation. The T7RNAP can initiate the next 
closing cycle. i, Example of the nanoengine engaged in transcription. Blue arrow, 
HT–T7RNAP; green arrows, streptavidin. j, Example of the nanoengine engaged in 
transcription. Blue arrow, HT–T7RNAP; green arrows, streptavidin. All scale bars, 
100 nm.
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Fig. 1 | Design and dimensions of the DNA leaf-spring nanoengine.  
a, Schematic of the leaf-spring nanoengine, showing the dimensions of the stiff 
origami arms. Green circles, attachment sites for streptavidin binding; blue 
circle, T7RNAP part of the HT–T7RNAP fusion protein. Top: arrangement and 
dimensions of the 18-helix bundle that forms the origami arms. b, Schematic 
of the 90° left turn of the view shown in a. Orange rectangle, HT; blue circle, 
T7RNAP. c, Schematic and dimensions of the 90° left turn of the view shown 
in b. d, Schematic and dimensions of the 90° left turn of the view shown 
in c. e, Schematic and dimensions of the inner surface of the origami arms 
flanking the 28-nm-long leaf-spring helices (dark grey) that are arranged in a 
sliced honeycomb lattice fashion (below). Red dots, attachment sites of the 
dsDNA template strand; yellow dot, attachment site of the HT–T7RNAP. f, AFM 
characterization of the leaf-spring nanoengine. Overview (left) and detailed 
image (right) of the nanoengines. g, TEM of the nanoengine in negative staining. 

Overview (left) and detailed image (right) of the nanoengines. Green arrows, 
streptavidin molecules bound to biotin-modified staples protruding from  
one of the origami arms opposite to the location of the HT–T7RNAP fusion 
protein (blue arrow). h, Full opening and closing cycle of the compliant 
mechanical structure: (1) in the open structure the dsDNA template is bound  
by the immobilized HT–T7RNAP fusion protein and transcription begins;  
(2) upon transcription, HT–T7RNAP pulls the opposing origami arm towards 
itself, forcing the structure to close; (3) when the terminator sequence is reached, 
the T7RNAP releases the dsDNA template linker, which causes the structure to 
actively open to its equilibrium conformation. The T7RNAP can initiate the next 
closing cycle. i, Example of the nanoengine engaged in transcription. Blue arrow, 
HT–T7RNAP; green arrows, streptavidin. j, Example of the nanoengine engaged in 
transcription. Blue arrow, HT–T7RNAP; green arrows, streptavidin. All scale bars, 
100 nm.
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residual twist in the blades18. For this variant, no preferred rotational 
directionality was observed, while some residual rotation without 
preferred directionality was observed due to the self-organization of 
the DNA crossbar21 (Supplementary Fig. 18).

Direction reversal under a transmembrane 
voltage
To our surprise, we found that we can control the rotational direc-
tion of the DNA turbines by the ionic strength of the buffer. When the 
voltage-driven experiments were performed in a high-salt buffer con-
taining 3 M NaCl instead of dilute 50 mM, the directionality of the rotary 
motion reversed for the same turbine. This phenomenon occurred 
for both turbine chiralities, as shown in Fig. 3d,e,j,k (and correspond-
ing mean square displacement, MSD, plots in Supplementary Fig. 19).  

By titrating the salt concentration from 50 mM to 3 M, we observed that 
the average rotation speed changed from positive to negative values for 
the left-handed turbines, that is, rotations changed from anticlockwise 
to clockwise (and a reverse crossover occurred for right-handed tur-
bines), with a crossover at ~0.5–1 M for both chiralities—see Fig. 3g,m 
(and corresponding histograms for the speed distribution in Supple-
mentary Figs. 21 and 22). These observations point to the appearance 
of strong ionic effects on the water flow when the turbine operates in 
a high-ionic-strength environment.

To understand this rotational reversal induced by different ionic 
strengths, we first sought insights from continuum theory. As a model 
for the turbine blade, we consider a rigid cylindrical DNA rod that is held 
in a fixed vertical position in a wide nanopore, oriented at an angle of θ 
with respect to the z axis (cf. Supplementary Section 1). This rod has a 
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Fig. 1 | Design of a nanopore-powered DNA origami turbine. a, Schematic of 
a right-handed DNA turbine docked into a nanopore (side view at top; axial view 
at bottom). b, Two cross-sections of the DNA turbine highlighting the designed 
twist. c, 3D electron density map of the right-handed DNA turbine determined 
via single-particle cryo-EM (side and bottom views; see also Supplementary  
Fig. 2). d, Cross-sections at the top and the bottom of the 3D cryo-EM 
reconstruction right-handed turbine, highlighting the right-handed twist 
density of −1.1° bp−1. e,f, The same as c,d but for the left-handed DNA turbine, 

highlighting the twist density of +0.69° bp−1. g, Schematic of a right-handed 
DNA turbine with its load, a 300-nm-long DNA bundle with the middle 220 nm 
reinforced with 16 DNA helices instead of 6 helices, and a 900 nm looped leash 
docked onto a solid-state silicon nitride nanopore. h, SNUPI-simulated structure 
of the right-handed DNA turbine with a DNA bundle attached as a load (leash 
excluded). i, Negatively stained transmission electron micrograph of a typical 
right-handed DNA turbine with the load.
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hydrodynamic mobility Mh that is anisotropic, as a rod moves twice as 
fast through a liquid along its length as perpendicular to it23. Similarly, 
the electrophoretic mobility Mel of the rod, which describes its freely 
suspended motion in an applied electric field E, is anisotropic23. Nota-
bly, Mel is controlled by the electrical double layer, which changes with 
the ionic strength of the solution24,25. The combination of Mh and Mel 
determines the in-plane force on a turbine blade in a nanopore, which 
will drive the rotation. We can derive an expression for the in-plane 
velocity component vx (Supplementary Section 2) as follows:
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This equation indicates that the sign of vx, that is, the rotation direc-
tion, is determined by the difference between the hydrodynamic and 
electrophoretic anisotropy ratios. While the hydrodynamic anisotropy 
ratio Mh,⊥/Mh,∥ is constant at a value of 0.5, the electrophoretic anisot-
ropy ratio Mel,⊥/Mel,∥ can adopt values between 0 and 1, depending on 
ion concentration and DNA surface charge25; for example, Mel,⊥/Mel,∥ 
decreases from 1 to 0.5 with decreasing ion concentration for moder-
ate surface charges, and adopts even smaller values for high surface 
charges25. Continuum theory thus indicates that a sign reversal of the 
rotations may occur due to a change in the electrophoretic anisotropy 
ratio with salt concentration.

To elucidate the microscopic mechanism of the torque generation, 
we performed all-atom MD simulations of the DNA origami turbine 

submerged in a low-salt electrolyte solution (Fig. 4a). The application of 
a 100 mV nm−1 axial electric field was observed to rotate the turbine by 
~120° in 56 ns in the expected direction (left handed about the applied 
field axis, Fig. 4b and Supplementary Fig. 24, see Methods for details). 
A water flow induced by a pressure gradient was observed to rotate the 
turbine in the expected direction, whereas reversing the direction of 
the electric field or the pressure gradient reversed the rotation direc-
tion. The turbine’s rotation speed was found to be determined by the 
velocity of water molecules moving past the blades of the turbine 
(Supplementary Fig. 25b)—all indicating a rotation mechanism similar 
to that of a macroscopic turbine. However, in equivalent simulations of 
the same DNA turbine carried out in 3 M NaCl, the direction of rotation 
reversed, while the overall rotation speed decreased (Fig. 4d,e). Fur-
thermore, the average effective torque produced by the turbine under 
high salt was seen to change sign when compared with the torque under 
low salt (Fig. 4f). These MD simulation results thus present a striking 
qualitative resemblance to the experimental results.

To understand the ion-concentration-dependent reversal of the 
effective torque, we simulated a DNA duplex that was oriented paral-
lel or perpendicular (Supplementary Fig. 26a) to an applied electric 
field. The observed Mel,⊥/Mel,∥ did indeed change with the measured 
salt concentration, from about 1 at 2.6 M NaCl to 0.38 at 4 mM NaCl  
(Fig. 4h and Supplementary Fig. 26b)—a very notable change that would 
reverse the direction of rotation according to the continuum model. 
To determine the microscopic mechanism of the rotation reversal, we 
simulated a DNA duplex that was tilted by 35° relative to the vertically 
applied field (Fig. 4g), which approximates the inclination of the blades 
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Fig. 2 | Sustained unidirectional rotation of DNA origami turbines in a 
salt gradient. a, Schematic of a DNA turbine docking onto a nanopore by 
diffusiophoresis. b, Typical heatmap (blue pixels) of obtained centres of 
fluorophores at the tip of DNA bundle from single-particle localizations from 
8,000 frames (Methods) and example trajectory of six subsequent positions 
of the labelled tip (red), which shows clear directional rotation. c, Typical 
cumulative angle versus time for a right-handed turbine in 50 mM:1 M NaCl, 

showing a sustained rotation of hundreds of turns. d,e, Cumulative angle versus 
time of left-handed (d) and right-handed (e) turbines for a NaCl concentration 
gradient of 50 mM:1 M (n = 77 and 151, respectively). f, Average rotation speed of 
left- and right-handed turbines in transmembrane NaCl concentration gradients 
of 50 mM:500 mM and 50 mM:1 M (n = 98, 141, 124 and 74, respectively). In all 
box plots: centre line, median; box limits, upper and lower quartiles; whiskers, 
1.5 × interquartile range.
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hydrodynamic mobility Mh that is anisotropic, as a rod moves twice as 
fast through a liquid along its length as perpendicular to it23. Similarly, 
the electrophoretic mobility Mel of the rod, which describes its freely 
suspended motion in an applied electric field E, is anisotropic23. Nota-
bly, Mel is controlled by the electrical double layer, which changes with 
the ionic strength of the solution24,25. The combination of Mh and Mel 
determines the in-plane force on a turbine blade in a nanopore, which 
will drive the rotation. We can derive an expression for the in-plane 
velocity component vx (Supplementary Section 2) as follows:
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This equation indicates that the sign of vx, that is, the rotation direc-
tion, is determined by the difference between the hydrodynamic and 
electrophoretic anisotropy ratios. While the hydrodynamic anisotropy 
ratio Mh,⊥/Mh,∥ is constant at a value of 0.5, the electrophoretic anisot-
ropy ratio Mel,⊥/Mel,∥ can adopt values between 0 and 1, depending on 
ion concentration and DNA surface charge25; for example, Mel,⊥/Mel,∥ 
decreases from 1 to 0.5 with decreasing ion concentration for moder-
ate surface charges, and adopts even smaller values for high surface 
charges25. Continuum theory thus indicates that a sign reversal of the 
rotations may occur due to a change in the electrophoretic anisotropy 
ratio with salt concentration.

To elucidate the microscopic mechanism of the torque generation, 
we performed all-atom MD simulations of the DNA origami turbine 

submerged in a low-salt electrolyte solution (Fig. 4a). The application of 
a 100 mV nm−1 axial electric field was observed to rotate the turbine by 
~120° in 56 ns in the expected direction (left handed about the applied 
field axis, Fig. 4b and Supplementary Fig. 24, see Methods for details). 
A water flow induced by a pressure gradient was observed to rotate the 
turbine in the expected direction, whereas reversing the direction of 
the electric field or the pressure gradient reversed the rotation direc-
tion. The turbine’s rotation speed was found to be determined by the 
velocity of water molecules moving past the blades of the turbine 
(Supplementary Fig. 25b)—all indicating a rotation mechanism similar 
to that of a macroscopic turbine. However, in equivalent simulations of 
the same DNA turbine carried out in 3 M NaCl, the direction of rotation 
reversed, while the overall rotation speed decreased (Fig. 4d,e). Fur-
thermore, the average effective torque produced by the turbine under 
high salt was seen to change sign when compared with the torque under 
low salt (Fig. 4f). These MD simulation results thus present a striking 
qualitative resemblance to the experimental results.

To understand the ion-concentration-dependent reversal of the 
effective torque, we simulated a DNA duplex that was oriented paral-
lel or perpendicular (Supplementary Fig. 26a) to an applied electric 
field. The observed Mel,⊥/Mel,∥ did indeed change with the measured 
salt concentration, from about 1 at 2.6 M NaCl to 0.38 at 4 mM NaCl  
(Fig. 4h and Supplementary Fig. 26b)—a very notable change that would 
reverse the direction of rotation according to the continuum model. 
To determine the microscopic mechanism of the rotation reversal, we 
simulated a DNA duplex that was tilted by 35° relative to the vertically 
applied field (Fig. 4g), which approximates the inclination of the blades 
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Fig. 2 | Sustained unidirectional rotation of DNA origami turbines in a 
salt gradient. a, Schematic of a DNA turbine docking onto a nanopore by 
diffusiophoresis. b, Typical heatmap (blue pixels) of obtained centres of 
fluorophores at the tip of DNA bundle from single-particle localizations from 
8,000 frames (Methods) and example trajectory of six subsequent positions 
of the labelled tip (red), which shows clear directional rotation. c, Typical 
cumulative angle versus time for a right-handed turbine in 50 mM:1 M NaCl, 

showing a sustained rotation of hundreds of turns. d,e, Cumulative angle versus 
time of left-handed (d) and right-handed (e) turbines for a NaCl concentration 
gradient of 50 mM:1 M (n = 77 and 151, respectively). f, Average rotation speed of 
left- and right-handed turbines in transmembrane NaCl concentration gradients 
of 50 mM:500 mM and 50 mM:1 M (n = 98, 141, 124 and 74, respectively). In all 
box plots: centre line, median; box limits, upper and lower quartiles; whiskers, 
1.5 × interquartile range.



Nucleic Acids as Building Blocks

12

• Spring-loaded device (mousetrap): proper combination of antigen keys (AND gate)
• Guide staples that can be removed after folding (hands setting the trap)

20 nm



DNA nanorobot as cancer therapeutic

13

• Transport payload and specifically present in tumors
• Responds to nucleolin, a protein specifically expressed on tumor-associated cells
• Delivery of thrombin for coagulation at the tumor site
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cross-linker sulfo-SMCC (sulfosuccinimidyl-4-[N-maleimidometh
yl]cyclohexane-1-carboxylate; Supplementary Figs. 4 and 5), and 
mixed the conjugates with the DNA origami sheet. The extended 
poly-A strands on the DNA sheet were then able to hybridize with 
the poly-T on the conjugates (Supplementary Fig. 6a), allowing 
thrombin molecules to be anchored on the surface of the DNA sheet 
(Fig. 1a). Biological activity assays showed that both the thrombin–
DNA conjugates and the thrombin bound to the DNA origami sheet 
retained their catalytic activity (Supplementary Fig. 6b). Atomic 
force microscopy images demonstrate that more than 70% of the DNA 
sheets contained four bound thrombin molecules (Supplementary  
Figs. 7–9). Using a Cy5.5-labeling approach for thrombin quantifica-
tion, the average number of thrombin on each DNA origami sheet was 
calculated to be 3.8 ± 0.4 (Supplementary Fig. 10).

Our hollow tube-shaped DNA nanorobot, with a diameter of ~19 nm  
and a length of 90 nm (Fig. 1a and Supplementary Fig. 11), was 
next formed by fastening the thrombin-loaded DNA origami  
sheet along the long sides (Fig. 1a and Supplementary Table 2). 
The four thrombin molecules, attached to the inner surface of the 
tubular nanorobot (Supplementary Fig. 12), thus became shielded 
from circulating platelets and plasma fibrinogen. By hybridization of 
predesigned fastener strands containing DNA aptamers (AS1411)23, 
the tube-shaped DNA nanorobot was non-covalently closed along a 
defined seam (Fig. 1a and Supplementary Fig. 11). We confirmed the 
closed and open states of the DNA nanorobot by atomic force micro-
scopy (Fig. 1b). The four bright spots on the surface of the origami 
sheet represent the raised height produced by the thrombin cargo.

We hypothesize that when the fastener strands recognize their 
targets, in our case nucleolin proteins selectively expressed on the 
surface of actively proliferating tumor vascular endothelial cells5, the 
hybridized duplexes will dissociate to induce reconfiguration of the 
nanorobot to expose the contained cargo. To test this hypothesis, 
we first used flow cytometry to examine the nucleolin recognition 
and dissociation of the DNA fastener strands. The Y-shaped fastener 
structures (Supplementary Fig. 13), each containing a 15-base-
pair duplex, were composed of two DNA strands: F50, which con-
tains AS1411 aptamer sequences that are able to specifically bind to 
nucleolin expressed on the surface of cultured human umbilical vein 
endothelial cells (HUVECs; Supplementary Fig. 14), and Comp15, 
a strand partially complementary to the AS1411 sequence of F50. As 
with free F50, the Y-shaped structure containing the 15-bp duplex 
was able to effectively bind to HUVECs (Supplementary Fig. 15), 
demonstrating that the fastener strands recognize nucleolin on the 
cell surface.

To determine whether the fasteners can dissociate after bind-
ing to recombinant nucleolin or nucleolin-positive HUVECs, we 
prepared dye-labeled fasteners (5′-fluorescence-labeled F50 and 
3′-quencher-labeled Comp15; Fig. 2a and Supplementary Fig. 16) 
serving as switchable fluorescent beacons. These beacons emit only a 
weak fluorescence when hybridized. Upon recognizing recombinant 
nucleolin or that on the surface of HUVECs, the fasteners are acti-
vated: fluorophore-labeled F50 strands switch to the G-quadruplex 
state24 and bind to nucleolin, while the quencher-labeled Comp15 
is released, resulting in a high fluorescence intensity. Indeed, bind-
ing of the labeled fasteners to nucleolin in solution (Supplementary  
Fig. 16) or on the HUVECs (Fig. 2b) substantially increased fluo-
rescence signal intensity. For comparison, the other two Y-shaped 
structures (fully complementary 26-bp duplex of AS1411 sequences or 
controls lacking any AS1411 sequence) were not activated by HUVECs  
(Fig. 2b). A similar experiment was performed to demonstrate that 
the binding of nucleolin can open the DNA nanorobots. Six pairs of  

Y-shaped fastener structures consisting of 5′-FITC-labeled F50 and 
3′-BHQ1-labeled Comp15 were used to close the DNA nanorobot. 
With the DNA nanorobot in the ‘fastened’ state, the FITC fluores-
cence is quenched by BHQ1. Upon opening, the DNA nanorobot is 
expected to produce a strong increase in fluorescence intensity. The  
fluorophore–quencher–pair–labeled nanorobot was treated with 
recombinant nucleolin or nucleolin-positive HUVECs and a substan-
tial increase in fluorescence intensity was observed in both cases, indi-
cating the opening of the nanorobot (Fig. 2c,d and Supplementary 
Fig. 17). In contrast, starved HUVECs, whose surface nucleolin 
expression is downregulated (Supplementary Fig. 18), did not cause 
the DNA nanorobot to open (Fig. 2d).

We next investigated in vitro blood coagulation to determine 
whether the thrombin-loaded nanorobot (nanorobot-Th) opens in 
response to the target protein and exposes functional thrombin. When 
mouse plasma was mixed with nanorobot-Th and HUVECs, it coagu-
lated rapidly, with a fibrin formation time of 82 s, as compared to 176 s  
when cells were absent and 177 s with cells alone (Fig. 2e,f). This 
enhanced coagulation was comparable to the fastener-free, thrombin-
loaded DNA origami sheet, indicating a cell-induced opening of the 
nanotubes. No effect on coagulation time was seen when plasma was 
added to cells incubated with an empty DNA nanorobot. Further, 
we found that there was a positive relationship between the rate of 
plasma coagulation and the concentration of nanorobot-Th added 
(Supplementary Fig. 19). These data demonstrate that the DNA 

Fastener

Targeting strandsNucleolin

Thrombin-DNA 
conjugate

M13 DNA Staples Rectangular 
origami sheet

Thrombin-loaded 
origami sheet Tubular nanorobot

Open state of nanorobot

Closed Open

a

b

I II III

IV

Figure 1 Design and characterization of thrombin-functionalized DNA 
nanorobot. (a) Schematic illustration of the construction of thrombin-
loaded nanorobot by DNA origami, and its reconfiguration into a 
rectangular DNA sheet in response to nucleolin binding. (a, I)  
Single-stranded M13 phage genomic DNA is linked by predesigned  
staple strands, leading to the formation of a rectangular DNA sheet.  
(a, II) Thrombin is loaded onto the surface of the DNA sheet structure by 
hybridization of poly-T oligonucleotides conjugated to thrombin molecules 
with poly-A sequences that extend from the surface of the DNA sheet.  
(a, III) Addition of the fasteners and targeting strands results in the 
formation of thrombin-loaded, tubular DNA nanorobots with additional 
targeting aptamers at both ends. (a, IV) The tube nanocarrier opens 
in response to the presence of nucleolin to expose the encapsulated 
thrombin. (b) DNA nanorobots were examined by atomic force microscopy 
(AFM) and representative images of closed (left) and opened states (right) 
are shown. The four bright spots displayed on the surface of the origami 
sheet represent the thrombin molecules (thrombin molecules on the four 
DNA-sheet-thrombin assemblies on the right of open states image are 
highlighted by white circles). The AFM images are representative of three 
independent experiments. Scale bars, 100 nm.
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Catalytic Boat

• First demonstration of autonomous (self) propulsion of small 
machines using catalytic reactions (2002)

• Asymmetric placement of platinum on millimeter-sized elastomer 
structures

• Pt catalyzes decomposition of hydrogen peroxide to water and oxygen 
gas led to a jet of bubbles, which propels the object

14



Chemically-driven nanorotor

• First demonstration of propulsion of nanomachine using catalytic 
reactions (2005)

15



Janus grains/particles

• Roman god Janus with two faces
• Deposition of metallic thin films on microbeads

16



Bubble propulsion

• Concentrated oxygen coalesces to form bubbles on the catalyst surface

• Dissolved oxygen continues to diffuse into the bubble causing it to grow

• Bubble grows until reaching the detachment radius and released from 
the surface

• Detachment results in momentum transfer

• Reaction force caused by the bubble detachment will be balanced by the 
viscous drag force

17



Bubble propulsion

18

r is the catalytic reaction rate 
that represents molar flux of 
oxygen diffusion into the 
bubble

Surface tension

Henry’s constant

Oxygen solubility

Saturation oxygen 
concentration

Langmuir isotherm

Gas constantBubble radius
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Bubble propulsion
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Tubular Microjets: Propulsion Mechanism

• The fuel solution wets the catalytic material containing energetically 
favorable nucleation points
– O2 accumulates and grows as bubbles at these points

• Bubbles migrate towards one opening of the tube
– Larger opening

• Bubbles are released 

20



Tubular Microjets: Bubble Size

• Bubble size vs hydrogen peroxide concentration
• Bubble size decreases with increasing frequency

21



Tubular Microjets: Bubble Size

• Moving step vs bubble size: linear curve
• At small bubble size, the average moving step is equal to the radius

22



Tubular Microjets: Geometry

23

• Dynamics is affected by the geometry
• Shape of the opening
• Cylinders vs cones



Hydrodynamics

• 3 phases: nucleation, bubble deformation inside the cone, and bubble exit

24



Hydrodynamics

• 3 phases: nucleation, bubble deformation inside the cone, and bubble exit

25



Hydrodynamics

• Cone angle

• Non-monotonic effect: related to the first two phases

26



Hydrodynamics

• Capillary number

• With increasing Ca, the bubble inflates more rapidly

– Bubble cycle is shorter and cone displacement is larger

– Average velocity scales linearly

27



Compartmentalized Rocket Microengines

• Entrapping Pt nanoparticles inside the cavity of a polymer capsule

28



Compartmentalized Rocket Microengines

• Entrapping Pt nanoparticles inside the cavity of a polymer capsule
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Compartmentalized Rocket Microengines

• Speed regulation using thermoresponsive materials
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Compartmentalized Rocket Microengines

• Speed regulation using thermoresponsive materials

31



3D Printing of Rocket Microengines

• Multi-material direct laser writing
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3D Printing of Rocket Microengines

• Crosslinking of a nanocomposite with Pt nanoparticles
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3D Printing of Rocket Microengines
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3D Printing of Rocket Microengines

• Sitti

35



External control of orientation

• Magnetic (deposition of magnetic materials), acoustic, electrical, 
optical, and thermal control

36



Phototaxis

• Light-driven photoelectrochemical reaction generates anions and 
cations at opposite ends of the structure
– Asymmetric distribution of ions

– Self-electrophoresis

37



Phototaxis

• Orientation control with light

38



Phototaxis

• Schooling of microswimmers

39



Catalytic artificial muscle
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at a given constant stress. Note, however, that to operate following 
the trajectory of a major hysteretic cycle is not necessarily optimal 
from the perspectives of speed and/or energy. For example, as shown 
in Fig. 2F, comparatively large output strains can be obtained, with 
the same reaction rates as those used to induce a major loop, by 
exciting the SMA material with temperatures within a relatively 
narrow range. Accordingly, we can make the actuation of a RoBeetle 
prototype efficient by controlling the catalytic reactions on the sur-
face of the NiTi-Pt wire such that the corresponding temperature 
oscillates between Tmf and Taf, which corresponds to a minor loop. In 
static experiments, using this control strategy and a similar catalytic 
artificial muscle, we obtained actuation frequencies in the order of 
1 to 2 Hz (see text S3). Consistently, in this case, a main control 
objective is to design a tunable MCM that enables a stable oscilla-
tion of the surface temperature and, therefore, of the output strain 
produced by the artificial muscle.

Design of RoBeetle
To demonstrate the capabilities of the proposed 2H NiTi-Pt–based 
actuators, we built the autonomous RoBeetle prototype in Fig. 3A 
and Movie 1. This robot crawls by using a variable friction–based 
mode of locomotion. The proposed actuation approach, however, 
can be used to power a wide gamut of microrobotic platforms that 
locomote by walking (13), jumping (36), swimming (37), and flying 
(38). The combined mechanism for actuation, sensing, and feedback 
control is depicted in Fig. 3B; the integration of all the components 
of the robot required for autonomous operation—including the 
NiTi-Pt composite wire, MCM, fuel tank, and structural elements—
is shown in the exploded view of Fig. 3 (C to H).

As seen in Fig. 3B, during the assembly process, one end of the 
NiTi-Pt composite wire is anchored to the fuel tank, and the other 
end, corresponding to the actuator output, is attached to a bias leaf 
spring required to maintain the SMA material under tension. Both 
a transmission and a sliding shutter are connected to this spring to 
be driven by the deformation of the NiTi-Pt wire. The locomotion 
pattern consists of a sequence of transitions between state 1 (upper 
illustration of Fig. 3B) and state 2 (bottom illustration of Fig. 3B). 
We used methanol as the fuel because it can be stored in liquid form 

and evaporates at an approximately constant rate at the atmospheric 
pressure. Accordingly, during state 1, the orifices of the sliding shutter 
remain aligned with those of the fuel tank, thus allowing methanol 
vapor to flow out from the container and reach the surface of the 
NiTi-Pt wire. As the catalytic surface is exposed to both fuel and 
oxygen, the SMA material contracts as illustrated in Fig. 2A, and the 
system transitions to state 2 as predicted by the plot in Fig. 2F, a 
period during which the tank valves remain closed. Sequentially, as the 
flow of fuel ceases, the SMA material expands, the shutter slides back 
to state 1, and the tank valves open to initiate a new actuation cycle.

Inspired by the control mechanism of the centrifugal governor 
(21), during the transitions from state 1 to state 2 and from state 2 
to state 1, the slider shutter mechanism functions as a stabilizing 
controller for the catalytic reaction in a negative feedback loop. 
Namely, the supply of fuel decreases as the catalytic reaction accel-
erates because the tank valves steadily close as the shutter slides to 
state 2; conversely, the supply of fuel increases as the catalytic reaction 
decelerates because the tank valves steadily open as the shutter slides 
back to state 1. Note that from the control perspective, the areas of 
the tank and shutter orifices, the preset tension on the NiTi-Pt wire, 
and the stiffness of the leaf spring correspond to the parameters of 
the feedback controller that determines the performance and stability 
of the closed-loop system.

Although a rigorous mathematical analysis of the closed-loop 
dynamics of the system is beyond the scope of this paper, it is 
important to explain how the mechanical controller parameters must 
be selected to ensure functionality and stability. In this case, insta-
bility is equivalent to thermal runaway (39), a phenomenon charac-
terized by a rapid increase of the surface temperature until the 
NiTi-Pt wire melts. The literature and experimental observations 
indicate that the rate of temperature variation depends monotoni-
cally on the flow rate of fuel, which, in this case, depends on the total 
area of the orifices of the tank and, coincidently, of the shutter. Spe-
cifically, if the fuel flow surpasses a critical point due to an excessive 
interface area between the tank and the catalytic surface, the closed-
loop system becomes unstable. Furthermore, note that the preset 
tension of the wire and stiffness of the leaf spring also indirectly 
influence the flow rate of fuel and, therefore, the stability of the 

Fig. 2. Catalytic artificial muscle. (A) Diagram of a NiTi-Pt composite wire. As the wire is exposed to the reactants, CH3OH and O2, it heats up and contracts due to the 
exothermic reaction facilitated by the Pt catalyst; when the fuel supply is stopped, the wire cools down and extends to its original length. Periodic actuation is generated by 
repeating this process. (B) Generic strain-temperature-stress diagram of a NiTi SMA wire. The phase transitions between austenite and martensite states are character-
ized by hysteretic loops associated with the SME and superelasticity (34, 35). The relationship between a constant stress value and the parameters of a loop are de-
picted using four colored planes. For further details, see text S1. (C to E) SEM images of the surface of a NiTi-Pt wire with a diameter of 87 mm. The rough and 
porous catalytic layer (Pt-black) has a thickness of ~18.1 mm. The magnifications of the images are ×350, ×1200, and ×6500; the scale bars indicate distances of 
100, 30, and 5 mm, respectively. (F) Experimental strain-temperature hysteretic relationship of a NiTi-Pt composite wire, obtained under constant stress. We show a 
major loop and two eccentric minor loops. The corresponding temperature and strain signals are shown in fig. S2.
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closed-loop dynamics. On the other hand, if the interface area 
between the tank and the catalytic surface is not sufficiently large 
for the flow of fuel to initiate and sustain catalytic combustion, the 
correct functionality of the actuation mechanism becomes infeasible. 
In this case, through an experimental tuning process, we enabled 
the actuation mechanism to self-oscillate stably and robustly while 
driving the locomotion of the RoBeetle prototype.

As seen in Fig. 3 (B and C), the actuation output is transformed 
into a rotational motion using a four-bar transmission inspired by 
the flight muscles of dipteran insects (6, 40, 41) and that can be 
modeled as a static mapping (41, 42). As illustrated in Fig. 3 (B, 
C, and E), the rotational motion produced by the transmission is 
transformed into locomotion through two joint active forelegs and 
two fixed hindlegs, which use anisotropic friction to sequentially 
slide forward and anchor to the ground. Specifically, during the 
transition from state 1 to state 2, the pair of hindlegs anchors the 
robot to the ground, whereas the pair of forelegs rotates clockwise 
and slides forward; similarly, during the transition from state 2 to 
state 1, the pair of forelegs rotates counterclockwise while anchored to 
the ground and the pair of hindlegs slides forward.

Now, we describe the components of the robot and the assembly 
process in Fig. 3 (C to H); the details regarding fabrication are pre-
sented in Materials and Methods. On the basis of their functionality, 
the components are grouped into four categories.

1) The first category includes the parts that compose the torso 
of the robot, which is also the fuel tank that stores the methanol 
(Fig. 3, C and D). The bottom and sides of the tank are built from 
seven pieces made of carbon fiber–polyimide composites that are 
assembled together using tab-and-slot features. Cyanoacrylate (CA) 
glue is applied on all the clearances to seal the tank and make it 
liquid tight.

2) The second category is formed by the components of the 
MCM: the tank lid and sliding shutter (Fig. 3E). These parts are 
assembled together with the transmission during a step executed 
before the final assembly. As shown in the detailed view of Fig. 3E, 
the mating fixture M1 on the lid is attached to the grounded link of 
the transmission using CA glue; then, the shutter is glued to the 
slider input link of the transmission at the mating fixture M2. To 
create the interface between the container and the NiTi-Pt wire, a 
row of six 0.1 mm–by–1.5 mm rectangular orifices, placed at regular 
intervals of 1 mm, is perforated on the tank lid; correspondingly, 
six 0.1 mm–by–0.5 mm rectangular apertures are perforated on the 
shutter according to the same pattern. These interacting matching 
perforations function as synchronized microvalves, which are used 
to control the flow of fuel that feeds the catalytic reaction on the 
surface of the NiTi-Pt wire. Because the flow rates depend mono-
tonically on the overlapped areas of the valve mechanism, the shape 
and configuration of the matching perforations determine the heat-
ing and cooling profiles of the SMA material. During the design 
process, by performing a series of tethered tests, using robotic pro-
totypes with a variety of sliding valve configurations, we identified 
the parameters for an MCM that enables the NiTi-Pt–based artifi-
cial muscle that drives the RoBeetle prototype to operate within 
desired temperature ranges. We performed an evaporation experi-
ment to measure the fuel flow rates for the robotic design (text S4 
and movie S1), and the experimental results were used to calibrate 
an analytical model that describes the diffusion process of the metha-
nol vapor (text S5). To prevent leakage, seal grease is applied to the 
groove carved on the bottom of the sliding shutter, as shown in 
Fig. 3F. Last, the complete MCM is used to cap the tank, thus form-
ing the torso of the microrobot as shown in Fig. 3C.

 3) The third category is composed of the parts that constitute the 
actuation mechanism, including the NiTi-Pt wire, the transmission 
(Fig. 3E), the leaf spring (Fig. 3, C and G), two horn-shaped static 

Fig. 3. Robotic design of the 
88-mg insect-scale auto-
nomous robot powered 
by fuel. (A) Photograph 
of a RoBeetle prototype 
resting on a leaf (the scale 
bar indicates a distance 
of 10 mm). (B) Schematic 
diagram of RoBeetle’s actu-
ation mechanism. (C) Ex-
ploded view of the robotic 
assembly. (D) Exploded 
view of the fuel tank sub-
assembly. (E) Exploded 
view of the tank lid, trans-
mission and sliding shutter. 
(F) Bottom side of the slid-
ing shutter. (G) NiTi-Pt com-
posite wire and leaf spring. 
(H) Forelegs and hindlegs with bioinspired backward-oriented claws.

Movie 1.  RoBeetle, an 88-mg autonomous robotic insect powered by fuel. 
Summary of results and methods.
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closed-loop dynamics. On the other hand, if the interface area 
between the tank and the catalytic surface is not sufficiently large 
for the flow of fuel to initiate and sustain catalytic combustion, the 
correct functionality of the actuation mechanism becomes infeasible. 
In this case, through an experimental tuning process, we enabled 
the actuation mechanism to self-oscillate stably and robustly while 
driving the locomotion of the RoBeetle prototype.

As seen in Fig. 3 (B and C), the actuation output is transformed 
into a rotational motion using a four-bar transmission inspired by 
the flight muscles of dipteran insects (6, 40, 41) and that can be 
modeled as a static mapping (41, 42). As illustrated in Fig. 3 (B, 
C, and E), the rotational motion produced by the transmission is 
transformed into locomotion through two joint active forelegs and 
two fixed hindlegs, which use anisotropic friction to sequentially 
slide forward and anchor to the ground. Specifically, during the 
transition from state 1 to state 2, the pair of hindlegs anchors the 
robot to the ground, whereas the pair of forelegs rotates clockwise 
and slides forward; similarly, during the transition from state 2 to 
state 1, the pair of forelegs rotates counterclockwise while anchored to 
the ground and the pair of hindlegs slides forward.

Now, we describe the components of the robot and the assembly 
process in Fig. 3 (C to H); the details regarding fabrication are pre-
sented in Materials and Methods. On the basis of their functionality, 
the components are grouped into four categories.

1) The first category includes the parts that compose the torso 
of the robot, which is also the fuel tank that stores the methanol 
(Fig. 3, C and D). The bottom and sides of the tank are built from 
seven pieces made of carbon fiber–polyimide composites that are 
assembled together using tab-and-slot features. Cyanoacrylate (CA) 
glue is applied on all the clearances to seal the tank and make it 
liquid tight.

2) The second category is formed by the components of the 
MCM: the tank lid and sliding shutter (Fig. 3E). These parts are 
assembled together with the transmission during a step executed 
before the final assembly. As shown in the detailed view of Fig. 3E, 
the mating fixture M1 on the lid is attached to the grounded link of 
the transmission using CA glue; then, the shutter is glued to the 
slider input link of the transmission at the mating fixture M2. To 
create the interface between the container and the NiTi-Pt wire, a 
row of six 0.1 mm–by–1.5 mm rectangular orifices, placed at regular 
intervals of 1 mm, is perforated on the tank lid; correspondingly, 
six 0.1 mm–by–0.5 mm rectangular apertures are perforated on the 
shutter according to the same pattern. These interacting matching 
perforations function as synchronized microvalves, which are used 
to control the flow of fuel that feeds the catalytic reaction on the 
surface of the NiTi-Pt wire. Because the flow rates depend mono-
tonically on the overlapped areas of the valve mechanism, the shape 
and configuration of the matching perforations determine the heat-
ing and cooling profiles of the SMA material. During the design 
process, by performing a series of tethered tests, using robotic pro-
totypes with a variety of sliding valve configurations, we identified 
the parameters for an MCM that enables the NiTi-Pt–based artifi-
cial muscle that drives the RoBeetle prototype to operate within 
desired temperature ranges. We performed an evaporation experi-
ment to measure the fuel flow rates for the robotic design (text S4 
and movie S1), and the experimental results were used to calibrate 
an analytical model that describes the diffusion process of the metha-
nol vapor (text S5). To prevent leakage, seal grease is applied to the 
groove carved on the bottom of the sliding shutter, as shown in 
Fig. 3F. Last, the complete MCM is used to cap the tank, thus form-
ing the torso of the microrobot as shown in Fig. 3C.

 3) The third category is composed of the parts that constitute the 
actuation mechanism, including the NiTi-Pt wire, the transmission 
(Fig. 3E), the leaf spring (Fig. 3, C and G), two horn-shaped static 

Fig. 3. Robotic design of the 
88-mg insect-scale auto-
nomous robot powered 
by fuel. (A) Photograph 
of a RoBeetle prototype 
resting on a leaf (the scale 
bar indicates a distance 
of 10 mm). (B) Schematic 
diagram of RoBeetle’s actu-
ation mechanism. (C) Ex-
ploded view of the robotic 
assembly. (D) Exploded 
view of the fuel tank sub-
assembly. (E) Exploded 
view of the tank lid, trans-
mission and sliding shutter. 
(F) Bottom side of the slid-
ing shutter. (G) NiTi-Pt com-
posite wire and leaf spring. 
(H) Forelegs and hindlegs with bioinspired backward-oriented claws.

Movie 1.  RoBeetle, an 88-mg autonomous robotic insect powered by fuel. 
Summary of results and methods.
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arms that are used to mount the leaf spring, and the back anchor- 
block fixture that holds the composite wire (Fig. 3C). The three 
mounting pieces are connected to the tank lid using socket-lock 
mechanisms and permanently fixed using CA glue. The leaf spring 
is a stiff bar made from carbon fiber with an orifice through which 
the NiTi-Pt wire was threaded (Fig. 3G). The two ends of the wire 
are crimp-clamped to install it on the robot and set its tension. The 
piece composed by the spring and the crimp-clamped wire is 
attached to the torso of the robot by first inserting the rightmost 
end of the wire into the slot of the anchor block, as indicated by the 
red dashed line; then, the bottom locking protrusion M3 (see 
Fig. 3G) and both sides of the spring are inserted into the mating 
orifice carved on the shutter and the slots of the horns, respectively. 
This configuration enables the artificial muscle to simultaneously 
drive the sliding shutter and the transmission through the leaf 
spring. In agreement with the thermomechanical description in 
Fig. 2 (B and F), the SMA wire must be preloaded to function effec-
tively as an actuator; for this reason, the initial condition of the 
system is set with the leaf spring bent and the wire in tension. This 
initial state is enforced by simply using a NiTi-Pt wire with an 
unexcited length that is smaller than the distance between the slots 
of the horns and the anchor block, namely, 9.8 mm at 25°C in-
stead of 9.88 mm. For the robot used in the locomotion experi-
ments, the measured spring stiffness is ~4.26 N/mm (see text S6) 
with a corresponding loading stress of ~168 MPa. Note that the 
proposed robotic design allows us to freely set the loading stress 
acting on the NiTi-Pt wire by adjusting the location of the crimp 
clamps. Similarly, the entire artificial muscle can be easily replaced 
if different geometrical or catalytic characteristics for effective 
operation are required.

4) The last category is composed of the bioinspired microrobotic legs 
with claws that are capable of inducing anisotropic friction, thus em-
ulating the friction mechanism used by beetles of the subspecies 
Pachnoda marginata peregrina (43). As seen in Fig. 3 (C and H), the 
two forelegs are installed at the distal end of the transmission and 
the two hindlegs at the bottom of the tank, using tab-and-slot 
features. The overall design and limb configuration enable RoBeetle 
prototypes to locomote unidirectionally using the simple proposed 
two-anchor crawl gait, which is similar to the mode observed in 
some types of inchworms, for example, the patterns of caterpillars of 
the species Manduca sexta (44), which conceptually also resemble 

the locomotion method used by the soft robot in (45). All the 
fundamental parameters of the RoBeetle prototype used in the 
experiments are summarized in table S3.

Tethered stationary experiments
To obtain adequate parameters for the design of the MCM, we 
conducted a series of tethered experiments using several RoBeetle 
prototypes. Specifically, we measured the most relevant variables 
associated with the operation of the microrobot, including the sur-
face temperature of the NiTi-Pt wire and the resulting self-oscillatory 
actuation strain, as shown in Fig. 4 and movie S2. Because of limita-
tions in miniaturization, installation, and signal transmission, the 
use of onboard wireless sensors to accurately measure temperature 
and strain in a moving subgram robotic insect is still extremely 
challenging, which justifies the stationary experimental approach 
depicted in Fig. 4A. During these tests, one hindleg of the robot is 
held in place using a pair of cross-lock tweezers, whereas the other 
three legs are left to freely dangle in the air; the deformation of 
the NiTi-Pt wire is measured with a laser displacement sensor 
(Keyence LK-031) that is installed in front of the robot so that the 
emitted laser beam hit the target area of the leaf spring shown in 
Fig. 3G. To measure (to indirectly observe) the temperature of the 
catalytic reaction, a Pt-black–coated thermocouple (type K, Omega 
CHAL-002) is installed next to the NiTi-Pt wire. Note that this 
thermocouple measures the temperature close to a single point 
of the catalytic surface and that thermocouples exhibit dynamics 
that delay and filter the high-frequency content of the true sig-
nals. Therefore, the signal obtained as shown in Fig. 4A is a rea-
sonable estimation but not the true temperature of the SMA material. 
Further details regarding the experimental setup are presented 
in text S7.

Measured temperature and strain signals corresponding to a 
representative stationary experiment, obtained using the prototype 
in Fig. 3A, are shown in Fig. 4B. From this plot, it can be deduced that 
the temperature of the catalytic reaction was mechanically controlled 
to continually oscillate within the desired range; accordingly, the arti-
ficial muscle produced effective periodical strain outputs. These results, 
therefore, demonstrate that the robot is able to operate autonomously 
when controlled by the proposed MCM. In this case, the measured 
temperature is composed of a main oscillatory signal and a set of 
components with higher frequencies that resemble random patterns. 

Fig. 4. Tethered station-
ary experiments used to 
characterize the RoBeetle 
prototype. (A) Schematic 
diagram of the experi-
mental setup (not to scale). 
(B and C) Temperature and 
displacement responses 
generated by the NiTi-Pt 
composite artificial mus-
cle during operation and 
associated zoomed-in view. 
The top and bottom dashed 
lines indicate the closed 
and open positions of the 
sliding shutter mechanism, 
respectively. (D) State 2 (closed valves) and state 1 (open valves) of the actuation cycle (1.9 s, from state 2 to state 1). The insets show the closed and open states of the 
sliding shutter mechanism (the scale bar indicates a distance of 10 mm).
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and (iv) usage of fuel-lean reactant chemis-
tries. We further discuss the design deci-
sions that contributed to passive quenching
in SM section S1.

Actuator characterization

The performance of the actuator can be dy-
namically modulated by driving it at different
frequencies or at different fuel-oxidizer concen-
trations, denoted by f:

f ¼
nfuel
noxid

! "

actual
nfuel
noxid

! "

stoich

ð1Þ

CH4 + 2O2 → CO2 + 2H2O + heat (2)

where f is the historically defined fuel-air
equivalence ratio (31), and nfuel and noxid repre-
sent moles of methane and oxygen, respectively.
When f = 1, the system will react stoichi-
ometrically (Eq. 2). Ratios corresponding to
f < 1 are termed “fuel lean” because the reac-
tion concludes with a surplus of oxygen. We
operate our actuator at fuel-lean equivalence
ratios, typically between 0.2 < f < 0.6, because
this limits the production of unwanted by-
products (e.g., soot, NOx compounds); reduces
the risk of flashback, in which flames reverse
propagate up feed lines toward the fuel source;
and decreases the probability of damaging the
actuator. Figure 1D shows how increasing the
equivalence ratio toward stoichiometric levels
while maintaining actuation frequency and
gas flow rate corresponds with an increase in
membrane deformation. A greater fuel volume
leads to an increase in the heat of combustion,
which results in a greater expansion of product
gases and an increase in membrane inflation.
We characterized the performance of the

actuator by conducting membrane displace-
ment (Fig. 1E) and blocked-force testing (Fig.
1F) across a range of equivalence ratios and
frequencies (figs. S3 to S5). We captured dis-
placement data using a high-speed camera
and processed the video in ImageJ. The actua-
tion frequency was dynamically adjusted with
an Arduino microcontroller interfacing with
the high-voltage–generating electronics. Custom
LabVIEW code allowed for control of the fuel’s
equivalence ratio and flow rate by way of the
MFCs. The reported reduction in membrane
displacement with increasing frequency was a
consequenceof theexperimentsbeing conducted
at a constant fuel flow rate (Q = 2 ± 0.1 ml s−1,
composition dictated by f); for a set volumet-
ric flow rate, a higher rate of combustion cor-
responds to a smaller volume of fuel being
consumed in each combustion event. Adjust-
ing the flow rate allowed us to achieve any
combination of frequencies and displacements
within the ranges of 0 < f < 100 Hz and ~0.75 <

d < 7 mm. These ranges are not fundamental
limitations to our technique but represent
practical limitations of our initial experimen-
tal setup. The peak membrane displacement
that we report, d = 7 mm, corresponds to a
linear strain of the hyperelastic membrane of
y =180% and a total actuator elongation of

z = 140%, which is greater than contempo-
rary microactuators employing soft materials
(16) but far less than the ultimate strain (yult ~
1000%) of the silicone copolymer we used in
our membrane.
We measured the blocked force of these

actuators using ahigh-precision load cell (fig. S4;

Fig. 1. Operation and characterization of the combustion-driven microactuator. (A) Front (top) and
rear (bottom) view of the actuator and its component materials. (B) Diagram of the combustion actuation
process. (C) Time-lapse image of a single actuation cycle. t, time. (D) Images of the actuator at different
maximum displacements for a range of fuel-oxidizer (equivalence) ratios (f). Photos were taken at the
same actuation frequency f = 10 Hz. The dotted boxes indicate matching images in (C) and (D), which
both occurred at f = 0.45 and f = 10 Hz. Scale bars [(C) and (D)], 5 mm. (E) Actuator displacement and
(F) blocked force as a function of different frequencies for a series of equivalence ratios (n = 5 actuator
tests, error bars = 1 SD). The inset plot shows the force profile achieved when tested at f = 0.45 and
f = 50 Hz. Data are not available above f = 50 Hz for f = 0.24 and 0.28 or above f = 75 Hz for f = 0.32
because the volume of fuel in the actuator under these conditions is too small to sustain combustion.
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and (iv) usage of fuel-lean reactant chemis-
tries. We further discuss the design deci-
sions that contributed to passive quenching
in SM section S1.

Actuator characterization

The performance of the actuator can be dy-
namically modulated by driving it at different
frequencies or at different fuel-oxidizer concen-
trations, denoted by f:

f ¼
nfuel
noxid

! "

actual
nfuel
noxid

! "

stoich

ð1Þ

CH4 + 2O2 → CO2 + 2H2O + heat (2)

where f is the historically defined fuel-air
equivalence ratio (31), and nfuel and noxid repre-
sent moles of methane and oxygen, respectively.
When f = 1, the system will react stoichi-
ometrically (Eq. 2). Ratios corresponding to
f < 1 are termed “fuel lean” because the reac-
tion concludes with a surplus of oxygen. We
operate our actuator at fuel-lean equivalence
ratios, typically between 0.2 < f < 0.6, because
this limits the production of unwanted by-
products (e.g., soot, NOx compounds); reduces
the risk of flashback, in which flames reverse
propagate up feed lines toward the fuel source;
and decreases the probability of damaging the
actuator. Figure 1D shows how increasing the
equivalence ratio toward stoichiometric levels
while maintaining actuation frequency and
gas flow rate corresponds with an increase in
membrane deformation. A greater fuel volume
leads to an increase in the heat of combustion,
which results in a greater expansion of product
gases and an increase in membrane inflation.
We characterized the performance of the

actuator by conducting membrane displace-
ment (Fig. 1E) and blocked-force testing (Fig.
1F) across a range of equivalence ratios and
frequencies (figs. S3 to S5). We captured dis-
placement data using a high-speed camera
and processed the video in ImageJ. The actua-
tion frequency was dynamically adjusted with
an Arduino microcontroller interfacing with
the high-voltage–generating electronics. Custom
LabVIEW code allowed for control of the fuel’s
equivalence ratio and flow rate by way of the
MFCs. The reported reduction in membrane
displacement with increasing frequency was a
consequenceof theexperimentsbeing conducted
at a constant fuel flow rate (Q = 2 ± 0.1 ml s−1,
composition dictated by f); for a set volumet-
ric flow rate, a higher rate of combustion cor-
responds to a smaller volume of fuel being
consumed in each combustion event. Adjust-
ing the flow rate allowed us to achieve any
combination of frequencies and displacements
within the ranges of 0 < f < 100 Hz and ~0.75 <

d < 7 mm. These ranges are not fundamental
limitations to our technique but represent
practical limitations of our initial experimen-
tal setup. The peak membrane displacement
that we report, d = 7 mm, corresponds to a
linear strain of the hyperelastic membrane of
y =180% and a total actuator elongation of

z = 140%, which is greater than contempo-
rary microactuators employing soft materials
(16) but far less than the ultimate strain (yult ~
1000%) of the silicone copolymer we used in
our membrane.
We measured the blocked force of these

actuators using ahigh-precision load cell (fig. S4;

Fig. 1. Operation and characterization of the combustion-driven microactuator. (A) Front (top) and
rear (bottom) view of the actuator and its component materials. (B) Diagram of the combustion actuation
process. (C) Time-lapse image of a single actuation cycle. t, time. (D) Images of the actuator at different
maximum displacements for a range of fuel-oxidizer (equivalence) ratios (f). Photos were taken at the
same actuation frequency f = 10 Hz. The dotted boxes indicate matching images in (C) and (D), which
both occurred at f = 0.45 and f = 10 Hz. Scale bars [(C) and (D)], 5 mm. (E) Actuator displacement and
(F) blocked force as a function of different frequencies for a series of equivalence ratios (n = 5 actuator
tests, error bars = 1 SD). The inset plot shows the force profile achieved when tested at f = 0.45 and
f = 50 Hz. Data are not available above f = 50 Hz for f = 0.24 and 0.28 or above f = 75 Hz for f = 0.32
because the volume of fuel in the actuator under these conditions is too small to sustain combustion.
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Printable protein muscles

49

• Engineered kinesin and microtubules
• UV polymerization
• µN range 

 
Fig. S2. Conceptual diagram of printable artificial muscle. UV exposure in a designated 
area increases local calcium ion concentration. Calcium ions induce binding of K465m13 
to CaMLMM filaments, forming kinesin filaments. Kinesin filaments induce the sliding of 
microtubules, leading to dynamic self-assembly of a contractile network and macroscopic 
contraction of the printable muscle. 
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Protein fuel for Marangoni boats
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miniaturization of the motors (reduction of drag forces), result in
superior performance of the motors (i.e., high speeds, long
mobility lifetime, and high efficiency). Furthermore, the self-
propulsion of protein motors in water is a major advantage over
other chemical motor systems that require acidic or basic media,
hydrogen peroxide, or chemical reactions for locomotion28, hence
enabling the use of protein-based motors in biological and
physiologically relevant environments.

Propulsion modes of protein motors. Locomotion and perfor-
mance of the protein motors was analyzed using deionized (DI)
water as the swimming medium. The motors exhibited three
propulsion modes depending on their length scale (Supplemen-
tary Fig. 10, Supplementary Movie 2): orbiting motion (lateral
propulsion, Fig. 2a), straight linear motion (forward propulsion,
Fig. 2b), and a combination of the two (Fig. 2c). At large length
scales, the surface tension gradient generated by the motor should
be isotropic (the posterior cavity is too big for a local increase in
fuel concentration), and the motor is laterally propelled in cir-
cular orbits (propulsion normal to its longest dimension)11,18. At
small length scales, however, the motor posterior cavity generates
a local increase in concentration of released HFIP at the tail,
resulting in an anisotropic surface tension gradient (lower surface
tension at the tail) and forward propulsion. We simulated the fuel
release across length scales for a quantitative analysis and pre-
diction of the propulsion modes (Supplementary Fig. 11). By
analyzing the fuel concentration profile along the posterior cavity
and perpendicular to the posterior legs, we introduced a dimen-
sionless parameter δpropulsion to predict forward vs. lateral pro-
pulsion (Supplementary Fig. 12). Large motors (l= 10 mm,
δpropulsion= 1) have isotropic concentration gradients (i.e., orbit-
ing lateral propulsion dominates), while small motors (l= 1 mm
and smaller, δpropulsion > 1.25) have anisotropic concentration
gradients with a local maximum in the posterior cavity (i.e.,
forward propulsion is dominant). For intermediate length scales
(l= 3–5 mm, 1 < δpropulsion < 1.25), the anisotropy in the con-
centration gradient around the motor is not strong enough to

guarantee continuous propulsion in the forward direction, and
the motor alternates between forward and lateral propulsions.
The prediction of propulsion modes with δpropulsion parameter
agrees with our experimental observations, and therefore it is a
valid design parameter for programmable propulsion of our
protein self-propelled motors.

Protein motor control. Locomotion control of most self-
propelled systems is challenging due to their lack of direction-
ality, causing uncontrolled motion in random directions. As
discussed, the protein motors presented in this work can be
designed with preprogrammed propulsion modes, resulting in
predefined locomotion with preferred directionality. Taking
advantage of such directional propulsion, we demonstrate active
direction and trajectory control by magnetic steering (Fig. 3,
Supplementary Movie 3). Actuation, propulsion, and steering
using external magnetic fields have been previously reported on
various microrobots and materials10,13,29–31. Here, we fabricated
magnetic protein nanocomposite motors by integrating super-
paramagnetic iron oxide nanoparticles (SPIONs) into the protein
matrix. Due to the anisotropic design, the nanocomposite motors
align themselves with the direction of an external magnetic field
(10 mT), providing active steering control. Therefore, the motors
are self-propelled in the forward direction by Marangoni forces
while they are steered by magnetic fields. Control experiments
show no propulsion but only steering when no chemical fuel is
used, validating our hybrid propulsion/steering approach. Using a
custom-built electromagnetic coil setup32, we preprogrammed the
variable external magnetic field and steered the motor in complex
2D motion trajectories (a triangle, square, pentagram, and lem-
niscate) over short time scales. This approach allows for the
programmable navigation of protein-based magnetic motors in
complex environments, such as path planning.

Performance of protein motors. The motors accelerate as they
encounter the water surface, instantly achieving a peak velocity
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Fig. 1 Self-propelled protein motors. a Fabrication of protein motors: production of the protein either from natural or biosynthetic sources (adapted from
reference with permission54), SRT extraction and purification, preparation of the motor solution (with SRT protein, fuel, and dyes), protein film casting,
laser micromachining of the motors to the specified design shape, and self-propulsion by Marangoni forces at the air–liquid interface. b Fabricated protein
motor top-view images with characteristic length scales from 10mm down to 100 μm. c Propulsion mechanism: HFIP fuel is initially trapped in the protein
matrix, and it is released to the swimming medium when the motor comes in contact with water. Trapped HFIP molecules are replaced by water, inducing
the formation of β-sheet nanostructures
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Biological Actuators

• Sensing-computation-actuation seems to be impossible to reach at 
microscale

• Microorganisms and immune cells already access everywhere in the 
body

• We can engineer cells thanks to genetic engineering
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Galvanotactic Control of Ciliate Protozoa
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Paramecium caudatum

Tetrahymena pyriformis
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MC-1

Fe3+ + reducing reagent + H2O → Fe2+ + oxidized product + H+

Synthesis in anaerobic conditions



Phototaxis to Steer Chlamydomonas reinhardtii
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AND gate



Quorum Sensing
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• Produce and release an auto-inducer (AHL)
• Bacteria regulate virulence, competence, antibiotic production, motility, 

biofilm formation etc. using quorum sensing



A synchronized quorum of genetic clocks
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Selective protein expression within tumors
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• Salmonella is engineered to produce anticancer proteins only in tightly 
packed colonies

• Lux quorum sensing system from Vibrio fischeri
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Electrical communication in bacterial communities
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Bacillus subtilis biofilm



Motor powered by Mycoplasma
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Bacterial ratchet motors
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Figures: 

 
Fig. 1: Conceptual overview of magnetically enhanced MTB-liposome conjugate transport. Integrated 
magnetic manipulation and imaging setup used in experiments to analyze the transport of MTB-liposome 
conjugates in a vascular endothelium model and a 3D tumor model (bottom).  Samples are placed between the 
objective lens and electromagnetic coils which generate a uniform rotating magnetic field, and MTB-liposome 
conjugates rotate individually in response to the applied field. Schematic illustrating magnetically induced 
transport of MTB-liposome conjugates through a blood vessel and into a tumor (bottom).  
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Fig. 2: Rotating magnetic fields enhance translocation and enable inductive detection of MTB. (A) Schematic 
illustrating various magnetic actuation strategies employed to manipulate magnetotactic bacteria. (B) Schematic 
depicting the reference coordinate system used in all actuation experiments, and orientation of AMB-1 after 
exposure to directional static magnetic fields (DMF) and in-plane and out-of-plane rotating magnetic fields (RMF). 
(C) Comparison of normalized basolateral bacteria concentrations following 1 hour of exposure to either DMF, 
in-plane rotation or out-of-plane rotation, both at 14 Hz. In these experiments only, a magnetic force force 
generated by spatial variation of the magnitude of the RMF or DMF (1 T/m) was applied along -z. Bacteria 
concentration was normalized to respective unactuated controls. (n = 3; mean ± SD; *P < 0.05 and **P < 0.01, 
ANOVA). (D) Pre- and post-experimental Lucifer yellow (LY) rejection values for DMF and in-plane and out-of-
plane RMF (n = 3; mean ± SD). (E) Cancellation and amplification scheme for RMF magnetometer. A typical 
signal detected from the MTB (measured at 12 mT at 12.6 Hz) and signal recorded from the in-phase field probe 
are shown. (F) Experimental in-phase and out-of-phase susceptibility (left; n = 3; mean ± SD) and analytical 
susceptibility data (right).  
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scaffold, and propel the robot through asymmetric friction generat-
ed at the scaffold-substrate interface.

RESULTS
The battery-free, wireless optogenetic devices exploited resonant
magnetic induction between paired transmission (at the circumfer-
ence of the experimental enclosure) and a receiving (at the perim-
eter of the device) antenna system operating at radio frequency (RF;
13.56 MHz) to power microinorganic light-emitting diodes (μ-
ILEDs) to actuate the optogenetic muscles (Fig. 1B and figs. S1 to
S5). Amplitude modulation of the RF power produced on-off pat-
terns of operation at programmable frequencies and pulse widths
relevant for the optical stimulation of eBiobots contained within
the experimental antenna cage, with a diameter of 15 cm
(Fig. 1Bi). Constituent layers for the wireless electronic module

Fig. 1. Schematic andwork!ow for fabrication and optimization of the single actuator eBiobot. (A) Schematic of key components of eBiobot and its design goal. (B)
Experimental setup and the wireless optogenetic control system. Schematics for (i) experimental setup of wireless communications with the battery-free optogenetic
device using μ-ILEDs as local stimulation sources and (ii) photographic images of the optogenetic device with a single (bottom) and five μ-ILEDs (top). Left inset is the
expanded view of a five μ-ILED device. (C) Computational design optimization. (i) Computational model using Elastica. The scaffold is constructed by two legs with length
mismatch connected with a thin, connecting beam. (ii) Optimization course. Three key scaffold characteristics were selected as design parameters for optimization (D)
Biofabrication of eBiobot. (i) Schematics of the fabrication for engineered skeletal muscle tissue actuator integrated with 3D-printed hydrogel by seeding optogenetic
transfected myoblasts and extracellular matrix mixture. (ii) Photographic image of eBiobot with muscle actuator wrapping around 3D-printed skeleton inside the mold.
Inset shows the fluorescence image of muscle actuator. Red, α-actinin; blue, DAPI. (E) Modular assembly of eBiobot. (i) Assembling wireless optogenetic device onto the
skeleton using tweezers and (ii) angled and (iii) side-view photographic images of assembled eBiobot after releasing from themold. Scale bars, 5 mm [Bii (right), Dii, and E
(i, ii, and iii)], 1 mm [inset of (Bii)], and 100 μm [inset of (Dii)].

Movie 1. Overview of the wirelessly controlled biohybrid electronic
robot (eBiobot).
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