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ABSTRACT 
From transoceanic bridges to large-scale installations, truss struc-
tures have been known for their structural stability and shape 
complexity. In addition to the advantages of static trusses, truss 
structures have a large degree of freedom to change shape when 
equipped with rotatable joints and retractable beams. However, it 
is difcult to design a complex motion and build a control system 
for large numbers of trusses. In this paper, we present PneuMesh, 
a novel truss-based shape-changing system that is easy to design 
and build but still able to achieve a range of tasks. PneuMesh ac-
complishes this by introducing an air channel connection strategy 
and reconfgurable constraint design that drastically decreases the 
number of control units without losing the complexity of shape-
changing. We develop a design tool with real-time simulation to 
assist users in designing the shape and motion of truss-based shape-
changing robots and devices. A design session with seven partici-
pants demonstrates that PneuMesh empowers users to design and 
build truss structures with a wide range of shapes and various 
functional motions. 
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1 INTRODUCTION 
Among various shape-changing structures such as linear pin ar-
rays [30], infatable bladders [22, 37], and origami [28], meshes and 
trusses have been widely adopted for their advantages in modu-
larity, reconfgurability, and high volume-weight ratio. Mesh or 
truss-based shape-changing structures have been seen as modeling 
toolkits computationally augmented for both sensing [16] and ac-
tuation [24, 33]. Mesh or truss-based structures have been used to 
construct dynamic [14] and static [36] artifacts and devices through 
diferent actuation and morphing techniques as well. Beyond HCI, 
truss structures are also commonly used in industry and architec-
ture due to their structural stability and modularity [6, 11, 18]. A 
truss typically consists of multiple triangular units constructed from 
straight beams whose ends are connected at joints. By replacing 
passive beams with linear actuators that can change length inde-
pendently, researchers enable a truss structure to locomote, change 
shape drastically, or manipulate objects [31]. Truss devices do not 
have specifc morphology or motions: they can be assembled into 
arbitrary shapes, and each part of their bodies can be an actuator. 
By changing the body shape with a large number of actuators, truss 
devices can execute various motions, including linear or volumetric 
scaling, rotation, twisting, and adapting to diferent environments. 

Despite their versatility and adaptiveness, truss devices sufer 
from an increasingly scaled complexity of the control system. As 
each beam is controlled independently, the number of control units 
(e.g. air tubings, wires, motors) is proportionally scaled with regard 
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Figure 1: PneuMesh consists of a computation design plat-
form and a set of novel hardware design improvements for 
Truss-based morphing and locomotion robots. 

to the complexity of shape and motion. To reduce the control com-
plexity, researchers use a small number of beams [34], or set most 
of the beams as passive units [14]. However, these design strategies 
often compromise the resolution of the shape (i.e., the number of 
the truss units), or the complexity of the motion. In this paper, we 
seek an approach that can give us a certain degree of control over 
every individual beam but still keep a relatively simple physical 
setup. 

We propose PneuMesh, a pneumatic truss-based shape-changing 
system that can achieve multiple tasks with a small number of con-
trol units (Figure 1). PneuMesh is composed of adjustable pneumatic 
linear actuators (beams) with air channels inside, multi-way joints 
that direct air to separate channels, and airfow valves controlling 
each channel. We introduce 1) a partial connection strategy of divid-
ing the entire truss structure into multiple channel compartments, 
with each compartment containing multiple beams that share an 
airfow valve and connect through algorithmically generated joints, 
and 2) a replaceable stopper structure that controls the minimum 
beam length under negative air pressure by restricting contraction. 
The interconnected beams within one compartment are actuated 
simultaneously yet have individually reconfgurable contraction ra-
tios. By carefully designing the connection strategy, we allow users 
to actuate a large number of beams (up to more than 118) with only 
a few air channel controllers (fewer than or equal to four in this 
paper), but still create rich motions through the combinations of 
stopper locations and airfow signals. For example, a six-leg walker 
can achieve forward motion plus left and right turns with only 
two air ports and two tubings (Figure 2). Trussformer [14] showed 
a similar design with 12 individually controllable linear actuator 

units with correspondingly higher wiring and control complexity, 
cost, and weight. 

As the number of beams and time span increase, the search space 
of the stopper positions, channel connectivity, and control signals 
scales up proportionally. Thus, we build an online design tool that 
allows users to edit and simulate the device motions without try-
and-error in the physical world. 

Our main contributions are as follows: 
• A multifunctional truss-based shape-changing system with 
small numbers of air channels as the control. The system can 
act on various motions through adjusting beam contraction 
ratio, channel confguration, and airfow control signals. 

• A computational design tool that assists users to edit, simu-
late and export the shape-changing device. 

• Digital designs and physical prototypes that demonstrate 
the design potential of the system. 

2 RELATED WORK 
2.1 Pneumatic Shape-changing Interface 
Pneumatic interface design is a fast-growing sphere in HCI. Many 
previous works [10, 22, 29, 37] have demonstrated shape-changing 
and deformable interfaces through pneumatically-actuated soft 
composite materials like rubber, paper and fabrics using actuation 
and stifness control techniques. Taking it a step further, pneumatic 
interfaces have been studied which support sensing [21], haptic 
feedback [7], tunable stifness [5, 23] and physical afordances [32]. 
Other researchers applied feedback mechanisms to improve the 
health of people through rehabilitation and physical ftness [25]. 

In terms of the shape design and control strategy, most of the 
existing works can be divided into two types: one type of structure 
is fabricated with a specifc shape following the targeted function 
(e.g., a haptic glove that consists of a grid of air bubbles in [22]), 
thus requiring only a single air channel; the second type consists of 

Figure 2: A six-leg walker with only two channels com-
partments can move ahead efectively, designed in the 
PneuMesh platform. In contrast, most typical six-legged 
robots have more control units (12 linear actuators in Truss-
Former [14]) 



PneuMesh: Pneumatic-driven Truss-based Shape Changing System CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA 

multiple modules with each module individually controlled by an 
air channel [21, 32]. While the modular approach provides fexibil-
ity and shape reconfguration, it often requires many air tubes. To 
leverage the advantages of the modular design yet tackle the chal-
lenge of complexing tubing arrangements, our research explores 
the pneumatic actuation control on piston actuators to form a truss 
structure deformable robotic system. The additional design features 
such as channel compartment and adjustable beam contraction 
ratio help to minimize the total number of channels needed. For 
example, we have demonstrated that a truss structure made of 24 
active linear actuators only needs two air channels to achieve target 
locomotion (Figure 2). 

2.2 Truss Robots and Morphing Structure 
Design 

Variable geometry trusses (VGT) [27, 35] have been introduced 
previously to HCI for computational fabrication [15] and large-
scale kinetic structure designs [14]. VGT structures change member 
beams’ lengths resulting in changes in geometry, and have been 
proposed as robotic manipulators [12], locomotion systems [39], 
and adaptive morphing structures [2, 8, 31]. Some truss robots 
are developed to be partially modular and reconfgurable as well, 
such as Morpho and Tetrobots [9, 38]. Traditional VGT robots are 
limited by the small extension ratio of the linear actuating beams. 
The untethered isoperimetric robot from Usevitch et. al.[34] is an 
example of a pneumatic reel actuator that is an extensible design of 
a self shape deforming robot used for modular locomotive functions 
based on its high extension ratio. Roller modules were also used to 
design compressible truss robots [34]. 

However, while a handful of virtual VGTs have been envisioned 
with a great geometrical complexity [20], the physical prototypes 
are often relatively simple and consist of a much smaller number 
of beams or units. This is due to multiple requirements of the 
actuators, including a high extension ratio, a decent load carrying 
capacity, and a lightweight structure. Also, if each actuator has 
to be controlled individually for each beam, wiring becomes very 
complex for a VGT structure that consists of tens or hundreds of 
beam units. 

In our work, we try to balance multiple factors including the 
controllability (i.e., controlled extension ratio of each beam), the 
shape complexity (i.e., aiming at structures that consist of large 
numbers of beams), and the lightweight control system with mini-
mized wiring tasks. We do so by introducing the idea of channel 
compartments and manually reconfgurable contraction ratio of 
each beam. 

2.3 Computational Design of VGT and Other 
Robots in HCI 

In robotics, a lot of computational design eforts for VGT robots 
focus around control policy optimization [1, 17]. In the context 
of HCI, the major focus has been around user-centered interac-
tive tools that provide both simulation and fabrication instructions, 
such as in Trussformer [14]. In addition, HCI researchers have de-
veloped robotic systems for other interaction purposes including 

physical embodiments for mobile communication agents by mim-
icking animal motions [19], educational and tangible toys[26], and 
construction toolkits[24]. 

Our computational workfow is highly inspired by some existing 
computational tools for designing robotic systems in HCI. For ex-
ample, the keyframe animation interface is inspired by tools such as 
Trussformer [14] and the movement pattern sequencer in [19]. Our 
idea of building up a truss structure with a user-directed forward 
process is also inspired by Trussformer. However, Trussformer lim-
ited the truss units to tetrahedra and octahedra to ensure decent 
structural stability, whereas we allow users to build up the structure 
with individual beams to allow larger geometrical fexibility. (Our 
idea of the channel compartment can also help simplify the con-
trol setups.) Additionally, while the majority and default beams in 
Trussformer are passive, our beams are all active by default, which 
supporting a larger shape transformation potential. Lastly, while 
the design goals between Trussformer and our system overlap in tar-
geting truss-based shape-changing structures, Trussformer mostly 
emphasizes large-sized kinetic structures as its target application 
context, while we target shape transformation and locomotion be-
haviors. Our structures are made to be lightweight and small, and 
we envision some future application examples such as tabletop 
educational toys that kids can assemble at home, or an animated 
tabletop agent that can represent digital information (such as a 
voice agent) and interact with humans. 

3 PNEUMESH SYSTEM 
We present PneuMesh, a pneumatic truss-based shape-changing 
system that can achieve multiple tasks with a small number of 
control units. To change beam lengths on the same channel, we 
frst introduce a passive stopper structure that stops the contraction 
of the beam at a specifc length. The stopper can be manually 
replaced to adjust the contraction ratio of the beam without any 
controller modules. Second, to reduce the complexity of the control 
system of traditional truss devices without losing shape-changing 
capacity, we introduce the partial connection strategy: each air 
channel connects a portion of the beams through multi-way joints, 
where the interconnected beams are actuated simultaneously but 
independently from beams on other channels. The combination of 
air channel connection, stopper locations and air fow signals enable 
PneuMesh to achieve multiple complex motions with a limited 
number of air channels. Below we will describe the four main 
design features in more details: 

(1) Adjustable Contraction Ratio of Active Beams. Our linear ac-
tuators are constructed with a shell, a piston, an adapter, and a 
stopper structure that can be relocated on the piston (Figure 3a). 
Each stopper can be manually plugged in to one of three grooves 
on the 3D printed piston such that the contraction of the piston will 
be stopped at the stopper location (Figure 3b). In short, when being 
infated, every beam actuator will extend to the same full length. 
When defated, they will contract by a certain percentage based on 
the constraint position. Based on our design and measurement, the 
actuator can be set to one of four diferent contraction ratios under 
defation as shown in Figure 3c. Figure 3d, e show the designed and 
fabricated single actuator unit, respectively. We demonstrate how 
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the adjustable contraction ratio of each beam can be leveraged to 
transform a tetrahedron in Figure 4a, b. 

Figure 3: (a) Each pneumatic linear actuator is composed of 
a shell, a customized piston, and a tubing adaptor. Flexible 
rubber tubing connects the adapter to the multiway joints. 
(b) The stopper structure can be placed onto any of the three 
grooves on the piston to control the contraction ratio in 
(c). (d) The physically fabricated structure. (e) The computer 
model of the actuator unit. 

(2) Passive Beams. To accommodate complex geometry while 
simplifying the fabrication tasks, we allow users to convert actu-
ation (active) beams that have been set with full contraction into 
geometrically equivalent passive beams, Figure 4c. 

(3) Reconfgurable Channel Compartment. We design 3D printable 
multi-way joints each allowing diferent channels to go through 
separately. 

(4) Control Signals. Since we allow reconfgurable channel com-
partments, each compartment can be actuated separately. Users can 
design a set of motions or transformations sequentially by merely 
changing the control signals which change the state (ON or OFF) 
of each compartment (Figure 5). 

Through 3D printable multi-way joints, our system allows mul-
tiple channel compartment design. Users can individually actuate 
each compartment, or combine multiple compartments at the same 
time. Users can also manually adjust the contraction of every single 
beam with the adjustable actuator design. With the combination of 

Figure 4: Examples of diferent design variables enabled 
by the platform. (a) A tetrahedron with no blockers (top) 
uniformly contracts after defation. (b) A tetrahedron with 
blockers deforms into an irregular shape. (c) An actuator 
with full contraction is replaced with a passive beam and 
keeps the same transformation. This is our strategy of keep-
ing the desired transformation behaviors as designed while 
decreasing the weight of the structure. 

the channel connection and stopper replacement, users can explore 
various geometries and shape-changing behaviors. 

Figure 5: Partial connection strategy. A tetrahedron is com-
posed of beams from two channel compartments. (a) Both 
channels are actuated. (b) Channel 2 is defated. (c) Channel 
1 is defated. 

4 USER WORKFLOW 
To assist novice users to design PneuMesh artifacts, we devel-
oped an online design tool that allows editing and simulating the 
PneuMesh setting, as well as exporting 3D printable joint models 
and assembly instructions. We will go through the user’s workfow 
in the bellow section. 

Step 1: Shape design. Users can build arbitrary truss structures 
by using fve interactive tools iteratively (Figure 6). The shape 
design starts with a single tetrahedron under the defated status. 
Users can 1) click "Add Beam" to add one actuator with a new joint 
onto an existing joint, 2) drag the new joint to change its location, 
3) select multiple joints connect an isolated joint to other joints 
with new beams (the joint position would automatically adjust 
such that beams are of the same minimum length, 4) undo/redo 
edits with "ctrl-z" and remove a joint and all connected beams with 
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Figure 6: Shape editing function. (a-b) Choose "Add Joint" 
and click a joint to append a beam. (c-d) Choose multiple 
joints and click "Connect Joints" to add beams between each 
pair of selected joints. Iteratively doing (a-d) and eventually 
fnish a shape design, e.g., a lobster (e). 

"Remove Joint", and fnally 5) fx the positions of joints by selecting 
joints and clicking "Fix", which is useful when creating stationary 
applications. 

Step 2: Channel compartment confguration. Users can as-
sign each beam with a channel compartment to connect by selecting 
the beams and corresponding compartments (Figure 7). A channel 
validation algorithm will reject edits causing discontinuous chan-
nels (Figure 7 c). Users can change the air port locations of each 
channel by selecting a joint and the corresponding air channel of 
the port. 

Step 3: Stopper locating and length setting. Users can change 
minimum beam lengths as well as the PneuMesh shape at fully 
contracted status by either setting a beam as passive by clicking 
"Active/Passive", or changing the contraction ratio of an active 
beam. For passive beams, users can further change the static length 
of the beam. For active beams, a stopper will be visualized on the 
corresponding position (Figure 8). 

Step 4: Airfow signal editing. The signal editor is in the left 
bottom corner of the screen. Users can frst change the number 
of time frames of the signal, with each time frame lasting for 2.5 
seconds (500 simulation time steps). Users can then toggle the 
infation/defation status of each channel at every time frame. The 
PneuMesh will repeat the control signals according to the script 
(Figure 9). 

Step 5: Simulate. If "Simulate" is toggled on, a mass-spring-
based numerical simulator will run in the background and animate 
the PneuMesh structure. The simulator includes the tensile energy 
of beams, bending energy of joints, the air volume in the channels. 
The terrain mode includes gravity, ground, and friction. Real-time 
simulation can be run at any step during the design process, allow-
ing interactive design. 

Step 6: Export Fabrication Instructions. The "Export" func-
tion uses an air channel generation algorithm to create 3D printable 
models of multiway joints incorporating our optimized channel 
geometries (Figure 10). The air channels are routed to prevent them 
from colliding or intersecting. To enable assembly without it “being 
a puzzle,” a number is shown on each printed joint model as well 
as in the design tool. Users can assemble the PneuMesh referring 
to the numbers on the joints and the positions of stoppers. 

Figure 7: Channel setting and validation. (a) Check "Channel 
Color" to visualize the channel compartment assignment. 
Beams of the same color belong to the same compartment 
and will be actuated by a single air channel. (b) Choose 
beams and assign them with corresponding channel com-
partments by clicking the compartment icons. (c) Beams 
belonging to the same channel compartment must be con-
nected through neighboring joints. (d) Users can then switch 
on the control signal of each channel channel compartment 
and simulate the transformation. 

Figure 8: Beam contraction ratio. By selecting actuators and 
moving the slider of "Contraction", users can change the con-
traction ratio. The location of the stopper is shown in black. 

Figure 9: Airfow control signals. Users can edit the control 
signal panel to control the infation/defation status of each 
compartment at each time frame. The colors of the squares 
correspond to the color of channel compartments. Each col-
umn indicates a time frame. 

Step 7: Physical Assembly and Control. Figure 11 show the 
fabricated and assembled structure of a lobster. By manually switch-
ing the blockers of the yellow channel, the lobster can be converted 
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Figure 10: (a-c) Multi-way joints generated for additive man-
ufacturing. (d) Hardware components are fabricated before 
the fnal assembly. 

between two modes. By receiving the actuation signal for diferent 
channels, the lobster can enact 1) grabbing plus slowly moving 
(Figure 11 a) in the frst mode or 2) quickly moving in the other 
mode (Figure 11 b). 

5 DEMONSTRATION OF DESIGN SPACE 
Although the basic building block is simply a length-changing beam, 
when a large number of such beams assemble and move program-
matically under a temporal sequence, the design space increases 
exponentially. As Figure 12 shows, PneuMesh can potentially be 
used to design structures for locomotion, manipulation, and shape 
transformation. The shape change behavior can also act as a way 
to interact with the environment, people, or other objects nearby. 

Pill-bug We showed a basic crawling robot designed to move 
forward with three control channels (Figure 13). The bug uses 
crawling motion and gait to locomote on the ground. 

Turtle The turtle shows the capability of switching locomotion 
behavior by merely changing the control signals Figure 14. In this 
case, neither the contraction ratio of the beams nor the initial geom-
etry (physical assembly) has been changed. Figure 14 b also shows 
additional sensors, such as an IR sensor, that can be attached to the 
robot to make it interact with the human hand. 

Figure 11: (a) With the top-left confguration, The lobster 
grabs two cups and slowly moves forward (12 cycles, 47 sec-
onds). (b) The lobster quickly moves forward (5 cycles, 22 
seconds). 

Figure 12: The design space of PneuMesh for diferent goals, 
behaviors, and interactions. Lines with the same color indi-
cate the design space of one of the four shapes (bug, turtle, 
lobster, and fox). 

Figure 13: A crawling pillbug robot moving forward. 

Fox We implemented the fox to show the capabilities of switching 
transformation behaviors by changing both the contraction ratio of 
selective beams and the control signals. While Figure 15 a shows the 
fox is moving forward, Figure 15 b shows that the fox can transform 
shape by bending down its head to travel through a constrained 
space. 
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Figure 14: The turtle switches locomotion modes (a - c) by 
the changes of control signals. 

Figure 15: The fox switches geometry and locomotion by 
changing control signals. (a) Moving ahead. (b) Lowering the 
head and traveling through a constrained space. 

6 QUALITATIVE DESIGN SESSION 
To validate the usability of PneuMesh, we conducted a qualitative 
design session with seven participants. In the design session, users 
were asked to create shape-changing devices with the PneuMesh 

design tool and share their feedback to reveal existing problems or 
show future improvements. 

Participants. We recruited seven participants(two males, aged 
19-26). Four of them were students majoring in industry designs, 
one in architecture, one in material science, and one in art. Four 
participants reported to have basic CAD design experience and 
three were profcient in CAD modeling and design. During each 
session, each participant created one to four designs except for P7 
who didn’t fnish the design within the given time. 

Process. The design session took 2 hours. Participants frst went 
through a tutorial to understand the basic knowledge of the shape-
changing truss and the challenges when building large shapes. They 
were then asked to build three basic shape-changing structures 
(twisting column, bending strip, expanding sphere) to get familiar 
with the tool and its functions. Next, users were guided to build 
several basic shapes and get familiar with the tool. After that, they 
were asked to build their own design. Following the design session, 
participants went through a semi-structured interview. Questions 
included: “What problems did you fnd?”,“Could you create the 
design you had in mind?”, “Without PneuMesh, how would you 
design the device you want?”. 

Overall, participants responded positively to PneuMesh’s design 
tool: “I appreciate the tool being intuitive and easy to use, but 
can still create many complicated designs” (P3). “Pretty interesting 
project that gives the user easy access to the design of a complex 
interface.” (P6). “I really enjoy the pipeline of interactively editing 
and seeing the result in the real-time, it made my life easier in 
designing shape-changing interface”. (P1). They found the tool 
“easy and fun to learn” (P2). They thought “the color-coding of 
diferent channels and the correspondence between the channel 
color and the control script block color gives an intuitive visual cue 
that helps me to understand the channel connection strategy and 
improve my design.” (P4) 

Learning curve. Participants improved greatly during the design 
session. In under two hours, P1 was able to fnish fve designs of 
increasing shape and motion complexity. (Figure 16 P1). Participants 
started to understand “how to build and allocate actuating beams if 
I want to build a twisting beam or a bending fower after using the 
tool for a while” (P2). 

Design space. Participants appreciated the large design space 
of the system and the design tool that lowers the barrier to the 
PneuMesh system. To build the same design without PneuMesh, P4 
would “frst use some plasticine and sticks to prototype the shape 
and then use Arduino with motor and linkage system to implement.” 
But they could imagine that would require “tedious and repetitive 
design iterations” (P4). P1 mentioned that without the editing tool, 
they would use a traditional CAD tool to sketch and iterate on 
the shape, but it would be non-intuitive and error-prone as the 
structure scales up and the number of units increases. 

Feedback and improvements. Participants also pointed out exist-
ing problems and gave suggestions for new features in the tool. 
One main complaint was the lack of common CAD functions, for 
example, mirroring and trimming (P7, P3, P2). Users mentioned 
that the process of building a large number of beams was tedious, 
and suggested a tool that automatically converts mesh into tetrahe-
drons(P7, P5). They also mentioned that it would be helpful to give 
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a library of basic shapes to save time, such as twisting units, elon-
gation units, and expansion units. Finally, participants proposed 
some inverse kinematics algorithms and optimization methods that 
could automatically generate the channel connection by assigning 
a target shape or target motion. 

Figure 16: Designs created by six participants with the 
PneuMesh editing tool. P1 designed three self-rolling poly-
gons and two dancing robots; P2 and P3 designed two fow-
ers; P4 designed a claw; P5 designed a globefsh; P6 designed 
two adjustable pillars. 

Participants’ designs. Figure 16 shows a series of designs by par-
ticipants. We observed that users like to build things that are related 
to their life or work. For example, P6 is an architect who built Fig-
ure 16 P6 which represents an interactive column that changes 
height and diameter and can twist. It turned out that users who 
want to build a motion prefer changing the channel connection, 
while users who want to build specifc shapes have a higher chance 
to change the contraction ratio. The reason might be that channel 
connection change gives a large change in the global shape and mo-
tion but might miss the shape detail, while contraction ratio change 
enables users to better control the shape details. We also noticed 
that participants like to use the tool to build bio-inspired objects 
that have organic shapes and irregular motions, such as fowers 
(Figure 16 P2, P3), globefsh (Figure 16 P5) and claws (Figure 16 P4). 

7 IMPLEMENTATION 
7.1 Characterization 
To determine the parameters of the simulation, we measured es-
sential mechanical parameters of the basic units with a constant-
pressure pump with positive air pressure at 7.5 ± 0.3 psi and negative 
pressure at -7.5 ± 0.3 psi. 

Theoretically, the actuating force from the air pressure is con-
stantly fa = p · s , where p is the air pressure and s is the inner cross 
section area of the linear actuator. If the loading force expanding (if 
the pressure is inner negative) or compressing (if the inner pressure 
is positive) the actuator is larger or equal to the actuating force, 
the actuating status of the actuator will be switched. To verify this 
theory, we frst fxed the end of the linear actuators with negative 
pressure, applied an expanding/tension force with a thrust meter, 
slowly increasing the force (Figure 17 a). We then fxed the body of 
the linear actuators with positive pressure, applied a compressing 
force along the axis, and slowly increased the force (Figure 17 b). 
The results aligned with our assumption. We did 18 tests on three 
linear actuators, including nine with positive pressure and nine 
with negative pressure. The average maximum tension force for 
negative pressure is 9.2 ± 0.03 N and maximum compression force 
for positive pressure is 8.3 ± 0.03N. 

Figure 17: (a) The threshold tension force of the actuator 
through a tension test, (b) the threshold compressing force 
of the actuator through a compression test, (c) measurement 
of the maximum and minimum bending angles, and the 
bending force to deform the rubber tubing, and (d) measure-
ment of the shear friction between the rubber tubing and 
joints. 

The joint is composed of multi-way joints and fexible rubber 
tubings. The joints and the tubings are frmly connected by the 
friction and tension of the tubing. Each joint has a maximum and 
minimum bending angle and maximum shear friction. We frst 
measure the maximum bending angle of the joints (Figure 17 c). We 
did 15 tests on fve 3-way joints. We frst fxed one side of the beam 
on the table, and slowly changed the angle of the free beam until it 
broke. We recorded the average maximum bending angle as 91.2 ± 
0.2°. We then measure the maximum shear friction of the tube, over 
which the joint will detach (Figure 17 d). We did nine tests on three 
tubings and recorded the average maximum shear force is 3.42 ± 
0.03 N with a standard deviation of 0.42N. The measured bending 
force (Figure 17 c) is smaller than 0.1 N at a radius of 51 mm, which 
is ignorable compared to the shear friction and is therefore left out 
of the simulation. 

7.2 Simulation 
We used JavaScript to develop a position-based dynamics model for 
PneuMesh structures. The PneuMesh structure uses rigid plastic 
for the beams and joints and fexible rubber tubing to connect the 
beams and joints. The self-deformation is driven by the pneumatic 
actuation force along the axial direction of actuators as well as 
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the bending resistance force from the tubing. However, due to the 
softness of the tubing and the structural stability of triangles, we 
consider the self-deformation only governed by the axial actuation 
force. In addition to the axial actuation force, the simulation also 
includes the ground contact and friction. 

To simplify the model, we consider the beams as rigid bodies 
and joints as point masses. During simulation, we update the target 
length of each beam based on the actuation speed and update the 
joint positions following the length constraint. To achieve real-time 
performance, we allow deviation from the length constraint and use 
the beam strain energy as a soft penalty. We compute forces applied 
to joints by minimizing the beam strain energy and updated velocity 
and displacement of each joint by forward Euler integration. 

Target Length. At every time step, each actuator has a target 
length lд based on the volume inside the beam and the blocker 
position. We defne lд = kalM + (1 − ka )(lM σM , lM − db ), where ka 
equals to 1 if the channel is under infation or 0 otherwise, lM is the 
maximum length of actuators, and σM is the maximum contraction 
ratio of actuators. db is the beam displacement which equals to 
ta · vb , where ta is the time of the current actuation, vb is the 
expanding/contraction speed of beams. For passive beams, σM and 
db are constantly 0. 

Beam Strain Energy. To keep the length of the beams ap-
proximating their target lengths, we introduce the strain energy 
Es = ks (l − lд )2 , where ks is the weight of the energy. In the ex-
periment, we use a rubbery mat as the ground, which gives enough 
friction and stabilizes the device. Accordingly, we assume that the 
ground absorbs all impact by setting the z-component of velocity to 
0 for the joints moving against the ground. We use Coulomb’s model 
of friction with the static friction factor as 0.72 and the dynamic 
friction factor as 0.36. 

Durability validation. Tubing detachment and the inversion of 
actuators’ actuation are two factors that cause the most instability. 
The tubing is the weakest part of the PneuMesh structure, and it 
is fxed to adapter structures by friction and internal tension. The 
structure may break down due to the detachment of the tubing 
rather than other parts. Although the two parts of an actuator are 
considered to be rigid bodies, the movement between the two parts 
might be inverted due to the load on the beam (e.g. a tall structure 
gives a huge load on the beams at the bottom). Specifcally, an 
infating actuator can be compressed and a defated actuator can be 
stretched. We only consider the former case because, under large 
tension, the tubing will be detached before the latter case happens. 
At the end of each time step, we validate the force applied on the 
beam and the tube. If they exceed the threshold value we found 
through characterization, the tool throws a warning. Similarly, the 
tool evaluates the bending angle of each beam attached to the joint 
and throws a warning once any angle exceeds the threshold angle. 

Directional surface. We found that adding a directional fric-
tion surface 3D-printed with PLA, which only provides friction in 
one defned direction, on the bottom of the mesh makes the locomo-
tion more efcient. To simulate it, for each joint with a directional 
surface, we calculate a forward direction by optimizing a vector 
that minimizes the angle diference between the vector and all the 
neighboring edges compared to the initial setting. 

7.3 Joint Generation 

Figure 18: Joint generation. (a) The tunnels are initialized as 
straight lines sharing nodes in the middle, with endpoints 
fxed. (b) The optimization pushes channels apart, where t 
represents time steps. (c,d) Grasshopper generates the 3D 
model with separated channels for 3D printing. 

A joint is composed of ports connecting beams to a joint sphere, 
and air tunnel networks inside the sphere. The air tunnel network 
consists of multiple air tunnels intersecting at one point, where 
each air channel connects one beam on the joint. Each air tunnel 
network connects all the beams belonging to the same channel. In 
other words, if beams on the joint belong to the same channel, only 
one air tunnel network will be generated, where all the air tunnels 
will simply intersect in the center and remain straight. Otherwise, 
multiple air tunnel networks will coexist inside the joint sphere and 
must be separated from each other. There are a few requirements 
to ensure joint quality. First, there is a minimum distance between 
tunnels from diferent networks to ensure isolation. Second, a larger 
radius of the channel gives rise to a larger airfow. Third, a shorter 
and straighter tunnel has a higher printing success rate and larger 
airfow. We frst initialize all the air tunnels straight and connect 
them to the center point of the sphere. We then discretize each 
air tunnel into N points. Air tunnels in the same network have 
a shared point in the center of the sphere. We then optimize the 
nodes’ locations by minimizing a weighted sum of tensile energy 
and repulsive energy P = argminP ke Ee + kr Er , where P is the set 
of all point positions (Figure 18 a,b). 

Tensile energy. We set tensile energy to every neighboring pair 
of points in the same network as Ee = d2, where d is the distance 
between the points and is initialized as 0.05mm. Minimizing this 
energy gives relatively short and smooth channels, which have a 
higher fabrication success rate. 

Repulsive energy. We set repulsive energy to every pair of 
points belonging to diferent networks as Er = −1/d, d < dm , Er = 
0, d ≥ dm , where dm is a minimum interference distance we set as 
0.4mm. This resembles the electrostatic potential energy following 
Coulomb’s law, which pushes networks apart from each other. The 
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cutof distance reduces the computational cost considering the 
O(N 2) complexity of the long-range force energy. 

We do not update the position of the points on the end, which 
will be connected to the channel of beams. We used Python with 
the NumPy library to implement air tunnel optimization then store 
the result as a JSON fle. We use Rhino 6 with Grasshopper to read 
the JSON fle in real-time and generate the joint models for 3D 
printing (Figure 18 c,d). 

7.4 GUI Implementation Details 
We used JavaScript with React-Three-Fiber library (a WebGL-based 
graphics library) [4] to implement the design tool, simulator, dura-
bility validation, and GUI. The whole platform is implemented and 
tested on a quad-core Macbook Pro. The browser-based design 
tool has been tested on Google Chrome, Safari 14, and Edge. The 
code has been released open-sourced (https://github.com/riceroll/ 
PneuMesh) and a demo can be accessed through (https://riceroll. 
github.io/pneumesh/). 

7.5 Fabrication Details 
For positive pressure, we used ASLONG AP-370 air compressor 
with 7.73psi maximum pressure, and 0.5 ∼ 1.5L/min; for nega-
tive pressure, we used PYP370 vacuum pump rated at −7.15psi 
and 0.5 ∼ 2.5L/min. We used Arduino UNO and electromagnetic 
valves to control the pneumatic actuation. We used Z Rapid iSLA600 
printer to print the joints, pistons, and adaptors and used silicone 
tubing with a 50 durometer and 1.5 mm inner diameter. We used 
polypropylene black pipe with 6 mm inner diameter and used a 
manual electric grinder machine to cut the pipes. 

8 EVALUATION 
8.1 Actuation Speed 
The speed of actuation is afected by both the structural complexity 
and power of the pumps we used. In our test, we use the same 
physical setup detailed in the Fabrication Details section. Theoreti-
cally, the time from starting actuation to fnishing equals ta = v/k , 
where v is the volume of the channels, including the beams, joints, 
and connection parts, and k is the fow rate of the pump. In reality, 
the actuation time varies due to the friction and structure deforma-
tion as shape complexity increases. To verify our assumption and 
quantify the performance, we measured the time of actuation with 
regard to the number of beams. We used fve structures, each with 
nine active actuators without blockers, as well as a varied number 
of passive beams. We tested the time of a cycle of full actuation. 
The time varies from 1.2s to 20.8s. We posit two major reasons for 
the variation of the actuation speed: 1) Fabrication inconsistency, 
including printing and assembly qualities. 2) Small distortion in the 
tubing changes the friction of the linear actuator which requires 
higher accumulated air pressure to actuate and takes more time. 

8.2 Simulation Accuracy 
We evaluate the accuracy of our simulation by measuring the dif-
ference of corresponding joint positions between experiments and 
simulations after actuation. For simple shapes such as a single tetra-
hedron, the experiment result aligns well with our simulation. As 

the complexity of the shape and time of actuation increases, the 
discrepancy between the experiment and simulation also increases. 
For example, for the fox in Figure 15, the position of the left-front 
node was displaced for (34.6 ± 1.8, -4.5 ± 0.4) mm after 5 cycles of 
actuation, while in simulation the locomotion is (36.4, 0.3) mm. The 
diference is 5.3% (compared to the total locomotion distance). To 
improve our accuracy in the future, in addition to implementing a 
high-order simulator with smaller time steps, we could add acceler-
ation sensors to measure the location and adjust the simulator on 
the fy. 

8.3 Fabrication Parameters 
We reported the fabrication parameters of each application in Table 
1. From the result, we can see that we use a very limited number of 
channels to actuate large numbers of actuators. 

Table 1: The parameters of each application, including (from 
left) the building time, the time using the design tool, num-
ber of beams, number of linear actuators, number of joints, 
number of channel compartments, number of static shapes, 
and weights. 

9 LIMITATIONS 
Speed As reported previously, there is a limit in speed due to the 
fow rate of the pumps and the maximum air pressure the struc-
ture can withstand. Currently, the physical prototypes are aimed at 
tabletop interfaces, such as construction toolkits for design, educa-
tion, or physically embodied agents. Higher speeds would require 
increasing the power of the pump and changing the design of the 
connecting parts to withstand higher air pressure. 

Unit Size and Shape Resolution To increase the number of beam 
units and shape resolution for more complex geometries without 
sacrifcing actuation speed, each unit must be miniaturized. Cur-
rently, the unit size is limited by both the beam and joint designs. 
Each requires an air channel; this channel cannot be too narrow 
due to both our 3D printing resolution and the required fow rate 
of air for a given actuation speed. Diferent printing methods, or 
diferent speed goals, could allow further miniaturization. 

Asynchronous Actuation of Diferent Beam Units We have men-
tioned in our evaluation section how the speed of actuation could 
vary given the same beam number and geometrical complexity, and 
this is largely due to the fabrication quality and varied extent of 
deformation at joints (due to the diferent transformation design). 
Indeed, these two factors also cause some asynchronous actuations 
of diferent beam units. For relatively complex structures shown 
in this paper, some beams will take a longer time to actuate than 

https://github.com/riceroll/PneuMesh
https://github.com/riceroll/PneuMesh
https://riceroll.github.io/pneumesh/
https://riceroll.github.io/pneumesh/
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others. For now, our simulation does not take this factor into ac-
count, and this will sometimes cause discrepancies between the 
simulation results and the physical performance. We believe both 
improving hardware design (e.g., removing the soft tubing at each 
joint) and adapting more sophisticated fuid mechanics simulations 
to better capture how air fows within our channels will help tackle 
this challenge. 

Load Carrying Capacity This is a lightweight structure and not 
optimized for loading. The load-carrying capability is largely limited 
by the soft rubber tube connections we are using. We may improve 
the joint design with methods introduced in previous truss-based 
robotics such as the fexible joint design in Trussformer[14], so we 
can have fexible joints with varying deformation angles yet being 
rigid and load-bearing. Instead of printing communicating tubes as 
joints, we 3D print a scafold for structural stability and connect-
ing fexible tubes for air to pass through respectively. However, a 
more sophisticated (or articulated) joint design may bring higher 
requirements for the printing resolution and limit the minimum 
size of our structure. 

Optimization and Inverse Design 
Since users might wish to design quite complex truss structures 

with many adjustable beam units, it could take the users a lot of 
trial-and-error in a forward design process until they achieve a 
transformation or locomotion behavior they like. In addition, what 
the users have designed may not be most optimized in the sense 
that fewer air channels may be able to reach the same locomotion 
behavior given more time to try other design options. For example, 
the lobster design took us about 1.5 hours. For the next step, to better 
facilitate the design process of complex truss structures, we will 
implement an inverse design process with tailored optimization in 
the future. Inverse kinematics [13] or evolutionary robotics design 
[3] are potential references. 

10 CONCLUSION 
In this paper, we showed a novel design concept of truss-based 
shape-changing systems with a small number of control units for 
complex geometries, morphing and locomotion behaviors. While 
this paper focuses on the computational design of basic shape and 
morphing (output), we see a great design potential to add inter-
activity to augment truss-based shape-changing structures. For 
example, as we briefy showed in our design example of the turtle, 
we could develop modular sensors as attachments to the structure 
and make the robots interactive to human inputs or environmental 
stimuli. Inspired by previous works that have shown how difer-
ent morphing behaviors of shape-changing interfaces can convey 
diferent emotions, physically embody virtual information, and aug-
ment human-information or human-robot interactions, we could 
envision various desktop interface designs made with PneuMesh 
platform. We will further explore potential application scenarios 
and we believe the technique detailed in this paper will enrich the 
toolboxes for such shape-changing interfaces 
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