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Abstract  

 

In many real-world applications, robots must be human-safe, untethered, and adaptable. Toward these goals, 

we propose an untethered, inflated robotic truss, composed of thin-walled inflatable tubes, that demonstrates 

dramatic shape change by continuously relocating its joints while its total edge-length remains constant. We 

term this “isoperimetric.” Specifically, a set of identical roller modules each pinch the tube to create an 

effective joint that separates two edges, and modules can be connected to form complex structures. Driving a 

roller module along a tube changes the overall shape, lengthening one edge and shortening another while the 

total edge-length and hence fluid volume remain constant. This isoperimetric behavior allows the robot to 

operate without compressing air or requiring a tether. Our concept brings together advantages from three 

distinct types of robots–soft, collective, and truss-based–while overcoming certain limitations of each. Our 

robots are robust and safe like soft robots but not limited by a tether; are modular like collective robots but 

not limited by complex subunits; and are shape-changing like truss robots but not limited by rigid linear 

actuators. We demonstrate 2D robots capable of dramatic shape change and a human-scale 3D robot capable 

of punctuated rolling locomotion and manipulation, all constructed with the same modular rollers and 

operating without a tether. We analyze the compliance of these robots, discuss how the kinematics of 

isoperimetric robots differ from conventional truss robots, and characterize the roller modules. Our concept 

advances the vision of human-safe, untethered, and adaptable robots interacting in the real world. 

 

 

Summary 

 

A large-scale, isoperimetric, untethered, soft robot changes shape by manipulating constant-length inflated 

tubes via movable joints. 
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MAIN TEXT

Introduction 

 

For robots to work in conjunction with humans and be useful outside of highly engineered environments they 

must be human-safe, robust, adaptable to a variety of scenarios, and capable of moving through diverse types 

of terrain. These attributes not only require adaptable control algorithms and the collection and processing of 

rich sensory information, but also new forms of reconfigurable, adaptable robotic structures, potentially soft 

in nature. 

 

In this work, we present a concept for such a robotic structure: a truss of inextensible, inflatable, constant-

length tubes that are manipulated by a collective of interconnected roller modules, allowing for shape 

change and compliance without a pressure source (Fig. 1A). Pressurized tubes serve as structural elements 

and the edges of the truss. Each joint in the tubing is formed by a robotic roller module which pinches the 

tube between cylindrical rollers without creating a seal. The roller modules can be connected to neighboring 

modules to form a node of a complex 2D or 3D structure. An electric motor and mechanical transmission 

then drive these rollers like wheels along the tube, causing the pinch point to translate (Fig. 1B). Edge 

lengths of the robot are changed not by stretching or contracting the edges, but by movement of the roller 

module along the tube—moving the effective joint and simultaneously lengthening one edge while 

shortening another (Fig. 1C and Movie S1). The sum of all the edge lengths remains constant, therefore we 

call the robot an isoperimetric system (constant perimeter). A gap between the rollers ensures that as they 

move, there is negligible pressure difference between the two edges, leading to a system with constant 

volume that does not require a pressure source. The individual roller modules are simple, capable of 

moving along the tube in only one degree of freedom, yet the overall collective is capable of complex 

behavior.   
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Fig. 1.  An overview of the components and operating principal of the robot. (A) A large-scale inflated 

robot that does not require a tether. The robot is composed of a set of identical robotic roller modules that 

are mounted onto inflated fabric tubes that form the primary structure of the robot. (B) The rollers pinch 

the fabric tube between roller, creating an effective joint which can be relocated by driving the rollers. (C) 

The roller modules actuate the robot by driving along the tube, simultaneously lengthening one edge while 

shortening another. The roller modules can connect to one another to construct two- and three-dimensional 

truss-like structures capable of shape change and locomotion. (D) The roller modules connect to each other 

at nodes using three-degree-of-freedom universal joints that are comprised of a clevis joint that couples 

two rods, each free to spin about its axis. The arrows indicate how the joints can rotate. (E) The robot 

locomotes untethered outdoors using a punctuated rolling gait. One face of the robot is highlighted to 

illustrate the rolling motion.  

 

Our robotic concept is built upon a synthesis of concepts from collective, truss, and soft robots. This allows 

us to realize a unique set of traits, as we exploit advantages while bypassing certain disadvantages of each 

individual type of robot. 

 

As a collective system of robots, our concept is inherently modular with interchangeable, simple (one-

degree-of-freedom) subunit roller modules. However, because our subunits are physically interconnected 

through a compliant network, the collective achieves complex system-level behavior, capable of applying 

forces in three dimensions to the human-scale world. This overcomes a limitation of collective robots that 

combine together to create structures that can change their shape (1-4)—realizing complex 3D physical 

interaction while maintaining simplicity at the individual robot level. A related type of collective robotic 

system employs teams of robots that build passive structures (5-8). The target structure is often truss-like, 

built by adding passive elements, and sometimes requires that the robots traverse the structure as they build 

it. As opposed to discretely rearranging passive elements within a structure to change its shape, in our 

concept the collective continuously deforms passive bodies to change the locations of where the bodies are 

attached, resulting in very simple robotic subunits. 

 

As a truss-like robot—which have been proposed for intriguing applications like exploring planets (9-12), 

burrowing underground (13), shoring up rubble (14,16), and modular robotic systems (17,18)—our concept 

is adaptable and customizable. However, because our robot has a compliant structure and moves without 

requiring linear actuators, it affords robustness that is lacking in other truss-like robots. Ideally, the linear 
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actuators of a truss robot would be lightweight, robust, have a high extension ratio, and operate untethered. 

While certain new actuators meet some of these requirements (19-22), achieving all is challenging. This 

means that when existing actuators are connected into a truss system, the resulting robot is relatively rigid, 

slow, heavy, and lacking in robustness to large impacts. Our robot overcomes some of the challenges of 

conventional truss robots because the structure is composed of lightweight compliant pneumatic beams. 

Tensegrity robots also overcome the fragility of truss robots, but through a network of compliant cables or 

compliant beams that create part of their structure (23-28). Tensegrity robots can undergo large shape 

change, especially volume change for deployment, but the fact that typically only a subset of edges change 

length, and some edges may only support tensile loads, imposes some constraints on the possible shape 

change. Our robot is not a tensegrity robot, but it incorporates the compliant characteristics that have made 

tensegrity robots more robust, in order to enable tough robots that are highly adaptable.   

 

As a soft robot, our concept is inherently human-safe and has a high tolerance to uncertainty in the 

environment (29-33). However, because it is a constant-volume, isoperimetric system (nodes move, but the 

total length of the pneumatic structure remains the same), it overcomes a fundamental limitation of 

pneumatic soft robots—the air supply. Previous methods to provide pneumatic power onboard include 

carrying a micro-compressor (34, 35), carrying a pressurized fluid reservoir (36), utilizing chemical 

decomposition (37), and using explosive fuels (38,39). However, each of these is limited: micro-

compressors have low flow rates and peak pressures, compressed air in a reservoir has limited overall 

capacity, chemical decomposition or burning of a fuel often requires systems level integration and does not 

easily provide air at useful pressures and rates (40). In contrast, other soft systems use a fixed amount 

of air within a cavity as a structural element and not as an actuator, requiring no pressure source once the 

cavity is pressurized (41-46). Interestingly, some of this work has exhibited direct manipulation of the 

membrane of an inflated beam to create bending without compressing the air within (42,43). We build upon 

this work for our soft, untethered robot but instead of manipulating a serial robot by deforming the 

membrane around fixed joints as in (42,43), we continuously move the effective joints along the structure 

which allows for large global shape-change of a truss-like robot.   

 

In the remainder of this paper, first, we present demonstrations and characterizations of the collective, truss-

like, and soft nature of our robots. To highlight the collective and modular nature of the robot, we present 

three different robots, two 2D robots and one 3D robot, each constructed from identical one-degree-of-

freedom roller modules, yet as a collective, capable of complex movement. To demonstrate the truss-like 

nature of the robot, we show dramatic shape change of all three of the robots and punctuated rolling 

locomotion of the 3D robot. To demonstrate and characterize the softness of the robot, we show its 

robustness to crushing forces, measure its behavior under load, and leverage its compliance to grasp and 

manipulate objects. Each of these demonstrations is conducted with the robot untethered from a pressure 

source. Second, we present the models and experiments that inform the mechanical design of the 

subcomponents of the robots. Third, we provide insights into the tradeoffs among our robots, truss robots, 

and pneumatically actuated robots through theoretical analysis of reachable workspace, efficiency, and 

speed. Finally, we discuss the implications of our results. 

Results  

Demonstration and Characterization of Collective, Truss-like, and Soft Nature of the 

Robot 

2D Collective Demonstrating Truss-like Shape Change 

We demonstrate the collective and modular nature of the isoperimetric concept by constructing two different 

2D robots with the same roller modules (Fig. 2). The first robot is composed of three separate tubes and the 
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second of a single tube. Robots with multiple tubes are interesting because the modularity is extended to 

robotic substructures containing multiple roller modules. For example, substructures designed for specific 

tasks like grasping or locomotion could be combined to form a variety of robots. On the other hand, robots 

with a single tube have fewer constraints on their configuration and larger maximum edge lengths. With both 

robots, we demonstrate a truss-like shape changing ability. 

  

For the first robot, each of the three individual tubes (3.4 m long and 0.1 m diameter) is routed through two 

active roller modules before affixing its ends to a passive module which does not contain a motor, creating a 

triangle. The triangular substructures are then assembled by connecting pairs of roller modules with revolute 

joints, showing that complex robots can be assembled from multiple simpler robots. The robot can deploy 

from a small area of 0.85 𝑚2 without human intervention when air is added from an external source (Fig. 

2A). After the robot is inflated to an operating pressure of 40 kPa (and an area of 2.9 𝑚2), we remove the 

tether and drive the roller modules to demonstrate a few feasible shapes: a tall skinny triangle, a hexagon, a 

square, and a “pincer” shape that can grasp an object (Fig. 2B). It takes less than 50 seconds for the robot to 

transition among all four of these shapes (Movie S2). The minimum length of an edge is 28 cm for this 

prototype and is fixed by the size of the roller module.  

  

For the second robot, we route a single tube with a length of 6.8 m through 8 active roller modules and a 

single passive module, as shown in Fig. 2C and Movie S3. This single-tube architecture enables certain 

behaviors that are not possible with the first, three-triangle architecture, where an edge can only lengthen if 

another edge in the same triangle shortens. In contrast, when a single tube is used for the entire robot, the 

material can be exchanged between any two edges in the network. To exchange length between edges that 

are adjacent, one roller module moves along the tube (Fig. 2D). For edges that are not adjacent, all 

intermediate powered roller modules must roll to transfer the tube material, even if the edges adjacent to the 

intermediate roller modules do not change length (Fig. 2E). Because any edge in the robot can contribute 

length to any other edge, much larger maximum edge lengths can be reached with the single tube architecture 

(Fig. 2F), illustrating that the maximum length of an edge depends on the robot architecture. 
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Fig. 2. Demonstrations of two different 2D robots, each a collective of the same roller modules with 

different tube architectures, showing truss-like shape change. (A) A robot, formed from three separate 

tubes that are routed into triangles and connected together, inflates and springs into shape without 

intervention. (B) This three-tube robot can change to a variety of shapes. Casters under the roller modules 

allow motion. (C) A robot composed of a single inflated tube. It can more dramatically lengthen its edges, 

because each edge can exchange material with any other edge. The single tube design also means that 

sometimes roller modules must run to pass material through the network, even if the edge lengths 

immediately connected to it are not changing length. (D) A single active roller module moves causing one 

adjacent edge to shorten and the other to lengthen. (E) To lengthen and shorten the two edges adjacent to 

the passive module, all of the active roller modules move in coordination. (F) The single tube 

configuration is capable of much larger edge lengths because all other edges can shorten to accommodate 

the lengthening of two edges. 

 

3D Octahedron Robot: Truss-like Shape Change and Locomotion 

We use the same roller modules from the 2D robots to create a 3D octahedron, formed by connecting 4 

individual triangles, each with a tube length of 3.4 m. As before, a triangle has two active and one passive 

modules. We demonstrate truss-like 3D shape-changing and locomotion. 
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The first demonstration of the 3D robot explores its volume change during deployment (Fig. 3A). The 

structure can compact to a volume of 0.173 m3 when deflated (fitting within a 64 x 71 x 38 cm rectangular 

prism), and then deploy to an octahedron with a volume 2.29 m3, increasing by a factor of 13. Next, after 

untethering the robot, we show it is capable of dramatically changing its shape, including changing its height 

by a factor of two and moving to an asymmetric configuration where one node extends upwards (Fig. 3B, 

Movie S4). Movie S5 shows a simulated robot moving according to our kinematic model (Materials and 

Methods) side-by-side with the real robot moving. While not a perfect agreement, the character of the robot 

motion is captured by the simulation. Small errors develop due to imperfections in our current fabrication 

methods leading to variations in tube diameter and length. Finally, we demonstrate locomotion. The robot 

can locomote with a punctuated rolling gait at a speed of 2.14 body lengths per minute, or 3.6 m/min (Fig. 

3C and Movie S6). In the current implementation, each roller module has a battery life of about 23 minutes 

under continuous roller movement (see S1 for more information).  

 

 
Fig. 3. A 3D untethered, octahedron truss robot capable of shape-morphing and locomotion. (A) The robot 

first inflates from a small package into an octahedron. The octahedron is composed of 4 individual 

triangles. (B) The robot can exhibit extreme shape change. A 186 cm height human and a 24 cm-diameter 

basketball are shown for size reference in some images. (C) The robot is also capable of a punctuated 

rolling gait, beginning with one of the four triangles as a bottom face (first photo) and returning to this 
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configuration (with a different triangle now at the bottom) after two rolling events (last photo).  

3D Octahedron Robot: Compliant Behavior and Manipulation 

The inflated fabric tubes are compliant, a hallmark of soft robots and a property that affords robustness to the 

structure. To demonstrate this robustness (Fig. 4A and Movie S7), we load the robot with a wooden pallet 

before increasing the load until structural failure (Fig. 4A). When the load is removed and external forces are 

applied to restore the structure to its initial shape, it is again able to support the initial load, undamaged. To 

quantify the response of the robot under load, we measure force while displacing the top roller module of a 

single triangle in three different configurations using the experimental setup described in Supplementary 

Text and Fig. S5. The results are shown in Fig. 4B. When an external load is applied to a node of the truss 

structure, there is a relatively high initial stiffness until the load causes one of the beams to buckle, at which 

point the force exerted at the node dramatically decreases, approaching a zero-stiffness regime. This behavior 

is like a mechanical fuse: during normal operation, the structure is relatively stiff, allowing functionality; yet 

beyond some threshold force, it buckles, limiting damage to itself or the environment. The exact level of the 

threshold force could be tuned via control of the robot configuration, leveraging existing work on the 

mechanics of inflated beams (47-49). Because of its relatively high stiffness before buckling, the robot can 

carry heavy loads without significant deformation. Fig. 4C and Movie S8 demonstrate the robot moving a 6.8 

kg load over a trajectory. The kinematics model also allows us to predict the forces experienced by the 

members. Movie S9 shows the predicted axial load on each inflated member while it changes shape in the 

presence of an external load similar to the experiment in Fig. 4C.   

 

Different recovery strategies can be invoked after an inflated beam buckles. Occasionally, the beam will 

recover on its own when the load is removed. This is due to the small but noticeable restoring forces seen in 

Fig. 4B. If a beam is unable to recover passively, it is possible for active motions of the roller modules to 

assist in straightening buckled beams (Movie S10).  
 

 
 

Fig. 4. Demonstration and characterization of the robot’s compliant behavior. (A) Overloading the robot 

causes the robot to collapse. After being restored to its initial configuration, the robot is again able to 
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support the initial load. (B) The load displacement behavior of a single triangle in three different 

configurations. In all cases, there is a moderate initial stiffness until a critical load is reached and the beam 

buckles, at which point the force required to maintain a given level of deflection is much lower than the 

peak value, demonstrating a mechanical-fuse-type behavior of the robot. (C) The robot moves a 6.8 kg 

load over a trajectory. 

 

The compliance of the robot allows it to grasp and manipulate objects. We demonstrate this behavior in Fig. 

5A, as the robot changes shape to engulf an object (a basketball) before changing shape to pinch the object 

between two of its edges. The compliant beams bend slightly around the object, increasing the contact area. 

Once the object is grasped, it changes the shapes of its other faces to pick the object up from the ground. The 

robot can also manipulate objects “in-hand,” leveraging the fact that the edges are composed of continuous 

tubes that move relative to the nodes. In Fig. 5B, a basketball is placed between two edges of a tube. By 

driving the roller module closest to the basketball, the tube moves relative to the basketball, causing the ball 

to rotate within the grasp (Movie S11). 

 

 
Fig. 5. Demonstration of the robot’s ability to use its inherent compliance to manipulate and interact with 

objects. (A) The robot grasps a basketball (diameter of 24 cm, mass of 580 g) by first engulfing it, and then 

pinching it between two compliant edges. The robot then change shape to lift the basketball into the air. 

(B) With the basketball secured between two edges, motion of the roller module closest to the basketball 

cause the basketball to spin. A coordinate frame has been added to allow visualization of how the 

orientation of the basketball changes. Between the second and third configurations the basketball rotates 

approximately 135 degrees.  

 

Robot subcomponent analysis and design 

The key components of our robot are the tubes and the actuated roller modules, shown in Fig. 1. Each roller 

module in the robot serves three primary functions: (i) to pinch the tube, creating a region of low bending 

stiffness—an effective joint, (ii) to locomote along the length of the tube, moving the position of the effective 

joint, and (iii) to mechanically couple to other roller modules in the structure in a way that fully defines the 

geometry of the robot. In this section we review the analysis and design to support those three primary 

functions. 

Joint-like Behavior of a Pinched Tube 

The effective joints, about which two sections of tube pivot, are created by the cylindrical rollers in the roller 

modules. The rollers pinch the tube, reducing its cross-sectional area and bending stiffness while still 
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allowing airflow. Ideally, there would be no torque required to change the angle, but in practice there is a 

torque at these joints. To understand and minimize this torque, we developed a reduced order model. We 

assume the fabric that makes up the pressurized tube is flexible yet inextensible, and takes a shape that 

maximizes the enclosed volume, independent of its material properties or internal pressure. We relate the 

torque applied by the joint (𝜏(𝜃)) to the internal pressure 𝑃 and the change in volume with angle (
𝑑𝑉(𝜃)

𝑑𝜃
) 

using the principle of virtual work through 𝜏(𝜃)  = 𝑃
𝑑𝑉(𝜃)

𝑑𝜃
. See Supplementary Text and Fig. S2. 

 

To validate the model, we gather data using the test setup presented in Fig. S2C and compare it with 

predictions from the model (Fig. 6). The data show that at small angles, torque increases with roller diameter 

(Fig. 6A) and tube diameter (Fig. 6B). At a certain angle, the two sections of tube collide with one another 

and the torque increases rapidly, as illustrated in Fig. 6A. We terminate the predictions at the onset of this 

interference, which occurs at a larger angle with increased roller diameter, and a smaller angle with increased 

tube diameter. The model captures the shape of the curve until interference occurs, although it slightly 

underpredicts the resulting force. This could be because it accounts only for the response of the air, and not 

for the resistance of the fabric tube to bending.  

 

Examining the trends from Figs. 6A and 6B, it is ideal to use small rollers to reduce the torque associated 

with the tubes pivoting about the effective joint but use large rollers to avoid the self-interference of the tube. 

To address these competing objectives, we introduce a design that utilizes two pairs of rollers as shown in 

Fig. 6C. In this way, we gain the low-torque performance of the small rollers while also avoiding the self-

interference that drastically increases torque (Fig. 6D).  
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Fig. 6. Analysis of the effective joint formed by rollers pinching a tube. (A) The relationship between 

angle and torque with changing roller diameter (tube diameter is 7.32 cm). Model predictions are shown in 

solid lines and experimental data in dashed lines. The model slightly underpredicts the torque. The amount 

of torque increases substantially beyond the point where the model predicts self-interference. Torque 

increases with roller size, but interference also begins at larger angles. (B) Increasing torque with 

increasing tube diameters when the roller diameter is 1.14 cm. (C) The double roller configuration and the 

gear train that ensures all rollers move together from a single motor input. (D) The torque required to bend 

a tube with no rollers, with a single set of rollers, and with two sets of rollers as shown in (C) (roller 

diameters are 0.64 cm separated by 6.35 cm). Without rollers, the tube exhibits low stiffness, but large 

torque at a wide range of angles. The presence of one set of rollers dramatically reduces the torque at low 

angles but the torque rises quickly after self-interference begins. With two sets of rollers the torque is low 

for small and large angles because the tube does not self-interfere.  

Locomotion along an Inflated Tube 

The second requirement of the roller module is to continuously move the joint along the structure, which it 

does by rotating the rollers with a motor. Because the gap between the rollers is smaller than the diameter of 

the tube, the rollers experience a high normal force pushing them apart (see Supplementary Text and Fig. S3 

for further analysis). This, when coupled with a high-friction coating on the cylinders, ensures a large friction 

force between the tube and the rollers and prevents slip. 
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In an ideal case, the energetic cost to move the roller along the tube would be zero and invariant to changes 

in the internal pressure of the system. However, the presence of friction and hysteresis in the deformation of 

the fabric results in an energetic cost to travel a distance, which we seek to minimize. 

 

To measure the cost to move in the presence of the non-idealities, we use the experimental setup presented in 

Supplementary Text and Fig. S4. The first test examines the effect of roller diameter and internal pressure on 

the force required to move tubes through a pair of rollers where the tube has a diameter of 7.32 cm. We find a 

linear relationship between force and pressure (Fig. 7A). The diameter of the roller has a small effect on the 

slope of these lines with the largest rollers having the largest slope.  

 

In the second test, we measure the effects that the internal pressure and tube diameter have on the force 

required to move tubes through a pair of rollers 1.14 cm in diameter. We observe that increases in pressure 

and tube diameter both increase the force to move (Fig. 7B). This is because both factors result in a larger 

normal force on the rollers, and a larger diameter tube results in more material being deformed through a 

larger motion.  

 

In the third test, we compare the cost to move of a single set of rollers to that of two pairs of rollers separated 

by a variable distance. In Fig. 7C, we show that the cost to move for two pairs of rollers is less than twice 

that for one roller. Note that we tested roller spacings less than a diameter of the tube because spacing greater 

than a diameter is not effective at reducing joint torque and is thus not practical.  

 

To gain a sense of the relative magnitude of the forces required to move the tube through the rollers, we 

compare the measured force with the maximum force that could be exerted by the pressurized air, calculated 

as pressure times the cross-sectional area of the tube. Across all of the data presented in Fig. 7, the forces 

required to move the tube through the rollers has a peak of 14.6% and a mean of 8.78% of the maximum 

force, indicating that the forces required to move the tube through the rollers are small in comparison. 

 

Having examined the geometric effects on joint stiffness and the cost to move, we can make some design 

decisions. Using smaller rollers reduces the joint stiffness (Fig. 6A) and decreases the cost to move (Fig. 7A). 

Therefore, using small rollers is preferable for performance.  Increasing the spacing between the pairs of 

rollers decreases the minimum angle before tube interference but also increases the cost to move. For our 

roller modules, we select a roller diameter of 0.76 cm and set the distance between the center axis of the 

rollers at 1.27 cm. The distance between the two pairs of rollers is 6.35 cm. In practice, we drive both sets of 

rollers with a single motor through the gear train shown in Fig. 6C. 

 

 
Fig. 7. Exploration of the energetic cost to move along the tube. (A) The force required to move the tube 

through the rollers over a range of pressures and with three different roller diameters. Tube diameter is 

7.32 cm. The force-pressure relationship is approximately linear and increasing the roller diameter slightly 

increase the required force. (B) The force required to move the tube through the rollers over a range of 

pressures and with three different tube sizes. Roller diameter is 1.14 cm. The force-pressure relationship is 
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approximately linear, and tubes with larger diameter require more force. (C) The force required to move a 

10.1 cm tube at 30 kPa through two pairs of 0.76 cm rollers over a range of distances between the pairs. A 

single roller is included with gap distance equal to zero. The double roller cost to move when the 

separation is equal to the tube diameter is 80% of twice the single roller cost to move. 

 

Roller Connections 

The third requirement of the roller module is the ability to mechanically couple to other roller modules in the 

structure in order to fully define the robot’s geometry for both 2D and 3D architectures. The roller modules 

connect to each other at nodes using three-degree-of-freedom universal joints that are comprised of a clevis 

joint that couples two rods, each free to spin about its axis (Fig. 1D). The length of these rods is determined 

by the size of the roller modules and the necessary minimum angle between these rods. 

 

The mechanical design of the roller modules and the connections between them must fully constrain the truss 

structure. Fully constrained means that any external load induces a restoring force that seeks to return the 

structure back to an equilibrium configuration. Our kinematic analysis (Materials and Methods) indicates that 

the structure is fully constrained if the connection point between a roller module and its neighbor lies along 

the line that bisects the two segments of tube joined by that roller. To achieve this constraint, we include two 

guide rings as shown in Fig. S6. Each guide ring is attached to the body of the roller module through arms 

that rotate about a pin joint concentric with the top roller of in a pair of rollers. In addition, we place gear 

teeth on the arms supporting the guide rings to couple the motion of the guide rings. We call these arms 

geared angle constraints (Fig. S6). Together, the guide rings and the geared angle constraints ensure that a 

central axis of the roller module bisects the two segments of tube, which in turn ensures that the truss 

structure is fully constrained. 

   

 

Tradeoffs: Workspace, Efficiency, and Speed   
In this section, we discuss the tradeoffs inherent in the isoperimetric robot design and compare this robot to 

truss and pneumatically actuated robots. In the first set of comparisons, we examine the effect of kinematic 

differences between an isoperimetric robot and a conventional truss robot on their respective workspace. 

Next, we analyze how these kinematic differences affect efficiency and speed of movements. In the last set 

of comparisons, we examine the effect of the power source—electric motors for the isoperimetric robots and 

microcompressors for pneumatically actuated robots—on efficiency and speed.   
 

Effects of Kinematic Differences on Workspace 

In this section, we qualitatively then quantitatively compare the workspace of a conventional truss robot with 

that of our robot. Qualitatively, in the conventional truss robot, each edge is a linear actuator with a fixed 

amount of material that is locally reconfigured to change the edge length. In our robot, each edge can 

exchange material with other edges in order to change length. This reallocation of material is 

conceptually similar to changing the shape of a fixed mass of clay: while the shape can change dramatically, 

the total amount of material must remain the same. In many cases, our concept allows for larger extremes in 

the length of an individual edge than does a conventional truss robot. However, it also necessitates coupling 

for changes in the length of edges that are part of the same tube. Each individual tube in the architecture 

represents another constraint on the achievable configuration space and a potential reduction of the 

workspace. As a result, an isoperimetric robot will have fewer degrees of freedom than a robot composed of 

linear actuators with the same graphical structure. Therefore, some motions that are possible for 

a conventional truss robot are impossible for our robots. The octahedron robot, for example, cannot reduce its 

total edge length to become a smaller regular octahedron, even though its enclosed volume can 

substantially change. The mathematical form of these constraints is discussed in the kinematics 

section (Materials and Methods).   
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Next, we quantitatively compare the reachable workspaces of the top node of three different 2D triangular 

robot architectures: an isoperimetric robot with two active roller modules, a conventional truss robot 

with a linear actuator on each edge, and a conventional truss robot with linear actuators on two edges and 

supported by two pinned nodes (Fig. 8 and Movie S12). The workspace of our robot completely covers the 

workspace of the robot composed of three linear actuators, which in turn completely covers the workspace of 

the robot composed of two linear actuators. The workspace of our robot is 3.4 times larger than the 

workspace of the robot composed of three linear actuators and 6.8 times larger than the workspace of the 

robot composed of two linear actuators. These results indicate that in some cases, the isoperimetric 

architecture may increase a robot’s workspace.  

 

Effects of Kinematic Differences on Efficiency and Speed 

In this section, we first next qualitatively, then quantitatively, compare how the kinematics of an 

isoperimetric robot and a truss robot affect the efficiency and speed of motion. Qualitatively, the added 

constraints on the isoperimetric robot mean certain motions require much more energy or must be performed 

more slowly than others—a factor that should be considered when planning movements. This can be 

explained as follows. Unlike in a truss robot, the number of actuators (for our robot, roller modules) needed 

to change the robot’s configuration is not necessarily equal to the number of edges that are changing in 

length. For example, exchanging length between the two edges adjacent to the same active roller module 

(Edges 1 and 2 in Fig. 8A) requires only the energy to operate one roller module. However, exchanging 

length between edges separated by multiple active roller modules (Edge 1 and 3) requires multiple roller 

modules to drive. These effects are exacerbated if a single tube covers more than 3 edges in a triangle, as 

illustrated in Fig. 2D and 2E. The coupling between edge length changes and the routing of the tube also 

affects the rate of change of different edge lengths. For the robot in Fig. 8A, Edge 2 can lengthen at twice the 

maximum speed of the rollers and hence twice the maximum speed of Edges 1 and 3 due to the fact that it 

has active rollers on both ends.  However, it can only extend at maximum speed if both Edges 1 and 3 are 

contracting at the maximum speed. These dependencies illustrate that the energy required to perform a given 

motion and the speed at which edge lengths can change depend on the architecture of the graph, not just the 

parameters of the actuators as in a truss robot composed of linear actuators. 
 

We quantify these differences by comparing the motions of the robots in Fig. 8. Fig. 8D shows 

the manipulability index, µ (50), for Node 2 throughout the two robots’ respective workspaces. The 

manipulability index is the volume of the manipulability ellipsoid which represents the node velocity 

resulting from normalized actuator inputs. Larger manipulability indices correspond to larger end effector 

motions given fixed actuator inputs. The manipulability index is higher for the isoperimetric robot than the 

robot with two linear actuators across the shared workspace, indicating the possibility of faster motions, but 

with the corresponding result that higher actuator torques are required to resist external loads. For the robot 

with three linear actuators, the robot has redundancy to the task of positioning Node 2, which we exploit to 

maximize the manipulability. Even so, the isoperimetric robot has higher manipulability in a portion of the 

shared workspace. To further examine this effect, we examine the energy required to move Node 2 of robots 

with two degrees of freedom (A and C) between a set of randomly generated waypoints while the robot is 

subject to gravitational and inertial loads (details in S8). The energy output is slightly lower for the 

isoperimetric robot for low frequency motions. However, as the frequency of motion increases, 

the required output energy increases faster for the isoperimetric robot than for the truss robot (Fig. 8E). For a 

prescribed motion of Node 2, Node 3 of the isoperimetric robot must also move to maintain the constant 

perimeter. The additional motion of Node 3 is increasingly costly as frequency increases and dynamic effects 

become more pronounced. Furthermore, the individual contributions to output energy from the linear 

actuators are nearly identical. Meanwhile, one of the roller modules in the isoperimetric robot exerts much 

more energy than the other. These results indicate that the coupled nature of motion in isoperimetric 

robots creates tradeoffs in both speed and efficiency. 
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Effect of Power Source on Efficiency and Speed 

Finally, we compare efficiency and speed of different robots based on their use of either electric motors or 

microcompressors as an energy source. We compare robot A driven by electric motors with two different 

types of robot C: one of linear actuators driven directly by electric motors and one of pneumatic cylinders 

driven by microcompressors (details in S8). In this comparison, we use commercially available components 

to investigate the qualitative characteristics of these devices. We cannot assume the quantitative results will 

apply to all commercially available components or reveal fundamental limitations of these technologies. We 

find that robot A is less efficient than the motorized robot C (Fig. 8F), despite the energy output advantages 

seen in Fig. 8E. This is due to the uneven distribution of load among the two actuators. We find that the 

minimum time in which the microcompressor-driven robot C can move between waypoints is much slower 

than the motor-driven robots, yet it is potentially more efficient at low speeds. However, we observe that the 

time to execute trajectories for the microcompressor-driven robot C depends heavily on the diameter of the 

pneumatic cylinder considered. Increasing the size of a robot driven by a microcompressor increases the area 

the compressed gas exerts a pressure on, effectively increasing the gear ratio: this increases the force 

output and reduces the speed. This effect is observed in the untethered soft robot presented in (6). The 

authors built their robot at a relatively large scale (length of 0.65 m) in order to accommodate commercially 

available compressors. The increase in size to accommodate commercial components had the effect of 

reducing speed (reported speeds of approximately 18 m/hr or 28 body lengths per hour). Our robot is larger, 

but, as it does not experience the same effect of gear ratio change, it achieves faster locomotion speeds (216 

m/hr, or 128 body lengths per hour).  

 
Fig. 8. Comparison of three different robots: (A) An isoperimetric robot, (B) a truss robot with three linear 

actuators, and (C) a truss robot with two linear actuators. (D) The workspaces and manipulability index, µ, 

of Node 2 for each robot. The minimum edge length for all robots is 0.5 m, and the maximum length of 

linear actuators in B and C is 1 m. The total edge length of the isoperimetric robot is the maximum 

perimeter of the truss robots (3 m). The black (red) arrows indicate the direction of maximum velocity for 
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Node 2 of robot A (robots B and C). (E) The effect of frequency on the energy required to move Node 2 

between 50 waypoints within the shared workspace for robots A and C. With increased frequency the 

isoperimetric robot become less efficient due to the coupled motion of Nodes 2 and 3. (F) Required energy 

to move the end effector between waypoints when driven by a specific electric motor and C when driven 

by either the same motor or a microcompressor with comparable mass. The systems driven by an electric 

motor are faster than the systems driven by the microcompressor. 

 

Discussion  
Here we discuss the implications of the isoperimetric concept in terms of the softness, scaling, and 

applications of the resultant robots.  

 

In terms of softness, our robots differ from most devices in the field of soft robotics. While our robots are 

like most soft robots in that they comprise a mixture of compliant materials (fabric and air) and some rigid 

components, they differ in that their rigid components are external instead of internal. While at first glance 

this may seem limiting, it is a similar architecture to that found in insects, where rigid exoskeletal segments 

are joined by compliant tissue (51). In our case, the natural compliance of the beams connecting the rigid 

nodes creates an effective stiffness that is far below the actual stiffness of node material. Further, the 

mechanical fuse-type behavior limits the overall maximum load that can be applied at a node. Naturally, the 

compliant tubes afford some robustness to the roller modules because the tubes can conform to misalignment 

of the rollers and prevent large forces and impacts from being transmitted between roller modules. 

Additionally, it may be possible in future work to replace the roller modules with soft bodied analogues to 

further increase the safety and robustness of the system. 

 

In this work, we presented versions of our robot at an approximately human scale. A key question for 

understanding the broader applicability of this type of robot is how performance changes with robot size 

scale. If we scale all dimensions uniformly, then as the length 𝐿 increases, the mass of the robot increases 

roughly with 𝐿3. The strength of the structure is governed by the mechanics of inflated beams and is a 

function of the geometry, material properties, and internal pressure which precludes extracting a simple 

scaling law.  However, if we assume that the strength of the structure can be approximated by considering the 

inflated tubes as Euler beams that fail due to buckling, the load bearing capacity increases with 𝐿2, a slower 

rate of increase than the robot's mass, meaning that isometric upscaling will eventually result in robots that 

cannot support their weight. However, given that buckling strength depends on the fourth power of tube 

diameter, slightly positive allometric scaling of tube diameter would enable increased robot sizes.  

 

We envision a variety of potential applications for robots based on our concept. For example, in planetary 

rover missions, a robot using our architecture could deflate and pack in a small volume for launch, inflate 

upon landing, and then perform missions untethered from any energy source. The soft nature of the robot 

would enable robustness, and the robot could change its shape to navigate challenging terrain or perform 

tasks that may not be known a priori. The compliance and shape change of the robot could make it suitable 

for several tasks involving humans. For example, the robot could work alongside workers, holding parts in 

place as the worker bolts them in place. In the classroom, the modularity and soft nature of the robotic 

system make it a potentially valuable educational tool. Students could create many different robots with a 

single collection of hardware, and then physically interact with the robot. By including a much larger number 

of roller modules in a robot, the robot could function as a shape display, dynamically changing shape as a 

sort of high-refresh-rate 3D printer (52). Incorporating touch-sensitive fabric into the structure could allow 

users to directly interact with the displayed shapes. More broadly, the modularity allows the same hardware 

to build a diverse family of robots—the same roller modules can be used with new tube routings to create 
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new robots. If the user needed a robot to reach through a long, narrow passageway, they could assemble a 

chain-like robot; then for a locomoting robot, they could reassemble into a spherical shape. 

 

Our robotic concept is built upon a synthesis of concepts from collective, truss-like, and soft robots. We 

demonstrated its collective nature by creating—from identical, one-degree-of-freedom subunits—two 2D 

architectures and one 3D architecture. We showed the robots’ truss-like behavior through dramatic shape 

change, load carrying, and locomotion. We demonstrated and characterized their compliant nature through a 

mechanical fuse behavior and an ability to engulf, grasp, and manipulate objects. Beyond these 

demonstrations, we presented analysis for the design of robot subcomponents. We developed and validated a 

model that predicts the stiffness of a joint formed by a roller modular, and experimentally studied the effect 

of geometric parameters on the force required to drive a roller along the tube. Finally, we examined tradeoffs, 

comparing the workspace, efficiency, and speed of a robot based on our concept to these characteristics of 

similar robots. Our work introduces the isoperimetric concept to the field of soft robotics for the structure 

and movement of untethered pneumatic robots. 

Materials and Methods 

Construction 

The inflatable tubes we use in our demonstration are constructed out of an outer layer of heavy fabric and an 

inner air-tight bladder. We selected a commercially available fabric with minimal stretch along the 45-degree 

bias. This fabric is a 200-denier nylon fabric with an oxford weave and a urethane coating (Seattle Fabrics 

Inc.). The fabric is cut into a long rectangular piece and sewn together with a plain seam and a straight stitch. 

A small hole is punched into the fabric for a pressure line connector. The inner bladder is formed from a low-

density polyethylene tube (Hudson Exchange). This tube is cut to length, a hole is punched in its side for the 

fitting, and the ends are heat sealed. The inner bladder is inserted into the fabric outer layer and the ends of 

the outer layer are sewn shut with a straight stitch. Finally, a threaded through-wall pipe fitting is fastened in 

place where the holes in each layer align. In practice we inflated the tubes to approximately 40 kPa. 

 

The housing of the roller module is created with laser cut polyoxymethylene (POM) sheets. These pieces are 

fastened together with standoffs and corner brackets. The housing contains holes to lightly press fit ball 

bearings that support the rotation of the rollers and the gear train. The rollers are steel D-shafts wrapped in a 

non-slip material (Dycem). External grooves are cut into the rollers where retaining rings are placed to locate 

the rollers with respect to the ball bearings. The custom gear train has a speed multiplier of 3 which was 

selected for geometric convenience. Our gear train is driven by a direct current motor with a planetary, 

reducing gear box with a gear ratio of about 139:1 (ServoCity #638320). The motor is driven by a Cytron 

MD10C motor driver in a drive-brake control method. The motor driver is commanded by a Teensy 3.2 

microcontroller which uses an nRF24l01+ radio transceiver to receive position commands from an offboard 

laptop. The laptop is not a necessary component as the position commands could be stored on the 

microcontroller. The laptop provides a convenient user interface to send commands to the microcontrollers. 

When multiple roller modules are connected at a vertex, a single microcontroller controls all the connected 

roller modules. When possible, we connect passive modules together to reduce the number of 

microcontrollers. Power was delivered to each roller module by a 1300 mAh, 75 C, 14.8 V lithium polymer 

battery manufactured by Tattu. The mass of each roller module is 2.83 kg, and each passive module weighs 

1.6 kg. The complete octahedron robot (8 active roller modules, 4 passive modules, and the fabric tubes) 

weighs approximately 29 kg. The 2D robots weigh 22 kg (three tubes) and 19 kg (single tube). A part callout 

for the roller module is shown in Fig. S6. 
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Control 

Each roller module is responsible for controlling its position in 1D along the inflated tube. The 

microcontroller tracks the position of the connected roller modules along their tubes using the motor 

encoders and utilizes a PID controller to drive the rollers to the target position. To determine the desired 

commands to broadcast to the robot, we experiment with different commands using a computer simulation 

that propagates the kinematics presented in Materials and Methods. 

Kinematics 

Understanding the kinematics of the system allows us to analyze and control the robot’s motion, understand 

the forces the actuators must apply during operation, and informs what types of physical constraints we must 

include in the mechanical design of the roller module. We first present the kinematics relating the motion of 

the roller modules to the position of the nodes in the idealized case where the center axis of each edge 

intersects exactly at the joints of the structure. We then expand this treatment to discuss the kinematics of the 

structure when the effective centers of rotation do not coincide with the joints, as is a physical necessity of 

the robot. The kinematics of a network of linear actuators connected into an arbitrary structure are presented 

in (53). We summarize the key results from that work here and extend the kinematics to the case of a robot 

where several edges are composed of a single tube.  

Idealized Kinematics 

We model the robot as a framework, a mathematical structure that consists of a graph 𝐺 and vertex positions 

𝑝𝑖  ∈ ℝ𝑑. The graph is denoted as 𝐺 = {𝑉, 𝐸}, where 𝑉 = {1,… , 𝑛} are the vertices of the graph, and 𝐸 =
{ {𝑖, 𝑗}1, {𝑖, 𝑗}2 …{𝑖, 𝑗}𝑁𝐿

} are the undirected edges of the graph. The geometry of the robot (assuming no 

deflection of the members) is fully represented by the concatenation of all vertex positions 𝑥 =
[𝑝1

T, 𝑝2
𝑇 , 𝑝3

𝑇 , … 𝑝𝑁
T]𝑇. The length of each edge can be obtained 

 𝐿k = ‖𝑝𝑖 − 𝑝𝑗‖ ∀ {𝑖, 𝑗}𝑘   ∈ 𝐸.   (1) 

We form the differential kinematics that relate the changes in the edge lengths to the changes in the node 

positions as follows: 

 𝑑𝐿𝑘
2

𝑑𝑡
= 2 𝐿𝑘 �̇�𝑘 =  2(𝑝𝑖 − 𝑝𝑗)

𝑇
 𝑝�̇�  +  2(𝑝𝑗 − 𝑝𝑖)

𝑇
 𝑝�̇� . 

(2) 

Rearranging this into matrix form, we obtain 

 �̇� = 𝑅(𝑥)�̇�. (3) 

We also express the constraints that ground the robot to the outside world in the form 

 𝐶�̇� = 0, (4) 

where 𝐶 is a matrix that constrains the structure to the outside world. In practice we identify three ground 

nodes of the robot and pick 𝐶 such that one ground node is fixed in all directions, the second is fixed in two 

directions, and the third is fixed only in the direction normal to the ground. Combining (3) and (4) we obtain: 

 
  [�̇�

0
] = [

𝑅(𝑥)
𝐶

] �̇�. 
(5) 

If [𝑅(𝑥)𝑇𝐶𝑇]𝑇 is invertible, we find the forward kinematics (Jacobian) that relates the rate of change of the 

actuator edges to the motion of the nodes  

 
�̇� = [ 𝑅

(𝑥)
𝐶

]
−1

[
𝐼𝑁𝐿

0
] �̇� = 𝐽𝐿(𝑥)�̇�. 

(6) 

The matrix [𝑅(𝑥)𝑇𝐶𝑇]𝑇 is invertible when the robot is minimally infinitesimally rigid, which intuitively 

means that the robot has the minimum number of edges to ensure static independence, and that each edge is 

capable of changing length independently. For the matrix to be square and invertible, the number of edges in 

the network must be 3𝑛 − 6 for the 3D robot, and 2𝑛 − 3 for the 2D robot. Using the well-known 

relationship between the Jacobian and externally applied forces, we write 

 𝐽(𝑥)𝑇𝐹 = 𝜏𝐿 , (7) 

where τ𝐿 is the vector of forces on the linear actuators and 𝐹 is a vector of forces applied at the nodes. 
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We now incorporate the constraint that several of the linear members in the robot are composed of a single 

tube, and that their total length must remain constant. In our treatment we will assume that the path defined 

by the tubes each form a cycle, meaning that they begin and end at the same node. This allows us the 

mechanical convenience of connecting the beginning and end of the tube at a passive module. Including 

paths that start and end at different nodes requires only minor modification. The path of the tube or tubes 

through the robot is defined by an ordered pair of nodes where each stop at a node corresponds with a roller 

module, which we number 1 to 𝑁𝑟𝑜𝑙𝑙𝑒𝑟. We represent these paths as a matrix 𝐵𝑎𝑙𝑙(G) ∈  ℝ𝑁𝑟𝑜𝑙𝑙𝑒𝑟 , 𝑁𝐿. Each 

column of 𝐵𝑎𝑙𝑙 corresponds to one edge of the graph and has exactly two nonzero entries: a 1 in the row 

corresponding to the tail node of the directed edge and a −1 at the row corresponding to the head of the 

directed edge. This matrix allows us to relate the velocity of the rollers to the rate of change of the edge 

lengths: 

 �̇�  = 𝐵𝑎𝑙𝑙
𝑇  �̇�. (8) 

where θ corresponds to the position of each of the rollers along the tube. To relate the motion of the rollers 

directly to the motion of the nodes, we combine (6) and (8) to obtain:  

 
[𝑅

(𝑥)
𝐶

]
−1

[𝐵𝑎𝑙𝑙
𝑇

0
] �̇� = �̇� = 𝐽𝜃(𝑥)�̇�. 

(9) 

The Jacobian 𝐽𝜃(𝑥) relates the motor motions to node motions, which also allows us to quantify the torque 

required from the motors to hold a particular configuration as 𝜏𝑟𝑜𝑙𝑙𝑒𝑟 = 𝐽𝜃(𝑥)𝑇𝐹. 

 

We note that the sum of all of the edge lengths of the structure is obtained as 1𝑇𝐿. We can confirm the total 

length of the shared member is unchanged for any combination of roller velocity inputs by showing that 

1𝑇𝐵𝑇 = 0, which is a result of the construction of the B matrix, as we have ensured that each column sums to 

0. 

 

If each tube in the robot is a single continuous loop with no end, all the roller modules could run at the same 

speed and the tube would move continuously while all the nodes remain stationary, as indicated by the fact 

that 𝐵𝑇1 = 0. In practice, we do not include a motor at the node that makes up the first and last connection 

for each tube, which corresponds to removing the elements of �̇� and columns of 𝐵 that correspond to the first 

and last node of each tube in the robot. 

Kinematics in the Presence of Offsets 

In practice, it is not possible for the edges to intersect at the nodes due to the large size of the tubes as well as 

the double-roller design of each roller module (Fig. 6C). In the presence of these offsets, we represent the 

kinematic state of each roller module as the position of three points. These points are illustrated in Fig. S7 

and are the point where two roller modules connect (denoted point A) and the point at the center of each pair 

of rollers in plane with the inflated tube (points B and D). We denote the point at the opposite end of each 

tube segment from points B and D as points C and E, respectively. We want to impose sufficient constraints 

in the physical design of the roller module so fully constrain the kinematic state of all roller modules (points 

A, B, and D for each module). For a robot in 3D, each new point introduced into the kinematic state 

introduces 3 new degrees of freedom. For each roller module, we must remove 6 degrees of freedom. We 

have chosen to include two guide rings that are geared together such that they, along with the mechanical 

construction of the roller module, enable the following mathematical constraints:  

● All edges in the triangle formed by points A, B and D are constant length. The resulting forces are 

provided by the physical structure of the roller module. This imposes three constraints which are of 

the same form as the constraints in (1). We take the derivative of these constraints and rearrange them 

into the matrix 𝑅𝑛ode(𝑥). 

● A constraint that the angle CBD is equal to the angle EDB. This constraint is provided by gear teeth 

that are included onto the arms of the angle constraint show in Fig. S7. This imposes one constraint, 

which is expressed: 
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 (𝑥𝑑 − 𝑥𝑏)
𝑇(𝑥𝑐 − 𝑥𝑏)

‖(𝑥𝑑 − 𝑥𝑏)‖‖(𝑥𝑐 − 𝑥𝑏)‖
=

(𝑥𝑒 − 𝑥𝑐)
𝑇(𝑥𝑏 − 𝑥𝑐)

‖(𝑥𝑒 − 𝑥𝑐)‖‖(𝑥𝑏 − 𝑥𝑐)‖
. 

(10) 

 

We take the derivative of this constraint for each roller module in the network and put the result into a 

matrix 𝑅𝑏𝑖𝑠𝑒𝑐𝑡(𝑥). 

● A constraint that Point A remains in the plane defined by the points B, C, and D and the plane defined 

by the points B, C, and E. This constraint requires coupling between the edges and the rollers in a 

direction normal to both edges. This imposes two constraints, which are enforced by the guide rings. 

This constraint is only necessary when the robot is in 3D. This constraint is expressed: 

 (𝑥𝑎 − 𝑥𝑏)
𝑇((𝑥𝑐 − 𝑥𝑏) × (𝑥𝑑 − 𝑥𝑏))

‖𝑥𝑑 − 𝑥𝑏‖‖(𝑥𝑐 − 𝑥𝑏) × (𝑥𝑑 − 𝑥𝑏)‖
= 0, 

(11) 

and 

 (𝑥𝑎 − 𝑥𝑐)
𝑇((𝑥𝑏 − 𝑥𝑐) × (𝑥𝑒 − 𝑥𝑐))

‖𝑥𝑒 − 𝑥𝑐‖‖(𝑥𝑏 − 𝑥𝑐) × (𝑥𝑒 − 𝑥𝑐)‖
= 0. 

(12) 

We again take the derivative of each of these constraints in the current configuration and put the 

result into the matrix 𝑅𝑝𝑙𝑎𝑛𝑎𝑟(𝑥) 

 

We combine these results to form the following result: 

 

[
 
 
 
 

𝑅𝑡𝑢𝑏𝑒(𝑥)

𝑅𝑛𝑜𝑑𝑒(𝑥)

𝑅𝑏𝑖𝑠𝑒𝑐𝑡(𝑥)

𝑅𝑝𝑙𝑎𝑛𝑎𝑟(𝑥)

𝐶 ]
 
 
 
 

�̇� = [𝐿𝑡𝑢𝑏𝑒
̇

0
]. 

(13) 

By including the constraints we have specified, we ensure that this combined matrix is square. If this matrix 

is of full rank, (which is a function of the current node positions) then the overall structure is infinitesimally 

minimally rigid, and the structure cannot move relative to itself without violating the constraints. If the 

matrix is invertible,  

 

�̇� =

[
 
 
 

𝑅𝑡𝑢𝑏𝑒(𝑥)

𝑅𝑛𝑜𝑑𝑒(𝑥)

𝑅𝑏𝑖𝑠𝑒𝑐𝑡(𝑥)

𝑅𝑝𝑙𝑎𝑛𝑎𝑟(𝑥)𝐶]
 
 
 
−1

[𝐵
𝑇

0
] �̇� = 𝐽θ,𝑓𝑢𝑙𝑙(𝑥)�̇�. 

(14) 

 

We can also extract the axial loads on the different members through 𝜏𝐿 = 𝐽𝜃,𝑓𝑢𝑙𝑙
𝑇 (𝑥)𝐹. We note that these are 

the resulting forces assuming that the edges are rigid. In practice, the compliance in the inflated tubes may 

alter the actual configuration and loads. However, this method generates a reasonable estimate of the loading 

conditions on the inflated tubes and the torques that must be exerted by the motors.  
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S1: Experimental Setup for Measuring Battery Life 

The continuous battery life of the prototype presented in this paper is shown in Fig. S1A. A triangular robot 

was oriented vertically and one of its roller modules was driven in a cycle pattern while monitoring the 

energy delivered it (Fig. S1B – S1D). Using the energy consumed and the time elapsed during each cycle, we 

compute the estimated battery life of the 14.8 V, 1300 mAh, LiPo batteries we use in our demonstrations. 

These batteries are assumed to store 69.3 KJ of energy which is calculated with the following equation 

𝐸𝑠𝑡𝑜𝑟𝑒𝑑  = (1300 mAh)(14.8 V)(3600 sec/h )  =  69.3 KJ 

We note that one of the chief inefficiencies of our design is the motor used in the robot (ServoCity part 

#638320) exhibit a peak efficiency of less than 30%. Battery life could be substantially improved by using a 

more efficient motor, or by reducing friction in the custom gear train. 
 

 

 
Fig. S1. (A) The battery life of a single roller module running continuously at three different pressures. We 

repeated the test three times per pressure. (B to D) The roller module is moved in a cyclic path. The roller 

module is a part of a triangle oriented vertically so that the roller module moves against gravity. The 

battery life calculated in (A) is extrapolated from the energy drawn and time elapsed during one cycle 

starting at a low point (B) moving upward to a high point (D) and then returning to the low point (B). The 

battery used for this calculation is a 14.8 V, 1300 mAh, LiPo battery. 

 

S2: Modeling and Measuring Bending of a Beam Through Rollers 

We present a reduced order model to measure the torque required to bend an inflated fabric tube around a set 

of rollers. Our key assumption is that the tube material is flexible but inextensible, and that the tube will take 

a shape that maximizes its enclosed volume for a fixed joint angle. These assumptions allow us to write 𝑉 =

𝑓(𝜃) and calculate the torque using the principle of virtual work 𝜏(𝜃) = 𝑃 𝑑𝑉(𝜃)

𝑑𝜃
. To use this model requires us 

to (i) parameterize the shape of the tube, (ii) compute the tube’s volume, and (iii) characterize the change in 

volume with angle. Past work has studied the post-buckling bending response of inflated fabric beams 

without rollers (54-55), as well as models to predict the force exerted on the rollers when the tube is only 

inflated on one side of the rollers (56-57). Our approach will combine elements of these modeling 

approaches to quantify the change in torque with the angle of a beam passing through a set of rollers.  
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Shape Parameterization 

We parameterize the shape of the tube as shown in Fig. S2A. We assume that the paths along the top and 

bottom of the inflated membrane are of equal length, smooth (the derivative is continuous everywhere), and 

that they are composed of a constant curvature section and a straight section when not in contact with the 

roller. We wish to express the equation of the top and bottom paths as functions of the geometric constant 

parameters (𝐷, ℎ, R𝑟𝑜𝑙𝑙, 𝐿𝑡𝑜𝑡, 𝜃), and two input parameters of our choice that we will later optimize over. We 

select 𝑅𝑡 and 𝑅𝑏 as the input parameters and solve for the values for α𝑡, α𝑏 , 𝑐𝑡 and 𝑐𝑏 using geometric 

constraints. First, we relate the tube diameter to four of the geometric parameters: 

 

𝑐𝑏 + 𝑐𝑡 + 𝑅𝑡 + 𝑅𝑏 = 𝐷. 

 

Examining the geometry defining the constant curvature section of tube near the rollers, we can develop two 

more equations relating known distances: 

 

(𝑅𝑅𝑜𝑙𝑙 + 𝑅𝑡)cos(𝛼𝑡 + 𝜃) + 𝑐𝑡 = (
ℎ

2
+ 𝑅𝑅𝑜𝑙𝑙) cos(𝜃), 

(𝑅𝑅𝑜𝑙𝑙 + 𝑅𝑏)cos(𝛼𝑏 + 𝜃) + 𝑐𝑏 = (
ℎ

2
+ 𝑅𝑅𝑜𝑙𝑙) cos(𝜃). 

 

For the final equation, we express the constraint that the lengths of the top and the bottom paths are equal. 

This constraint takes the form of a loop closure equation: 

 

𝑅𝑅𝑜𝑙𝑙sin(α𝑡) + 𝑅𝑡sin(α𝑡) + 𝑅𝑡sin(𝜃) + (𝐿𝑡𝑜𝑡 − 𝑅𝑅𝑜𝑙𝑙α𝑡 − 𝑅𝑡(α𝑡 + 𝜃))cos(𝜃) + 𝐷sin(𝜃)

= 𝑅𝑅𝑜𝑙𝑙sin(α𝑏) + 𝑅𝑏sin(α𝑏) − 𝑅𝑏sin(𝜃) + (𝐿𝑡𝑜𝑡 − 𝑅𝑅𝑜𝑙𝑙α𝑏 − 𝑅𝑏(α𝑏 + 𝜃))cos(𝜃). 

 

We solve these interdependent equations numerically which gives us the shape of the top path of the 

membrane as 𝛾𝑡𝑜𝑝
(𝜆, 𝜃, 𝑅𝑡, 𝑅𝑏) and the shape of the bottom path of the membrane 𝛾𝑏𝑜𝑡𝑡𝑜𝑚

(𝜆, 𝜃, 𝑅𝑡 , 𝑅𝑏), 

where 𝜆 is a parameter along the arc length of the tube. For clarity, we denote the collection of the parameters 

𝜃, 𝑅𝑡, 𝑅𝑏 as 𝑝. We assume that the cross section of the tube is described by a square in between two half 

circles as shown in Fig. S2A. The perimeter of this cross section is held constant at π𝐷, meaning that no 

wrinkles form in the longitudinal direction along the tube. For a fixed value of 𝜆, 𝛾𝑡𝑜𝑝
(𝜆, 𝑝) and 𝛾𝑏𝑜𝑡𝑡𝑜𝑚

(𝜆, 𝑝) 

intersect the cross section respectively at the top and bottom of the cross section on the axis of symmetry. We 

denote the height of this cross section ℎ(𝜆, 𝑝) = ||𝛾𝑡𝑜𝑝(𝜆, 𝑝) − 𝛾𝑏𝑜𝑡𝑡𝑜𝑚(𝜆, 𝑝)||, and the normal vector to the 

cross section 𝑛(𝜆, 𝑝). Using the assumption that the perimeter of the cross section is constant, we can write 

 𝐴(𝜆, 𝑝) = 𝜋
ℎ(𝜆,𝑝)

2
(𝐷 −

ℎ(𝜆,𝑝)

2
).   

 

To compute the volume of the tube we define the center path of the tube as 

𝑐(𝜆) =
1

2
(𝛾𝑡𝑜𝑝(𝜆, 𝑝) + 𝛾𝑏𝑜𝑡𝑡𝑜𝑚(𝜆, 𝑝)) 

 

and utilize techniques from (58) to write: 

  

𝑉(𝜃,  𝑅𝑡, 𝑅𝑏)  =   ∫ 𝐴(𝜆, 𝑝) (𝛾′(𝜆, 𝑝) + (𝛾(𝜆, 𝑝)  −  𝑐(𝜆, 𝑝)) ∙ 𝑛′(𝜆, 𝑝)) 𝑑𝜆
𝐿𝑡𝑜𝑡

0
.       

 

We assume that the tube will take the shape that maximizes the volume. We find 𝑉∗(𝜃) by fixing the value 

of 𝜃 and maximizing the volume with 𝑅𝑡 and 𝑅𝑏 as free variables: 

𝑉∗(𝜃) = max
𝑅𝑡,𝑅𝑏

 𝑉(𝜃, 𝑅𝑡, 𝑅𝑏). 
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Computing the Model 

We solve the problem of maximizing the volume using the Matlab fmincon optimization solver. A few of 

these optimized shapes are shown in Fig. S2B. To obtain 
𝑑𝑉

𝑑𝜃
 we compute 𝑉∗(𝜃) and obtain the gradient with 

angle through a finite difference.  

 

We note that in the actual structure there may be axial and bending loads on the robot which would affect the 

shape of the beam. While it may be possible to use a similar approach and parameterization of the shape to 

predict the response in these cases, doing so is beyond the scope of this work. In the current form, the model 

captures the trend and approximate magnitude of the response and is sufficient for design purposes. Another 

key component of the model is the ability to predict the onset of self-interference. Our model does not predict 

the effect of tube self-interference on joint stiffness, but it does predict when self-interference occurs. 

 

Experimental Setup 

We experimentally measure the angle and torque of the beam using the setup shown in Fig. S2C. We use 70 

denier ripstop nylon fabric with a polyurethane coating to form a tube with a seam created with a line 

impulse sealer. The tube is secured to a frame built from aluminum extrusions by two polyoxymethylene 

(POM) rings. We measure the angle using a digital goniometer. We built a roller apparatus with rollers of 

0.635 cm, 1.27 cm, and 2.54 cm. For all conditions the minimum distance between the rollers was 0.049 cm. 

We measure the force using a Mark-10 load cell rigidly attached to a POM ring sized precisely to the tube 

which we maintain normal to the beam. We compute the torque by multiplying the measured force by the 

distance from the rollers to the load cell. We control the pressure in the beam using a closed loop pressure 

control. We incrementally increase the angle and measure the torque, allowing time for pressure to settle to a 

nominal value.  

 

 

 
Fig. S2. (A) Parameterization of the resulting shape of the tube as it passes through the rollers. We assume 
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that the top and bottom path along the tube take a continuous path with two constant curvature segments. 

(B) The optimized shapes of the tube when straight, at an intermediate angle, and at the configuration 

where the membrane begins to self-intersect. (C) The test setup used to collect the data we used to compare 

with the model.  

 

S3: Model Predictions of the Normal Force Between Rollers 

In addition to allowing us to compute the torque required to bend to a certain angle, the same shape 

parameterization presented in section S2 also allows an estimation of the magnitude of the force exerted by 

the tube that pushes the rollers apart, which we refer to as the normal force or 𝐹𝑁. This force is necessary for 

traction yet can cause the rollers to bend. Here we define the volume as a function of the gap distance, ℎ, and 

assume that the angle is specified. Using the principle of virtual work, 𝐹𝑁(ℎ, 𝜃) = 𝑃
𝑑𝑉(ℎ,𝜃 )

𝑑ℎ
, which allows us 

to quantify the force acting to separate the rollers. Fig. S3A shows the normal force as a function of the angle 

at different roller diameters, and Fig. S3B shows the normal force as a function of angle at different tube 

diameters. In general, the magnitude of the normal force decreases with angle, but overall is quite large in 

magnitude. In our experiments the magnitude of these forces has been sufficient to resist slipping between 

the tube and the rollers. 

 

Using the normal force data from Fig. S3 we can predict the bending stress within the rollers. Assuming a 

normal force, 𝐹𝑁 = 250 𝑁, that is evenly distributed along the length of the roller and that the roller is fixed 

at both ends, we can calculate the maximum bending stress to be: 

𝜎𝑚𝑎𝑥 =
64𝐹𝑁𝑑𝑇

𝑑𝑅
3  

= 460 𝑀𝑃𝑎 

where the tube diameter, 𝑑𝑇 = 10.1 𝑐𝑚 and the roller diameter, 𝑑𝑅 = 1.52 𝑐𝑚. Many steels have fatigue 

limits in the range of 400 –  900 𝑀𝑃𝑎 (59). Therefore, we can design the roller modules to be robust to 

cyclic loading. 
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 Fig. S3. (A) Model results for the normal force between two rollers at different angles and with different 

roller diameters. The diameter of the tube is constant at 10.08 cm. The normal force decreases with angle, 

and larger rollers lead to larger normal forces. (B) The normal force between rollers predicted by the 

model with different tube diameters. The rollers have a constant diameter of 0.76 cm. Increasing the tube 

diameter increases the normal force. 

 

S4: Experimental Setup for Analyzing Cost to move along Rollers 

The apparatus shown in Fig. S4 was used to collect the force required to move the tube with respect to the 

rollers. We use 70 denier ripstop nylon fabric with a polyurethane coating to form a tube with a seam created 

with a line impulse sealer. A series of laser cut plates held together with aluminum extrusions and standoffs 

locate the roller bearings and a winch system used to transmit force from a force sensor to the rollers. A pull 

string is connected to the Mark-10 force sensor. As the load cell is pulled, the winch system rotates one of 

the rollers through a belt and two pulleys. The other roller is free to spin and rotates with the driven roller 

because the tube presses securely against both rollers. We use three different roller diameters of 0.76 cm, 

1.14 cm, and 1.52 cm. We tested three tube diameters of 4.60 cm, 7.32 cm, and 10.08 cm. For all conditions 

the minimum distance between the rollers was 0.049 cm. We control the pressure in the beam using a closed 

loop pressure control.  
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Fig. S4. Test apparatus used to measure the force required to overcome friction and move the tube through 

the rollers. An inflated tube was placed within the rollers and a force sensor was used to apply a torque on 

a shaft that was coupled to one of the rollers with a belt and pulleys. The entire length of the tube was 

slowly pulled through the rollers and the force required to move the rollers was averaged. 

 

S5 Deformation of an Individual Triangle 

We measure the response of a single triangle to an externally applied load using the experimental setup in 

Fig. S5. The passive module of the triangle is secured to a carriage free to move on a linear track. The other 

two roller modules are supported by a long brace and are positioned such that the linear track bisects the 

inner angle formed by the inflated tube at the passive module. The Mark-10 force sensor is pushed into the 

passive module along the linear track until the triangle completely collapses. A linear encoder tracks the 

position of the carriage as it moves. The Mark-10 is then moved backwards along the track as the edges of 

the triangle begin to straighten and exert a restoring force on the force sensor. We test three isosceles 

triangles: obtuse (edge lengths of 89 cm, 89 cm, and 128 cm), equilateral (edge lengths of 102 cm), and acute 

(edge lengths of 121 cm, 121 cm, and 64 cm). The initial pressure is set using a closed-loop pressure control 

and was set at 41.4 kPa. At the beginning of the test, a valve is closed such that the tests are performed with a 

fixed mass of air within the tube.  
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Fig. S5. Measurement of the force/displacement relationship of a single triangle. The top row of images 

shows three different configurations the triangle was tested in. (A) Obtuse triangle (edge lengths of 89 cm, 

89 cm, and 128 cm). (B) Equilateral triangle (edge lengths of 102 cm). (C) Acute triangle (edge lengths of 

121 cm, 121 cm, and 64 cm). The bottom row of images shows the equilateral triangle (B) being loaded. 

(D) The triangle is initially stiff to external loads. (E) With a sufficiently large load the triangle buckles. 

(F) The triangle at maximum displacement. 

 

 

S6 Roller Module Design 

A part callout of the roller module is presented in Fig. S6. The roller module is fabricated from POM sheets 

separated by steel hexagonal standoffs. All electronic components, as well as the node connection 

components are attached to the top plate of the roller module. A key structural challenge is managing the 

large forces required to pinch the fabric tube which are modeled in S3. While this force is supported by the 
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structure of the roller module itself, these forces can be extremely large and the steel rollers that we utilize 

bow visibly in our current system. 

 

 

Fig. S6. Part callout of a roller module. Four parts in this figure are falsely transparent so that other parts 

can be shown. The outer plate on the right-hand side and the two geared angle constraints on the right-hand 

side are transparent so the transmission can be seen. The inner plate on the left-hand side is transparent so 

the geared angle constraints can be seen. 

 

S7: Descriptive Figure for the kinematics 

 

 
Fig. S7. An illustration of the three points at each roller module that are used to represent the state of the 
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robot. Point A is the connection between two roller modules. Points B and D are the center points of the 

rollers. Points C and E are the opposite ends of the respective edges.  

 

S8: Comparison with other robots 

In simulation we compare the efficiency and speed of an idealized isoperimetric robot and a truss robot 

composed of two actuators mounted at pin joints. Specifically, we compute the energy required to move 

Node 2 of robot A and C in Fig. 8 and Fig. S8 between a set of waypoints in a prescribed amount of time. 

The waypoints are randomly generated within a square region superimposed within the shared workspace of 

the two robots (Fig. S8A). We assume that each node is a point mass of 2.63 kg, and that the edges have no 

mass. We first define the motion by specifying that Node 2 move in a straight line between waypoints, 

following the velocity profile shown in Fig. S8B. We then utilize the kinematics presented in Materials and 

Methods to compute the forces and speeds required from the robot actuators to create the motion while the 

robot is subject to both inertial and gravitational loads. Given the torques and speeds of the actuators, we 

compute the total output energy for the actuators as (∫ 𝜏(𝑡)𝜔(𝑡)𝑑𝑡). Fig. S8C shows that the isoperimetric 

robot requires slightly less energy at low frequencies, but higher amounts of energy at higher frequencies. 

For a prescribed motion of Node 2, Node 3 of the isoperimetric robot must also move to maintain the 

constant perimeter. The additional motion of Node 3 is increasingly costly as frequency increases and 

dynamic effects become more pronounced. 

 

We also compare the efficiency and speed for different power sources. Given the speed and torques required 

from the actuators, we can determine the amount of energy that must be input to the system given an actuator 

choice of a specific motor or microcompressor. We compute the input power as (∫𝑉(𝑡)𝑖(𝑡)𝑑𝑡) for either the 

motor or the microcompressor. As our representative motor we select the Actobotics 52 RPM (#638296) 

premium planetary gear motor (231.22:1 gear ratio, mass of 118 g). For the microcompressor we select the 

Parker Hargraves BTC-IIS microcompressor (170 g) due to its characterization in past studies and its similar 

weight to the motor (40). In the case of the microcompressor, we must relate the linear motion and force of 

the pneumatic cylinder to the pressure and flow rate at the microcompressor. We assume that the piston has 

constant diameter such that 𝑃𝐴 = 𝐹. 

Examining the closed volume within the cylinder and assuming an isothermal process, we write the 

following    

𝑃𝑉 = 𝑚𝑅𝑇 

�̇�𝑉 + 𝑃�̇� = �̇�𝑅𝑇 

�̇� =
1

𝑅𝑇
(
𝑑𝐹

𝑑𝑡
𝐿 + 𝑃𝑔 + 𝑃𝑎𝑡𝑚�̇�𝐴) 

 

This allows us to compute the flow rate required at the microcompressor given a time history of pressure and 

length of the actuator, which together with the microcompressor parameters allows us to compute the input 

energy.   

 

We compare the required input energy to move the robot between waypoints. We compare robot A in Fig. 8 

with two different types of robot C: one of linear actuators driven by motors and one of pneumatic cylinders 

driven by microcompressors (Fig. S8D). Across all of the time scales studied, the input power required by 

the isoperimetric robot is higher than for the motor-driven robot composed of linear actuators.  Both motor 

driven systems complete the trajectories in a minimum time of 11 seconds, while the microcompressor-based 

system takes 273 seconds to complete the trajectory. We note that the energy required increases faster for the 
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motor driven system then for the microcontrollers, such that the energy required switches at low speeds. This 

is because at slow speeds the motors are far from operating at their most efficient condition. We also note 

that for the idealized motor-driven system where the motors are perfectly backdrivable, the motors must exert 

a holding torque to keep the end effector at rest.  For the pneumatic system, no energy is required to hold the 

system at a stationary condition. These results indicate that the motor driven system has the potential for 

faster and more efficient operation at moderate speed scales.  

 

 

 

 

 

 
Fig. S8. Comparison of the robots’ energy required to move between randomly generated waypoints. (A) 

The robot moves the Node 2 to waypoints that are randomly generated within the square superimposed 
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within the shared workspace of the robots. The node moves in a linear path between the waypoints  

seconds according to the velocity profile shown in (B).  

 

 

 
Movie S1 - Motion of the roller module along an inflated tube 

This movie shows close-up shots of the roller module. The first segment shows how the rollers drive along the inflated tube like 

wheels. The camera is fixed with respect to the roller modules. As the motor drives the rollers, the striped tube appears to move 

through the rollers. In the second segment the roller module moves along an inflated tube that is pinned to the ground at its ends 

and forms a triangle. The camera is fixed with respect to the ground. As the roller module moves, the shape of the triangle changes 

as one edge shortens and the other lengthens. In the final segment, we see how the guide rings are constrained to move together 

due to the geared angle constraints. 

 

Movie S2 - Inflation and shape change of a 2D robot  

A 2D robot composed of three separate inflated tubes is demonstrated in this movie. The inflated tubes are formed into triangles 

with two active roller modules and one passive module. The triangles are then connected to each other to form this robot. The 

robot is initially deflated and inflates into an equilateral triangular shape. After the operating pressure is reached, the robot is 

untethered from the external compressor. At this point the roller modules move along the inflated structure to change the shape into 

an obtuse triangle, hexagon, acute triangle, square, and a pincer that can grasp a basketball. 

 

Movie S3 - Operation of a single tube 2D robot 

A 2D robot composed of just a single inflated tube is demonstrated in this movie. To shorten and lengthen the two edges adjacent 

to an active roller module, that active roller module simply drives along the tube. To change the adjacent edge lengths of the 

passive module with a similar connectivity, all of the active roller modules in the network must drive to preserve the other edge 

lengths. With this network, there is only a single length constraint for the entire network and any two edges can trade length. In this 

movie we also see how we can make some edges extremely long by reducing the length of other edges in the network. 

 

Movie S4 - Shape change of octahedron robot 

This movie demonstrates the octahedron robot changing shape in interesting ways despite the constant length constraints. The first 

segment shows how the structure can twist. The second segment shows the structure growing tall, spreading flat and short, and 

extending one of its nodes out to the side. As the robot moves from one configuration to the next, the structure takes some 

unintuitive intermediate shapes due to the unique construction of this robot. In general, edges connecting two active roller modules 

can change length twice as fast as edges connecting a passive module and an active roller module. 

 

Movie S5 - Comparison of predicted and measured motion 

This movie conceptually compares the observed motion of the robot to the predicted motions from the kinematic simulation. The 

commands used as inputs to the simulation are the same commands that were sent to the robot in the experiment, and we assume 

that each roller module moves along the tube at a constant speed. While the simulation does not account for the deflection and 

dynamic motions that occur in the actual experiments, it does capture the character of the movement.  

 

Movie S6 - Octahedron robot locomotes with a punctuated rolling gait 

This movie demonstrates a 3D robot constructed with the same roller modules used for the 2D demonstrations. Four separate 

inflated tubes are formed into triangles with two active roller modules and one passive module. The four triangles are then 

connected together to form an octahedron structure with planar faces. The shape of the structure changes as the roller modules 

drive along the inflated tubes. This shape change enables locomotion of the robot with a punctuated rolling gait. The same 

demonstration was filmed from two perspectives. We also show the robot locomoting while untethered in an outdoor environment.   

 

Movie S7 - Compliance and interaction of the robot with people 

This movie demonstrates the inherent compliance of the robot as it interacts with people. In the first movie a user applies loads by 

pushing on the robot. Under all loads, the structure exhibits some softness due to the compliant nature of the beams. If the user 

applies a large force on the beam, the inflated beams will buckle, reducing the force required by the user to maintain a given level 

of deflection. This gives the structure a behavior similar to that of a mechanical fuse. When the load is released from a buckled 

configuration the robot will occasionally recover to the nominal configuration on its own but will sometimes require an external 

load to return to the nominal configuration. The robustness of the robot is demonstrated as no permanent damage is caused by this 

buckling. In the second movie two users interact with the robot by carrying it, rolling it around, causing it to buckle, climbing 
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inside the robot, and standing on some of the edges of the robot that are on the ground while the robot is in operation.  

 

Movie S8 - Octahedron robot moving a payload 

In this movie the octahedron robot moves back and forth while two metal plates with a mass of 6.8 kg are attached to the joint 

between two roller modules. This demonstrates the ability of the robot to apply large forces. Due to the parallel structure of the 

robot, in this case two different motors contribute to moving the mass.  

 

Movie S9 - Simulated Loading with payload 

This movie shows a simulation of the octahedron robot moving back and forth while a 66.7 N load (indicated by the arrow) is 

applied at one of the connections between roller modules. Also included in the load is the weight of each roller module. The color 

of each edge corresponds to the loading condition, where negative values for the axial forces correspond to compressive loads. The 

kinematics presented in the materials and methods section are used to compute the Jacobian, which is used to simulate the motion 

from actuator inputs, as well as reconstruct the axial loads on the edges under the given loading condition. These results are for a 

quasi-static case, meaning there are no dynamic effects. 

 

 

Movie S10 - Self-recovery from buckling 

This movie illustrates two different strategies that allow the octahedron robot to recover from a buckled configuration. In the first 

case, a roller module connected to the buckled edge moves towards the buckle point, eventually straightening the beam as the 

buckle point enters the roller module. In the second case, we move the other roller modules in the network to reduce the load on the 

buckled edge, allowing the restoring forces within that buckled beam to straighten that edge. 

 

Movie S11 - Manipulation 

This movie illustrates the robot using the inherent compliance to interact with objects. First the robot grasps a basketball by 

moving over it to engulf it, pinching it between two of the inflated beams, and then changing shape to lift the basketball.  Second, 

the movie shows that when a basketball is placed between two beams, motion of the roller modules can cause the basketball to 

rotate while the grasp is maintained.  Third, a bucket of ball is handed off to the robot, which then changes shape to dump out the 

bucket.  

 

Movie S12 - Reachable workspace for a single triangle 

This movie illustrates the theoretical workspace of the top node of a triangle robot built from a single tube using our concept. The 

top node traces the boundary of the workspace. The tube is of length 3 units, and the minimum allowable edge length is .5 units. 

The bottom left node of the triangle is fixed, and the bottom right node of the triangle is fixed in the vertical but not the horizontal 

direction.  

 

 

 

 

 


