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M I C R O R O B O T S

A microrobotic platform actuated by thermocapillary 
flows for manipulation at the air-water interface
Franco N. Piñan Basualdo1,2*, A. Bolopion2, M. Gauthier2, P. Lambert1

Future developments in micromanufacturing will require advances in micromanipulation tools. Several robotic 
micromanipulation methods have been developed to position micro-objects mostly in air and in liquids. The 
air-water interface is a third medium where objects can be manipulated, offering a good compromise between 
the two previously mentioned ones. Objects at the interface are not subjected to stick-slip due to dry friction in air 
and profit from a reduced drag compared with those in water. Here, we present the ThermoBot, a microrobotic 
platform dedicated to the manipulation of objects placed at the air-water interface. For actuation, ThermoBot 
uses a laser-induced thermocapillary flow, which arises from the surface stress caused by the temperature gradi-
ent at the fluid interface. The actuated objects can reach velocities up to 10 times their body length per second 
without any on-board actuator. Moreover, the localized nature of the thermocapillary flow enables the simultane-
ous and independent control of multiple objects, thus paving the way for microassembly operations at the air-water 
interface. We demonstrate that our setup can be used to direct capillary-based self-assemblies at this interface. 
We illustrate the ThermoBot’s capabilities through three examples: simultaneous control of up to four spheres, 
control of complex objects in both position and orientation, and directed self-assembly of multiple pieces.

INTRODUCTION
Most of the research aiming to develop microrobotic platforms tar-
get two main media: air and liquid. However, microrobotic tools have 
recently been developed to work at the air-water interface (1–4). 
Micromanipulation at the interface profits from a reduced drag 
compared with the liquid bulk, and it is not subjected to dry friction 
inducing the stick-slip motion usually seen in dry environments (5). 
Moreover, at submillimetric scales, surface tension becomes sub-
stantial, for instance, allowing objects denser than water to float. In 
this article, we therefore propose the ThermoBot: a noncontact ma-
nipulation platform working at the air-water interface and based on 
surface tension effects. The proposed setup can be used to stimulate 
the self-assembly (6) of floating objects, thereby paving the way for 
the development of micromanufacturing operations at the air-water 
interface.

Different actuation methods have been developed at the air-water 
interface, among which rower robots, magnetic actuation, and sur-
face tension–based actuation are the most common ones. Rower 
robots, inspired by insects, use the drag force to propel themselves 
(7–10). This kind of robot can easily be controlled, but the actuators 
must be placed on the floating robots themselves, making them 
complex to miniaturize below the centimeter scale. To avoid having 
to use embedded actuators, the most common alternative is mag-
netic actuation by an externally controlled magnetic field. Magnetic 
actuation has been proven to allow a precise position control at the 
air-water interface (1, 5, 11, 12), but it requires materials with spe-
cific magnetic properties. In addition, magnetic actuation is adequate 
to control swarms where all agents are subjected to similar actuation 
forces, but the multi-object control is challenging because all the 
agents are affected by the same magnetic field. Recently, researchers 
have achieved magnetic multi-object control, using additional physi-
cal effects (13), the different dynamic response of the agents (14), or 

spatially selective actuation (15). The third actuation option at the 
air-water interface is to directly exploit the surface tension, a sub-
stantial effect at the microscale.

Surface tension is a property of the interface (here the air-water 
interface) that can be considered an excess of energy at the surface 
(16), making the interface behave similarly to an elastic membrane. 
Therefore, interfaces develop a restoring force when deformed by 
an object, making it possible for objects denser than water to float 
(17). Furthermore, in the presence of a gradient of surface tension, 
low–surface tension areas (low excess energy) tend to expand toward 
high–surface tension areas (minimizing the excess energy), thereby 
giving rise to convective flows. This effect, known as the Marangoni 
effect (18), can be used to propel floating objects through a surface 
tension gradient. One option to generate such a gradient is to locally 
decrease the surface tension using solvents or surfactants (soluto-
capillary actuation), as some insects do to rapidly escape predators 
(19). This technique is appealing because it induces high speeds 
(2, 4, 20–23) and does not require any external source of energy. 
However, increasing the life span is challenging because of fuel de-
pletion and surface saturation. The control of the propulsion direc-
tion requires additional physical effects. Another option is to locally 
decrease the surface tension by heating the air-water interface (ther-
mocapillary actuation), thereby generating a convective flow at the 
interface from hot to cold areas. This effect has already been ex-
ploited to manipulate bubbles (24) and cells (25) in the liquid bulk 
and droplets (26) and solid spheres (27) at the interface. We demon-
strate that this physical effect can also be used to control objects 
placed at the interface in both position and orientation, opening the 
possibility for the development of a microrobotic platform able to 
perform microassembly operations.

In this paper, we present ThermoBot: a microrobotic platform 
using thermocapillary actuation to manipulate objects at the air-water 
interface. The thermocapillary flow is generated by heating the air-
water interface with an infrared laser, thereby conveying the float-
ing objects away from the laser spot. The objects are then controlled 
by displacing the laser spot around them. Because the objects are 
propelled by the flow, they can be of any shape and material as long 
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as they float. The attained velocities are only 
surpassed by those of solutocapillary-based 
actuation (fig. S1); however, ThermoBot 
allows us to control the displacement direc-
tion, among other advantages (table S1). 
The ThermoBot’s actuation principle offers 
a promising route for a robotic platform 
enabling micromanufacturing operations 
at the air-water interface (Fig. 1). At this 
interface, lateral capillary forces (28, 29) 
enable the self-assembly of floating ob-
jects (12, 30, 31); therefore, we propose 
ThermoBot as a way to actively control 
such assemblies. ThermoBot not only 
speeds up the self-assembly or prevent 
defaults but also allows us to purposely 
drive the system to a metastable as-
sembly. On the basis of an accurate 
knowledge of the ThermoBot actuation 
principle, we experimentally demon-
strate the following capabilities: simul-
taneous control of multiple spheres, 
control of a multiple-legged object in 
both position and orientation, and di-
rected self-assembly.

RESULTS
ThermoBot actuation system
ThermoBot actuates floating objects 
through a laser-induced thermocapil-
lary flow. The actuation system con-
sists in pointing an infrared laser beam 
at a water volume whose top surface is 
in contact with air (Fig. 2A). The water 
will absorb the laser energy, which 
locally increases the temperature (T) 
and, because of the surface tension () 
variation with temperature (fig. S2A), 
decreases the surface tension. Thanks 
to the Marangoni effect (18), this sur-
face tension gradient creates a con-
vective flow, known as thermocapillary 
flow. This effect can be conceptually 
understood by considering a volume of 
fluid just below the interface that, ow-
ing to the surface tension gradient, will 
undergo a net attraction toward high–
surface tension (i.e., colder) regions. 
This force is balanced by the shear stress 
with lower fluid layers, and this equi-
librium is written mathematically as

		

	​  ​ ∂ U ─ ∂ n ​  =  − ​∇​ S​​   =  − ​ ∂  ─ ∂ T ​ ​∇​ S​​ T​	 (1)

where U is the fluid velocity vector, n is a unit vector normal to the 
interface that points down toward the water phase,  is the fluid’s 

dynamic viscosity, and ∇S is the surface gradient operator [∇Sf = ∇f − 
n(n·∇f )]. In the temperature range within which we are operating, 
we can consider a constant value ∂ ∕ ∂T ≈ −155 N/(mK) (fig. S2A). 
In our setup, we used an infrared laser (wavelength  = 1455 nm) 
that was collimated to obtain a 1.3-mm-diameter spot at the inter-
face. The main advantage of using a laser as an energy source is that 

Fig. 1. Sketch and diagram showing ThermoBot’s main characteristics. ThermoBot constitutes a micromanip-
ulation tool and paves the way for micromanufacturing operations at the air-water interface.

Fig. 2. ThermoBot microrobotic platform. (A) Schematics of system control loop from image acquisition to mirror 
control and the laser-induced thermocapillary effect. For animation, see movie S1. (B) Flow simulation results for a 
laser power of 50 mW. The color map represents the temperature, and the arrows represent the flow velocity (both 
are in logarithmic scales because the values at the surface are much higher than in the bulk). Scale bar, 3 mm. (C) Flow 
simulation results: maximum temperature increase (at the interface and at the center of the laser beam) and maximum 
fluid velocity (at the interface and at around 1 mm from the laser beam) as a function of the laser power. (D) Range of 
the laser effect: flow simulations results (see section B of the Supplementary Materials for more details) and measure-
ments performed by spreading aluminum flakes (typical size of 70 m on the interface) and measuring how far they 
are repelled by the flow. The error bars represent the range (difference between highest and lowest value) of three 
measurements. (E). Photo of the experimental setup.
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even with a moderate laser power (up to 150 mW), we obtain a high 
power density (up to 250 mW/mm2) compared with other heating 
mechanisms. We performed numerical simulations of the flow (sec-
tion B of the Supplementary Materials) and observed that the gen-
erated flow is a toroidal convection cell around the laser spot 
(Fig. 2B). The high power density of the laser generates high tem-
perature gradients (up to 3500 K/m), leading to high fluid velocities 
(up to 60 mm/s), with relatively small temperature increases (peak 
temperature up to 5 K) (Fig. 2C). Notice that the laser power is low 
compared with the total heat capacity of the water volume (average 
temperature increase limited to 70 mK/min). Once onset, this ther-
mocapillary flow conveys floating objects away from the laser spot. 
The laser range (radius of the area affected by the flow) was also esti-
mated trough simulations and measured experimentally (Fig. 2D). It 
was observed to vary from 3 mm for a laser power of 20 mW to 9 mm 
for a laser power of 150 mW. Therefore, although increasing the laser 
power would increase the effect, it would also increase the area affected 
by the laser, thus making it harder to independently control multi-
ple objects.

The actuation system is completed by a piezoelectric tip/tilt mirror 
capable of steering the laser spot on the interface and a camera used 
to close the control loop (Fig. 2A). The mirror rotation limits and its 
distance to the interface result in an 80-mm by 80-mm workspace, 
whereas its fast dynamics (response time around 2 ms) allow the 
multiplexing of the laser beam (section C of the Supplementary 
Materials), to simultaneously control multiple objects or to use 
multiple laser spots to control a complex object. We used the laser 

spot position as the control variable, allowing us to perform com-
plex operations without having to vary the laser power (although we 
did change the laser power between experiments).

Simultaneous control of multiple spheres
First, we demonstrate the simultaneous and precise control of multiple 
spheres (Fig. 3A). In this experiment, we displaced 500-m-diameter 
steel spheres able to float at the air-water interface thanks to the 
surface tension (17). When the laser spot was kept at a constant dis-
tance from the sphere, the latter accelerated until reaching a steady 
velocity depending on the laser-sphere distance and on the laser pow-
er (Fig. 3B). By multiplexing the laser, we simultaneously steered two 
spheres along a closed path (Fig. 3D) using a self-developed closed-
loop path-following technique (section D of the Supplementary 
Materials). The technique successfully kept the sphere on the path, 
with an error of up to 0.9 mm and a mean error of 0.2 mm after the 
initial approach (Fig. 3C). As another example of the ThermoBot’s 
capabilities, four spheres were simultaneously controlled, first sep-
arating them and then rotating them clockwise (Fig. 3E). In the last 
experiment, no path was prescribed; instead, there was a moving 
target for each sphere.

Multiple-legged object control
Being able to multiplex the laser spot also enables the control of 
complex objects, such as a multiple-legged one (Fig. 4A). Although 
in this experiment the object was about 50 times heavier than the 
steel spheres, we could still obtain rotation and locomotion speeds 

Fig. 3. Simultaneous control of multiple spheres. (A) Schematics of two spheres being controlled independently. The inset is a macro photograph of two spheres (scale 
bar, 5 mm). (B) Experimental characterization of sphere steady-state velocity as a function of the laser-sphere distance and the laser power. The error bars represent the 
range (difference between highest and lowest value) of eight measurements. (C) Experimental sphere-path distance evolution of the path-following experiment 
shown in (D). (D) Experimental simultaneous control of two spheres following a path (Lissajous curve x = 20 cos() [mm] and y = 15 sin(2) [mm] with 0 ≤  < 2). A circle 
was added digitally around each of the spheres to make them easier to identify, the red circles represent the laser spots, and the blue and yellow lines represent the 
spheres’ trajectories. Scale bar, 10 mm. See movie S2. (E) Experimental simultaneous control of four spheres. Same scale as (D). See movie S3.
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of up to 80°/s and 8 mm/s, respectively, by using two laser spots 
(Fig. 4B). On the basis of these experiments, we developed a simple 
model (fig. S2) allowing us to estimate the robot’s motion for any 
relative laser spot position. By placing each of the laser spots at a 
different distance from their leg, we could combine control of both 
translation and rotation of the object to make it follow a path (Fig. 4D). 
In this configuration, the robot’s dynamics constitute a nonholonomic 
system (32) for which a controller was specifically developed (section E 
of the Supplementary Materials). ThermoBot made the objects 
follow the path with an error of up to 2.6 mm and a mean error of 
1.2 mm (Fig. 4C).

Directed self-assembly
ThermoBot constitutes an alternative tool for micromanufacturing at the 
air-water interface. It can be used to direct the self-assembly of objects 
at the interface, where the self-assembly is enabled by lateral capil-
lary forces (Fig. 5, A and B). Lateral capillary forces are interactions 
between floating objects (responsible for the clumping of breakfast 
cereals on the surface of a bowl of milk) that result from a minimization 

of surface and gravitational energy (28, 29). Although the capil-
lary interactions can be tuned during the manufacturing of parts 
by adjusting their wetting properties (30) or their geometry (31), 
defects can still occur because of metastable states (local minimum 
energy configuration that is not the global minimum) and unfa-
vorable initial positions. Moreover, because the strength of lateral 
capillary forces strongly decreases with distance, if the parts are ini-
tially far apart, the initial approach can be slow. These problems can 
be solved by adding active particles to the interface to direct the as-
sembly (12), but these particles can also interfere with the assembly. 
Therefore, we propose to use ThermoBot to actively direct cap-
illary-based self-assemblies. It can be used to approach the parts with 
any desired orientation, preventing defects and speeding up 
the process. It can even rectify assembly defects by first separating 
the parts (section F of the Supplementary Materials) and then let-
ting them reassemble properly. We successfully used ThermoBot to 
perform the self-assembly of U-L-B (Fig.  5C) and house-like 
(Fig. 5D) puzzles.

For some applications, it might be interesting to drive the assem-
bly to a metastable state, something that requires an active way to 
control the assembly. We have developed an automatic controller 
allowing us to purposely drive a system of two “C” shape pieces to a 
metastable state (Fig. 6, A and B) using ThermoBot. In this case, an 
automatic controller was necessary because both particles are con-
trolled simultaneously to approach each other with the desired ori-
entation. The technique consists in rotating both particles to face one 
another and then approaching them toward each other. We re-
peated this experiment 31 times, and the assembly failed only once. 
We attribute this failure to the fact that the particles were initial-
ly too close to each other for the controller to compensate for the 
error in orientation. The results for the other 30 experiments are 
summarized in Table 1. This technique can easily be extended to 
assemble more pieces if they can be assembled in series (one 
piece added to the assembly at the time). However, it can be harder 
to implement when the simultaneous assembly of more than two 
pieces is needed, because the final approach is very fast and dom-
inated by capillary forces, making it impossible to keep the orien-
tation controlled.

DISCUSSION
In this article, we presented the ThermoBot, a microrobotic platform 
dedicated to the manipulation of objects placed at the air-water 

Fig. 4. Multiple-legged object control. (A) Sketch of a floating object with four 
legs controlled by laser-induced thermocapillary flow. The inset is a photo of an 
object (scale bar, 10 mm). (B) Object rotation and displacement characterization as 
a function of the laser-leg distance and the total laser power. The error bars repre-
sent the range (difference between highest and lowest value) of three measurements. 
(C) Experimental robot-path distance evolution of the path-following experiment 
shown in (D). (D) Experimental simultaneous orientation and position control of a 
four-legged object following a path (Lissajous curve x = 30 sin(2) [mm] and y = 
10 cos() [mm] with 0 <  < 2). The red circles represent the laser spots, and the 
blue line represents the object trajectory. Scale bar, 10 mm. See movie S4.

Table 1. Automatic metastable assembly results. The error was 
measured normal to the line joining the two pieces by analyzing the 
images taken during the assembly (camera resolution of 80 m). The time 
was measured between the moment the algorithm was launched and the 
moment the final assembly was achieved. 

Number of 
occurrences

Error(m)
Total

[0,100] (100,200] (200,300]

Ti
m

e 
(s

) [10, 20] 18 4 1 23

(20,30] 4 1 0 5

>30 2 0 0 2

Total 24 5 1 30
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interface. The actuation system is 
based on the generation of a thermo-
capillary flow, a flow that arises from an 
interface temperature gradient thanks to 
the Marangoni effect (18). We generated 
this temperature gradient by pointing 
an infrared laser at the interface, which 
generated a flow that propelled floating 
objects away from the laser spot. By 
repositioning the laser spot using a 
piezoelectric tip/tilt mirror, we were able 
to control the object displacement. The 
laser’s high power density allows the ob-
ject to attain velocities of up to 12 mm/s 
(24 body lengths/s) with very low tem-
perature increases (up to 5 K), making 
our system suitable for actuating sensi-
tive components, such as electronic 
components. Moreover, our system does 
not require any on-board actuators, 
and it does not rely on any specific 
material properties, therefore making 
ThermoBot a highly versatile system. Furthermore, the localized 
nature of the thermocapillary flow enables the simultaneous and 
independent control of multiple objects. All of these are the key 
features behind ThermoBot’s capacity to perform controlled op-
erations at the air-water interface. One of these operations is the 
direction of capillary-based self-assemblies, allowing Thermo-
Bot to purposely drive the assembly to a metastable state and 
preventing defaults and hopefully paving the way for the emer-
gence of micromanufacturing applications. It should also be noted 
that, because the objects’ speeds become independent of size at 
small scales (theoretically, a massless point particle speed would 
be equal to the fluid velocity), scaling down the proposed setup 

could be an appealing actuation alternative at the micro- and 
nanoscales.

In addition to the wide range of applications already presented 
in this article, we would like to mention further ways of exploiting 
our system’s capabilities. With our current setup, we were able to 
effectively multiplex the laser up to a maximum of five laser spots; 
this number was limited mainly by the mirror speed. One way to 
further increase this number could be to make use of a spatial light 
modulator (24). This would allow us not only to increase the num-
ber of laser spots but also to create an almost arbitrary illumination 
pattern, leading to complex flows and allowing the study of alterna-
tive control techniques.

Fig. 5. Directed self-
assembly. (A) Photo of 
failed self-assembly (scale 
bar, 10 mm). (B) Schema 
of lateral capillary forces 
promoting self-assembly 
between pieces. (C) Ex-
perimental directed as-
sembly of a U-L-B puzzle. 
The red circle represents 
the laser spot. Scale bar, 
10 mm. See movie S5. 
(D) Experimental directed 
assembly of a house puz-
zle. Same scale as (C). See 
movie S6.

Fig. 6. Automatic metastable assembly of “C” shape pieces. (A) Photo of two C shape pieces (scale bar, 10 mm). 
(B) Schema showing a stable (left) and a metastable (right) assembly of two C shape pieces. (C) Experimental auto-
matic assembly of two C shape pieces purposely driven to a metastable configuration. The red circles represent the 
laser spots. Scale bar, 10 mm. See movie S7.
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MATERIALS AND METHODS
ThermoBot’s actuation system
Our setup can be subdivided into four different subsystems:

1) Optical system. We used an infrared (IR) laser source (Keopsys 
Fiber Raman Laser CRFL-01-1455-OM1-B130-FA) with a wave-
length  = 1455 nm and an output power from 40 mW to 1 W to 
locally heat the water. The source output was connected using an 
optic fiber (Thorlabs SM980-5.8-125) to a fiber adapter (Thorlabs 
HAFC  - FC/PC) in front of which we placed a collimating lens 
(Thorlabs Lens A110TM) with a focal length f = 6.24 mm. Accord-
ing to the supplier, the optic fiber mode field diameter (MFD) for 
our wavelength is MFD = 8.8 m, obtaining an output beam diam-
eter of d ≈ 4f/(MFD) = 1.3 mm. The total efficiency of the optical 
system was measured to be around 50%; therefore, the power reach-
ing the interface can be varied between 20 and 500 mW.

2) Mirror system. After being collimated, the laser beam reflected 
on a piezoelectric tip/tilt mirror (Mirrorcle A7M20.2-2000AL-
DIP24-C/TP), which was located at about 80 cm from the interface. 
The mirror maximum rotation angles are ±5°, resulting in a maxi-
mum workspace of 140 mm by 140 mm, but we limited it to 80 mm 
by 80 mm because the mirror behavior for high deflection angles is 
not linear. The mirror orientation was controlled by its own controller 
(Mirrorcle MEMS Controller USB-SL MZ), which was connected to 
the computer via USB (universal serial bus). This controller generates 
the high-voltage signals required to control the piezoelectric mirror 
and has an internal filter to protect the mirror from abrupt movements.

3) Water system. We used a 125-mm by 125-mm by 15-mm 
polyethylene container filled with an 8-mm-deep layer of distilled 
water (100 cm3). The recipient was cleaned with ethanol and then 
rinsed with distilled water before each experiment. The distilled water we 
used was obtained from the Arium pro Ultrapure Water Systems, which, 
according to the supplier, has a quality superior to the ASTM (American 
Society for Testing and Materials) type 1 water quality standard.

4) Vision system. We used an IDS camera USB 3.0 UI-3370CP 
with the Navitar Lens NMV-75M1 for vision. The camera was con-
figured for a resolution of 1024 pixels by 1024 pixels and the frame 
rate was 20 frames per second. The camera was placed at around 80 cm 
from the interface, resulting in a field of view of 80 mm by 80 mm 
(13 pixels/mm). To be able to accurately identify the object’s position 
from the images, a white back light (PHLOX LEDW-BL-100x-LLUB-
Q-1R-24V) was placed below the water recipient to saturate the cam-
era and make it easier to digitally analyze the image. This back light 
was used when the automatic object detection was necessary, thus 
explaining the white background in Figs. 3, 4, and 6, but it was not 
necessary when the laser position was imposed by the user (Fig. 5).

Last, all the above-described elements, except for the laser and 
water sources, were placed on top of an antivibration table (Newport 
VH3030W-OPT) to reduce noise during the experiments.

Mirror calibration
To find the adequate mirror rotation to obtain a desired laser posi-
tion in the camera frame (calibration box in Fig. 2A), a preliminary 
calibration step is necessary. Because the IR laser is not visible to the 
camera, a visible red laser (Visual Fault Locator TL532) was coupled 
with the IR laser in the optic fiber using a laser coupler (Thorlabs 
WD202C-APC). To be able to see the red laser spot, the water recip-
ient was replaced with a white paper surface at approximately the 
position of the air-water interface. Next, a calibration step, where 
only the red laser was on, was performed by varying the mirror 

position along both axes and recording the obtained laser spot 
position in the camera frame. Last, a third-degree two-dimensional 
polynomial fitting was performed, defining the required mirror 
position for a desired laser position (calibration box in Fig. 2A). 
The calibration was also corroborated using the IR laser and a laser 
viewing card (Thorlabs VIS/NIR Detector Card). The calibration 
was checked every day before performing experiments and repeated 
if necessary.

Software
We wrote a custom C code using the Qt widget toolkit to control the 
system. We used the provided software development kits to commu-
nicate with the camera and the mirror controller. When launched, 
the software set the camera configuration and began the image acqui-
sition. Upon the reception of each frame, an image analysis routine 
based on the OpenCV 2.4.11 was performed. First, the position and 
orientation of the floating objects were found using the OpenCV 
contours function. Second, a control law routine or the user input 
was used to determine the desired laser spot position. Third, the pre-
viously described mirror calibration was used to find the necessary 
mirror position that was lastly sent to the mirror controller. Each 
frame, the objects’ positions, the laser positions, other auxiliary data, 
and, optionally, the received images were saved.

Controlled objects
The spheres shown in Fig. 3A had a 0.5-mm diameter, were made of 
AISI 420C stainless steel, and were supplied by Redhill Precision. 
The multiple-legged object shown in Fig. 4A was made using a Digital 
Light Printing technique operated at the Laboratoire Interdisciplinaire 
de Physique (LIPhy). The self-assembly parts shown in Figs. 5A and 
6A were made of fused silica, were 0.5 mm thick, were cut with 
FEMTOPrint, and were painted with black permanent marker to 
make them opaque.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/52/eabd3557/DC1
Text
Fig. S1. Comparison between ThermoBot and other microrobotic platforms working at the 
air-water interface.
Fig. S2. Thermocapillary flow simulation.
Fig. S3. Laser multiplexing.
Fig. S4. Spheres model and control simulations.
Fig. S5. Multiple-legged object model and control simulations.
Fig. S6. Forces acting on self-assembled objects and their separation.
Table S1. Comparison between rower robots, magnetic actuation, solutocapillary-based 
actuation, and ThermoBot actuation.
Movie S1. Setup presentation.
Movie S2. Experimental simultaneous control of two spheres following a path.
Movie S3. Experimental simultaneous control of four spheres.
Movie S4. Experimental simultaneous orientation and position control of a four-legged object 
following a path.
Movie S5. Experimental directed assembly of a U-L-B puzzle.
Movie S6. Experimental directed assembly of a house puzzle.
Movie S7. Automatic metastable assembly of “C” shape pieces.
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