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Abstract:

Programmable self-assembly of chained robotic systems holds potential for the automatic
construction of complex robots from a minimal set of building blocks. However, current robotic
platforms are limited to modules of uniform rigidity, which results in a limited range of obtainable
morphologies and thus functionalities of the system. To address these challenges, we investigate in
this paper the role of softness in a programmed self-assembling. chain system. We rely on a model
system consisting of “soft cells” as modules that can obtain different mechanical softness presettings.
Starting from a linear chain configuration, the system self-folds into a target morphology based on the
intercellular interactions. We systematically investigate the influence of mechanical softness of the
individual cells on the self-assembly process. Also, we test the hypothesis that'a mixed distribution of
cells of different softness enhances the diversity of achievable morphologies at a given resolution
compared to systems with modules of uniform rigidity. Finally, we illustrate the potential of our
system by the programmable self-assembly of complex and curvilinear morphologies that state-of-
the-art systems can only achieve by significantly increasing their number of modules.
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1. Introduction

Programmable self-assembly of chained robotic components is a promising strategy for the automatic
construction of complex robots [1]. Inspired by protein folding, it comprises the self-assembly of
morphologically and functionally diverse structures from a minimal set of building blocks. The major
benefits of this universal method are: first, it is superior to other self-assembly strategies in terms of
yield and the range of achievable morphologies [2,3]. Second, components can be relatively simple
because there is a permanent connectivity constraint between all components, which reduces
hardware needs (e.g. for communication or attachment/detachment) [4]. Third, because of its intrinsic
modularity, it is especially suited for in silico optimization of morphology and functionality using
stochastic meta-heuristics such as evolutionary algorithms [5]. Thus, such a method could lead to
automatically designed robots that “walk out of the printer” [6].

Programmable self-assembly of chained robotic systems has been investigated by Griffith et al. [7],
who suggested a two-dimensional system composed of serially connected square tiles. The tiles could
move around their connection points and eventually fold into different geometric configurations. Four
tiles having different magnetic patterns enabled the approximation of any two-dimensional shape.
This work has been further expanded to three dimensions, along with algorithms to. approximate any
three-dimensional shape [8]. Inspired by that work, Knaian et al. [9] developed a system called
“MilliMoteins” that consists of a chain of electropermanent magnetic motors that allows a chain to
dynamically fold into different configurations. In another work [10], it was shown that serially
connected soft cubes can self-assemble into a previously designed 3-D shape by simply being
stretched. Finally, Risi et al. [11] presented software results of @ custom “printer* that folds a long
ribbon of material bearing additional elements such as motors'and sensors. The authors evolved and
optimized robots having different morphologies and performing different forms of locomotion.

All these systems demonstrate some potential of programmable self-agssembly of robots, but yielding
significant limitations: first, the obtainable morphologies of these systems are very limited, and
second, their mechanical flexibility is not optimized. This is likely due to the fact that all the
components have a predefined shape and uniform hardness.

Recently, a new emerging trend in robotics aims at stressing the importance of morphology and
materials. “Soft robotics” focuses on the importance of intelligent mechanical design by taking
inspiration from the many soft-bodied animals in nature that exploit the power of “mechanical
intelligence”. Soft robotics promises to. produce simple and efficient robots for a variety of tasks
because parts of the control computation can be outsourced to the mechanics of the system [12-14].
Applying the concepts raised in soft robotics to programmable self-assembly systems will likely
overcome some limitations arising from constrained mechanical flexibility that yields restricted
morphologies, and therefore, limited functionality.

In this paper,~we. systematically investigate the role of mechanical softness in a system that
programmatically self-assembles. We introduce a model system that is unique because it is composed
of “softcells” that can obtain different mechanical softness presettings. With this system, our goal is
to test the hypothesis that a 'mixed distribution of cells of different softness settings enhances the
diversity of achievable morphologies at a given resolution compared to systems with uniform soft or
hard components.

In the following, we first describe our system along with its most defining parameters. Subsequently,
we characterize the self-assembly of basic clusters, i.e. the interaction between two and three cells,
respectively. Finally, we show examples of programmable self-assembly using no more than sixteen
cells that yield complex and curvilinear morphologies. Our results have been derived from simulated
and macroscale hardware soft cells.



2. System Description

Design

Our system consists of a chain of modules or “cells” that are permanently linked by free rotating
joints (Figure 1a, left). A cell sequence is defined by the intrinsic properties of every individual cell.
When released from an initial linear configuration, the chain self-folds as a result of the intercellular
interactions. The final morphology of the system will only depend on the predetermined cell sequence
(Figure 1a, right).

Every cell of the chain is composed of a uniformly thin membrane and has a predefined softness. A
cell features specific connection areas around the membrane that allow a cell to interact with other
cells. The arrangement of these arcas on the cell surface is inspired by the work of Griffith [7,8]
which claims that a set of four different cell types with four connection areas per cell is enough to
produce a large variety of morphologies. This connection pattern is reproduced in our model system
using small magnets (Figure 1b).

In the chain configuration, cells fold at each of the permanent joints to the direction where their
connection areas are attracting (Figure 1c, middle and right). As a consequence of the magnetic forces
and the inherent cell softness, a certain contact area between two folded neighbor cells is formed. This
resulting interaction with the subsequent formation of the intercellular contact area represents the
basic folding process of our model system (Figure 1c, middle and right)/ Indeed, the combination of
all basic folding processes in a whole chain results in a specific 2D structure.

We hypothesize that programming the softness of the individual cells can lead to morphologically
more diverse structures and to an enhancement of the solution space of foldable shapes when
compared to systems of uniform rigidity. This reasoning becomes more apparent when the self-
folding of three cells is considered. Figure 1d displays the/obtained angle a between cell centers for
different cell softness settings. Despite the fact that both cell sequences have the same magnetic
pattern, the obtained angle o is smaller when having softer cells (Figure 1d, right) with respect to
harder cells (Figure 1d, middle). Thus, the obtained angle at every cell sequence can be controlled by
tuning the softness of every individual cell.

Implementation

Software: We make use of a previously developed 2D simulator to aid in the design and control of a
system based on entirely soft cells [15,16]. dn this simulator, the membrane of soft cells is composed
of multiple rigid bodies (see Figure 2a), aligned and connected by hinge joints to form a closed chain
(Figure 2b). The hinges enable full flexibility of the membrane. We did not implement elasticity
between the membrane body joints because this would easily result in cell inter-penetrations when
bringing multiple soft cells together: The cell parametric softness is implemented in the simulations
following a simple yet effective model based on thermodynamics [17]. In this model, we consider that
the soft cell.is filled with an ideal gas. The established internal pressure determines the softness of the
cell (see Supplementary Information, section 1.1). In order to implement the interaction between
adjacent cells, we enable a magnetic field generated by every membrane rigid body and characterized
by a magnitude-of the magnetic pole and an interaction radius. Thus, the membrane rigid body acts as
a connector between neighboring cells. If two or more magnetic fields overlap, the connectors will
attract or repel each other through a force-distance relation [18] (see Supp. Info, section 1.2).
Hardware: To further validate our concept in the real world, we developed a macroscale instantiation
of the soft cells in hardware. This experimental system allows control over the resulting cell softness
and an easy integration of connection points in predetermined arrangements. To produce the soft cells,
we build rings out of Ecoflex 0030-A (Smooth-On Inc.) with an outer diameter of 5.5cm and an inner
diameter of 4.8cm (Figure 3). The ring shape and size allows integrating smaller passive rings in the
inner face of the cell to preset the softness in a simple way. The passive rings are fabricated in
different thicknesses out of PDMS Sylgard 184 (Dow Corning, Inc.) (see Supplementary Figure S3).
We rely on small cylindrical Neodymium permanent magnets for the membrane connectors (Webcraft
GmbH). The utilized magnets have a size of 2x2mm and a holding strength in contact of 150g. These
dimensions were implemented as derived from results in simulation (see also Results and Supp. Info,
section 2.1).



Integrating multiple magnets into a supple material is difficult because magnets generally do not bond
well to elastomers and the intersecting magnetic fields can cause the magnets to misalign. To sidestep
this problem, we cast the magnets into PDMS using a cylindrical shape. Then, we glue the cylindrical
pieces using a thin layer of PDMS into the perforated Ecoflex rings. The relatively high lateral
blocking forces prevent the cylinders with the magnets from misaligning.

To connect multiple cells together as a permanently locked chain, we use small laser-cut acrylic
pieces. These pieces are squeezed into the cells but not bonded, which is advantageous to reconfigure
sequences fast and easily.

In order to have low friction during self-folding experiments, we glue small pieces of Velcro
underneath the cells to reduce ground contact area (Figure 3b). A chemical bench serves as low-
friction ground.

3. Results

Characterization of single fold between two cells

The overall self-folding of the cell chain can be dissected into single folding processes happening
between pairs of cells. Thus, investigating a single fold between two cells provides a basis to estimate
the folding of longer chains. Our strategy consisted of realizing a full characterization of the system in
simulation, assessing the effect of the different parameters on the single folding behavior. In addition,
we realized an analogous characterization of the fabricated hardware in order to validate the overall
interplay between single fold and cell softness in the case of a real world system:

We characterize the interaction between two folding soft cells via the effective contact area after
folding (see Figure 4a). We study the effect of the cell parameters, namely, the mechanical softness
and the magnitude of the magnetic pole of the membrane connection areas. Figure 4b displays the
obtained simulation results of the effective contact area between two cells (see Figure 1c and 4a) as a
function of their mechanical softness and the magnetic force between two connectors in close contact.
It is observed that the contact area between two cells increases with the softness of the cells, except
for the case where the magnetic force is minimal. Also; an increase of the magnetic force results in an
increase of the contact area at constant mechanical softness. The maximal contact area, i.e. when
neighboring cells are in contact with a full quarter of their circumference, is reached for a variety of
settings when one or both of the cells are sufficiently soft and the magnetic force is strong enough.
The lowest value for the contact/area (approximately 0.2 of a quarter cell circumference) is obtained
when both cells are at maximum hardness and the magnetic force is minimal.

An important outcome of this experiment is the condition in terms of magnetic force at which the
influence of the cell softness is maximized after the folding process. Indeed, one of the goals of this
work is to achieve a /modular system where the space of attainable morphologies with a reduced
number of cells is enhanced thanks to the tunability of the cell softness. The simulation data yield that
the widest range of different values of the contact area at a predetermined magnetic force, that is,
where the effect.of cell softness is maximized, is obtained when the magnetic force is at 1.5N. The
simulation results of the effect of cell softness on contact area for this specific magnetic value are
displayed in Figure 4c.

Furthermore, we investigate the influence of cell softness on the experimental contact area between
the hardware cells at five different softness values (Figure 4d). For this, we implement hardware
magnets producing the magnetic force that yields a maximum range of contact areas as found in
simulations, that is, 1.5N (see Supp. Info, section 4). In this, it is observed that the cell contact area
increases with the softness of the cells, as found in simulations (Figure 4c). However, a lower value of
contact area is obtained in hardware cells, i.e. 0.35 of a quarter cell circumference in hardware vs.
0.55 in software. This is likely due to differences in the absolute maximum hardness of the simulated
and hardware cells. We must also bear in mind the different origin of their elastic properties (see
Supp. Info, section 1.1 and 2.1) reflected in a slightly dissimilar elastic behavior (see Figure S1).

Exploiting cell softness to self-assemble curvilinear morphologies
We present here the programmable self-assembly of long chains of cells into a variety of preset



morphologies. This experiment illustrates the capabilities of our system to achieve such morphologies
with a reduced number of cells if their softness can be tuned.

We designed four linear sequences of non-uniformly soft cells to fold into the letters “E”,”P”,”F”, and
“L”, replicating the design of the EPFL logo (Figure 5a). The cell sequences for each target shape are
obtained by extracting the sequence of necessary single folds to produce it. Then, the cell parameters
that yield every single fold are estimated from the characterization results (Figure 4c and d) and
manually encoded in the cell sequence.

Figure 5b and S5c¢ show pictures of different self-folding time steps of the four exemplary chains in
simulation and hardware, respectively. In both hardware and software experiments, we recognize
similar folding dynamics and final configurations. This is achieved despite the different cell elastic
behavior, the presence of ground friction in hardware, and the increased mass in stiffer hardware cells.
In these experiments, the system self-folds into a wide range of challenging morphologies with
optimal cell resolution. For instance, the folding of the letter “E” demonstrates the formation of
symmetric forms, filled entities, such as the six cells in the middle of the sequence; and variable
angles between three cells. The folding of the letter “P” illustrates how round shapes can be obtained
with a small set of cells. Further, the folding of the letters “F” and “L” show again the folding of
curvatures with arbitrary angles, asymmetric forms, and filled forms.

4. Discussion

Our experiments demonstrate that the interaction between folding cells, and more specifically, the
contact area, can be mediated to a high extent by presetting non-uniform softness values at every
individual cell. This is essentially different from state-of-the-art systems that, due to uniform softness
of the cells, always fold with constant contact area. This factor limits the range of attainable
morphologies for low module numbers.

The gain and the advantage of our system are illustrated by examples of folded curvilinear
morphologies at low resolution. Various shape features like curvatures with almost arbitrary angles,
round circles, straight lines, sharp corners, continuous filled‘areas as well as shapes with holes are all
enabled with a very low number of cells. We interpret this as an increase of morphological diversity at
a given resolution with respect to the state of the art. To further support the advantageous properties
of our system, we have computed the theorétical maximum shape complexity, which is defined by the
entropy of curvature [19] (see Supp. Info, section 3), that can be achieved for a given number of parts
bearing uniform and non-uniform softness distribution. For the latter, we assume that the number of
possible softness states of‘a cell is always larger than the number of available parts. In the results
shown in Figure 6, it is observed that the theoretical maximum shape complexity of non-uniform
softness chains-increases logarithmically, thus yielding a fast increase for a low number of parts. On
the other hand, the complexity .of configurations bearing uniform softness distribution saturates
already.at chains of five parts. Therefore, we can surely claim that a non-uniform softness distribution
of the robotic parts of our system enables the self-assembly of more complex morphologies at lower
production costs —because less modules are required—, at shorter folding times —because the number
of folds is also lower—, and potentially, at lower energetic cost —due to the two previous reasons
combined—. In Figure 6, the shape complexity values for the chain configurations of the EPFL letters
have also been plotted for evaluation. In particular, it is observed that the shape complexity of the
letter “E” is achievable only if the system bears a non-uniform softness distribution.

In this work, the specific sequences of cells of the provided folding examples were found manually. In
order to exploit the newly available design space of foldable morphologies, it will be important to
develop methods to automate the step of finding the optimal sequence that yields the target
morphology.

For hardware implementations, an important setback to overcome is the presence of non-linear
interactions. In our example experiments, we let a chain of cells fold in parallel, i.e. the folds occur
simultaneously. This obviously leads to additional, often non-linear interactions between the folding
cells, which may complicate the prediction of the outcome. A potential solution is to force the folds to
occur sequentially, e.g. by introducing a “printer”-like system as suggested in [7].



Additionally, an important consideration to explore is the scalability of the concept presented here, for
instance, by extending our system to 3D. Considering that the essential principles of the concept
would remain, e.g., the interplay between cell softness and contact area, the solution space of
morphologies, and with this, the system complexity, will be dramatically enhanced by adding a third
dimension. This is due to the fact that, in this case, the folding events could happen in the three
directions of space.

Finally, programmable self-assembly is an interesting technique for building complex micro- and
nano-structures [20,21]. Indeed, micro- and nanoscale components acting as modules can be produced
with a number of state-of-the-art techniques (e.g. inkjet printing [22], MEMS fabrication [23], etc.).
Materials and methods to vary the softness of micro-particles do exist [24,25], which implies at least a
potential scalability of our concept to microscopic dimensions.

5. Conclusion

In this paper, we investigated the effect of module softness in the programmable self-assembly of
robotic chains. So far, research on programmable self-assembly has been limited. to the use-of cells
with uniform rigidity. In our system, we alleviate this constrain by enabling the programming of the
softness of every cell. We show that the cell softness can mediate the local interactions between cells,
and with this, the folded morphology of a complete chain. Finally, we demonstrate that a non-uniform
softness distribution among the cells enhances the diversity and complexity. of the achievable
morphologies of complete folded chains. Thus, this opens the door to a wider design space for
programmable self-assembly.

The increase in morphological diversity of foldable robotic'chains at a given resolution may permit
the accomplishment of enhanced functionality, lower fabrication complexity and costs, and a more
efficient use of components. However, new automatized. methods - will be needed to optimize the
extraction of the required cell sequence to achieve increasingly complex morphologies. To finish, we
envision a future integration of sensors, actuators and other electronic components into the soft cells
of the presented system that would allow the automatic design and construction of complex soft
robots by programmable self-folding.
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Figure 1: (a) Basic working principle of programmable self-assembly of linear chains: modules are aligned and connected
through permanent pivot joints. Depending on local interactions, the chain folds at the pivot points. The output of the self-
folding example is shown on the right. (b) Design of soft cells: the cells have four magnetic sections (N and S for magnetic
north and south pole, respectively). According to the distribution of the magnetic regions, four different cell types have been
designed. The black arrow indicates the orientation of the cells when connecting multiple cells together; (c) Schematic
representation of folding adjacent soft cells at initial configuration (left), final configuration for two hard cells (middle), and
for two soft cells (right); (d) angle o between three adjacent cells at initial configuration (left), final configuration for three
hard cells (middle), and for three soft cells (right).



Figure 2: Soft cell modeling: (a) cells are composed of multiple small rigid bodies (black circles) and have parametric
softness based on an internal pressure P acting on the rigid bodies, (b) the rigid bodies of the membrane are connected by
hinges, (¢) each membrane body may have a connection mechanism (black filled circle) with a specific interaction radius R;
around the rigid body (grey circle).
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Figure 3: (a,b) Fabricated soft cells showing the Neodym magnets integrated in/the cell membrane. (b) Small pieces of
Velcro are glued underneath the cell to reduce ground friction.
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o™ 0

Cey

2e-1

soft

Softness 2™ Cell [m/N]
Normalized contact area [-]
Softness 2 Cell [m/N]
Normalized contact area [-]

hard

@ hard

[N
@
&
N
o



~

L
.
:
.
.
.
2

) o a2 g ’ . c)

5{ E{ E 4 ;- n-;l - '_F!'.I -y
. ! : 4 - . e - W
:r v ' El - - Y oF

44 4141 _

. & 0

e & |
_ =

o
4.4

% e =

y
f
I -S 5
0s t=0.285 t=0.44s t=048s t=0.56s t=0.80s t=0s t=0.20s t=028s t=0.32s t=044s t=0.76s

Figure 5: Demonstration of self-folding curvilinear morphologies. (a) Original EPFL-logo featuring round letters. (b)
Simulation of the self-folding of four chains to form the letters “E” (top left), “P” (top right), “F” (bottom left), and “L”
(bottom right) of the EPFL logo. The white dots in the figure indicate the softness of the cells, where bigger dots

corresponds to lower softness. The letters ty-ts indicate the sequence time. (c) Experimental self-folding using the same the
programmed sequence in simulation.
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Supplementary Information

1. Simulation details

We developed a 2D simulator to aid in the design and control of a system based on entirely soft cells
[15]. The requirements on the simulator were (i) high enough simulation speed to test systems with a
large number of cells, (ii) large non-linear deformations without module self-penetration, (iii)
tunability of cell softness, and (iv) physics-based active module connectivity (e.g. magnetic
connectivity).

Our implementation is based on the Box2D physics engine [16], which is an open source rigid body
solver written in C++. Box2D is stable, adaptable, computationally efficient, and has an already built-
in visualization testbed. Using Box2D we developed the Soft Cell Simulator (SCS) by implementing a
soft cell modeling and enabling inter-module connectivity. SCS is a completely object-oriented
environment, thus allowing easy integration of different types of connectors, or soft module
modelings. '

1.1 Pressure based model for soft cells
The membrane of soft cells is composed of multiple rigid bodies (Figure 1a). These bodies are aligned
and connected by hinge joints to form a closed chain (Figure 1b). The hinges enable full flexibility
between the membrane bodies. Deliberately, we did not enable elasticity between the small membrane
bodies, because this would easily result in cell inter-penetrations when trying to bring multiple soft
cells together. The cell parametric softness is implemented in the simulations following a simple yet
effective model based on thermodynamics [17]. In this model, we consider that the soft cell is filled
with a gas. The established internal pressure determines the softness of the cell.
In principle, pressure is the force acting on incremental surface elements and is normal to the surface.
The expression for pressure in a specified point on a surface is then:
P =PN (Equation 1)

where P is a pressure value and N is the normal vector to the surface which the pressure force is
acting. In order to obtain the pressure force, we multiply the pressure value with the area of the
surface A. This leads to the expression:

dF = PdA (Equation 2)
To calculate the pressure force value P, we use the thermodynamic approximation known as the Ideal
Gas Law. This approximation focuses more on the macroscopic effects of the gas activity, and does
not take into account the actual/interactions among gas particles. The Ideal Gas Law gives a simple
relation between pressure P, gas temperature 7, body volume V¥, amount of substance of gas n and the
ideal gas constant R:

P=— (Equation 3)

We assume temperature to be constant and only the volume of the soft body changes. Thus, for every
simulation step we compute the variation of the soft body volume and apply a reactive force due to
internal pressure on every membrane body

Freqet = C - (% - 1) (Equation 4)
where C is the constant defining the internal pressure, Vi, the initial volume and V the actual volume
of the soft body.

For all simulations in this article, we use soft cells with membranes composed of a hundred rigid
bodies, which is a compromise between simulation speed and accuracy.

We test the implementation of the simulation and characterize the influence of the pressure constant C
by performing a force-deflection measurement as illustrated in Supplementary Figure Sla. In this test,

! All source code is freely available at: https://github.com/lis-epfl/scs
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the deflection for cells of different softness is measured under gradually increasing loads. The
obtained results for 12 different pressure constants C are shown in Supplementary Figure S1b. As can
be seen in the graph, the relation between force and deflection resembles the one of a progressive
spring, which is reasonable given the modeling based on the pressure of an ideal gas. Also, it is
observed that the deflection of the cell decreases considerably with an increase of the internal
pressure. We extract a softness value for each different pressure constant C settings by linearizing the
curves in Supplementary Figure S1b for the plotted range. The results of this linearization for five
different settings — ranging from maximum softness to maximum stiffness — are shown in
Supplementary Table S1.

1.2 Connection mechanism

In order to implement the interaction between adjacent cells, we enable a magnetic field generated by
every membrane rigid body and characterized by the magnitude of the magnetic pole and an
interaction radius. In this interaction radius, a magnetic field around the connector applies. If two or
more connector magnetic fields overlap, they attract through a force-distance relation [18]:

— Hmidm2 :
F = py— (Equation 5)

where u is the permeability of the intervening medium (here: air), ¢, and g,» are the magnitudes of
magnetic poles and r is the separation of the magnets. For the self-assembly experiments, there is one
connection mechanism fixed to every small rigid body of a cell membrane.

In Figures 4 and S3, where the influence of the magnetic pole magnitude is-displayed, we plot the
magnetic force when two connectors are in close contact (i.e. when r is equal to the diameter of a
small rigid body of the membrane).

1.3 Simulation procedure

For the experiments in simulation, we pre-align cells in a chain before applying any forces to the
system. The cells are sorted given the programmed sequence and connected through permanent joints.
We assume a totally frictionless, gravity-free and unconstrained environment, and the only driving
forces are the magnetic attractions between the cells and the elastic force between cells during
contact. The folds between all the cells happen in parallel. For each experiment, we first run the
simulation for 2000 simulation steps to let the folding complete and then perform the measurement
for a duration of 200 simulations steps and average the results. The averaging is necessary even
though the simulator is deterministic because we still notice small motions after completion of the
folding process caused by the physics-engine (numerical integration artifacts that arise with the use
of a finite time step).

The ranges of magnetic attractions and cell softness implemented in our simulation experiments have
been established such that the process does not fall in an unstable regime.

2. Hardware details

2.1 Fabrication of soft cells

To validate our concept in a real world environement, we developed a fabrication method to produce
model macroscale soft cells. The main criteria for the fabrication method were to allow control over
the resulting cell softness and to allow an easy integration of connection points in predetermined
arrangements.

To obtain cells with controllable softness, we build rings out of Ecoflex 0030-A (Smooth-On Inc.,
Easton PA, US) with an outer diameter of 5.5cm and an inner diameter of 4.8cm (Supplementary
Figure S2). The ring shape and size allows integrating smaller passive rings to change the cell
softness in a simple way. The passive rings are fabricated in different thicknesses out of PDMS
Sylgard 184 (Dow Corning, Midland MI, US) (see Supplementary Figure S2d). The softness of a cell
can be mediated by dimensioning the size of the cylindrical rings. The ring stiffness can be calculated
as [1]

Sring = 5—13:1 (Equation 6)
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where E is the young’s modulus of the ring material and D,, is the mean diameter of the ring. / is the
second moment of area and is expressed for a cylinder as

I = %(ro4 ) (Equation 7)

where r, is the outer radius and r; the inner radius of the ring. The force-deflection profile of a ring is
then given as

F = % (Equation 8)
where F is the required force for a given deflection d and /4 is the height of the ring. The theoretical
profile of the dimensioned rings is plotted in Supplementary Figure S1d.
We test the softness of the fabricated cells by performing a force-deflection measurement. The
hardware setup is composed of a force sensor coupled to a linear stage. For the measurement, the cell
is put in-between a constraining surface and the force sensor while the stage moves the sensor at a
speed of 1000um/sec (Supplementary S1c). The obtained data for the different softness settings and
maximum normalized deflection of 0.5 is shown in Supplementary Figure S1d. As can be seen in the
plot, the data is comparable to the analytical solution. The profile for the tested deflection regime is
comparable to a linear spring and not a progressive spring as in simulation. This is mainly because the
cells are empty inside and contain no gas (or mass) that would cause .a more progressive behavior.
Similarly as in simulation we extract a softness value for every softness setting. The five extracted
values are compared to the ones found in simulation in Supplementary Table S1. Most noticeably, the
maximum and minimum cell softness values are in a similar range.
We rely on small cylindrical Neodym permanent magnets for the membrane connectors (Webcraft
GmbH, Uster, Switzerland). Using permanent magnets means that the adhesion force is fixed.
Therefore, this parameter has to be chosen carefully for successful self-folding. The number of
magnets and their strength should maximize the contact area between two highly soft cells and
minimize the contact area between two stiff cells. To simplify and speed up fabrication, we reduce the
total number of connectors from 96 in simulation.to 32 (Supplementary Fig. S2a-b). To cope with this
reduction, the minimal connection strength should be increased because of the additional separation
between connectors of the same cell: The magnets being used have a size of 2x2mm and a holding
strength of 150g. This value is derived from results in simulation as described in the Results section.
Integrating multiple magnets into a-Supple material is difficult because magnets generally do not bond
well to elastomers and the intersecting magnetic fields can cause the magnet misalignment. To
sidestep this problem, we mold the magnets into stiff PDMS using a cylindrical shape. Then, we glue
the cylindrical pieces using a thin layer of PDMS into the perforated Ecoflex rings. Relatively high
lateral blocking forces prevent the.cylinders with the magnets from misaligning.
To connect multiple cells together as a permanently locked chain, we use small laser-cut acrylic
pieces. These pieces are squeezed into the cells but not bonded, which brings the advantage to
reconfigure sequences fast and easily.
In order to have low friction during self-folding experiments, we glue small pieces of Velcro
underneath the cells to reduce ground contact area (Supplementary Fig. S2b). A chemical bench
serves as low-friction ground.

2.2 Experimental procedure

For the hardware experiments, the cells are first connected as a chain with an established sequence of
connection areas and softness parameters, and then stretched by hand such that no magnets are
connected. Once released, the chain self-folds in the equilibrium state. We take pictures of these
experiments and use common image processing software (Adobe Photoshop 4.0) to extract the contact
area and folded angle along the cell sequence. For each different experimental setting we always
perform 5 experiments and then compute mean and standard deviation of the measurement.

3. Entropy of Curvature
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In order to assess the complexity of self-folded chains, we make us of Shannon’s Entropy [2]. This
has been already used to measure the complexity of objects [3,4,5]. Shannon’s Entropy measures the
amount of information of a random variable. To measure shape complexity, the curvature of the
object is considered as a random variable. Remarkably, this measure strongly correlates with human
notions of complexity [4,5].

We present here briefly the main concept of the measure. Further details can be found elsewhere [3]
[4]. Given a random variable x with a probability density function (PDF) p(x), entropy H is defined as

H=— [ p()logp(x)dx (Equation 9)

where p(x) is a continuous function. If instead p(x) is discretized such that p; = fxxl . p(x)dx where x;
i

are specific values of x, then H can be formulated discretely as
H= — )Y;p;logp; (Equation 10)

Now, we consider discrete two-dimensional curves. Under the assumption that line segments are
uniformly distributed across the curve, the curvature is directly proportional to the turning angle
formed by the line segments. In order to estimate the PDF of the curvature function, a number of bins
M are chosen and associated with a probability. The bin probability can be formulated as

D = % (Equation 11)

where B; is the number of samples that have the same curvature and N is total number of samples.
These definitions allow computing the entropy for various.shapes.

In order to compute the shape complexity of self-folded cell chain, we assume that the number of
parts is equal to the number of samples and that the curvature of a folded morphology is the line that
connects the cell centers of adjacent cells.

To determine the theoretical maximum shape complexity for a given number of parts, we assume that
the number of obtainable softness states of a cell for a non-uniform softness distribution is always
larger than the number of available parts. Then, we obtain the maximal values when maximizing the
PDF as given in Equation (10).

4. Characterization of folding of three adjacent cells

In further experiments; we also characterize the influence of a non-uniform softness distribution
among the cells on the angle o between three adjacent cells (Supplementary Figure S3). This
characterization supports our understanding of the essential functioning of folding soft cells and
serves.also.as a basis to estimate the folding of longer chains.

Results are collected in simulation when varying the softness of the three cells and the magnetic pole
magnitude of the connections. The simulation data allows again extracting an optimal magnetic force
in contact that maximizes the influence of variable cell softness. The found magnetic force is very
similar to the one found in the contact area experiments. Thus, that magnetic pole magnitude is
implemented in our hardware model system .

Supplementary Figure S3b displays a 2D surface plot of the simulation results of the angle o after
folding versus cell softness and the magnetic force between two connectors in close contact. The
angle o decreases continuously with increasing softness for most of the measured magnetic forces.
The highest angle of 148° is found at minimum softness and maximum magnetic force, and the lowest
angle of 87° for a maximum softness at minimum magnetic force. The highest change of the angle o
for the same magnetic force is attained when the force is about 1.5 N. This value is similar to the
optimal magnetic force to maximize the range of contact areas shown in the main body text (1.5 N).
We reproduce the experiments using our hardware. Supplementary Fig. S3c¢c shows the mean and
standard deviation of the angle o after folding versus the normalized softness of the cells. The
obtained angle for different cell softness conditions ranges between 90° to 140°, thus giving an
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overall range of 50°. This range could be further increased by stiffening the soft outermost part
(Ecoflex layer) of the fabricated cells.

Supplementary Fig. S3c allows comparing results obtained in simulation and in hardware. Both
dataset curves show a continuous decrease of the folded angle with an increase of the cell softness.
The differences in the two curves is due to differences in elastic behaviors of the cells, deviations in
the absolute stiffness of the cells and variations of the modeled and real magnetic forces.

The simulation and experimental results shown here support our claims that an increased
morphological diversity (here expressed as the angle o) can be obtained through a non-uniform
softness distribution among the cells.
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Table S1: Extracted softness of software and hardware cells.

Qualitative Software Hardware

Cell Softness Cell Softness [m/N] Cell Softness [m/N]
max soft 1.6e-1 8.3e-2

soft 5.9¢-2 2.8e-2

mid 2.2e-2 1.2e-2

stiff 7.8¢-3 5.9¢-3

max stiff 2.8e-3 2.5¢e-3
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Figure S1: (a) Sketch of the force-deflection measurement setup in simulation, (b) data obtained-in simulation for different
internal pressure constant C settings and gradually increased force vs. deflection, (¢) force-deflection measurement setup in
hardware, (d) force vs. deflection data obtained for the fabricated cells when inserting different PDMS rings to change the
cell softness.
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Figure S2: (a,b) Fabricated softcells showing the'Neodym magnets integrated in the cell membrane. (b) Small pieces of
Velcro are glued underneath the cell to reduce ground friction. (c) Top-view of the cell measuring 5.5cm in diameter. (d)
Fabricated rings out of PDMS having different thickness that are inserted into the cells to change their softness.
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Figure S3: (a) Scheme of three consecutive cells in equilibrium illustrating the angle a. (b) Angle o of three consecutive
cells (color scale) as a function of cell softness and magnetic force in simulations. (c) Angle a of three consecutive cells as a
function of normalized cell softness as measured with the hardware prototype (blue) and simulation (red).
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