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Emergent functional dynamics of link- bots
Kyungmin Son1†, Kimberly Bowal2†, Kwanwoo Kim1, L. Mahadevan2,3*, Ho- Young Kim1,4*

Synthetic active collectives, made of nonliving individuals that cooperatively change group shape and dynamics, 
hold promise for practical applications and understanding of their natural analogs. We investigate how simple 
steric interaction constraints between active individuals produce a versatile and functional system using the link- 
bot: a V- shape–based, single- stranded chain composed of active bots whose dynamics are defined by geometric 
linking constraints. A variety of emergent properties arises from this active polymer- like system, including loco-
motion, navigation, transportation, and competitive or cooperative interactions. By adjusting a few link parame-
ters, we show how link- bots can perform diverse tasks, including traversing or obstructing narrow spaces, passing 
by or enclosing objects, and propelling loads in different directions. Overall, the reconfigurability of link- bots in-
dicates their potential in developing programmable soft robotic systems with simple components and materials 
at any scale.

INTRODUCTION
Active collectives composed of many individuals can cooperatively 
execute functions that are impossible for solo individuals to accom-
plish, e.g., complex architectures, predation escape or prey capture, 
brood care in social insects, etc. Synthetic systems with these prop-
erties provide an opportunity to address functional applications or 
elucidate guiding principles in natural collectives. Designing these 
systems is challenging, and efforts can be categorized into two ap-
proaches: An intelligent group is created by complex individuals 
programmed to work together (1, 2), or group intelligence is an 
emergent property that spontaneously arises from the interactions 
between simple agents (3). The former approach is represented by 
macroscale swarm robotics, in which individuals equipped with sens-
ing, memory, computation, and/or communication capabilities can 
perform useful group behaviors, such as constructing a target shape 
or migrating toward a specific destination (4). However, this approach 
is naturally constrained by the limits on computation and commu-
nication at the individual level. These constraints are minimized in 
active particle systems that use the second approach through the use 
of a stimulus such as light (5–7), acoustics (8), or magnetic fields 
(9–11) to promote desired collective behaviors such as locomotion, 
flocking, navigation (12), and transportation (13). This is a useful 
approach, but it is limited by the requirement of an external global 
stimulus, which dictates the possible environment and materials as 
well as time and length scales.

A promising approach to circumventing these limitations involves 
generating collective behavior through physical interactions among 
active components, such as the flocking- like motion that emerges 
within granular shaken materials in the absence of any external con-
trol (14). Similar behaviors are seen in robot collectives through sto-
chastic mechanical interactions that are adjusted at the group level 
through flexible and mobile boundaries (15–17) or through the type 
and strength of coupling between individuals (18–20). The latter 
method of connecting individuals into a flexible chain or loop shows 

promise at the microscale (21–24) and the macroscale (25, 26). The 
ability to alter the morphology of a collective system has also been 
shown to allow complex behaviors (27, 28) and adjustment to prede-
termined configurations (29) at any scale.

In this study, we investigate how simple steric interaction rules 
between active individuals produce a versatile active system with prom-
ising functionality by introducing the link- bot, a chain of forward- 
propelled bots defined by its internal geometric interaction constraints. 
In this active system, a few influential link parameters control the 
relative translation and rotation of each bot, allowing for breathing 
and flapping movements. These movements loosely control the link- 
bot shape and translate into predictable gaits when the link- bot en-
counters a boundary. When placed in complex environments, these 
morphological and translational movements produce a variety of 
emergent behaviors, including directed motion, interactions with 
obstacles, and load transport. The link- bot’s versatility is demon-
strated by its ability to perform multiple contrasting functions: main-
taining or changing direction in obstructive terrains, infiltrating or 
blocking narrow spaces, maneuvering past or around objects, carry-
ing objects forward or backward, and engaging in competitive or 
cooperative behaviors. Because of its scalability, material indepen-
dence, and reconfigurability, this system paves the way for the devel-
opment of functional, controllable, and autonomous collective systems 
using simple individuals at any scale.

RESULTS
Link- bot structure
Individual bots are three- dimensionally printed, consisting of a cylin-
drical body (diameter, d = 1.5 cm) on seven circumferentially equidis-
tant legs, pictured in Fig. 1A(i). The legs are tilted, allowing the bot to 
self- propel in a preferred direction when placed on a vibrating surface. 
A circular flat arena with a diameter of 45 cm is vertically vibrated at 
a frequency of ≈80 Hz and an amplitude of 70 μm, causing a single bot 
to move at an average speed of 8 cm/s. The arena vibration proper-
ties are kept constant in all experiments. Figure 1A shows an example 
trajectory (ii) and speed profile (iii) of a single bot moving freely for 20 s. 
The corresponding log- log plot of the translational mean squared 
displacement with respect to time lag is given in Fig. 1A(iv), which 
shows ballistic motion (∼t2) over short timescales and diffusive motion 
(∼t) over large timescales, typical of active Brownian motion.
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Bringing multiple bristle- bots into a collective provides rich and 
interesting behavior (3, 30). Previous work on bristle- bots that are 
connected to form an active chain focuses on elastoactive systems 
(20, 31, 32) and the mechanical coupling of connected active chains 
(24, 32, 33). In this work, we focus on systems of bots that are con-
nected by rigid links with rotational constraints: link- bots. The link- 
bot is created by connecting N bots with N − 1 links in a V- shaped 
arrangement, inspired by the formations observed in troops and 
migrating birds (34). An example where N = 7 is pictured in Fig. 1B.  
Each bot has a cuboidal crest on its top surface, which allows it to fit 
into the ribbon- shaped notches on both ends of the links. These 
links serve to maintain constant interbot distances between neigh-
bors, transmit the motion of each bot to its neighbors, and constrain 
each bot’s rotation. Links are characterized by three parameters: 
length between notches L, spread angle α, and notch angle θ. Spread 
angle α sets the geometric flexibility of the link- bot by prescribing 
the orientation of the links relative to bot orientations, causing the 
link- bot neutral configuration to be compact (low α) or spread out 
(high α). Notch angle θ sets the dynamic flexibility of the link- bot by 
allowing bots to move a lot (high θ) or very little (low θ) relative to 
their neighbors. Further details about the link angles and their effects 
on link- bot movement can be found in section S2 and fig. S2. The 
center bot and its neighbors are connected using two center links 
[pictured in green in Fig. 1B(i)], while all other bots are connected 
with side links (pictured in blue). The center and side links always 
have the same length L = 1.6 cm, although their angles may differ 
and will be reported using subscripts c and s for the center and side, 
respectively. To produce a V- shaped arrangement, the links on one 
side of the center bot are reversed in relation to the links on the 

other side. This effectively suppresses undesired random deforma-
tions, such as crumpling and curling, which are often observed in 
active filaments (35). Two notable features of the link- bot in com-
parison to previous connected bristle- bot systems are the broken sym-
metry introduced by the V- shape and the threshold constraints 
imposed by the link notch angles. These features allow for a rich 
variety of collective behaviors to emerge from its characteristic active 
chain dynamics to provide a multifunctional soft robotic system.

Model
To complement our experiments, we developed a computational 
model to thoroughly evaluate the dynamical behaviors of the link- 
bot, explore the parameter space, and compare our predictions with 
observations. Each bristle- bot is modeled as an active Brownian par-
ticle, moving because of self- propulsion and diffusion. An example 
20- s trajectory for a single simulated bot is shown in Fig. 2A(i), with 
a corresponding speed profile (ii) and diffusion plot (iii). The link- 
bot is simulated by adding translational and rotational constraints 
caused by the side and center links connecting the bots. Further de-
tails about the model are provided in the Methods section.

Locomotion
When not acted upon by outside forces, such as walls or obsta-
cles, the link- bot moves forward in the direction of the center bot 
(i.e., the V vertex), generally maintaining a neutral configuration 
where all bots point in the same direction. The dimensions of 
this neutral configuration, examples of which are given in Figs. 
1B and 2B, are controlled by the link- bot size, set by L and N , and 
the spread angle α.
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Fig. 1. The structure and dynamics of a single bot and link- bot in experiments. (A) A single bot consists of (i) a cylindrical body on tilted legs and topped with a crest. 
the (ii) trajectory, (iii) speed profile, and (iv) log- log diffusion plot of a single bot show characteristic active Brownian motion. MSd, mean squared displacement. 
(B) to construct a link- bot, rigid links connect N bots together in a symmetric v- shape. the links have (i) length L, notch angle θ, and spread angle α, with two center links 
connecting the center bot at the v vertex and side links connecting all other bots that make up the side chains. in the neutral v- shape configuration (ii), all bot crests are 
aligned in the direction of motion. the link constraints allow two main modes of link- bot movement: breathing (shown by the green arrow) in which the central v angle 
opens and closes and flapping (blue arrows) where the side chains bend inward and outward. (iii) Regardless of the initial configuration, the self- propelled link- bot re-
laxes into its neutral configuration (seen in the inset schematic) determined by the link properties. (C) (i) link- bots exhibit three gaits at a boundary, controlled by the link 
angles: translation (unidirectional motion; shown in blue), oscillation (changing directions by flipping along the wall; shown in green), and stationary (pushing against the 
wall without substantial movement; shown in red). (ii) the changes in velocity for the three gaits. (iii) Phase diagram showing how the gaits change based on θc and αs.
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The link- bot has two dynamic configuration modes due to the 
constraints imposed by the two link types: breathing and flapping. 
Breathing, shown by green arrows in Fig. 1B(ii), occurs when the 
central angle opens and closes between its minimum value, which is 
controlled by the steric interactions of the bots, and its maximum 
value of  θc + 2αc. The angle αc is not independent and is determined by 
the dimensions of the link and the bot as αc = sin−1

[
d∕(2L)

]
+ θc ∕2. 

This means that the range of breathing movements of the link- bot is 
controlled only by θc. Flapping, shown by blue arrows in Fig. 1B(ii), 
occurs when the side chains bend outward or inward. This flagella- 
like movement is known to be exhibited by active particle chains 
when they are pinned at one end (31, 32, 36). The asymmetry intro-
duced by the V- shape of the link- bot allows this behavior to emerge 
without external pinning. The rotational notch angle θs and the side- 
chain spread angle αs contribute in similar ways to the freedom of 
movement of a side bot. High values of θs and αs allow for large flap-
ping modes, producing floppy link- bot side chains that are able to 
bend substantially. In contrast, low values of these angles reduce 
flapping movement and produce rigid side chains that do not easily 
deform from the neutral configuration. These structural changes 
also translate into similar link- bot movement behaviors, which means 
that θs and αs have the same phenotypic effects on the link- bot, as 
shown in fig. S7. Therefore, unless otherwise stated, in the following 
work, θs is kept at 60°, which provides a balance between the angle 
constraint and the freedom of bot motion. In this way, the side- link 
spread angle αs controls the flexibility of the side chains and the re-
sulting flapping movements. In conclusion, αs and θc are the two 
critical parameters that control a link- bot’s geometric neutral con-
figuration and dynamic configuration mode, respectively.

To see how the link- bot’s internal geometric parameters yield di-
verse behaviors, we investigate the link- bot’s response upon encoun-
tering a wall. When the links do not impose any angular constraints 
on the bots, i.e., the link angles are set at 180°, the link- bot exhibits 
no directed motion or consistent interactions with the wall (shown 
in fig. S3 and movie S1). Simulations show that smaller link angles 
enhance the coordinated collective behavior of the link- bot. Figure 2C 

shows the behaviors of a link- bot consisting of N = 7 bots connected 
with different link angle values. The behavior can be categorized 
into three gaits: (i) unidirectional translation, (ii) oscillatory motion 
in which the link- bot periodically changes direction along the wall, 
and (iii) stationary. Figure 2C(ii) shows the velocity of the center bot 
as a function of time in each gait. The link- bot maintains a constant 
velocity when in translation, is periodic with a constant amplitude 
and frequency in the oscillation gait, and fluctuates around zero 
when stationary. The detailed dynamics of these gaits and how they 
can be understood by the torque applied around the center bot are 
discussed further in fig. S4 and section S4. A phase diagram show-
ing the link- bot gaits at a wall as a function of θc and αs is shown in 
Fig. 2C(iii). In line with the breathing and flapping modes, we see 
that the gait phenotypes are largely predicted by a small subset of the 
link- bot geometric parameters: the central angle θc and the side- 
chain flexibility αs (detailed discussion found in the Supplementary 
Materials). The experimental observations of these gaits, shown in 
Fig. 1C and movie S1, agree well with those predicted by the model. 
The link- bot length, controlled by L, d, and N, are seen to have a 
weak effect on gait (figs. S5 and S6 and movie S2), which means that 
flexibility and θc are sufficient to predict gait (fig. S8).

Navigation
When put in complex environments, link- bots in experiments are 
able to navigate in distinct exploratory or exploitative ways, as seen 
in Fig. 3. These contradictory behaviors are products of the link- bot 
gait and its effect on wall interactions in each case and, thus, can be 
controlled by the link- bot angles. Exploratory behaviors, character-
ized by the link- bot traversing throughout its surroundings, occur 
when the link- bot is not substantially constrained by its interactions 
with a boundary. Examples of exploratory behavior shown in Fig. 3 
are passing through a gap in a wall (Fig. 3A, top), traveling quickly 
through a channel (Fig. 3B), going around broken walls (Fig. 3C), 
and leaving a curved surface (Fig. 3D). Exploratory movement is 
generally favored by small to intermediate θc and αs values that pro-
duce an oscillatory gait and keep bot self- propulsion tangential to 
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Fig. 2. Link- bot structure and dynamics in the computational model. (A) the (i) 20- s trajectory, (ii) speed, and (iii) log- log plot of mean squared displacement of a 
single bot are pictured, showing active Brownian motion matching that of the experiments. (B) each self- propelled bot within a link- bot is modeled with translational and 
rotational constraints caused by the center and side links. this results in a noisy relaxation to the neutral configuration, where the bots form a v with all crests aligned, 
when the link- bot moves forward in space, regardless of the initial configuration. (C) (i) As in the experiments, the modeled link- bots exhibit three gaits at a wall: transla-
tion, oscillation, and stationary. (ii) the gaits are distinctive in their velocity patterns and (iii) show the same dependencies on θc and αs at θs = 60◦ as seen in experiments.
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gaps, channel walls, and curved surfaces. In the example with dis-
continuous parallel walls (Fig. 3C), the exploratory link- bot, shaded 
in blue, navigates around the edges to continue past wall segments. 
This behavior is controlled by adjusting αs to produce intermediate 
side- chain flexibility or changing θc to generate an oscillatory gait 
(for more details regarding the probabilities of these dynamics in 
the noisy system, see fig. S13). In an environment with curved bound-
aries, decreasing the link- bot flapping and breathing modes, through 
the use of lower αs and θc values, causes the link- bot to leave the 
surface and explore its surroundings.

In contrast, localized exploitative behaviors, such as blocking a 
gap in a wall (Fig. 3A, bottom), traveling slowly through a channel 
(Fig. 3B), getting stuck at broken walls (Fig. 3C), or following a 
curved surface (Fig. 3D), dominate when the link- bot remains rela-
tively stationary. Depending on the environment, this occurs at large or 

small values of the link angles. When rotational constraints are weak 
(i.e., θc or αs are large), the resulting large breathing and flapping 
movements reach a stable state along straight surfaces where the 
bots are pushing against the walls so that normal or frictional forces 
restrict movement. In an environment with multiple walls, setting 
the link constraint angles to small values will produce an exploit-
ative link- bot that does not pass through a maze of walls since it 
moves in the translation gait and is unable to change directions 
when encountering a new boundary (see the yellow link- bot in Fig. 
3C). A link- bot with large link angles will have a stationary gait that 
causes it to remain fixed at a wall and therefore fail to progress 
through a maze. Similarly, when a link- bot enters a narrow channel, 
its movement is strongly constrained by the parallel surfaces. A high 
αs value allows free rotation of bots toward both walls, increasing the 
active forces pointing into the walls and causing the link- bot speed 
to decrease (geometric prediction compared to experiments in fig. 
S11 and movie S4). This behavior is independent of link- bot length 
for N = 7, 9, and 11 (fig. S11C).

The position of the link- bot when encountering small bound-
ary features can be an important factor for subsequent behaviors. 
For example, when the approaching center bot does not align 
with a gap in the wall, the link- bot sometimes will not bend in-
ward, and the resulting high resistance from the narrow gap and 
the adjacent wall prevents its passage through the gap, causing 
highly exploitative behavior (Fig. 3A, bottom, and also shown in 
movie S3). To allow further control, an asymmetry can be added 
to the link- bot, such as the inversion of one of the end side links. 
This simple adjustment induces one- sided inward propulsion (fig. 
S14E), thereby enabling the link- bot to rotate around obstacles 
with substantial curvature without moving away from the surface 
(fig. S14F and movie S4). This expands the range of link- bot be-
haviors in this environment, allowing for an effective self- sorting 
mechanism such as that shown in Fig. 3D for three link- bots around 
one wall of varying curvatures.

These few barrier environments shown in Fig. 3 can be extended 
to an arbitrary number of walls for increasingly complex and realis-
tic environments, such as a building layout or maze, through which 
link- bot behavior can be controlled using its internal geometric con-
straints. More details and examples are shown in figs. S9, S10, and 
S12 and movies S3 to S5.

Transportation and interactions
The link- bot model is a useful tool to further explore link- bot func-
tionality in complex scenarios to predict and design link- bot behav-
iors. We present simulation results showing how link- bots balance 
directed motion and structural flexibility to interact with mobile 
objects in useful ways.

Adjusting the geometric properties of the link- bot produces many 
different transportation behaviors, some of which are shown in Fig. 4. 
Here, the center link angle is kept at θc = 90◦, so the breathing move-
ment is minimally constrained. This allows the behavior to be con-
trolled by αs and N only, although it should be noted that low values 
of θc will reduce the allowed breathing mode angle and cause the 
same effect as low αs values by reducing the link- bot contact with the 
object. When the link- bot is relatively short and the object is large, 
the link- bot carries the object forward. As the link- bot length in-
creases, it is more likely to move around and away from the object. 
Link- bots interacting with relatively small objects are likely to carry 
the object backward. At some intermediate values, the link- bot 
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Fig. 3. Link- bots have programmable locomotion in a variety of environ-
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ter bot with the gap plays an important role in determining whether the link- bot 
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link spread angle αs slows the link- bot’s movement through the channel. (C) Upon 
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remains wrapped around the object in a state of stasis, with no sub-
stantial translational movement. When the object has a pronounced 
asymmetry, the link- bot is able to rotate it. These trends are similar 
across angular constraints, with carrying behaviors enhanced by 
high side- chain flexibility at high αs values and object avoidance be-
haviors promoted by rigid side chains at low αs values (phase dia-
grams and momentum analysis shown in fig. S17). These selective 
transportation behaviors predicted by the simulated link- bot are 
observed in experimental studies, shown as complementary final time 
point snapshots in Fig. 4A and in more detail in fig. S16 and movie 
S4. The link- bot is not limited to interactions with a circular object. 
With sufficiently large N, θc, and αs, a link- bot can enclose objects of 
diverse shapes, including ellipses, squares, triangles, L- shapes, and 
cross shapes (fig. S18 and movie S4).

To explore competitive and cooperative behaviors experimentally, 
we consider how two link- bots hinder or promote movement in two 
different environments: through a gap in a wall or transporting an 
object. In one scenario at a wall, a long link- bot, colored gray in Fig. 
4B, is engaged in an exploitative stationary gait at the gap, and the 

direction of an approaching link- bot, colored pink, determines 
the nature of their interaction. In the competitive case (i), both 
link- bots push into the wall together and both become jammed at 
the gap. In the cooperative case (ii), the pink link- bot is able to over-
come the self- propulsion forces of the gray one and helps both pass 
through by realigning the gray link- bot with the gap. More details 
are shown in fig. S10. In another scenario, when a single link- bot in 
the translation gait moves along a wall, it crosses over the gap re-
gardless of whether it is traveling left to right (iii) or right to left (iv). 
However, when these link- bots translate simultaneously such that 
they meet at the gap coming from opposite directions, they coop-
eratively reorientate toward the wall and both pass through the gap. 
This highlights that cooperation or competition is not merely de-
pendent on whether the two link- bots are initialized on the same or 
opposite sides of the wall. The collective movement of a dumbbell- 
shaped object by two link- bots takes advantage of the fact that link- 
bots are able to pull or push an object. When a link- bot that pushes 
is paired and aligned with a link- bot that pulls, they will coopera-
tively move an object (vi), while two link- bots that push will provide 

A Selective transport B Competition and cooperation

5 cm5 cm
N = 11, s = 75°

Carry object backward

20 s0 s 4 s 12 s 20 s

10 s 5 cm2 s

N = 7, s = 75°

0 s 6 s 10 s

Carry object forward

5 cm

10 s 5 cm

N = 9, s = 60°
Move around object

2.5 s0 s 5 s 7.5 s 5 cm

15 s

N = 9, s = 75°
Stasis

3 s0 s 9 s 15 s

5 cm5 cm

0 s 1.5 s

5 cm

10 si)

5 s 13 s

5 cm

9 s0 s

0 s 1 s 3 s5 cm

12 s 20 s

5 cm

0 s 0 s → 16 s

5 cm

C Multicomponent environment

0 s 3.5 s 6 s 10 s 15 s 25 s

10 cm

5 cm35 s7 s 15 s 25 s 5 cm

N = 13, s = 75°

0 s

Rotate asymmetric object

ii)

iii)

iv)

v)

vi) vii)

0 s 1 s 2 s5 cm

0 s 1 s 2 s5 cm

Fig. 4. Link- bots perform selective transportation and dynamic social interactions. (A) A link- bot can push, pull, bypass, wrap, and rotate a passive object 
(dobj = 2.67d). the link- bot trajectory is shown in red, and the object trajectory is shown in blue. the last snapshot in each panel shows the analogous experiment. (B) two 
link- bots (gray: N = 15, θc = 90◦, αs = 75◦; pink: N = 7, θc = 20◦, αs = 15◦) interact at a gap in a wall either competitively so that both link- bots are stuck (i) or coopera-
tively so that both pass through the gap (ii). individual link- bots (θc = 20◦, αs = 15◦) moving in the translation gait (iii and iv) cross over the gap in a wall. When moving 
simultaneously (v), these link- bots cooperate to pass through the gap together. (vi) A dumbbell- shaped object is carried by the cooperation of one link- bot pushing 
(purple; arrow shows direction of link- bot propulsion) and another pulling (green). the link- bots have the same link angles (θc = 90◦, αs = 75◦) but are made up of a dif-
ferent number of bots. (vii) Overlapped images of a dumbbell- shaped object interacting with identical link- bots whose 4competing pushing forces cause the object to 
stay nearly stationary. (C) two link- bots (yellow: θc = 30◦, αs = 30◦; red: θc = 60◦, αs = 40◦) show different functions in an environment containing curved walls, straight 
walls, and moveable objects.
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competing forces to cancel out transporting behavior and keep the 
object stationary (vii).

DISCUSSION
Link- bots provide a simple modular approach to investigate an ana-
log of an active polymer chain, made of bots, that can locomote, 
navigate, transport, and interact in a variety of environments. By 
manipulating a few internal geometric constraints, these link- bots 
show functionality and versatility that have been a challenge to 
achieve in traditional robotic swarms without sophisticated control. 
This is explained by the ways the deformable, active structure of the 
link- bot allows for breathing and flapping movement modes, which 
produce three gaits at a boundary. Advanced behavior does not re-
quire increased complexity at the link- bot level but comes from 
complexity in the environment. We emphasize that the link- bot is 
able to perform a wide variety of functions with minimal control, 
with even more behaviors to be explored. This is shown through a 
range of contrasting tasks including navigating through or circum-
venting obstacles, adhering to or detaching from objects, transport-
ing objects in forward or backward directions, traversing or blocking 
small gaps, allowing or obstructing the passage of objects through 
gaps, and self- sorting on a curved surface. Figure 4C shows an ex-
ample where these behaviors are exhibited in a multicomponent en-
vironment (see also fig. S19 and movie S5).

The experimental system in this work is limited by its depen-
dence on a vibrating surface as an external global stimulus for bot 
activity, which affects all bots uniformly. Although the computa-
tional model addresses this by allowing individual control of self- 
propulsion and noise, it simplifies interactions by excluding explicit 
friction forces that affect the quantitative details of link- bot dynam-
ics when investigating beyond their gait types. Additional further 
work could extend the capabilities of the link- bot by making the 
links and crests dynamically adjustable. The ability to modify link 
and crest shapes and material properties, using environmental con-
ditions for example, would allow for a broader range of movements 
and remotely controlled on- the- fly transformations. Leveraging its 
potential for extensibility, the link- bot principle of using geometric 
constraints between active bots can serve as a starting point for de-
veloping versatile and minimalistic robot collectives across various 
scales. These principles could also be applied to develop robust and 
cost- effective robots for tasks such as transporting goods over chal-
lenging terrain, conducting environmental surveillance, or control-
ling traffic flow. Our findings provide valuable insight into the 
development of multifunctional robotic systems that are both resource- 
efficient and scalable, with the potential to impact a wide range of 
industries and activities.

METHODS
Experiments
Link- bot fabrication
As shown in Fig. 1A, each bot comprises two cylinders, the cap (di-
ameter, 15  mm; height, 6.5 mm) and the body (diameter, 8  mm; 
height, 6.5 mm), and a cuboid top (width, 1.5 mm; length, 5 mm; 
height, 8 mm) on the cap, all three of which are connected on the 
same axis. The cap is equipped with seven legs (length, 8 mm; diam-
eter, 1 mm) that are tilted at an angle of 10° from the vertical direc-
tion. The connecting link (thickness, 1.5 mm) consists of two disks 

(diameter, 8.5 mm) joined by a bar (length, 16 mm; width, 2.5 mm). 
The length L slightly exceeds d, allowing the creation of a chain 
without direct contacts between adjacent bots. Each disk features a 
ribbon- shaped notch that allows the cuboid crest of the bot to ro-
tate freely within a prescribed angle, and the two notches in the link 
have the same orientation. To fabricate all bots and links, a trans-
parent photopolymer with an acrylate base is used, using stereo-
lithography three- dimensional printing that has an accuracy of 
approximately ±0.1 mm (Formlabs Form 3). For the analysis of the 
link- bot’s travel distance, velocity, and trajectory, we trace and ex-
amine the position of the center bot using the TrackMate plug- in 
for ImageJ (37).
Vibrating table
The bots are subjected to excitation through the vertical vibration of 
a circular acrylic base plate (diameter, 480  mm; height, 30 mm), 
firmly mounted on an electromagnetic shaker (Tira TV 5220). The 
plate is maintained in a horizontal position with a precision of 0.1°. 
The motion of the bots is confined within a circular boundary (di-
ameter, 450 mm). To mitigate resonance effects, the shaker is at-
tached to massive concrete blocks. Experiments are carried out with 
vibrations at a frequency of 80 Hz and an amplitude of 70 μm, en-
suring a consistent and steady excitation of the bots.

Computational model
Bot activity
A model was created using Python to simulate link- bot behavior to 
investigate detailed properties and extend the parameter scope. The 
link- bot is modeled as a collective of N active Brownian particles 
interacting through constraints imposed by the connecting links 
and the surrounding environment. Each circular bot i has position 
ri and orientation ϕi at time t , shown in Fig. 5A, which are updated 
according to the following dynamical update rule

vi

r = x , yi i i

i

x
y

Fi+2
notch notchFi

j

jnotchFi

notchFi+2

A

B

C

E

vi

2 c + c

vi

2 c

ω i
c ω i

c
vi

ω i
c

ω i =0s vi

s

vi

ω i
s

vi

s

ω i
s

D

Fig. 5. Schematic representation of the angles and vectors in the link- bot 
model. (A) Position and velocity vector of a single bot. Schematics of a partial link- 
bot showing the translational forces, Fnotch, due to the link notch angle for (B) bots 
connected by center links and (C) bots connected by side links in the case where 
j = i + 1. Pictured here is a side chain to the left of the center bot, which is flapping 
outward. For the case where the side chain flaps inward, the results are mirrored. 
For both the center and side links, Fnotch > 0 only when γj > γmax. the notches con-
strain bot rotation for (D) the center bot and (E) the side bots. in the neutral con-
figuration (shown in the middle), the bots have maximum rotational freedom, 
shown by a shaded orange region. When the bots are in their fully extended 
breathing and flapping modes (shown for both directions on either side), the bots 
have no rotational freedom.
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where the velocity of the bot at time (t − 1) is given by

Here, bot activity is given by a constant self- propulsion speed v0, 
the diffusion coefficient D, and a noise array randomly sampled 
from standard normal distribution ηi (Eq. 2). More information 
about how D is calibrated from experiments is given in fig. S1. We 
observe experimentally that the bots move primarily along via 
translation and do not rotate without translation, i.e., they are sub-
ject to a nonholonomic constraint (38). This coupling of the orienta-
tional movement to translation is likely due to the fact that the bot 
motion is generated tangential to the leg tilt direction on the vibrat-
ing surface. Therefore, the noise in the model is applied to translation 
of the bot rather than rotation, which is seen to provide appropriate 
dynamics. Some quantitative differences can be observed in freely 
moving link- bots if noise is applied to both rotation and translation 

(for example, in the relaxation to the V- shaped neutral configura-
tion), but no substantial differences were seen in the gaits and 
dynamics reported in this work.
Link constraints
The forces acting on each bot due to its connecting link(s) and any exter-
nal constraints are implemented using the geometry of the link- bot with 
respect to the position of the bots. The rigidity of each bot and the con-
necting links are maintained through linear spring constraints

where ri,j is the distance between bot i and bot j, Foverlap
i,j

 uses r0 = d, 
and Flink

i,j
 uses r0 = L.

All spring constants are set to a sufficiently high value, 
k = 2 × 105 N / m .  Wall and object boundary constraints are imple-
mented as perfectly elastic collisions.

The link notches are a key feature of the link- bot, providing a 
hard boundary that affects both bot translation and rotation. These 
constraints cause each bot’s movement to be coupled with the rela-
tive positions of its neighboring bots. This is enhanced by the fact 
that all bots, except for the side bots at the end of the chains, are 
controlled by two overlapping links. This feature contributes to the 
emergent complex behaviors of the link- bot.

The translational constraints imposed on each bot i by the link 
notches are implemented as an exponential spring, which is dependent 
on the angles of the links between bots i ± 1 and i ± 2. Figure 5 (B 
and C) provides schematics of these angles and forces for sample 
partial link- bots

v
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)
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)
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)
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Table 1. Parameters used in link- bot model with typical values. 

Parameter Description Typical value(s) Unit

  d   Bot diameter 1.5 cm

  v0   Bot self- propulsion speed 8 cm/s

  D   Bot diffusion coefficient 10 cm2/s

  L   link length 1.6 cm

  θc   center link notch angle* 10–180 degrees

  αc   center link spread angle 10–90 degrees

  θs   Side- link notch angle 60 degrees

  αs   Side- link spread angle* 10–90 degrees

  k   Spring constant 2 × 105 n/m

  N   number of bots in a link- bot 3–33 –

  dt   time step 1 × 10−3 s

  b   Gap in wall spacing 3–6 cm

  x   channel spacing 3 cm

  z   Broken wall spacing 3–7.5 cm

  r    Radius of curved wall 3–15 cm

  dobj   Object diameter 1.5–15 cm

*Parameter that strongly controls gait.
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where γj is the angle made by the two links connected to bot j (which 
is offset by ±1 from bot i) and γmax is a maximum angle constraint 
set by the notches. For the center bot, γmax = 2αc + θc, and for the 
side bots, γ

max
= 180◦ + θs

. The Heaviside step function H
(
γj−γmax

)
 

ensures that the bots move freely except when the limits of the notch 
are reached. Figure 5 (B and C) provide schematics of these angles 
and forces for sample partial link- bots.

The rotational boundaries felt by each bot due to its one or two 
overlapping link notches are implemented as hard angle constraints 
on the bot velocity vector. Equations 6 and 7 show these clamped 
angle limits for center and side bots when situated in a neutral con-
figuration with their neighbors (i.e., all crests are aligned), as shown 
in the middle schematic of Fig. 5 (D and E)

where ωc
i
 is the angle between the center bot crest and its neighbor-

ing link to the left and ωs
i
 is the angle between the side bot crest and 

its neighboring link above (closer to the center bot). When the link- 
bot engages in breathing or flapping movements, the notches on the 
bots move in opposite directions and lead to increased constraint of 
the bot rotation. This is shown in Fig. 5 (D and E) in the minimally 
and maximally extended cases in which the bot has no rotational 
freedom. For example, when the link- bot center V- angle is at its 
maximum value of 2αc + θc, the center bot’s orientation is complete-
ly constrained since the two notches surrounding its crest are fully 
rotated in opposite directions. In this situation, the center bot can-
not rotate and points straight forward relative to the link- bot V- shape 
(ωc

= 180◦
− αc − θc ∕2). The main parameters of the model and 

their typical values are provided in Table 1.

Supplementary Materials
The PDF file includes:
Supplementary text
Figs. S1 to S19
legends for movies S1 to S5

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S5
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1. Single bot

Individual bots in this work are like the bristle-bots investigated in previous studies [3],

with the distinction that the mechanical energy source comes from the vibration of the arena

surface rather than the bot vibrating internally. This means that variability in activity is

not prescribed at the individual bot level, although it is observed here.

The noisy movement of a bot in this experimental system is inherent, due to slight envi-

ronmental variations (such as humidity) and imperfections in the bot and surface features

at a small scale. To incorporate this noise within the computational model, the diffusion

coefficients of a single bot are calculated from 11 experimental runs in which the bot moves

freely on a vibrating surface, without interactions from other bots or walls, and the result-

ing average value of 10 cm2/s is used as the noise term D within the model, as shown in

Equation 2. To validate this parameter, translational diffusion coefficients were calculated

from another experiment and a simulation using D = 10 cm2/s, each 20 seconds long. The

observed experimental translational diffusion coefficient, Dexp
obs = 12.24 cm2/s (Fig. S1(a))

and observed simulated translational diffusion coefficient of Dsim
obs = 12.22 cm2/s (Fig. S1(b))

are in good agreement .
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Fig. S1. Observed diffusion coefficients in experiment and simulation. The observed

translational diffusion coefficients, Dobs, determined from 20 second trajectories of a single bot

obtained from (a) experiment and (b) simulation show good agreement when the model noise

parameter is set to D = 10 cm2/s.



2. Link angles

The link angles α and θ are essential parameters that determine the gaits and subsequent

behaviors of link-bots. Fig. S2 summarizes the role of each of the critical link angles on the

resulting whole link-bot neutral configuration and dynamic flexibility.

α values indicate the link spread angles. They determine the geometric flexibility of the

link-bot by defining the neutral positions of the links in relation to bot orientation. Low α

values create a compact neutral configuration where the links are closely aligned with the

direction of the bot orientation, while high α values lead to a link-bot neutral configuration

that is spread out.

αc controls the neutral alignment of the center links. Since there are only two

center links in all the link-bots studied in this work, this value is fixed by the

bot parameters d, L, and θc.

αs controls the neutral configuration of the side chains and therefore sets the

extent to which they are spread out at an angle with the forward direction or

compact in line with the forward direction.

θ values represent the angles of link notches. They determine the dynamic flexibility

of the link-bot, allowing for significant bot movement and rotation with high θ values or

minimal movement and rotation with low θ values.

θc controls the central angle of the link-bot and therefore this angle directly sets

the breathing angle range.

θs sets the side link notch angles and therefore controls the rigidity of the side

chains.

Both αs and θs influence the flexibility of the side chains and they show similar effects on

link-bot behaviors (see Section S 6 for more details). Therefore, in most cases it is sufficient

to control only one of these parameters. αc is not set as a separate parameter, but θc is a

critical value to control the dynamics around the central bot. In this work, αs and θc are

the essential parameters used to control the link-bot gait and its corresponding behavior in

complex environments.



Low αs High αs

Low θs High θs

Low θc High θc

αc

θc

αs
θs

Center link

Side link

Fig. S2. Schematic of link-bot configuration and dynamics with respect to link angles.

The link angles θc, αs, and θs are vital parameters in controlling the link-bot geometry and dy-

namics. This schematic shows representative neutral configurations and dynamic modes caused by

high or low values of the link notch and spread angles. Center links are represented as green lines,

with the corresponding breathing movement mode indicated with green arrows. The side links are

represented as blue lines and the flapping movement mode is shown using blue arrows.



3. Link-bot with no angular constraints

Figure S3 shows the experimental behavior of a link-bot consisting of N = 7 bots con-

nected by links with θc = θs = 180◦, allowing free rotation of each bot and link. In this

case, we initially orient the bots in one direction so that the link-bot travels to the boundary

of a diameter arena ≥ 20d. Upon reaching the boundary, the link-bot randomly deforms

and repeatedly detaches and reattaches to the wall. In this case, one or both ends of the

link-bot must be pinned or clamped in order to observe directed or periodic motion, such

as in [31]. This is in contrast to the cases investigated more thoroughly in this work, where

the bots possess some angular constraints due to the link angles (for example, with link

parameters of θc = 40◦ , θs = 60◦ , αs = 30◦). In these cases, the link angle constraints

promote orientational alignment of the bots which, along with the symmetrical structure of

the link-bot, allow it to maintain its movement along a boundary.

θc = 180° 

θs = 180° 

0 s 1 s 2 s 4 s 5 s
5 cm

Fig. S3. Rotationally free link-bot at wall A link-bot that is connected with links possessing

no angular constraints on the self-propelled bots shows no directed or consistent movement, even

at a wall.



4. Mechanics of link-bot gaits

Due to the symmetric V-shaped configuration of the link-bot, the orientation and motion

of its center bot indicates the movement of the link-bot as a whole. However, it is worth

emphasizing that the central bot has no enhanced features or control compared to the side

bots, and its behavior is strongly coupled to the positions and motion of the side bots through

the constraining links. Understanding the mechanics of the gaits thus requires consideration

of how the side bots influence behavior of the center bot. A key feature distinguishing the

gaits is the relative movement of the two link-bot side chains relative to the center bot, and

in particular the torque felt by the center bot from the forces applied by the active side

chains. In all gaits, the center bot and at least one side chain are in continuous contact with

the boundary wall.

a. Translation gait

In the translation gait, both side chains remain close together as the link-bot moves.

This means that the forces exerted by the side bots on the center bot through the links are

largely translational, with no large torques applied, and therefore no orientational changes

occur. This gait thus dominates when θc is small (θc < 30◦), since this constraint directly

limits the maximum allowable breathing angle and causes the center links to remain folded

in an acute angle.

b. Oscillation gait

The oscillation gait is a rich emergent behavior of the loosely constrained active bots.

When the side chains can move apart significantly and/or are highly flexible (causing high

breathing and flapping movements, respectively), the side bots can exert a high torque on

the center bot. This torque causes the rotation of the center bot and the subsequent flipping

of the link-bot characteristic of the oscillation gait. This relative movement of the side chain

is modulated by the link angles: an intermediate θc value (30◦ < θc < 50◦) causes a large

breathing angle and αs values above a threshold (αs > 10◦) increase side chain flexibility.

One contributing factor to the link-bot dynamics and the high torque around the center bot

is the fact that when the two bots on either side of the center bot are maximally flexed, the



link notches are rotated such that the center bot has no independent freedom of rotation.

In this case, any orientational change that the center bot undergoes will directly affect

the positions of its neighboring linked bots. This occurs when any three linked bots are

minimally or maximally flexed (as shown for bots connected by center links and side links

in Fig. 5D and E, respectively), although the effects are most noticeable with the center bot

since it has the strongest effect on the link-bot orientation.

The cyclic reorientation process involves the following steps: (1) the movement of bots not

interacting with the boundary opens the center of the link-bot to its maximum angle θM,

(2) the torque generated by this sustained movement induces rotation of the center bot, and

(3) the remaining bots then move away from the boundary, causing the link-bot to reverse

its direction. This is illustrated in Fig. S4. Starting from panel 1, the link-bot is initially

moving to the right with one side chain (indicated in yellow) in contact with the boundary

wall. Bots interacting with the boundary are subjected to greater friction and normal forces

than distant ones, enhanced by the notch angular constraints which often keep them pointing

towards the wall. After some time, the bots distant from the boundary (colored blue) catch

up with the yellow ones , and the center of the link-bot spreads to its maximum angle

of θM, seen in Fig. S4A panel 2. The blue bots stop the center bot (colored red) and all

bots cause it to rotate, as the yellow and blue bots move to detach from and attach to the

boundary, respectively (panel 4). The link-bot has now reversed its translational direction

from traveling right to traveling to the left (panels 5-8). We note that this reorientation

starts when the center bot is stopped by the side chain further from the wall, which is only

possible when the maximum spread angle of the center link is greater than the right angle,

θM > 90◦, or when the further side chain can move in front of the center bot. Therefore, by

adjusting the link parameter αc so that θM crosses 90◦, we can produce a significant change

in the link-bot’s interactions with a wall, from the translation to the oscillation gait. This

reorientation is not observed at low θc values due to the small torque acting on the center

bot when the central angle spreads only narrowly.

c. Stationary gait

If the side chains are able to move significantly far apart such that they can indepen-

dently interact with the boundary, then the torques they generate will balance in opposite
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Fig. S4. The mechanism of directional change at a wall. The directional change process

of a link-bot with θc = 40◦, θs = 60◦, αs = 30◦. The relatively high translation of the bots on

the side chain that is further from the wall (shown in blue for the initial panels) increases the

angle between the two center links, causing the side chain to rotate and reverse the center bot’s

translation direction. The orientation of each bot is indicated by the marked arrows.

directions and the link-bot will remain immobile at the wall, entering the stationary gait.

This gait dominates when θc is large (θc > 50◦) or both θc and αs are sufficiently large

(shown in the upper right region in the phase diagrams in Figure 1C(iii) and Figure 2C(iii)).

In this gait, the link-bot can have a high breathing angle and/or a large flapping range,

allowing it to spread wide enough for both side chains to make contact with the wall. This

causes the link-bot to push the boundary wall and exhibit very little translational movement.

Overall, link-bot behavior is controlled by the rotational freedom of the bots specified

by the link angles. The orientation of individual bots is most strongly controlled by the

constraints caused by the overlapping link notches surrounding its crest, rather than through

noise or contact with the boundary or other bots. Due to the link structure, these notch

angle constraints provide hard rotational limits for each bot that change based on the relative

positions of neighboring linked bots. In summary, as the constraints decrease, or as the



values of the angles θc, θs, and αs increase, the link-bot gait transitions from translation to

oscillation to stationary. It is worth noting that since individual bots are self-propelled along

the axis of movement set by their leg tilt direction, the rotational freedom of individual

side bots influences the torque they exert on the center bot. This rotational freedom is

controlled by θs and influenced by neighbor bot positions and thus is incorporated in the

link-bot flexibility assessment.



5. Influence of L, d, and N on gait

We investigated the extent to which the gaits are influenced by the link length, bot

diameter, and the number of bots, since these are expected to have an effect on the bot

dynamics and the torque around the center bot, and thus the resulting gaits. For all link

lengths (1.6 ≤ L ≤ 6.4 cm) and bot diameters (0.3 ≤ d ≤ 1.5 cm) tested, the three gaits

are present and follow the same link angle relationships as described previously. However,

the dynamics of how the side chains apply torque in the three gaits can change slightly.

An increased L/d ratio, obtained through increasing the link length or decreasing the bot

diameter, seems to make link-bot movement less stable within the translation and stationary

gaits, particularly at the gait phase boundaries. In the oscillation gait, the frequency of flips

at the wall decreases as L increases due to the increased distance these side bots need to

travel to achieve the same flapping angle ranges. In the same way, the flipping frequency

decreases as the size of the bots d decreases. These oscillation trends are shown together in

Fig. S5, using a shared x axis of L/d.
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Fig. S5. Effect of link length L and bot diameter d on oscillation frequency. Results from

simulated link-bots in the oscillation gait showing how the frequency of flips, measured in number

of flips per second, changes as a function of the link length and bot diameter. These results are

for a link-bot with N = 7, θc = 60◦, θs = 40◦, αs = 30◦, where L and d are varied independently.

Within a link-bot, all links and bots have the same L and d values, respectively.

The number of bots N does not significantly effect the movement behaviors of the link-

bot. Fig. S6(A-D) show experimental examples of link-bots with N = 15 showing the same



translation and oscillation gaits as seen in smaller link-bots, as well as movement between

gaits at angle values corresponding to a gait transition point. The corresponding speed

profiles are shown in Fig. S6(E and F), alongside simulation results from link-bots with up

to 33 bots, showing that the behaviors remain consistent even for very large link-bots. The

dynamics of link-bots with different N values in experiment and simulation are shown in

Video S2.
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Fig. S6. Effect of number of bots N on link-bot dynamics. (A) A link-bot with N = 15,

θc = 20◦, θs = 60◦, αs = 15◦ exhibits the translation gait, with unidirectional movement along the

boundary. (B) A link-bot with N = 15, θc = 40◦, θs = 60◦, αs = 30◦ exhibits the oscillation gait,

changing direction periodically while moving along the wall. (C) A link-bot with N = 15, θc = 40◦,

θs = 60◦, αs = 45◦ switches between the stationary gait to the oscillation gait and back again to

stationary. The yellow circles indicate the center bot of each link-bot in (A)-(C). (D) Velocities

at the wall for three link-bots with different number of bots N under the same link angle values as

in (C). (E) Average speed of a link-bot with respect to N , under the same conditions as in (A),

with simulation results up to N = 33. (F) The relationship of vrms to N while maintaining the

same θc and θs values as in (B) for experiments and simulations. All results are from experiments

unless noted otherwise in (E) and (F).



6. Side chain flexibility

The side link angles θs and αs serve to restrict the rotational and translational freedom of

the side bots. This directly affects the flexibility of the side chain and controls the resulting

flapping movement of the link-bot. Fig. S7 shows the gait phase diagram of a link-bot as

a function of these side link angles with respect to θc. It can be seen that the center link

notch angle θc strongly controls the gait, with both side link angles contributing in similar

ways: for all but the smallest side link angles, the link-bot transitions from translation to

oscillation to stationary gait as θc increases. This indicates that θs and αs are microscopic

properties that have similar effects on the macroscopic behaviors of the link-bot. Since

we are interested in the link-bot behavior at the scale of the gait phenotypes, we take a

coarse-grained approach and treat these angles as having similar effects.
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Fig. S7. Link-bot gait phase diagrams for side link angles. Phase diagrams showing how

the three link-bot gaits are influenced by the side link angles, (A) αs and (B) θs, obtained from

simulations. The translational gait is colored blue, the oscillatory gait is green, and the stationary

gait is red.

Upon evaluating the results from a wide range of values, it can be seen that knowing

the flexibility of the side chain (defined here as θs + αs) and center notch angle (θc) of a

link-bot is sufficient to predict its gait. Fig. S8 shows the average distance traveled by the

link-bot between flips, which is another way to express the gait type, as a function of the

flexibility of the side chain for three representative values of θc. As seen in the previous

phase diagrams (Fig. S7), θc most strongly controls the gait and when this angle is high (ex.



θc = 60◦, colored purple), the link-bot possesses only the stationary gait. However, for a

wide range of low and intermediate θc values, the link-bot flexibility predicts the gait. At

low θc values (e.g. θc = 10◦, colored yellow), the link-bot trends linearly downwards from

translation to oscillation to stationary gaits as its flexibility increases. For intermediate

values of θc (ex. θc = 40◦, colored black), this curve takes a sharp reverse sigmoid shape,

where the translation and stationary gaits are stable states, with a rapid transition between

the two at a constant flexibility value of θs + αs ≈ 75◦.
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Fig. S8. Link-bot gait transitions as a function of flexibility. The average distance traveled

by a 7-bot link-bot between flips is given as a function of side chain flexibility for simulated link-

bots at three θc values. The gait dependence on flexibility shows three different forms based on

the center notch angle value, and at low and intermediate values of θc the flexibility determines

the link-bot gait. The three lines are drawn to guide the eye.



7. Navigation around walls

a. Wall with a gap

The folding and spreading of the link-bot caused by the breathing and flapping movements

open up possibilities for interesting behaviors when a link-bot is directed towards a narrow

gap in a wall. Experimental snapshots showing link-bots with different αs and N values

passing through a gap are given in Fig. S9. In all these cases, the link-bots pass smoothly

through the gap, although the time it takes differs. Link-bots with small αs and large N

values tend to pass through a gap more quickly because they exhibit stronger propulsion in

the gap direction.
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Fig. S9. Different link-bots passing through a narrow gap. Link-bots with (A) N = 7,

αs = 60◦, (B) N = 7, αs = 75◦, and (C) N = 9, αs = 75◦ exhibit varying passage times to traverse

through a gap with a spacing of 2d. In all experiments, the angle θc is fixed at 90◦.

Even with large θc and αs values that usually cause the stationary gait at a wall, a link-

bot with its center bot aligned with a gap (with spacing b ≥ 2d) will pass through by folding.

This is seen in Fig. S10A and B, which shows the same experimental results as Fig. 3 with

more detail. When a link-bot consists of many bots, it can effectively block a gap in a wide

range of positions. In experiments, a link-bot biased towards one side of the gap remains



immobile across a large gap up to b = 3d (Fig. S10C). Increasing the size of the gap above

this (b > 3d), a link-bot will remain in the exploitative state but in this case the side bots

will pass through and surround one side of the wall, causing the link-bot to adhere to one

edge of the gap and leaving the gap partially open.

The presence of a gap-blocking link-bot provides the opportunity for the selective passage

of objects such as other link-bots through the gap. With sufficient contact along the wall,

a link-bot can prevent objects approaching from the same side of the wall from passing

through the gap (Fig. S10D, also seen in Fig. 4B(i)). However, objects on the opposite side

of the link-bot have the potential to pass through the gap by exerting a force against the

link-bot that overcomes the link-bot’s local propulsion force. This is shown for two examples

in Fig S10E and F. Here a longer link-bot (colored gray) blocks a gap and a shorter link-bot

(colored pink) approaches from the other side of the wall. The behavior of the blocking

link-bot after the passage of the pink link-bot depends on its initial position relative to the

gap. When the center of the gap-blocking link-bot is initially near the gap, the pink bots

help the central bot squeeze into the gap, causing the entire gray link-bot to pass through

the gap and leave the gap open (Fig. S10E). If the central bot is initially distant from the

gap, the blocking link-bot will move slightly to the side after letting the pink link-bot pass

through the gap, and subsequently closing the gap again (Fig. S10F). This result implies

that a considerably long link-bot with its center located far away from the gap will effectively

maintain the gap in a closed state for a long time, even in the presence of repeated object

passages.



Fig. S10. Behaviors of a link-bot when encountering a gap in a wall. (A and B) A link-bot

with N = 7 (A) passes through or (B) fails to traverse through a gap of spacing b = 2d, depending

on the position of the center bot relative to the gap. (C) A link-bot with N = 15 blocks a gap of

b = 2d (left, middle) and a gap of b = 3d (right). The orientation of each bot is indicated by red

arrows. (D–F) A link-bot with N = 15 blocks a gap with spacing b = 2.67d and (D) obstructs

the same-side transversal motion of a shorter link-bot with θc = 20◦ and αs = 15◦. The blocking

link-bot allows the shorter link-bot (marked in pink) to pass through when traveling from the

opposite side of the wall. The gap either (E) opens or (F) remains closed depending on the center

position of the previously blocking link-bot. All link-bots colored in gray are connected by links

with θc = 90◦ and αs = 75◦, and the yellow circles indicate the center bot.



b. Channel

Figures S11A and B show link-bots with αs = 15◦ and 75◦, respectively, moving through

a channel with a spacing of 2d. Here it is seen that the link-bot with lower flexibility (a

smaller αs) exhibits a higher traveling speed through the channel. This is also shown in

Video S3. The speed of link-bots in a narrow channel is plotted in Fig. S11C, showing a

decrease with increasing αs and no significant dependence on N . When compared to the

axial speed of a single undisturbed bot (va = 80 mm/s), link-bots with αs = 15◦ and 75◦

move approximately 25% and 60% slower, respectively, in the channel. This speed reduction

occurs due to the rotation of bots towards both walls as αs increases, leading to a decrease

in their propulsion along the length of the channel.
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Fig. S11. Link-bot speed within a narrow channel. A link-bot with (A) αs = 15◦ and (B)

75◦ travels in a channel with a spacing of 2d. (C) The average speeds of link-bots with varying N

and αs values when they move through the channel shown in (A) and (B). The dashed lines show

the prediction based on the assumption that a link-bot moves with its center angle fully folded

and the bots on each side lined up parallel to the wall, as illustrated in the inset image. (D) The

angle between the line normal to the wall and the line connecting the centers of the two leading

bots versus time.

The speed of a link-bot within a channel can be estimated by analyzing the orientation



of each bot. We predict the speed by assuming that the link-bot moves with the bots on

each side lined up parallel to the channel wall and the center angle maximally folded, as

illustrated in the inset of Fig. S11C. Through geometric analysis, we find the angle θr which

reflects how much each bot has rotated with respect to the direction of link-bot movement

as follows:

θr = sin−1

(
d

2L

)
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2
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By assuming that the orientation of each bot is centered within its respective angular range,

θr = θr,ctr, we obtain the estimated speed of the link-bot:

v =
vaΣcos θr,ctr

N
. (S4)

The speed is depicted by dashed lines in Fig. S11C which shows good agreement with

the experimental values (solid lines) for large αs, although a difference between two values

is evident as αs decreases. This discrepancy can be attributed to the link-bot’s strong

propulsion in the travel direction at small αs, which tends to bring adjacent bots closer to

side-by-side arrangement with a small angle of γ (Fig. S11D). The consequent jamming leads

to substantial resistance and eventually causes the link-bot to move slower than expected.

Although not explored in detail in this work, it is noted that when αs > 75, the side bots

are able to rotate such that the link-bot will move in both directions along the channel.



c. Broken parallel walls

When evaluating the link-bot behaviors upon reaching the end of a wall which is adjacent

to another parallel one, we only consider link-bot parameters within the translation and

oscillation gaits since the stationary gait does not permit exploration. Fig. S12A and B

show the same experiments as depicted in Fig. 3C with more detail given, including the

angle at contact. When a link-bot reaches the end of a wall along which it was traveling,

it will turn slightly towards the wall (due to the center bot moving around the wall corner)

and continue in a straight trajectory from the corner of the wall. Upon arriving at a second

wall, the movement of the link-bot depends on its gait. A link-bot in the translation gait

(shown in Fig. S12A) will continue moving along the second wall in the same direction as

it was traveling along the first wall. In contrast, a link-bot in the oscillation gait (shown in

Fig. S12B) has more flexible side chains which, facilitated by its arrival at the second wall

with a larger incidence angle, causes it to change direction at the wall.

It is important to note that there is some variability across link-bot runs due to the

freedom bots have to rotate within their link notches, since θc and θs define the limits

only. Experiments involving modifications of the distance z between the two walls, shown in

Fig. S13, demonstrate that link-bots with αs = 30◦ change their direction frequently upon

encountering a wide gap of z/d ≥ 3 (with a probability from 69% to 77/%). In contrast, link-

bots at a narrow gap (z/d = 2) reverse direction less frequently (≃ 40%) due to obstruction

from the original wall. These two behaviors at a series of walls present a bifurcation in

the dynamics due to the link-bot gait, which can be controlled by the side chain flexibility

through αs. Similar results are obtained if the gait changes by adjusting θc.

We also evaluated a scenario with a short wall positioned in front of a second wall con-

taining a gap. If a link-bot exhibiting the oscillation gait along the surface approaches the

short wall, it can navigate through the obstacle terrain by colliding with the wall in front,

circumventing the wall, changing direction at the wall behind, and subsequently passing

through the gap, shown in Fig. S12C. This passage is feasible only when the length of the

front wall is shorter than s, the distance the link-bot travels between each flip; the link-bot is

unable to go around the wall if the length of the wall exceeds s. These observations in both

scenarios show the potential of traversing or maneuvering around environmental features

depending on the design of the link-bot.
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Fig. S12. Environmentally-adaptive link-bots with adjustable trajectories. The trajectory

of a link-bot consisting of N = 7 bots connected by center links with θc = 20◦ and side links with

(A) αs = 15◦ and (B) 30◦ when it reaches the end of a wall and encounters another parallel wall

with a distance z = 4d from the original wall. (C) The trajectory of a link-bot with N = 7,

θc = 40◦, and αs = 30◦ when it encounters a short wall positioned 3d in front of a wall with a gap.
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Fig. S13. Navigation of link-bots in an environment with two parallel walls. When a

link-bot with N = 7, θc = 20◦, αs = 30◦ approaches the end of one wall and encounters another

parallel wall with a separation distance of z = 2d, it (A) maintains or (B) reverses its direction

along the wall. (C) Probability for a link-bot to maintain or to reverse its direction as a function

of the relative separation between parallel walls, z/d.



d. Curved wall

When a link-bot encounters a sufficiently large stationary curved obstacle, it will move

with the same translation and oscillation gaits as seen along a straight wall, shown with

experimental snapshots in Fig. S14A and B, and velocity profiles in Fig. S14C. When the

obstacle is small, however, the link-bot is likely to deviate from the highly curved surface, as

seen in Fig. S14D. These behaviors are also shown in Video S3. By creating an asymmetry

in the link-bot, this surface-leaving behavior can be avoided. This is shown in Fig. S14E and

F, where single inverted side link causes the link-bot to travel along a highly curved surface

without leaving. Therefore, the path along or away from a curved surface can be adjusted

by the link-bot link properties and surface curvature. One possible function of this property

is to selectively sort link-bots, as shown in Fig. S15 (which displays the results from Fig. 3D

in more detail)
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Fig. S14. Behaviors of a link-bot encountering a circular stationary object. A link-bot

with (A) θc = 20◦, αs = 30◦ and (B) θc = 40◦, αs = 30◦ moving along an object with diameter

D/d = 16.7, and (C) the corresponding velocities of the link-bots as a function of time. (D) A

link-bot with θc = 20◦, αs = 30◦, moving around and then away from an object with D/d = 8.

(E) Schematic of an asymmetric link-bot with a folded right end due to an inverted side link. (F)

A link-bot with θc = 20◦, αs = 45◦, and folded at right end, moving along an object with D/d = 8.
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Fig. S15. Selective sorting of link-bots through an obstacle with multiple curvatures

(A) The positions of the center bot of the link-bots upon reaching a distance of R/d = 12 from

the center of an obstacle after encountering the obstacle with varying radius of curvature, r1/d =

3.5, r2/d = 2.8, r1/d = 2. Inset images show link-bots with θc = 20◦ , αs = 15◦ (blue), θc = 40◦,

αs = 30◦ (orange), and θc = 20◦, αs = 45◦ with a flipped link at the left end (purple). (B)

Separation of the three types of link-bots into target compartments through collisions with the

obstacle shown in (A). The red lines show the trajectories traveled by the center bot of each link-

bot.



8. Link-bot transporting mobile object

link-bots exhibit diverse transportation behaviors when interacting with a mobile object.

Varying the link-bot geometric parameters causes five distinct behaviors: carrying the object

forwards or backwards, moving forwards or backwards away from the object, and stasis while

in contact with the object. These transportation behaviors are shown for experiments in

Fig. S16. These movement modes are dependent on the relative geometries of the link-bot

and object, shown in phase diagrams of D/d vs N . Fig. S17 shows phase diagrams of

the link-bot transportation behaviors for three αs values: 75◦, 60◦, and 45◦. In all three

cases, link-bots carry the object forward in the upper left region (shorter link-bot and larger

object), with the corresponding green regime expanding as αs increases. Conversely, moving

towards the right region (longer link-bot), link-bots are more likely to move forward away

from the object, resulting in the widening of the blue regime as αs decreases. Link-bots have

a higher probability of moving backward in the lower right region, with only link-bots having

large αs capable of carrying the object backward. Bicolored circles in all panels represent the

conditions under which either behavior can occur. In these cases, link-bots colliding with

the object at a slight angle can unfold asymmetrically, thereby increasing the probability of

moving forward away from the object.

To gain a quantitative understanding of how each transport regime in these phase dia-

grams appears, we analyse the orientation of each bot when the link-bot establishes confor-

mal contact with the object, as shown in Fig. S17B. Through geometric analysis, we obtain

the range of angle θr by which the nth bot from the center has rotated with respect to the

orientation of the center bot as follows:

max

{
π + 3β − θs − 2αs

2
,
π + β − 2α− 2θc

2

}
≤ θr ≤

min

{
π + 3β + θs − 2αs

2
,
π + β − 2α

2

}
(n = 1) ,

(S5)

π + (2n+ 1)β − θs − 2αs

2
≤ θr ≤

π + (2n− 1)β + θs − 2αs

2

(
1 < n <

N − 1

2

)
, (S6)

π + (N − 2)β − θs − 2αs

2
≤ θr ≤

π + (N − 2)β + θs − 2αs

2

(
n =

N − 1

2

)
, (S7)

where β = 2 sin−1[L/(Dobj + d)] is the angle formed by the two lines connecting the center

of the object and the centers of adjacent bots. By assuming θr = θr,ctr, we calculate the



normalized momentum of the link-bot:

P

mv
= Σcos θr,ctr, (S8)

for link-bots not long enough to encircle the object. The result is shown in Fig. S17C,

where the colored regions correspond to the transport regimes represented by the same

colors in Fig. S17A. When the link-bot curvature upon enclosing an object (looking at the

θr value) is low, it will exhibit greater forward momentum. Consequently, the larger the

object, the greater the link-bot length at which the forward momentum starts to decrease.

The similarity of transport regime boundaries in Fig. S17A and C implies that P
(mv)

can

approximate the physical effects of
Dobj

d
.

Increasing the number of bots N within the link-bot causes a decrease in momentum,

which implies that these additional side bots provide propulsion force in the backward direc-

tion. This trend is seen when the link-bot retracts away from the object and subsequently

moves past it (boundary of blue shaded region in Fig. S17 phase diagrams). More significant

backwards movement is seen when the link-bot encloses the object and carries it backward

(high αs values, red shaded region) and when the link-bot separates from the object and re-

treats backwards (low αs values, orange shaded region). The inset images in Fig. S17C show

examples when link-bots alter their shape as both side chains retract backwards, eventually

moving in the opposite direction compared to when they were in full conformal contact with

the object.
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Fig. S16. Link-bots perform selective transportation. By adjusting the link angular con-

straints and number of bots within a link-bot, its transport behaviors can be controlled. Snapshots

show the following behaviors of the link-bot in experiments when it encounters a passive mobile

object: pushing the object forwards (green border), pulling the object backwards (red border),

passing forwards without carrying the object (blue border), moving backwards away from the ob-

ject without carrying it (orange border), and wrapping around the object and remaining stationary

(gray border). The link-bot trajectories are shown in red, the object trajectories are blue.
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Fig. S17. Phase diagrams showing link-bot transportation behaviors with respect to

object and link-bot sizes. (A) Link-bot behaviors after colliding with an unanchored object

as N and D are varied across three αs values. (B) Schematic depicting a link-bot in conformal

contact with an object, displaying momentum P . (C) Normalized momentum of the link-bot while

in conformal contact with the object under each condition. The colored areas correspond to the

same colored regimes shown in (A). The inset images show link-bots losing conformal contact and

eventually moving in the opposite direction to the calculated momentum. The angle θc is fixed at

90◦ in (A–C).



9. Link-bots interacting with objects of various shapes

The versatility provided by the threshold link angle constraints allows link-bots to enclose

a variety of shapes, not limited to circles. Fig. S18 shows snapshots of experimental link-bots

surrounding and enclosing an ellipse, square, triangle, L-shape, and cross shape object. A

corresponding video is in Video S3.
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Fig. S18. Link-bots enclosing objects of different shapes. (A) Ellipse, (B) Square, (C)

Triangle, (D) L- shape, (E) Cross shape. In all experiments, the angles θc and αs are set to 90◦

and 75◦, respectively.



10. Link-bots in multi-component environments

The link-bot may not always exhibit the same behavior under identical conditions due

to the threshold nature of the angle constraints. However, through connecting the link

angle parameters to gaits and other behaviors we see that the link-bot has stochastically

predictable functions in a given environment. Examples of one or more link-bots interacting

with complex environments consisting of walls and obstacles are given in Fig. S19 and

Video S4.
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Fig. S19. Link-bots locomoting, navigating, transporting, and interacting in multi-

component environments. (A) A link-bot with N = 13, initially blocking a narrow gap, allows

a short link-bot (which has just traveled around an object) to pass through, and then the long

link-bot itself passes through the gap to wrap around the fixed circular object. (B) A link-bot

with N = 11 crosses a narrow channel, fully encloses an unfixed circular object, and subsequently

transports it backward.



11. Video captions

The dynamics of link-bots in simulations and experiments are shown in Video S1–5.

Video S1. Locomotion: Link-bot movement with and without walls present,

showing effect of link angles and the resulting link-bot gaits. Examples from

experiments and simulations of link-bots exhibiting directed locomotion without any wall

interactions as well as when encountering a wall. Changing the center and side link angles

changes the collective behavior of the link-bot at a wall, and examples here systematically

vary the link angles to show their effects on the link-bot gait. Parameters not listed in the

video itself are provided in Table I.

Video S2: Behaviors of link-bots with different number of bots N . Experimental

and computational results showing the link-bot gaits at a wall when the number of bots are

varied. Four different link angles are shown to include the translation, oscillation, and

stationary link-bot gaits. The parameters not listed in the video are provided in Table I.

Video S3: Navigation and Interactions: Experimental videos for link-bot

movement at broken parallel walls, at a gap in a wall, and with an object.

The navigation of link-bots across parallel walls and through gaps in walls depends on their

link angle parameters, which is shown for 9 different examples. Interactions between two

link-bots can cause both to become stuck at a gap in a wall (competitive interaction) or

to aid one or both to pass through the gap (cooperative interactions). Cooperative and

competitive interactions with a dumbbell-shaped object are dependent on the number of

bots within each link-bot. All videos are at 1x speed and parameters not given in the video

frames are listed in Table I.

Video S4: Navigation and Transportation: Experiments and simulations

showing link-bot dynamics within a channel and at a curved wall, as well as

link-bots engaged in selective transportation of objects. The speed and direction of

link-bots as they navigate a narrow channel or curved walls depend on the link-bot center

and side link angles. An experimental video shows that link-bots have the ability to self-sort

according to their link angles when interacting with a curved wall. The dynamics of link-bots

engaging in selective transportation of loads are shown in experiments and computations,



matching the images shown in Fig. 4 and Fig. S16. Examples of experimental link-bots

enclosing non-circular objects are also given. All videos are at 1x speed unless specified

otherwise and parameters not given in the video frames are listed in Table I.

Video S5: Link-bots performing sequential functional behaviors in multicom-

ponent environments. Experimental videos showing link-bot dynamics within three en-

vironments, each containing multiple features such as walls (straight and curved; with and

without gaps), channels, and fixed or movable objects. In each case, the link-bots show that

their navigation and interaction with surfaces, objects, and other link-bots can be controlled

by adjusting their link angles. Link-bot parameters not given in the video are provided in

Table I.
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