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3D-printed machines that manipulate
microscopic objects using capillary forces
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Objects that deform aliquid interface are subject to capillary forces, which canbe
harnessed to assemble the objects' . Once assembled, such structures are generally
static. Here we dynamically modulate these forces to move objects in programmable
two-dimensional patterns. We 3D-print devices containing channels that trap floating
objects using repulsive capillary forces>, then move these devices vertically in a water
bath. Because the channel cross-sections vary with height, the trapped objects canbe

steered in two dimensions. The device and interface therefore constitute a simple
machine that converts vertical to lateral motion. We design machines that translate,
rotate and separate multiple floating objects and that do work on submerged objects
through cyclic vertical motion. We combine these elementary machines to make
centimetre-scale compound machines that braid micrometre-scale filaments into
prescribed topologies, including non-repeating braids. Capillary machines are
distinct from mechanical, optical or fluidic micromanipulators in that ameniscus
links the object to the machine. Therefore, the channel shapes need only be controlled
onthescale of the capillary length (a few millimetres), even when the objects are
microscopic. Consequently, such machines can be built quickly and inexpensively.
This approach could be used to manipulate micrometre-scale particles or to braid
microwires for high-frequency electronics.

Our aimisto use capillary forces to programme the motion of floating
objects instead of their static configurations. To this end, we vary the
shape of the boundary around the floating objects instead of manipu-
lating the shapes of the objects themselves. The boundary is a plastic
device that we 3D-print. Its wettability can be controlled to create
repulsive capillary forces between the plastic and the floating objects.

To demonstrate the concept, we print a hollow, centimetre-scale
channel, fill it with water, and place a millimetre-scale silicone disk
(a‘float’) at the air-water interface. Although the float is denser than
water, it pins the contactline atits top edge and remains suspended by
theinterfacial tension. Near the float, the interface bends downwards
(Fig.1a,b). Near the wall, which we make hydrophilic (Supplementary
Methods), the interface bends upwards. Displacing the float from the
centre of the channel results in a restoring force, which arises from
the increase in interfacial and gravitational potential energy (Fig. 1c
and Supplementary Discussion). Thus, much like an optical tweezer”s,
the channel acts as a ‘capillary tweezer’ that traps an object without
solid contact.

The tweezer can also steer the object in the plane of the interface.
We steer the float by moving the channel vertically rather than later-
ally. If the cross-section of the channel changes with height, the float
‘sees’aboundary that changes with time. Repulsion from this changing
boundary moves the float.

Elementary capillary machines

To translate the float, we print asloping channel and move it vertically
with respect to the interface. The float responds by moving linearly
in the plane of the interface (Fig. 1d,e and Supplementary Video 1).
We move the machine slowly (about 1 mm s™) so that the dynamics
are effectively quasistatic, and inertial and hydrodynamic effects are
notrelevant.

We have thus described a simple machine that, like ascrew or lever,
modifies the directionand magnitude of forces. This capillary machine
converts vertical motion to horizontal motion of the float, with the
fluid interface serving as the linkage.

Compared to moving the tweezer laterally to steer the float, encod-
ing the path of the float into the shape of the channel is mechanically
simpler: only one motorized degree of freedom (z, the height of the
machine relative to the interface) is needed to steer the float in two
dimensions. Additional complexity can be builtinto the machine atno
additional mechanical cost. For example, two floats can be trappedin
two separate channels, and both floats can be translated independently
using the same, single motorized degree of freedom.

Tocoordinate the motion of multiple floats, we take advantage of the
capillary attraction’ between them. The machine in Fig. 2a converts ver-
ticalmotion torotation of two floats. The two floats attract each other,

"Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA. 2Department of Physics, University of Chicago, Chicago, IL, USA. *Department
of Mechanical Engineering, University of Massachusetts Lowell, Lowell, MA, USA. “College of Polymer Science and Engineering, Sichuan University, Chengdu, China. °Department of Physics,
Harvard University, Cambridge, MA, USA. ®School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel. ‘Center for Physics and Chemistry of Living Systems, Tel Aviv University, Tel Aviv,
Israel. ®These authors contributed equally: Cheng Zeng, Maya Winters Faaborg. ®e-mail: vnm@seas.harvard.edu

68 | Nature | Vol 611 | 3 November 2022



a
Air
¢ Displacement from centre/¢
-0.8 -0.4 0 0.4 0.8
251 b — Average ~
z — Individual measurements 1.2x10 N
2 20 3
8 o
815 08x102 &
j=2)
D
£ 10 £
2 0.4 x 1073 2
g 5 4
o
0 0

-2 -1 0 1 2

Displacement from centre (mm)

€ Translation

Fig.1| Trapping and steering objects using repulsive capillary forces.

a, Diagram of meniscus formed when water fills a hydrophilic channel with
contactangle 6. The float—a piece of polydimethylsiloxane (PDMS), whichis
denser thanwater—pins the interface and bends it downwards. When the
floatisdisplaced fromthe centre of the channel, the height of the float and
theinterfacial energyincrease, leadingto arestoring force (white arrow).

b, Photograph of the meniscus and float (blue; weight 25 mg) ina 3D-printed
channel (left) and plot of height of the interface in a similar channel, as
measured by laser profilometry, showing curvature of meniscus (right; float
diameter 4 mm, weight30.6 mg). ¢, Measured restoring force (right axis,
relative to the product of surface tensiony and capillary length £) as afunction
of displacement of the fibre (top axis, relative to £) along the long dimension of

and the pair then aligns with the long axis of the channel to minimize
repulsion from the walls (Supplementary Video 2). To separate two
round floats after rotation, we use a machine with wedges along the
walls (Fig.2b), whichintroduce arepulsive capillary force that pushes
the floats apart without physical contact (Supplementary Video 3).

These three elementary machines—the translator, rotator and sepa-
rator—can be combined to perform more complex operations. The
resulting compound machines can apply forces and torques to multiple
floats, enablingthemto be steered in prescribed two-dimensional pat-
terns programmed into the geometry of the channels. But each of these
operationsisreversible:if the vertical motion of acompound machine
isreversed, the floats follow the same pathsin reverse.

Wethereforeaddafourthelementary machinethatbreaks path-reversal
symmetry, enabling usto convert cyclicmotiontowork, asinan engine. If
the lateral symmetry of two joined channelsis broken (Fig. 2c), afloat fed
through the smaller channel enters the larger channel whenthe direction
isreversed (Fig.2cand Supplementary Video4). Whenacapillary machine
with such asymmetric junctions at its top and bottom is operated cycli-
cally—reversing direction whenever the interface is at the height of the
junctions—the floats follow different paths on the up and down strokes.
Two patterns of motion can therefore be programmed into the same
machine. The patternis selected by the direction of motion.

Braiding machines
Anatural application of these machinesis making braids, because when
all rotations are £180°, the paths traced by the floats in time are in the
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anelliptical channel with 9-mm semi-major axis and 6-mm semi-minor axis. The
grey areashows the range of individual measurements, and the solid black line
isamoving average witha 0.4-mm windowsize. d, Diagram of motorized stage
and bathused tomove amachine (inset). e, Amachine with asloping channel
(cross-sections shown atleft) canbe used to translate afloat along the
interface. As the translator moves vertically relative to the water (perspective
renderings at top), repulsive capillary forces push the float (blue circle) away
from the walls, translating it horizontally (top-view renderings at centre).
Photographs (bottom) of the machine taken from above show the float moving
asthe height of the machine changes. The slot seenin the cross-sections
enablesasubmerged object tobeattached to the float.

mathematical n-braid group®. This group consists of allways in which
the positions of nunidirectional paths or strands can be interchanged.
Any braid canbe decomposed into swapsg;ando;’, corresponding to
moving the strand in position i over (g;) or under (g;*) the strand in
positioni+ 1. The braid is defined by a series of swaps called the ‘braid
word’.In our capillary machines, the paths of two floats can be swapped
using translators, rotators and separators. Braid words with repeating
units canbe encoded by incorporating asymmetric junctions and oper-
ating the machine cyclically.

We combine the four elementary machines to make a braiding
machine (Fig. 3a) that creates a twist-free, three-strand braid out of
microscale fibres. To convert the paths of the floats into a physical
braid, we attach the top of each fibre to a needle piercing each float
(Fig.3b). Toenable the needles to move unencumbered, we add a slot
that extends through the machine (for the same reason, weinclude a
slotinthe elementary machinesinFigs.1and 2). As the machine moves
up, the floats trace the path 0,03, as do the tops of the fibres (Fig. 3c,d).
As the machine moves down, the floats do not swap (Fig. 3d). Their
paths correspond to the identity operator I. Thus, in one complete
cycle, the machine creates one unit(c,0,1) of arepeating braid. Numer-
ical calculations of the positions of the floats agree well with measure-
ments (Fig. 3e and Supplementary Methods).

By cycling the machine m times we make a braid with braid word
(0,05D)™ = (0,0,)™, where m is the number of repeating units (Fig. 3f
and Supplementary Video 5). In principle, the machine can make a
braid with any m. In practice, m is limited by the tension that the
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Fig.2|Elementary capillary machines enable multiple floats to be steered
incomplex patterns. Each panel shows cross-sections of the machine (left),
perspectiverenderings of the machine movingrelative to the interface (top
right), top-view renderings of the machine cross-sections at theinterface
(middle right), and photographs taken from above amoving machine (bottom
right).a, Amachine torotate two floats about a central axis consists of a
channelwith oval cross-sections. As the machine moves up, repulsive capillary
forces from the walls apply atorque to a pair of floats (blue and red circles)

growing braid exerts on the floats, which eventually inhibits their
motion or submerges them.

We use this machine to braid fibres with diameters less than 10 pm
(Fig. 3g). Industrial maypole braiding machines™" cannot easily make
such ‘microbraids’, as evidenced by the many new microbraiding tech-
nologies that have been proposed™ 8. Such technologies either require
amicromanipulator" or have a complex mechanical design*¢18,
Other techniques based on self- or directed assembly produce helical,
twisted or plied fibres' 2. In comparison, a capillary braiding machine
has asimple mechanical design and can produce braids not limited to
twists or plies.

Braiding using hysteresis and switching

Althoughinprinciple one can 3D-print amachine correspondingto any
desired braid word, there are two difficulties with such an approach.
First, the machine becomes bulky as the number of fibres or wires
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joined by attractive capillary forces. b, Amachine to separate two joined
floats consists of achannel with wedged protrusions on two sides. As the
machine moves up, capillary repulsion from the wedges pushes the floats
apart.c, Amachine thatenablesafloat to take two different paths, depending
onthedirection of motion, joins two channels with different widths. As the
machine moves up, afloatin the smaller channel exits into the centre of the
junction. Reversing the motion of the machine causes the float to enter the
larger channel, where it canremain further from the walls.

increases, because each swap requires arotator and asymmetricjunc-
tions. Second, a different machine is needed for each braid topology.

To address the first difficulty—keeping the machine compact—we
develop aratchet that rotates the floats and breaks path-reversal sym-
metry, thereby replacing arotator and two asymmetricjunctions. Todo
this, we take advantage of the difference in contact angle when water
advances or recedes on the 3D-printed plastic (Fig. 4a). The effects of
this contact-angle hysteresis*> depend sensitively on the advancing
and receding contact angles and on geometry, but the behaviour can
be modelled and predicted (Supplementary Methods). We use simula-
tions to design aratchet (Fig. 4b) that rotates arectangular float on the
down stroke but not on the up stroke (Supplementary Video 6). The
symmetry breaks because the contact angle controls whether the float
tends to align with the slot or with the rectangular channel.

We use the ratchet to make a compact (2-cmtall) machine that twists
micrometre-scale fibres asit cycles (Fig. 4c) and athree-strand braiding



Fig.3|A capillary machine that canbraid three microscopicfibres.

a, Photograph of machine for making a three-stranded braid with no twist, like
atypical hairbraid. b, Diagram showing submerged fibres attached to the
floats by stainless steel needles, which extend through the slots of the machine.
Theslotsallow the needles to move freely, transferring the motion of the floats
tothe attachedfibres. c, Animation of braid formation as machine moves up
and downinwater (see Supplementary Video 5).d, Diagram of machine
showing cross-sections and the paths traced by the floats during each stroke
(up or down). The machine consists of translators, rotators, separators and

machine that requires noasymmetricjunctions (Extended DataFig.1a,b
and Supplementary Video 7). The three-strand machine is compact
(Extended DataFig. 1c) because no asymmetricjunctions or additional
channels are needed (Extended Data Fig. 1d).

To address the second difficulty—that the braid topology is
encoded in the shape of the machine—we take advantage of the free-
dom to reverse the motion of the machine at any height. We create a
reversal-activated switch by combining three asymmetric junctions
(Fig. 4d). Reversing the motion of the machine when a float is in the
operational zone of the switch sends it through aspecial channel (Sup-
plementary Video 8), which can be used to steer the float through an
alternative path.

Switches enable the sequence of swapsto be coded in software (defin-
ing the motion of the stage) instead of in hardware (the 3D-printed
machine). To demonstrate, we create a single machine that can make
any four-strand braid word (Extended Data Fig. 2 and Supplementary
Discussion). The machine contains switches that are connected to
rotators. When afloat is in the operational zone of a switch, reversing
the motion of the machine causes the float to enter the rotator. Enter-
ing from one directionresultsinaswap o, and entering fromthe other
results in o; ! (Extended Data Fig. 2a). Because the operational zones
of each set of switches do not overlap along the vertical axis (Extended
Data Fig. 2b), only the neighbouring floats enter a rotator when the
switchisactivated. The other floats do not swap.
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asymmetricjunctions (central schematic). The asymmetric junctions enable
thefloats totrace different paths and tighten the braid after each cycle. e, Plot
of horizontal (x) positions of floats as the machine moves up, showing good
agreement between experiment and calculations. f, Schematic of theresulting
three-stranded braid, showing the braid word at top. Moving the machine
cyclically enables the braid word to be repeated because the floats do not swap
onthe downstroke. g, Scanning electron micrograph (SEM) of athree-strand
braid, made using the machineinaand consisting of Kevlar filaments about

10 pmindiameter.

Ineffect, we ‘dial’ swaps asinarotary phone, moving fromthestarting
position to the operational zone of a switch and then back, repeating
this process for each desired swap (Supplementary Video 9). Even
non-repeating braid words can be made this way, making the machine
potentially useful for recording information in a non-volatile way*.

We assemble these machines from pre-printed modules (Extended
Data Fig. 2c,d). We find that the seams between the sections do not
affect the functionality of the machine. The modularity enables an
even faster way to design and build capillary machines than 3D-printing
alone.

Design space and potential applications

Animmediate application of these machines is braiding nano- to micro-
scale wires for super-high and extremely high-frequency (3-300 GHz)
conductors and antennas. Ingeneral, high-frequency conductors can
be made from filaments with diameters comparable to the electrical
skin depth. These filaments are thenbraided into ‘Litz’ wire to minimize
losses due to proximity effects***. Litz conductors operating at GHz
frequencies require filaments smaller than 10 pm in diameter>%%,
We have shown that capillary machines can braid such small filaments
(Supplementary Discussion). The switching machine could be used to
make the required braid topologies. Similar capillary machines might
be used to make mechanical composites®° or woven textiles that
incorporate functional nanofibres.
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Fig.4|Hysteresis and switches enable the design of compact machines.
a, Amachine consisting ofaslotand arectangular channel swept and rotated
along theaxisactsasaratcheting rotator, owing to contact-angle hysteresis.
As the machine moves up, the contact angle at the wallsis the receding angle
(photograph). Arectangular float (orientationindicated by the orange and
bluecircles) tends to align with the slot. Asaresult, no netrotation of the float
occurs, asshown by the cross-sections and illustrated float paths. As the
machine moves down, the contactangle correspondsto the advancing angle.
Thefloat tendsto align with therectangular channel. Asaresult, it rotates 180°.
b, Renderings and top-view images demonstrate the effect of hysteresis on the
orientation of the float. Plots of float angle (measured in the right-handed

Other applications could be developed to take advantage of the
controlled lateral forces exerted by a capillary machine. Toinvestigate
the potential applications, we calculate the restoring force ina capillary
tweezer as afunction of the design parameters. The design parameters
(Extended Data Fig. 3a) include: (1) the size of the floats; (2) the con-
tact angle at the wall, controlled by changing or functionalizing the
machine material; and (3) the normal force on the float, controlled by
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Operational
zone

coordinate systemillustratedina) asafunction of normalized machine level
showgood agreement between experiment and calculations. ¢, SEM of a
two-strand twist, made by attaching two Kevlar filaments about 10 pmin
diametertothefloat of the machine shownina.d, Areversal-activated switch
consists of three asymmetricjunctions, asshownin the cross-sections and
schematics. Different paths are selected by reversing the motion within the
‘operational zone’ of the switch. As the machine completes acycle, afloat (blue
circle) that startsin the firstasymmetricjunction traces outacyclical path.
Reversing the motion of the machinein the operational zone causes the float to
exit thiscycle and enter a different channel.

changingthe float size or density or by adding aweight. We also develop
an approximate theory that predicts the trap stiffness, which relates
therestoring force to thelateral displacementin thelinear regime, and
the range of stable operation.

The theory, valid for large capillary lengths, is in qualitative agree-
ment withnumerical results obtained for intermediate capillary lengths
(Extended Data Fig. 3b—d). Because the contact line at the float can



satisfy different boundary conditions™, the range of stability may be
larger than predicted. When we assume that the contactlineis pinned
to the top edge of the float, theory and numerical calculations pre-
dictthat the floatis unstable when no weightis added, contrary to our
observations (Supplementary Discussion). Roughness at the edge of
the float may be responsible for the stability of the real system®. The
microstructure of the float boundary may therefore represent another
design variable.

This caveat aside, we calculate that the trap stiffness can be tuned
over six orders of magnitude by changing the contact angle at the wall
and the size of the float (Extended Data Fig. 3e). For 10-pm floats, the
predicted stiffness is comparable to that of an optical tweezer (approxi-
mately 107 pN mm™) operating on asimilarly sized spherical particle®.

We find that capillary machines can indeed manipulate such small
particles. Our experiments show that rafts of 50-umsilica spheres can
betrapped androtated (Extended Data Fig. 4, Supplementary Discus-
sionand Supplementary Video 10), and individual 20-um polystyrene
spheres canbetrapped and translated using a centimetre-scale machine
(Extended Data Fig. 5and Supplementary Discussion, Supplementary
Video10).

Conclusions and future work

Capillary machines are distinct from other classes of machines in that
the objects to be manipulated are coupled through a meniscus. The
plastic channels do not directly contact the floats; they serve only to
modulate the forces exerted by the meniscus. Therefore, even when the
objects to be manipulated are microscopic, the shapes of the channels
need only be controlled onscales comparable to the capillary length (a
few millimetres), whichis why functional machines canbe made using
3D printing. Compared to machines with other types of linkages, such
asmechanical®, optical’®, dielectrophoretic®, magnetic* and fluidic*®
micromanipulators, capillary machines are easier to make and can oper-
ate onmany objects simultaneously. Furthermore, development time
isshort:anew functional machine can be designed, printed, and tested
within a day, making it possible to rapidly develop solutions to other
applications. Future work might consider incorporating other forces,
including electromagnetic and flow fields*, to manipulate objectsin 3D.
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Methods

We present here asummary of the experimental, theoretical and numer-
ical methods. A full description of the methods and materials used in
the experiments, along with all numerical and analytical results and
derivations, is presented in the Supplementary Information.

Experimental methods and materials

We designed machines using computer-aided design software (Auto-
CAD) and printed them using stereolithography-based 3D printers
(Form2and Form 3, Formlabs). Before operation, machines were cleaned
inaplasma cleaner for 1-2 min. To move machines vertically, we placed
them on amotorized stage inan acrylic tank filled with distilled water.

Floats were cut from polydimethylsiloxane (SYLGARD 184 PDMS,
Dow Chemical Company). 20-um Fluoresbrite YG polystyrene
microspheres were purchased from Polysciences Inc., and 50-pum
Fluorescein-isothiocyanate-labelled silica beads were purchased from
Nanocs Inc. Fibres with a diameter of 5 to 10 pm were separated by hand
fromblackKevlar‘magician’sthread purchased fromthe Thread Exchange.

To use these machines to manipulate fibres, we punctured the sili-
cone floats with acupuncture-style steel needles (0.25 mm diameter
and 75 mm length, Peace Classic) and glued one end of each fibre to a
needle. We glued the other ends to a weight serving as an anchor. To
manipulate microspheres, we used a spreading solvent containing 60%
v/visopropylalcoholinwater to deposit particles at the fluid interface.

To characterize the repulsive capillary forces, we built an appara-
tus consisting of a vertical fibre optic (radius 110 um, Thorlabs), a
3D-printed channel, and a tank of water. The fibre and channel were
mounted vertically so that they extended through the water-airinter-
face, and afloat was attached to the fibre such that the float was at the
interface and in the centre of the channel. The fibre was coupled to an
LED, and the deflection of the spot emitted by the fibre was measured
asthe channel was translated horizontally. In this way, the fibre served
asacalibrated end-loaded cantilever for measuring the repulsive capil-
lary force between the channel and float.

We used the sessile-drop method on a goniometer (DSA100,
KRUSS GmbH) to measure the contact angle formed at the walls of
the machines, and we used a laser line scanner (PT-G 60-40-58, MTI
ProTrak) to measure the profile of the meniscus. The results of these
characterization techniques are discussed in full detail in the Supple-
mentary Information.

We used aSamsung NX 10 cameraand aSamsung18-55 mm OIS lens
totake videos and photos of the floats during operation of the machines.
Braids and twists of microscale fibres were imaged with a Zeiss FESEM
Ultra Plus scanning electron microscope. We used an AppleiPhone 8 to
take videos of microspheres moving during operation of the machines.
The microspheres were illuminated with blue light (440 nm peak wave-
length) fromaSPECTRA X light engine (Lumencor) and imaged through
abandpass filter (Brightline Multiband Filter 387-485-559-649, Sem-
rock) that blocks the excitation wavelength. Rafts of microspheres were
imaged with a Dino-Lite Edge (SMP Series) digital microscope.

Theoretical and numerical modelling

To model the motion of the floats in a capillary machine, we reduced
the full three-dimensional problem to a series of two-dimensional
boundary value problems (BVPs). In this approach, each cross-section
of the machine along its axis of motion is treated independently as a
function of height. The cross-section at a given height then provides
the geometry of the outer boundary 9Q, of the BVP, with outwards
normal n. The inner boundary 040, is provided by the float, which is
initially placed at an arbitrary position and configuration within the
channel. Between these two boundaries, the meniscus surface A sat-
isfies the following Helmholtz equation, obtained by minimizing the
gravitational potential, surface tension, and adhesion energy of the
fluid to the channel wall®:

V2h-07h=0,
with V,i=c on 0Q, and h(s) = z(s) on 90,

Here ¢is the capillary length. The outer boundary condition (BC) is a
Neumann BC which can be interpreted as a constant contact slope ¢
at the channel wall. The inner BC is a Dirichlet BC resulting from the
pinning of the meniscus to the float edge z(s). Inderiving this equation,
we assumed that the float was fixed in space. To predict the trajectory
of the float during machine operation, we relaxed this assumption and
allowed the system to minimize the total energy across all positions
and orientations of the float. Doing so as a function of height yielded
thetrajectory thatafloat or multiple floats take through the machine.

For numericalresults, the solution of the BVP was carried out via the
finite-element method asimplemented in MATLAB’s PDE Toolbox. The
optimization was done via Nelder-Mead optimization asimplemented
in MATLAB’s fminsearch function. We used MATLAB v2018b for these
calculations.

Data availability

Raw videos and experimental data are available on the Harvard Data-
verse (https://doi.org/10.7910/DVN/9AHDUL).

Code availability

The code for tracking floats from videos, processing surface pro-
filometry data, and processing restoring force measurement datacan
be found at https://github.com/Faaborg/float_tracker and Zenodo
(https://doi.org/10.5281/ZENODO0.6916546). The code for numerical
calculations of float motion can be found at https://github.com/falkma/
capillarymachines-numerics and Zenodo (https://doi.org/10.5281/
ZENODO.6816029). CAD files for 3D printing the machinesin this paper
are available at https://github.com/manoharan-lab/capillary-stl and
Zenodo (https://doi.org/10.5281/ZENODO0.6909015).
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Extended DataFig.1| A braiding machine using contact-angle hysteresis. butthe hysteresis-based machineis much more compact.d, Top-view

a, Aschematic of amachine that uses hysteresis-based ratchets to braid fibres, photographs of the machine and floats. As the machine moves up, the three
without any asymmetricjunctions. b, A diagram of the machine with floats execute two swaps to make ag,0," braid. As the machine moves back
cross-sections shown on theright. c, Photograph of the three-strand braiding down, the floats do not swap positions. Theresulting braid is the same as that
machineshowninFig. 3 (left) and the hysteresis-based braiding machine showninFig.3.

(right). Both machines make the same braid, with the same number of fibres,
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Extended DataFig.2|Machines to make arbitrary braid words. a, A schematic
showing how asingle rotator, connected to four reversal-activated switches,
enables a pair of floats to be swapped in two ways. Two switches are above the
rotator and two below, asshown in the left diagram. Ifthe motion of the
machineisreversedinthe operational zone of the bottom switches, the floats
completeao ' swap, asshown by the blue arrows in the centre diagram. If the
motion of the machineis reversedin the operational zone of the top switches
andthenreversed again, the floats complete ao swap, asshownby thered
arrows intheright diagram. b, Diagram of a four-strand braiding machine

b
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A

S

consisting of three vertically staggered copies of the machine shownin a. Black
pathsrepresentrotators, and grey barsrepresent heights at which the machine
canbereversed to swap different pairs of floats. The reversal of the machine
cantherefore be used toselectany o, oranyo;". ¢, Diagram of a four-strand
arbitrary braiding machine that has been modified (‘folded’) toreduce its
horizontal extentand thathas been divided into eight horizontal slices that can
slideinto each other. The modified designis equivalent toa ‘flat’ four-strand
arbitrary braiding machine (right). d, Photographs of afour-strand braiding
machine as separate parts (left) and combined to form asingle machine (right).
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Extended DataFig.3|The designspace ofa capillary tweezer. a, Diagram of R:=0.1R,and anormal force F=-0.2yR,. At very small or very large contact
acapillary tweezer showing the contact angle at the wall (), float radius (Ry), anglesthetrap stiffness becomes negative (dotted line), meaning that the float
normalforce (F), and channel radius (R,). b, Plot of nondimensionalized does notstably follow the centre of the channel. d, Plot of nondimensionalized
tweezer stiffness (k/y) asafunction of R/R, for acontact angle of 50°,and a trap stiffness as afunction of nondimensionalized normal force for a contact
negative F that scales with RZ. Circles show numerical calculation and solid line angle of 50°and afloatwithR;=0.1R,. e, Heatmap of trap stiffness asafunction
shows calculation from perturbative theory. The perturbative theory assumes of float radius and contact angle from perturbative theory. White areas
that€> R,, while all numerical calculations are performed with R, = ¢. ¢, Plot of correspond towhere the tweezer is unstable. See Supplementary Information

nondimensionalized trap stiffness asafunction of contact angleforafloatwith  forfurther details.
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Extended DataFig. 4 |Rotatingrafts of microscopic particleswitha
capillary machine. a, Diagram of 50-pm-diameter silica particles assembling
intoaraftunder the influence of the mutual capillary attractionbetween them.
Theraftbendstheinterface downwards, allowingittobe trappedinthe centre
ofahydrophilic channel. b, An optical micrograph of atypical raft madeinan

(
=1, mm

oval channel taken fromabove. ¢, Diagram of acentimetre-scale rotator used to
rotate theraft.d, Photographs of the machine taken from above show the raft
(circledinred) rotating as the height of the machine changes. See also
Supplementary Video 10.
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Extended DataFig. 5| Manipulating microscopic particles with a capillary
machine. a, Diagram of meniscus formed when water fills a hydrophilic
channelwith contactangle 6. A polystyrene sphere witha diameter of 20 pm
and thatis denser than water bends the interface downwards (inset).

b, Adiagram of a centimetre-scale machine with asloping channel used to

translate amicroscopic particle. c, Photographs of the machine taken from
above show the 20-um-diameter particle (circled in red) moving as the height
ofthe machine changes. See also Supplementary Video 10.d, Measured
particle displacement as afunction of machine height, alongside a diagram of
thevertical cross-section of the machine taken alongits centre (inset).



