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Abstract 

Sponge materials offer a unique combination of porosity, flexibility, compressibility, and 

responsiveness, yet their potential as primary elements in shape-morphing systems remains 

underexplored. Here, we present a modular shape-morphing platform constructed entirely from 

pre-compressed cellulose sponges, referred to as “foambots.” Each block is geometrically 

patterned to induce anisotropic swelling, enabling programmable volumetric morphing upon 

hydration without external power or electronics. By stacking and orienting foambots in 

controlled configurations, we create complex three-dimensional structures capable of 

untethered transformation in aquatic environments. The large volumetric expansion (~1:10 

before and after morphing) allows for unique compact form for easy transport and deployment. 

We systematically investigate how key design parameters (block length, hole position, and 

orientation) govern bending behavior, and demonstrate inverse design strategies to achieve 

target geometries. Using this approach, we realize two functional applications leveraging 

foambots’s programmable large volumetric expansion for deployable floating structures: a 

wearable flotation module that wraps around the user’s limb, and a self-propelling boat capable 

of expanding ~463% of its original size when deployed, autonomous deploying, and traveling 

on water. These results establish cellulose sponge as a unique, sustainable material for 

morphing applications and introduce a scalable, low-cost strategy for creating deployable and 

reconfigurable soft structures. 

 

 

 

1. Introduction 
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Sponge materials, characterized by their highly porous and interconnected architectures, have 

been widely used in diverse applications ranging from cleaning tools to biomedical scaffolds.[1–

7] Their open-cell morphology enables rapid liquid uptake and retention, while the compliant 

structure accommodates large, reversible deformations such as bending, twisting, expansion 

and compression.[8–13] This combination of attributes makes sponges attractive candidates for 

applications requiring environmental responsiveness and mechanical compliance.[14–16] 

Leveraging these advantages coming from their porous structure, sponge-like materials have 

been broad adopted across a range of research fields. Their porous matrix not only facilitates 

fluid handling but also allows for the incorporation of functional or stimuli-responsive 

substances, supporting the development of multifunctional systems.[17–20] In soft robotics, for 

example, sponge materials have been integrated as compliant interfaces or cushioning elements, 

often attached externally to robot bodies or embedded within jamming actuators to provide 

passive shape modulation.[21–26] 

Beyond such structural or mechanical roles, recent studies have further expanded the functional 

landscape of sponge systems by engineering sponges from elastomers or hydrogels and 

combining them with functional structures or responsive materials.[27–29] These engineered 

composites have been tailored for diverse applications such as tuning fluid absorption rates via 

structural programming, enabling temperature-triggered squeezing through thermo-responsive 

gels, and achieving stiffness modulation using embedded low-melting-point alloys 

(LMPAs).[3,4,30] Other notable demonstrations include ethanol-infused sponges that act as 

artificial muscles, porous sensing matrices for thermal and tactile feedback, and morphable 

robots actuated by temperature-driven phase switching.[31–33] These examples collectively 

underscore the versatility of sponge-based platforms as adaptable and functional components 

in advanced material systems. 

While sponge-like materials have demonstrated effectiveness as substrates or structural 

matrices for embedded functionalities, their role has largely remained auxiliary. In most cases, 

they serve as compliant carriers for embedded sensors, actuators, or diverse functional materials, 

rather than acting as the primary driver of morphological change.[34–40] Consequently, the 

sponge itself has rarely been harnessed as a standalone, programmable, and designable material 

platform capable of autonomous shape-morphing. The prevailing paradigm has treated sponges 

as soft scaffolds that are compressible, absorbent, and structurally passive, rather than as 

actively deformable modules capable of structural transitions triggered by simple 

environmental stimuli such as hydration. 
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Several studies have demonstrated that silicone-based sponge structures incorporating bilayer 

architectures can achieve shape-morphing behavior through differential volumetric expansion 

between layers. [27,41,42] However, these systems inherently rely on the bilayer mechanism, and 

their performance in terms of swelling magnitude in aqueous environments and design 

scalability remains limited due to constraints imposed by the materials and fabrication processes. 

As a result, realizing large, complex, and scalable shape transformations in water-based 

environments remains challenging. 

In this context, cellulose sponge emerges as a uniquely promising yet underexplored material 

platform for environmentally triggered shape-morphing. Commercial cellulose sponges, 

commonly found in household products, are lightweight, biodegradable, and derived from 

renewable biomass.[43,44] In the dry state, they remain compact and stiff. Upon exposure to water, 

they swell substantially and soften, undergoing large-scale dimensional and mechanical 

transitions rapidly. Importantly, unlike synthetic hydrogels or elastomeric foams that often 

require specialized processing or curing, cellulose sponges can be easily cut, shaped, and 

assembled using standard fabrication tools.[45–49] This accessibility, along with their low cost 

and recyclability, makes cellulose sponge an appealing platform for scalable and sustainable 

morphing systems. 

Here, we present a modular shape-morphing platform composed entirely of cellulose sponge 

building blocks, hereafter referred to as “foambots.” Each foambot consists of a small sponge 

block that is geometrically patterned to induce anisotropic swelling when hydrated. These 

individual sponge blocks are called “foam blocks” throughout this paper. By selectively 

constraining expansion at predefined locations, we encode programmable curvature and 

anisotropic deformation into individual units. Furthermore, by stacking and orienting multiple 

foambots in controlled configurations, we realize composite structures capable of complex 

morphing behaviors such as bending, twisting, and coiling across multiple spatial scales. This 

layer-by-layer assembly strategy enables the construction of large-scale, untethered systems 

that can autonomously reconfigure in response to water exposure without requiring embedded 

electronics or external power inputs. Our work therefore demonstrates a new design paradigm 

in which sponge blocks are used not as passive carriers, but as active morphing elements in 

their own right. 

To validate this concept and systematically explore the design rules governing foambot 

behavior, we first investigate how key design parameters, namely block length, hole position, 

and orientation, affect bending performance. Through image-based measurements and simple 

geometric analysis, we quantify how asymmetric swelling translates into macroscale curvature. 
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We show that hole position is critical in determining curvature magnitude, while orientation 

controls the global geometry. The result is a versatile design palette from which we can 

construct a wide variety of morphing structures. 

 

 
Figure 1. Overview of our foambot system. Programmable, foam-based platforms enabling 

aquatic shape-morphing applications. a) Volumetric expansion behavior of cellulose sponge 

and design parameters used for programming individual foam blocks. b) Bending behavior of 

foambots derived from deformation of individual foam block. c) Diverse structures achievable 

through reconfiguration of the foambot based on segmental coordination. d) Pictures describing 

the applicability of foambots in aquatic environments. All scale bars, 10 cm. 

 

An overview of our foambot system is presented in Figure 1, which outlines the fundamental 

material behavior, the design logic for programming foam blocks, and the resulting application 

scenarios. As shown in Figure 1a, the foundation of the system lies in the volumetric expansion 

behavior of commercially available cellulose sponge. When dry, the sponge remains compact 

and stiff, but upon hydration, it undergoes rapid and substantial volume expansion, providing a 

passive, energy-free actuation mode. This property enables the design of morphable modules 

by embedding geometric constraints. 
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To achieve anisotropic deformation, we introduce hole patterns into individual foam blocks at 

varying distances from the foam block’s edge, using a 1 mm-diameter biopsy punch. These 

holes restrict local swelling in a controlled region, resulting in asymmetric expansion. As shown 

schematically in Figure 1b, when the block swells, the height difference between the two outer 

edges around the punched region generates curvature. By adjusting the distance of hole position 

relative to the foam block’s edge, we can produce a range of deformed geometries with varying 

height differentials, leading to different bending angles (Video S1, Supporting Information). 

This predictable bending response forms the core actuation mechanism of the foambot and 

allows each foam block to be programmed to bend in a specific direction and magnitude based 

on its hole pattern and geometry. 

Building on this principle, diverse morphing structures can be constructed by stacking multiple 

programmed foam blocks with varying orientations, as illustrated in Figure 1c. Using an inverse 

design approach, we mapped desired final geometries (e.g., arcs, circles, helices) to 

corresponding layer-by-layer foam block coordinations. This programming logic enables both 

2D and 3D shape morphing, supporting scalable and reconfigurable designs. Based on this 

process, we demonstrate several foambots exhibiting distinct shape-morphing capabilities. 

Finally, we demonstrate the practical utility of the foambot platform as shown in Figure 1d, 

which showcases two representative aquatic applications: (1) a wearable flotation module 

generating a ring-like shape that can wrap around the user’s limbs after deployment, and (2) a 

self-propelling aquatic robot equipped with a modular propulsion unit and capable of 

undergoing large-scale shape transformation. Both demonstrations validate the feasibility of 

our approach in real-world, water-based scenarios, showcasing functional behaviors such as 

automatic unfolding, passive deployment, magnetic self-locking, and directional locomotion. 

Beyond technical capabilities, this work highlights the potential of cellulose sponge as a smart 

building block for sustainable shape-morphing devices. Unlike traditional smart materials, 

sponge blocks are biodegradable, recyclable, and affordable, and they offer fast, reversible 

swelling behavior without requiring active energy input. These properties make them ideal for 

disposable, compact, and adaptive devices, particularly in the context of environmental or 

safety applications where simplicity and scalability are key. 

In summary, our work presents a new paradigm for constructing reconfigurable aquatic systems 

using simple, sustainable materials and straightforward fabrication techniques. The foambot 

platform bridges the gap between passive swelling behavior and programmable structural 

morphing, offering a scalable and eco-friendly alternative to complex soft robotics. With further 

optimization in design precision, reversibility, and integration of multifunctional materials, the 
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foambot system has the potential to drive innovation across a wide range of domains, including 

disaster relief, environmental monitoring, deployable structures, and wearable safety gear. 

 

2. Fabrication of Foambots 

The fabrication process of the foambot consists of four main steps: material preparation, hole 

punching, glue injection, and block assembly, as illustrated in Figure 2a. Commercially 

available cellulose sponges were used as the base material. These dried and compressed sponges 

were utilized in their as-received condition. 

Material preparation involved two procedures: cutting the sponges and fabricating hole 

templates. Sponges were cut into small blocks using a laser cutter according to the required 

dimensions. In this study, these are referred to as foam blocks, typically measuring 20 mm × 

20 mm, except in cases where foambots were used for parameter testing or as structural support 

components. Hole templates with various hole patterns (Figure S1, Supporting Information) 

were 3D printed to guide hole punching, which is critical for programming the bending behavior 

of the foambot. 

Foam blocks were aligned with the hole templates, and two holes were manually punched into 

each block using a biopsy punch with a 1 mm diameter, following the predefined hole pattern. 

An elastomer was then injected into the holes, functioning as an internal adhesive. This glue 

anchored the upper and lower regions of the foam block around the punched area, mechanically 

constraining expansion in that region during swelling. By locally restricting expansion near the 

holes, bending behavior could be programmed into the foambot. 

To assemble the blocks into a foambot, additional elastomer was applied to the contact surfaces 

between adjacent patterned blocks, which were then aligned and cured in a stacked 

configuration. Elastomer injection and block assembly could be performed either 

simultaneously or in separate steps. The ends of the foambot were sealed with various terminal 

components depending on the intended function, such as unpatterned foam blocks, buoyancy 

blocks (Figure S2, Supporting Information), elastomer plates, or permanent magnets 

encapsulated in elastomer (Figure S3, Supporting Information). 
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Figure 2. Fabrication and characterization of foam blocks. a) Schematic of the foam block 

fabrication process. b) Effect of foam block length (L) on bending behavior, under a fixed 

hole position. Blue lines indicate hole position. c) Effect of hole position (d) on the bending 

behavior of the foambot, represented by the distance from the edge of the foam block to the 

center of the punched hole. Blue lines indicate hole position. d) Compression test results of 

swollen foam blocks in both dry and wet states. D and W indicate the dry and wet states, 

respectively. “Top” refers to the direction parallel to the foam block’s swelling axis, while 

“Side” indicates the direction perpendicular to the swelling axis. For each design parameter, N 

= 3 independent samples were tested, and data are presented as mean ± SD. All scale bars, 1 

cm. 

 

3. Design Parameters of the Foambot 
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We investigated the design parameters of the foambot by varying two key factors: the length of 

the foam block and the hole position. To perform this analysis, a series of three-layer foambots 

was fabricated by assembling a patterned foam block, programmed with specific hole positions, 

between two unpatterned foam blocks. The bending behavior of these foambots was analyzed 

via image processing after swelling, using photographs of their final deformed configurations. 

The bending angle was determined by extending the interfaces between the patterned and 

unpatterned foam blocks and calculating the angle between these extended lines. This was 

achieved by manually drawing lines on the images using PowerPoint, extracting the coordinates 

of each line’s endpoints with a macro script, and computing the angle geometrically. 

 

3.1. Effect of Foam Block Length on the Bending Angle of Foambots 

Figure 2b shows the effect of foam block length on the bending behavior of the foambot. The 

block length (denoted as L) was varied from 10 mm to 35 mm, while the width (20 mm) and 

the hole position (5 mm from one edge) were kept constant. 

When L = 10 mm, no bending behavior was observed due to the symmetric swelling induced 

by the centrally located hole. At L = 15 mm, the foambot exhibited the highest bending angle 

(~35°), indicating the greatest asymmetry in swelling. As the foam block length increased 

beyond 15 mm, the bending angle gradually and linearly decreased, as described in the bending 

angle vs. length plot in Figure 2b. 

This trend can be explained by the geometric relationship between the vertical expansion at the 

ends and the horizontal length of the foam block. As illustrated in Figure 1b, the bending angle 

(θ) is primarily governed by the incline formed by the edges of foam block, specifically, 

approximated as the arctangent of H/L, where H is the vertical height difference between the 

peaks and L is the block length. While the vertical expansion height at the ends remained 

relatively consistent across samples, increasing L led to a shallower incline, thereby reducing 

the bending angle. This relationship is evident in the experimental images and simulation data 

presented in Figure 2b. 

However, this trend holds only when the hole constraint does not significantly suppress 

expansion at the ends. When the foam block is too short, the influence of the anchored hole 

extends across a larger portion of the block, thereby reducing the effective expansion height 

and leading to symmetric or suppressed deformation. As a result, under a fixed hole pattern, the 

bending angle of the foambot is inversely related to its length. 

Although the highest bending angle was observed at L = 15 mm, we selected L = 20 mm as the 

standard foam block length for all subsequent designs. This choice was based on two practical 
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considerations. First, to ensure the structural integrity of the hole pattern, holes were not placed 

too close to the block edges. Considering the 1 mm diameter of the biopsy punch, the hole 

pattern was conservatively defined starting from 3 mm inward from the edge. Second, shorter 

foam blocks tend to offer a narrower programmable range and may experience incomplete 

expansion at the ends due to stronger constraints from the hole. The 20 mm length allowed for 

a programmable range of approximately 3–10 mm while still achieving the second-highest 

bending angle. Thus, the 20 mm × 20 mm foam block provided an optimal balance between 

deformation performance and hole placement flexibility and was adopted as the standard unit 

throughout this study. 

 

3.2. Effect of Hole Pattern on Bending Angle of Foambot 

We further investigated the influence of hole position on the bending behavior of the foambot, 

as shown in Figure 2c. In this study, the foam block length was fixed at 20 mm, and the position 

of the punched hole (denoted as d) was systematically varied from 3 mm to 10 mm in 1 mm 

increments. Eight distinct hole patterns were tested under otherwise identical conditions. 

The results revealed a clear dependence of the bending angle on the hole position. As the hole 

moved toward the center of the foam block (i.e., as d increased), the bending angle decreased 

in an approximately linear manner. When the hole was located at d = 10 mm, corresponding to 

the geometric center of the block, the foambot exhibited minimal bending, with the angle 

approaching zero. Conversely, when the hole was placed closer to the edge (d = 3 mm), the 

foambot exhibited its maximum bending angle, approximately 38°. 

This trend can be attributed to the asymmetry in expansion introduced by the hole constraint. 

Holes positioned near the edge of the foam block create a stronger imbalance in swelling 

between the two sides, thereby inducing greater curvature. In contrast, centrally located holes 

result in more symmetric expansion, leading to negligible deformation. These findings are 

consistently supported by experimental photographs, simulation data, and the plotted trend in 

Figure 2c, all of which demonstrate a near-linear reduction in bending angle with increasing d. 

 

 

3.3. Mechanical Properties of Foam Block Depending on the State  

To assess the anisotropic mechanical properties of the sponge material used in the foambot, 

uniaxial compression tests were performed on foam blocks in two different states: fully swollen 

(wet) and swollen-then-dried. As shown in Figure 2d, the dried samples, although previously 
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swollen, exhibited substantially higher stiffness than their wet counterparts, regardless of the 

compression direction. 

This increase in modulus upon drying enables the construction of foambots that are compact 

and mechanically stable in the dry state, while still capable of undergoing programmable 

transformation upon rehydration. In other words, the dried, compressed foam blocks provide 

structural rigidity and shape retention during fabrication and storage. Upon re-exposure to water, 

they re-expand and soften, allowing the foambots to spontaneously morph into their pre-

programmed configurations without requiring any active control input. 

Additionally, this behavior highlights a unique advantage of the cellulose sponge material: its 

dual-state nature offers not only sustainable, low-cost and lightweight fabrication, but also 

effective control over volume expansion and mechanical compliance. These features make the 

material particularly attractive for deployable and reconfigurable systems that benefit from 

compact storage and autonomous shape transformation upon activation. 

 

4. Inverse Design Calculation and Diverse Shape-Morphing Structure of Foambots 

We explored a range of shape-morphing structures achievable with foambots, including a ring, 

the letter “S”, a horseshoe, and a helix. Figure 3 illustrates the inverse design process and the 

resulting shape-morphing behaviors. The fabricated foambots consisted of 12 to 16 layers of 

foam blocks, each with distinct hole patterns and orientations. In this work, we define the 

combination of hole pattern and layer-by-layer arrangement of foam blocks as the layer 

coordination of a foambot. This coordination was determined through a segment-by-segment 

inverse design procedure tailored to each target shape, as depicted in Figure 3a. 

 

4.1. Inverse Design Calculation Procedure 

We first derived the layer arrangement of foam blocks corresponding to specific target shapes 

through an inverse design approach. The process began with generating a target geometry in 

the form of a 2D or 3D spline curve. Next, in the case where the spline curve is three-

dimensional (see horseshoe or helix examples) fabrication constraints require the curve to be 

segmented into piece-wise planar segments lying in one of 3 possible orthogonal planes (see 

Figure 3a: segmentation). This step is necessary because the square profile means planar 

segments can only be joined with discrete orientation shifts, in 90° increments (i.e., 0°, 90°, 

180°, or 270°). The planar segments are then discretized into vertices and edges for length and 

curvature computation. 
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Figure 3. Inverse design calculation and demonstration of programmable swelling behaviors in 

foambots. a) Schematics illustrating the inverse design calculation process used to determine 

the segment-by-segment coordination of foam blocks required to achieve a specific target shape. 

b) Schematic showing the annotation method used to describe layer-by-layer configuration, 

including block types and their orientations. c) Left: Four representative target shapes (ring, S-

shape, horseshoe, and helix) and the corresponding calculated foam block coordination. Right: 

Pictures of fabricated foambots before and after swelling. Each was constructed based on layer 

coordination obtained from the inverse design, demonstrating shape-morphing into the intended 

configurations. Scale bar, 1 cm. 
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For each segment, the total length Larc was computed and divided by the average swollen length 

larc of a single foam block to estimate the number of required foam blocks as a real-valued 

quantity N = Larc/larc. Since the physical construction requires N to be an integer, the input curve 

was uniformly rescaled to ensure that the computed value of N falls within ±0.15 of its nearest 

integer (e.g., 6.85–7.15 if rounded value of N is 7). The final number of foam blocks was then 

set to this nearest integer. This adjustment minimized geometric distortion while preserving the 

design curvature, enabling precise mapping of discrete foam blocks to the target shape. 

The curvature assigned to each block j was computed from the discretization using the curvature 

formula by Bergou et al. [50]: 

𝜅! 	=
"
#!
∑ 2 tan($"

%
) 	#!

&'"      (1) 

where θi denotes the turning angle at vertex i of the discretized curve, and Nj indicates the 

number of vertices corresponding to one foam block within a given segment. Based on the 

computed curvature, the hole position on each foam block was determined by inverting the 

curvature-to-hole position relation measured in Figure 2c for ranges of positions between 3 and 

10 mm. A more detailed explanation of this procedure is provided in the “inverse design 

calculation” of the Experimental Section/Methods. 

The types of foam blocks indicate the foam blocks with different position of hole. This type 

was labeled as Dn, where n refers to the distance d (in mm) of the hole pattern from the edge to 

the center of the hole, as shown in Figure 2c. For example, D3 indicates the foam block with 

hole patten on 3 mm distance from the edge as shown in Figure 3a: coordination generation. 

The final foambot layer coordination, comprising hole position and orientation, was then 

obtained by merging in sequence the result for each planar segment based on the relative 

orientation of their respective planes. 

 

4.2. Layer Coordination Strategies for Shape-Morphing Foambots 

The layer coordination obtained from the inverse design calculation was represented using the 

annotation scheme shown in Figure 3b, which encodes both the type and orientation of each 

foam block. The orientation of a given foam block layer was defined as the angle between the 

hole pattern direction and the arbitrarily designated front side of the foambot. To standardize 

this reference, the front direction was set based on the orientation of the hole pattern in the first 

layer. A colormap was used to indicate the orientation of each layer visually. In accordance 

with the inverse design calculation procedure described in Section 4.1, each foam block type 

was labeled as Dn, where the subscript n indicates the distance of the hole pattern from the edge 
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of the block. For improved readability, consecutive foam blocks of the same type were grouped 

and annotated only once per continuous sequence. 

We designed four different target shapes using the inverse design calculation: a ring, the letter 

“S”, a horseshoe, and a helix, as shown in Figure 3c. Each schematic for the target shapes in 

Figure 3c illustrates the 3D rendering of the desired shape and its corresponding layer 

coordination. While the visualizations were rendered in 3D for clarity, all design data 

correspond to 2D spline-based curves used in the inverse design process. 

The ring structure consisted of a single arc with a radius of 27.5 mm and required 15 D6-type 

foam blocks, all oriented in the same direction (0°). The letter “S” was constructed from two 

arcs with radii of 28 mm and 22.5 mm, respectively. Each arc was computed separately and 

then merged to form a single layer coordination. The larger arc used 9 D6-type foam blocks, 

and the smaller arc used 7 D5-type blocks, with a 180° rotational offset between the two 

segments. 

The horseshoe shape was composed of three arcs: a central arc with a 22 mm radius and two 

side arcs with 23 mm radii. These required 6 D4-type foam blocks for the center and two sets 

of 3 D5-type blocks for the ends, attached with 90° rotational offsets. Lastly, the helix structure 

was formed from 8 arcs, each with a radius of 22 mm and sequentially rotated. Each arc used 2 

D4-type foam blocks, totaling 16 blocks. The blocks were assembled such that their orientation 

rotated by 90° every two layers. 

Next, we fabricated foambots based on the layer coordinations obtained from the inverse design 

calculations for the four different target shapes. To provide a constraining layer for the foam 

blocks placed at each end of the foambot, square-shaped silicone plates (20 mm × 20 mm × 1 

mm) were attached, as indicated in the layer coordination diagrams. The structures of these 

foambots before and after swelling are shown in Figure 3c, and their final swollen shapes 

closely resembled the target configurations (Video S2-5, Supporting Information). 

 

5. Applications 

5.1. Modular Floating Assistant for Wearable Buoyancy Support 

We developed a modular flotation device, termed the Modular Floating Assistant (MFA), by 

leveraging the shape-morphing behavior of the foambot for aquatic wearable applications. As 

illustrated in Figure 4a and 4b, each MFA module incorporates a foambot composed of two 

D6-type foam blocks alternately connected with three unpatterned foam blocks, forming a five-

block layer coordination. Both D6-type foam blocks are aligned with the same orientation, as 
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shown in the layer coordination diagram in Figure 4b, while the unpatterned blocks are 

annotated as “N.” 

 

 
Figure 4. Modular floating assistants (MFAs). Application of the foambot as a reconfigurable 

system for personal flotation assistance. a) Structure of the MFA before and after deployment 

and swelling. Scale bar, 5 cm. b) Components of the MFA, including patterned foam bot and 

unpatterned blocks. The layer coordination of the foambot is displayed alongside its schematic. 

“D6” and “N” indicate a foam block with a hole pattern located at the 6 mm position and a foam 

block with no pattern, respectively. c) Sequential images showing the shape-morphing process 

of the MFA after deployment in water (left), and its wearable configuration as an arm-mounted 

flotation device providing buoyancy to the user (right). d) Pictures illustrating the wearable 

versatility and modularity of the MFA. A pair of MFAs can be independently worn on each arm 

(left), or magnetically interconnected to form an extended flotation assembly (middle). The 

resulting belt-like structure provides greater buoyancy and can be worn around the torso (right). 

All scale bars, 5 cm. 
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This foambot is affixed longitudinally along the side of a series of large buoyancy blocks, with 

its hole patterns oriented outward. Each MFA module comprises a total of nine large buoyancy 

blocks, bridged by three such foambots to provide programmed shape-morphing functionality. 

Additionally, four elastomer-encapsulated permanent magnets are embedded at both terminal 

buoyancy blocks, aligned with the foambot direction to facilitate magnetic self-locking. 

Following deployment in water, the MFA undergoes a shape-morphing process that enables it 

to function as a wearable flotation device (Video S6, Supporting Information). The foambots 

swell rapidly upon hydration, with most of the expansion completing within approximately 25 

seconds. Although the intrinsic bending behavior was designed to guide the structure into a 

ring-like configuration, the actual curvature is only partially expressed during swelling, as 

shown in Figure 4c. This limitation arises from the reduced mechanical strength and increased 

weight of the sponge in its swollen state, which prevents the structure from autonomously 

achieving full closure. To complete the transformation, the user manually brings the two ends 

together, allowing the embedded permanent magnets to engage and reliably secure the ring 

shape, which can then be worn around the arm or leg as a flotation module. To ensure reliable 

connection, the four magnets at each end are arranged with alternating north and south polarity, 

which prevents mismatched alignment and guarantees consistent pairing. Once formed, the 

ring-like module conforms comfortably to the user’s arm or leg, offering localized buoyancy as 

a passive, wearable flotation assistant. 

Beyond single-module use, the modularity and magnetic interlocking features of the MFA 

enable reconfiguration into larger systems. As demonstrated in Figure 4d, each MFA unit can 

function independently, for example, as a pair of arm-mounted devices, or be magnetically 

linked into a combined assembly. In this demonstration, two MFA units were connected to form 

a belt-like structure worn around the torso, illustrating how identical modules can be scaled and 

repurposed to accommodate different user needs. Although each foambot component is 

programmed for a specific shape-morphing behavior, the inherent softness of the swollen 

sponge allows for additional mechanical adaptability. Moreover, the MFA’s straightforward 

construction, based on simple stacking and bonding of components, supports not only modular 

scalability but also the fabrication of larger, monolithic flotation structures. Such flexible and 

reconfigurable design space supports the development of versatile flotation systems for a range 

of aquatic safety and assistive applications. 

 

5.2. Programmable Foamboat with Modular Propulsion System 
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Building upon the modular and reconfigurable principles demonstrated in the MFA system, we 

further extended the concept to construct a programmable watercraft, referred to here as the 

foamboat, as illustrated in Figure 5. We demonstrated both the substantial deployment-induced 

volume expansion and the active locomotion performance of the foamboat. This platform 

highlights how the integration of programmable foambot structures with a modular propulsion 

unit enables actively navigable devices, while also offering advantages in compact storage and 

efficient transport due to its minimized volume in the undeployed state (Figure S4, Supporting 

Information). Upon deployment, the structure autonomously transforms into a fully expanded 

configuration, underscoring its potential as a shape-morphing aquatic robot. 

As shown in Figure 5a, the foamboat consists of reconfigurable foambots, small buoyancy 

blocks, and a modular propulsion system. The overall structure can be divided into four main 

sections: a U-shaped connector, bridge, body, and head/tail. The central body features a 

rectangular buoyant frame constructed from small foam blocks, referred to as the U-shaped 

connector. This connector includes four elastomer-encapsulated permanent magnets, which not 

only provide additional buoyancy over five times greater than that of the foam blocks (Figure 

S5, Supporting Information) but also enable attachment to the modular propulsion system via 

magnetic coupling. The U-shaped connector is linked to the bridge sections via bridge foambots. 

Each bridge connects the body to the head or tail, which also incorporate foambots integrated 

with buoyancy blocks for the stable floating. 

Upon deployment in water, the foambots began to swell, triggering programmed expansion and 

bending that gradually transformed the structure into a boat-like geometry. To mimic the raised 

curvature commonly seen in the bow and stern of boats, the foambots in the head and tail 

segments were designed to undergo upward 3D deformation, as shown in Figure 5b. However, 

the final swollen structure exhibited a reduced height of approximately 3 cm, compared to the 

intended 5.5 cm in the 3D design schematic. This discrepancy is primarily attributed to the 

added weight from the encapsulated magnet blocks and water absorption, which amplified the 

influence of gravity and limited the achievable curvature. This arch-like 3D configuration was 

initially expected to reduce hydrodynamic resistance during locomotion by minimizing contact 

with the water surface. However, due to this reduced swollen height, this effect could not be 

experimentally confirmed under the current design and testing conditions. 
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Figure 5. Foamboat with modular propulsion system. Programmable shape-morphing 

watercraft based on foam block assemblies. a) Overview of the foamboat composed of multiple 

foambot arrays and buoyancy blocks. b) Three-dimensional shape-morphing of the foambot 

head after swelling, compared with its 3D design schematic, highlighting the deviation in height 

caused by gravitational and hydration-induced effects. c) Foambot’s layer coordination and 

structure of small buoyancy block, forming the foamboat. d) Sequential images illustrating the 

foamboat’s shape-morphing process after being deployed in water (left), and its movement 

driven by the modular propulsion system once fully swollen (right). e) Time-lapse sequence of 

the foamboat’s locomotion over 15 seconds. All scale bars, 5 cm. 

 

At the end of the swelling process, pairs of foambots on each side of the head and tail 

spontaneously closed through a self-locking mechanism. To achieve this, elastomer-

encapsulated permanent magnets were attached to the ends of the foambots in the head and tail 

segments, denoted as “M” in the layer coordination diagram. 

The detailed layer coordination of each foambot used in the foamboat is illustrated in Figure 5c. 

For the head and tail, foambots generating 3D shape-morphing was installed, While the head 

and tail incorporated foambots programmed for 3D deformation, straight-expanding foambots 
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were used in the bridge and body sections. To improve structural stability during operation, an 

additional horizontal reinforcement was added at the center, linking the left and right sides 

while maintaining adequate buoyancy. Each structural module was fabricated by 

straightforward stacking and bonding of foam elements, following the modular design 

principles described earlier. 

To provide locomotion, a detachable modular propulsion system was installed at the center of 

the U-shaped connector. This system unit comprises a motor, motor driver, propeller, and 

battery, adapted from a commercially available RC boat toy (Figure S6, Supporting 

Information). The propulsion module can be easily mounted or removed, allowing seamless 

interchangeability with foamboats of different sizes or shape-morphing characteristics 

depending on the application. A custom waterproof housing and lid were 3D-printed and sealed 

with a rubber gasket placed in a pre-designed concave groove, then secured using screws to 

ensure watertight protection. 

The whole process of the shape-morphing process of the foamboat is illustrated  in the time-

lapse sequence in Figure 5d. While the majority of the shape-morphing process including hull 

formation was completed within approximately 45 seconds, hydration in the tail region was 

relatively slower, leading to final structural closure via magnetic self-locking around 120 

seconds after deployment (Video S7, Supporting Information). After full deployment, the 

foamboat exhibited an expanded footprint of approximately 93 cm × 39 cm, corresponding to 

a ~463% increase in area compared to its initial compact form. 

Subsequently, the modular propulsion system was activated, and the motor was wirelessly 

controlled via a handheld transmitter from a commercial RC toy system. Figure 5e displays a 

time-lapse sequence over 15 seconds, during which the foamboat traveled approximately 3 m 

across the water surface, achieving an average locomotion speed of ~20 cm/s. The motion 

remained stable with a generally forward trajectory, although a gradual rightward curvature was 

observed during locomotion (Video S8, Supporting Information). This deviation is presumed 

to result from a combination of factors including the strong thrust from the propulsion system, 

substantial hydrodynamic drag on the front, and slight structural deformation of the head section 

due to the relatively low buoyancy and mechanical softness of the swollen sponge. Nevertheless, 

the demonstration validates the system’s ability to perform untethered aquatic locomotion. 

 

6. Discussion 

This study highlights a material-driven strategy for shape-morphing robotic platforms that 

offers unique advantages in large volumetric expansion, geometric programmability, simplicity, 
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accessibility, and environmental sustainability. By leveraging the intrinsic swelling behavior of 

cellulose-based sponge materials, and without relying on complex electronics or control 

systems, we enabled programmable deformation through low-cost and disposable foam 

elements. These foambots can be fabricated easily using modular stacking of predefined 

building blocks and achieve significant morphological transformations when exposed to water, 

making them particularly suited for aquatic and deployable applications. 

Despite these achievements, several limitations remain. First, the current system relies on 

discretized orientation, where the assembly of foam blocks is limited to fixed rotational 

increments (e.g., 90°). This restriction reduces the resolution of curvature and can limit the 

ability to approximate smooth or organically curved structures. Secondly, shape reversibility 

remains a challenge. Although the sponge material remains compressible and can be re-dried, 

restoring the foambot to its original dry configuration, especially in complex or volumetrically 

expanded structures, is practically infeasible. This limitation constrains the system’s reusability 

and resets capability in practical applications. 

In addition, while we emphasized low-cost and sustainable materials, the use of elastomer as 

both adhesive and structural constraint poses a tradeoff in terms of full environmental 

sustainability. Developing and employing biodegradable or recyclable alternatives to elastomer 

would further improve the eco-compatibility of the system and enhance its alignment with 

sustainable design principles. 

Nevertheless, the foambot platform offers significant room for expansion. Future directions 

may include integrating additional programmable actuation mechanisms to enable sequential 

reconfiguration, and refining the inverse design algorithm to support smoother curvature 

profiles with higher geometric resolution. One promising improvement is replacing the current 

square foam blocks with circular ones, which could enable continuous orientation rather than 

discrete steps. This adjustment would allow for more fluid and precise structural programming, 

facilitating advanced shape-morphing designs. Together, these developments could pave the 

way for more sophisticated reconfigurable aquatic robots and adaptive systems for 

environmental or safety applications. 

 

7. Conclusion 

In this study, we investigated the design principles and capabilities of a programmable, shape-

morphing platform based on cellulose sponge materials, referred to as the foambot. By 

systematically analyzing the effects of key design parameters, such as block length, hole 

position, and layer orientation, we revealed how these variables govern the bending behavior 
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of individual foam blocks and, consequently, the overall deformation of assembled structures. 

Notably, orientation emerged as a critical degree of freedom that enables the construction of 

diverse 2D and 3D morphologies. 

To support predictive and scalable design, we developed an inverse design algorithm capable 

of mapping a target shape into a layer-by-layer foam block coordination. This framework 

allowed for the realization of complex structures with programmable curvatures, demonstrating 

the effectiveness of the method in generating reconfigurable soft architectures. 

Leveraging this approach, we developed two functional aquatic devices: a Modular Floating 

Assistant (MFA) and a self-propelling foamboat. These proof-of-concept demonstrations 

highlight the practical potential of our system in buoyancy assistance and deployable soft 

robotics. 

Beyond their functional programmability, foambots also benefit from the intrinsic advantages 

of cellulose sponge as a material platform, such as lightweight, low-cost, sustainable, and 

capable of fast and large swelling. Altogether, these findings highlight the potential of foambots 

as a promising platform for constructing shape-morphing devices and reconfigurable systems 

in aquatic environments. 

 

8. Experimental Section/Methods  

Fabrication of Patterned Foam Block and Foambot 

Commercial cellulose sponges (Amazon) were prepared and cut into blocks using a laser cutter 

(D1, xTool). Hole templates with various hole position guidelines were 3D printed (X1C and 

P1S, Bambu Lab) using polylactic acid (PLA) filament. Patterned foam blocks were fabricated 

by aligning each sponge block with a hole template and punching holes using a biopsy punch 

with a diameter of 1 mm, following the printed guideline. Elastomer (Ecoflex 00-30 and Dragon 

Skin 10 Medium, Smooth-On) was used as an adhesive to fill the holes in the foam blocks. 

For foambot fabrication, individual foam blocks were stacked and bonded using elastomer. 

After hole filling, additional elastomer was applied at the interface between adjacent foam 

blocks, which were then assembled into a layered structure. This assembly step could be 

performed either sequentially or independently of the hole-filling process. 

For the foambots used in the bending angle test (Figure 2), unpatterned foam blocks were 

attached to both ends of the patterned foam structure. For those used in the inverse design 

calculation (Figure 3), elastomer plates were attached to each end. These plates were fabricated 

by casting elastomer into a 3D-printed mold with a reservoir size of 20 mm × 20 mm × 1.2 mm. 
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Fabrication of Buoyancy Block 

The elastomer shell for the buoyancy block was fabricated via a molding process. The mold 

consisted of two 3D-printed PLA pieces. For the large buoyancy block used for modular 

floating assistants, the mold included a wall piece and a bottom piece, whereas for the small 

buoyancy block, it consisted of a cover piece and a bottom piece. After assembling the mold 

components, elastomer (Ecoflex 00-30, Smooth-On) was injected into the cavity. Once the 

elastomer was fully cured, the mold was disassembled, and the elastomer shell was retrieved. 

As the filling material, we used sponge blocks that were expanded by wetting and then dried, 

providing both low weight and adequate stiffness. For small buoyancy blocks used for the 

foamboat, shells with dried sponge blocks were then positioned on a 3D-printed cover mold 

pre-filled with elastomer to seal the structure. For large buoyancy blocks used for the modular 

floating assistants, covers were fabricated separately using 3D-printed mold and attached on 

the shell with dried sponge blocks, using silicone adhesive Sylpoxy, Smooth-On). After the 

final curing step, the complete buoyancy block was obtained. The dimensions of the large 

buoyancy block were 110 mm × 70 mm × 20 mm, and those of the small one were 20 mm × 20 

mm × 19 mm. 

 

Fabrication of Modular Floating Assistants and Foamboat 

For modular floating assistants and foamboat, foambots and buoyancy blocks were prepared 

separately. as building blocks. To integrate foambots and buoyancy blocks together into one 

body, silicone adhesive (Sylpoxy, Smooth-On) was utilized between them. 

For the modular floating assistants, 9 large buoyancy blocks were connected each other with 3 

foambots which were composed of 5 foam blocks. Foambots on the same large buoyancy block 

were aligned vertically along to the length of the buoyancy block.  Permanent magnet disks (15 

mm × 3 mm) were encapsulated with elastomer (Ecoflex 00-30, Smooth-on) and were attached 

on the first and last large buoyancy blocks using silicone adhesive. 

For the foamboat, foambots and small buoyancy blocks were glued together with silicone 

adhesive. U-shaped connector on the center of the foamboat was composed of the array of 16 

buoyancy blocks. This connector was linked to the bridge composed of another array of 9 

buoyancy blocks via six unpatterned foambots, each consisting of seven foam blocks arranged 

with three on each side. On the inner curvature of the U-shaped connector, incapsulated 

permanent magnet disks (15 mm × 2 mm) were installed on the inner curvature, aligned to the 

magnets on the modular propulsion system. Foambots on the main body were consisted of 7 

foam blocks without patten. To reinforce the structural stability during locomotion, arrays of 
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thicker foam blocks were employed along to the center line of the foamboats, connecting each 

body part. On the head and tail of the foamboat, combined structures of foambots and small 

buoyancy robot were utilized to generate closed loop after shape-morphing. On the end of this 

structure, encapsulated permanent magnet disks (15 mm × 3 mm) were attached using silicone 

adhesive. 

 

Modular Propulsion System and Controller 

The modular propulsion system of the foamboat consisted of housing components and driving 

components. The housing components comprised the main body, lid, and motor cover, all of 

which were fabricated by 3D printing using PLA filament. The driving components and 

controller were sourced from a commercial RC boat (Amazon), including the motor, motor 

controller, motor driver, propeller with waterproof shaft assembly, and battery. The motor and 

propeller assembly were mounted on the underside of the housing’s main body, and the motor 

cover was fastened above them using screws. The main body of the housing featured a propeller 

hole, which was sealed with silicone adhesive (Sylpoxy, Smooth-On) after installation. 

To maintain proper weight distribution, the motor driver and battery were aligned in series on 

top of the motor cover. The housing was precisely fitted to securely hold all components in 

place without looseness or vibration. To ensure a watertight seal, a gasket rubber was placed 

between the main body and lid of the housing, which were then fastened with screws. For 

enhanced reusability and modularity, pairs of permanent magnets were attached to the side 

walls of the housing main body. To prevent corrosion, these magnets were encapsulated in 

elastomer through molding. 

 

Characterization of Foambot 

For the bending test of the foambot, image processing was conducted to trace the intersection 

lines between foam blocks. Pictures of each foambot with different hole patterns were taken 

after bending, and the angle between two extended lines drawn at each intersection was 

measured. To obtain the line positions, a macro function implemented in a PowerPoint slide 

was utilized. Each measurement was independently repeated with three different sets of 

foambots to ensure consistency and reliability, and the error bands represent one standard 

deviation from the mean. 

For the compression test of the foam blocks, a universal testing machine (Instron 5544) was 

used. Expanded foam blocks in both dry and wet states were compressed along the z-axis in 

two different orientations: from the top and from the side. Each measurement was conducted 
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independently four times to ensure consistency and reliability, and the error bands represent 

one standard deviation from the mean. 

 

Characterization of Buoyancy Block 

The static water displacement method with mass correction was used to determine the net 

buoyancy force of the buoyancy blocks. Two types of five-layers foambots were prepared for 

testing: one composed of foam blocks without hole patterns and the other composed of 

buoyancy blocks. Each foambot was gently submerged just beneath the water surface in a 

volumetric measuring container filled with water using a thin metal wire. The displaced water 

volume was recorded immediately after the foambot was fully submerged. 

The net buoyancy force was calculated by subtracting the apparent weight of the foambot from 

the weight of the displaced water. The foambot composed of foam blocks was weighed after 

gently removing only the surface water, without compressing its structure. In contrast, the 

foambot composed of buoyancy blocks was weighed after the surface water was carefully 

removed using a wiper. Each measurement was independently repeated five times for three 

different samples to ensure consistency and reliability, and the error bands represent one 

standard deviation from the mean. 

 

Finite Element Analysis 

Finite element analysis was carried out to predict the bending deformation of the foambot 

according to its design parameters. The commercially available software COMSOL was used 

for the simulation. Two different groups of foambots were modeled: six foambots with varying 

foam block lengths but identical hole positions, and eight foambots with varying hole positions 

but identical foam block lengths. 

Geometric modeling was performed in COMSOL, where the key design parameters included 

the distance H1 between the hole and the base surface of the foambot, and the total foambot 

height L1. Each foambot was modeled as consisting of one foam block with a hole pattern, two 

foam blocks without holes, and an elastomeric adhesive layer. To focus the simulation on 

nonlinear deformation induced by the hole constraint, rather than moisture distribution, 

simplifications were applied. Specifically, the foambots were modeled in a fully swollen state 

(20 × 20 × 20 mm), and the elastomer adhesive within the hole was pre-stretched by a factor of 

10. 

As a result, the adhesive tended to contract toward its original length (2 mm), while the 

surrounding foam blocks resisted this contraction. The final deformation of the foambot 
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corresponded to the mechanical equilibrium achieved between these opposing forces. The 

elastomer adhesive was modeled using Ecoflex 00-30, with its mechanical properties described 

by a linear elastic model (Young’s modulus E = 70 kPa, Poisson’s ratio ν = 0.495). The foam 

blocks were modeled as a superelastic material based on the Neo-Hookean model, with 

mechanical properties defined by E = 6.96 kPa and ν = 0. 

 

Inverse Design Calculation 

The inverse design calculation proceeded with determining the required number of foam blocks, 

estimating their corresponding curvature, and computing the hole pattern positions based on 

these values. 

When a discretized spline object was given, it was segmented into piecewise planar curves, 

each representing an arc on a 2D plane. To determine the number of foam blocks on each 

segment, the total arc length Larc of the planar curve was first computed from its discretized 2D 

representation. Given the average arc length larc of a single foam block, the approximate number 

of blocks was calculated as N = Larc/larc. 

To enable accurate physical construction using an integer number of modules, the input curve 

was uniformly rescaled such that the resulting value of N fell within ±15% of its nearest integer. 

This condition ensured that the final value of N lay in the range [n−0.15, n+0.15], where n = 

round(N), thereby minimizing geometric distortion while preserving design fidelity. The final 

number of foam blocks was then set to this nearest integer n for physical implementation. 

The average curvatures κjs assigned to each foam block of index j in the coordination were then 

computed using the discrete formulation from Bergou et al., based on turning angles along a 

discretized arc segment: 

𝜅! 	=
"
#!
∑ 2 tan($"

%
) 	#!

&'"      (1) 

Where θi denoted the turning angle at vertex i of the discretized curve and Nj indicates the 

number of vertices corresponding to one foam block within a given segment.[50] The curvature 

κ represents the total geometric turning within a single foam block and serves as the basis for 

determining the hole pattern. Given the known relationship between hole position and bending 

angle (Figure 2c), the curvature of each arc section was matched to a corresponding foam block 

type (denoted as Dn), where n specifies the hole position from the foam block edge. 

For example, to approximate a ring with radius 27.5 mm, the arc length becomes approximately 

172.8 mm. Given a swollen foam block length of 11.56 mm, the number of blocks N required 

is about 14.95. Since this value lies within ±15% of the nearest integer, the arc was implemented 

using 15 blocks. The curvature for each foam block segment was then calculated using the 
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discrete turning angle formulation, and the resulting value was converted to a bending angle by 

geometric inversion. A bending angle of ~24.1°, for instance, would correspond to a D6-type 

block, as established in the experimental calibration. 

This process was repeated to derive the full sequence of block types for each segment. While 

only integer hole positions ranging from 3 to 10 mm were used in our prototypes, the linear 

relationship observed between hole position and bending angle allows for finer granularity (e.g., 

5.5 mm) in future implementations, offering greater precision in curvature control and structural 

programming. 

This curvature calculation process was applied to each planar segment individually. The results 

were then merged to construct the complete layer coordination, with appropriate rotations  

applied to account for the orientation of each segment based on the segmentation plane normals. 

The final layer coordination were illustrated schematically following the mapping scheme 

shown in Figure 3b. 

 

Statistical Analysis 

We conducted quantitative analysis and characterizations of foambots and buoyancy blocks for 

the number of independent performances (N). The Ns and units of each measurement were 

noted in each figure legend and corresponding section of Materials and Methods. The plots in 

Fig. 2 and fig. S5 shows the mean values, and error bars or shaded regions indicate SD. 
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Supplementary Note 

 

Note S1. Bending angle analysis. 

For the bending angle analysis, image processing was conducted on pictures of foambots with 

varying design parameters to calculate their bending angles. Lines were drawn at the 

intersections of each foam layer using PowerPoint, and the coordinates of the endpoints of these 

lines were extracted using the macro script. Since line objects in PowerPoint are not vector-

based and the macro script could not correctly identify coordinate pairings for inclined lines, 

the extracted coordinates for such lines were initially recorded as (x₁, y₂) and (x₂, y₁), instead of 

(x₁, y₁) and (x₂, y₂). To address this, the coordinate pairs were manually corrected by exchanging 

the y-coordinates of each point after data extraction. As a result, four coordinate points were 

obtained from two lines per foambot sample: (x₁, y₁) and (x₂, y₂) from line 1, and (x₃, y₃) and 

(x₄, y₄) from line 2. These points enabled the calculation of the bending angle between these 

two lines using Equation (1). 

𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠( ()#*	)$)()%*	)&)	-	(.#*	.$)(.%*	.&)
/()#*	)$)#-	(.#*	.$)#/()%*	)&)#-	(.%*	.&)#

)  (1) 
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Supplementary Figures 

 

 
Figure S1. Hole template with various hole patterns. 3D printed hole templates with 3–10 
mm hole patterns. 
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Figure S2. Fabrication process of buoyancy block. Both large and small buoyancy blocks were 

fabricated using a molding technique. After assembling each mold component, liquid elastomer 

was injected into the mold. Once fully cured, the elastomer shell was demolded, and a dried 

sponge block was inserted into the cavity. For the large buoyancy block, a thin elastomer film 

was first cast using the cover mold. The shell containing the sponge was then bonded to the 

film using a silicone adhesive to seal the opening. For the small buoyancy block, the cover mold 

was pre-filled with liquid elastomer, and the elastomer shell with the sponge inside was placed 

directly into the mold. After curing, the completed buoyancy blocks were retrieved from the 

mold. Scale bars, 1 cm. 
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Figure S3. Fabrication process of magnetic block with elastomer shell. Magnetic blocks used 

for the self-locking mechanisms in the Modular Floating Assistants (MFAs) and the foamboat 

were fabricated via a two-step molding process. First, bottom elastomer shells were cast using 

a mold featuring a central cavity to accommodate a permanent magnet. After curing, the shells 

were transferred to a secondary mold with a deeper cavity, where permanent magnet disks were 

placed at the center. Additional elastomer was then poured over the magnets and cured to fully 

encapsulate them. Scale bar, 1 cm. 
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Figure S4. Foamboat integrated with modular propulsion system before and after swelling. 

Foamboat and modular propulsion system can be integrated with four magnet blocks installed 

on the U-shaped connector of foamboat and side wall of modular propulsion system. Scale bar, 

5 cm. 
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Figure S5. Buoyancy comparison between small buoyancy block and foam block without 

elastomer shell. Net buoyancy force of small buoyancy block and foam block. a) Picture of 

samples used on buoyancy measurement, composed of 5 small buoyancy blocks and 5 foam 

blocks without hole pattern respectively. b) Net buoyancy force provided by buoyancy blocks 

and foam blocks. For statistical testing, N = 5 (five independent samples, each tested three 

times), and the data with error bars are presented as mean ± SD. 
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Figure S6. Components of modular propulsion system. Scale bar, 5 cm. 

 


