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Figure 1: AirForce is a fabrication system that allows users to fabricate large-scale, load-bearing, animated structures. (a) AirForce 6 
builds on the concept of animated truss structures. (b) By replacing not only the static elements with tube, (c) but also introducing 7 
integrated tube-based actuators, AirForce allows creating entire animated structures by (d) folding up a single long tube. (e) Improved 8 
high-pressure seals and custom blowers enable structures to lift human weight, such as this 6 DoF motion platform.  9 

We present a fabrication system called AirForce that allows users to create large-scale, load-bearing animated structures from a single 10 
tube. AirForce builds on the personal fabrication of animated truss structures, based on which it replaces not only the static elements 11 
with tube, but also introduces tube-based actuators that integrate with that same tube. This allows AirForce to create entire animated 12 
structures by folding up a single long tube. The resulting hubless single-tube design allows for efficient single-person assembly, offers 13 
an excellent power-to-weight ratio, easy transport and setup, and allows unfolding and refolding a design into a different actuated 14 
structure with 100% material reuse. We present three variants of integrated pneumatic actuators for three types of requirements: buck-15 
ling actuators allow for long-amplitude push action; muscle actuators allow pulling, and telescoping actuators produce large forces. 16 
Combined with a lap-sealed tube design capable of holding high pressure, these actuators produce sufficient force to lift human weight. 17 
AirForce offers an end-to-end fabrication process that allows users to fabricate animated single-tube truss structures efficiently: 18 
a blender plugin allows users to model truss structures, place actuators, and route the tube so as to minimize the number of required 19 
blowers. The plugin then exports building instructions in the form of instruction labels that show where to constrict the tube, where 20 
to seal, where to insert custom inlets and blowers, and how to tie and fold the tube into the desired structure. A custom app then allows 21 
animating the resulting structures. In our technical evaluation, the three actuator types sustained a pressure of 200mBar, using which 22 
they delivered 480N, 1420N, and 2330N peak force, respectively. We demonstrate a 6DOF VR motion platform that lifts humans and an 23 
8m high, 16m long animatronic T-Rex that animates with three degrees of freedom.  24 
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1 INTRODUCTION 29 

Researchers in architecture have demonstrated how to create human-sized to building-sized physical structures, such as 30 

bridges, roofs, and buildings, from node-and-link structures, also known as trusses [3]. Building on this, researchers in 31 

human-computer interaction tackled the topic using personal fabrication (e.g., TrussFab [14]). This gave non-experts the 32 

ability to create large-scale structures. 33 

More recently, researchers further simplified the process by demonstrating the fabrication of large-scale structures 34 

from a single long piece of inflatable tube (AirTied [40]). Such single-tube truss structures offer an excellent strength-to-35 

weight ratio and thereby allow for very large scale. Furthermore, the fact that there is only a single building element, 36 

i.e., the tube, eliminates hubs and joints and thereby greatly reduces the number of individual parts to visually search 37 

for. This vastly simplifies assembly. 38 

 39 
Figure 2: 16m long and 8m high animatronics sculpture of a T-Rex, made from 250m tube. 40 

In this paper, we present a fabrication system called AirForce that allows a single user to create large-scale, load-41 

bearing single-tube truss structures capable of actuation. Figure 1 illustrates the core design idea: (a) Animated truss 42 

structures have historically been created from one building element per edge (e.g., PneuMesh [8], Input Output Truss [52], 43 

TrussFormer [13]). (b) AirForce improves on this by not only replacing the static structure with inflatable tube, (c) but 44 

also introducing integrated tube-based actuators, AirForce allows creating entire animated structures by folding up a 45 



single long tube. (d) Improved high-pressure seals and custom blowers enable structures to lift human weight, such as 46 

this 6 DoF motion platform. 47 

The resulting hubless single-tube design allows for efficient single-person assembly, offers an excellent power-to-48 

weight ratio, easy transport and setup, and allows unfolding and refolding a design into a different actuated structure 49 

with 100% material reuse.   50 

As illustrated by the 16m long 8m high animatronic T-Rex shown in Figure 2, three different variants of integrated 51 

pneumatic actuators allow handling three types of requirements: buckling actuators allow for long-amplitude push ac-52 

tion, here opening and closing the dinosaur’s jaw. Muscle actuators allow pulling, here moving the dinosaur’s tail up 53 

and down, and telescoping actuators produce large forces, here allowing the entire 60kg structure to tilt.  54 

2 CONTRIBUTION, BENEFITS, AND LIMITATIONS 55 

Our main contribution is the core idea of replacing not only the static elements of a truss structure with tube, but also 56 

to introduce tube-based actuators, thereby allowing entire animated structures to be folded up from a single long tube.  57 

As illustrated by Figure 3, the resulting hubless single-tube design offers several benefits: it allows for efficient assem-58 

bly by a single person (as the structure can be assembled on the ground), allows unfolding and refolding a design into a 59 

different actuated structure with 100% material reuse, easy transport and setup, and offers an excellent power-to-weight 60 

ratio capable of lifting human weight in human-safe application. 61 

 62 

Figure 3: (a) AirForce allows a single user to create large-scale animated structures efficiently from a single tube by (b) adding con-63 
strictions, (c) adding custom inlets and custom blowers, pre-inflating tubes, (d) tying up the truss structure, and (e) fully inflating the 64 
structure. (g) AirForce also allows unfolding and (h) refolding a structure into a different design with 100% material reuse. 65 

Our second main contribution is a fabrication system called AirForce that supports users in creating such large-scale, 66 

load-bearing animated structures from a single tube efficiently. To maximize democratization, we are intentionally opt-67 

ing for a semi-automated process that does not require specialized equipment (AirTied [40]) and implement our software 68 

as a blender plug-in to leverage user familiarity with the design software.  69 

The AirForce blender plugin allows users to model truss structures, place actuators, and route the tube so as to mini-70 

mize the number of required blowers. The plugin then exports building instructions in the form of instruction labels that 71 

show where to constrict the tube, where to seal, where to insert custom inlets and blowers, and how to tie and fold the 72 

tube into the desired structure. A custom app then allows animating the resulting structures.  73 

Limitations include: (1) The blowers are noisy, > 60dB. (2) The force profile of AirForce pneumatic actuators is not as 74 

linear as traditional pneumatic actuators. (3) Our blower app provides pressure control per blower (through integrated 75 

sensor), however, relies on the user to consider the effect on the actuators. 76 

We will open-source the entire project, including inlet, blower, circuit designs, blender extension, control app, and 77 

the VR experience for driving the motion platform shown in Figure 1d. 78 

Meta comment, only for review:  We have done our best to anonymize this work, including the video. That said, as 79 

the CHI author’s guide acknowledges, some projects are harder to anonymize than others, and this one is certainly one 80 



of the harder ones, as it takes place in the physical world and because of its scale. We thank the reviewers for their 81 

understanding. 82 

3 RELATED WORK 83 

This paper builds on research on actuated truss structures, large-scale soft robotics, soft pneumatic actuators, portable 84 

pressure supplies, and integrated fabrication. 85 

3.1 Inflatable Soft Robotics 86 

In Soft Robotics, i.e., the discipline of building actuated robots from compliant materials such as fabrics or silicone [43], 87 

many projects focus on designs that are only a few centimeters in size. However, several works demonstrated the utility 88 

of large-scale soft robotics: They afford large form factors, e.g., a 7m-long robot arm [53], enable room-scale haptics (e.g., 89 

TilePop [47], LiftTiles [50]), reach narrow spaces by ‘growing’ robots [44], carry weights significantly larger than the 90 

robot itself (e.g., OtherLab Roach Ant [37]), and allow making 20m high, kinematic structures (e.g., Border Crossers [25]). 91 

3.2 Pneumatic Actuators for Soft Robotics 92 

Researchers explored a plethora of soft actuator designs to actuate soft robots. They feature a range of different perfor-93 

mance characteristics, such as actuation stroke, payload, speed, contraction vs. extension, air consumption, rigidity, 94 

controllability, etc. Our main consideration in designing actuators for AirForce was the ability to seamlessly integrate 95 

into a single tube structure, without introducing any additional hardware. 96 

Pneumatic artificial muscles [16] have been widely researched and used since the 1950s. The original Pneumatic Ar-97 

tificial Muscle design by McKibben was a contracting actuator made from an inflatable rubber bladder and braided 98 

sleeve. It is used in industry (e.g., Festo Fluidic Muscle [6]), robotics research (e.g., McKibben Tensegrity Robots [12]), and 99 

HCI (e.g., OmniFiber [10]) for its large output force and fast reaction time.  100 

Our integrated muscle actuator design is based on the Series Pneumatic Artificial Muscle by Greer et al. [7], shown in 101 

Figure 4a. This design is segmenting a tube into multiple bladders that contract when inflated by forcing the tube mate-102 

rial into a longer path. While the original design was used in isolation, we integrated this into our single tube structure, 103 

where the tied nodes at the endpoints perform the role of the seals and act as connection points at the same time. 104 

 105 
Figure 4: (a) Series Pneumatic Artificial Muscle by Greer et al. [7] (b) Unfolding Actuator by O’Neill et al. [36], and (c) Buckling Inflatable 106 
Tubes by Lee et al. [17]. 107 

A large class of pneumatic actuators focuses on producing bending motion. A popular approach to this is combining 108 

an extensible bladder with an inextensible, constraining elements. This has been demonstrated by the example of a 109 

silicon-cast ‘spider’ robot [48], robotic grippers made from silicon and yarn [4], CNC-knitted sleeves made from sili-110 

con [23], and by combining extensible fabric with inextensible plastic [32]. Brockner et al. [2] demonstrated a novice-111 

friendly design tool for this class of actuators called SoRoCAD. Another way to produce bending motion is by creating 112 

pneumatic bladders with asymmetric welding patterns, e.g., Pouch Motors [30], Large-Scale Pouch Motors [35], Aero-113 

morph [38], Printflatables [45], and SnapInflatables [58]. These custom bladders even afford position control, as demon-114 

strated by Oka et al. [34] with a hinge actuator and Park et al. [39] with a full robotic arm. 115 



However, the simplest way to create a bending moment is by using buckled inflatable beams, such as those by O’Neill 116 

et al. [36] or Lee et al. [17], shown in Figure 4 (b) (c). When applying pressure to a buckled inflatable tube, it produces 117 

torque that opposes the buckling. This results in a rotational movement around the axis of the kink, also known as the 118 

moment. 119 

Our integrated buckling actuator builds on this idea of a buckling inflatable beam, with the significant difference that 120 

we integrate these buckling tubes into our single-tube design without the use of any further supporting or guiding 121 

elements.  122 

Finally, only loosely inspired by previous work (ConeAct [19]), we developed a third version of an integrated pneu-123 

matic actuator for handling high loads, which we call the integrated telescoping actuator. Here, we utilize the spherical 124 

dome ending of a tube member as an actuation pouch, while preventing the tube itself from ever buckling by maintaining 125 

minimal pressure at all times (see section: Integrated Telescoping Actuator). 126 

3.3 Powering Pneumatic Structures 127 

While pneumatic structures in HCI tend to be powered using conventional (displacement) compressors (e.g., FlowIO [49], 128 

LiftTiles [50], OmniFiber [10]) alternative approaches to compact pneumatic pressure supplies are based on evaporation 129 

[28], chemical reaction [56], ambient temperature fluctuations [22] for integrating pneumatic pressure supplies into 130 

structures.  131 

However, for large-scale inflatables, these techniques fail to provide the required sustained airflow (>1m3/min) at 132 

sufficiently high pressure (>100mbar). In this paper, we therefore propose to use dynamic compressors directly to control 133 

actuators, more specifically, blowers [29]. 134 

Our work furthermore proposes a design for a, so called, Heimlich valve that allow users to add an air inlet without 135 

welding equipment and keeps air inside the structure when blowers are off (see Figure 12a). Beyond its original function 136 

of draining water from lungs, Heimlich valve designs that are commonly sealed into mylar balloons [20] and inflatable 137 

packaging [21]. However, these previous designs cannot be added once after the sealing process of the product. 138 

3.4 Actuated Truss Structures 139 

A truss that includes a single linear actuator tends to deform at many joints at once. This design, called a variable 140 

geometry truss, was proposed in 1985 by Miura et al. [27], as well as Rhodes et al. [41], as a means for making large 141 

structures that can be folded up automatically for transport into space. While the original design does not specify a 142 

specific type of actuator, robotics researchers demonstrated different actuation modes, such as electric linear actuators, 143 

hydraulic actuators (e.g., Kurita [15]), electric telescopic actuators (e.g., Odin [24]), zipper-actuators (e.g., Spinos et al. 144 

[51]), and Pneumatic Artificial Muscles (e.g., Kobayashi et al. [12]). 145 

In HCI, the concept gained popularity due to its flexible shape-shifting capabilities: Swaminathan et al. proposed using 146 

inflatable truss structures for actuation and sensing to enable interactive devices [52]. Usevitch et al. [54] proposed an 147 

actuated truss robot made from inflatable tubes. Its nodes are comprised of motorized rollers that move forward and 148 

backward along the tube, which allows it to alter node locations as a means of actuation. 149 

To enable more users to fabricate truss structures, TrussFormer [13] (and PneuMesh [8] for small-scale structures) pro-150 

posed end-to-end fabrication workflows to design, program, and 3D print general variable-geometry-truss structures. 151 

Users start by designing the static shape first in a software tool, replacing edges with actuators, and programming the 152 

motion. The systems then generate the nodes for 3D printing and manual assembly. 153 



This paper draws inspiration from these workflows, however structures in this work are hub-less, eliminating the 154 

(non-reusable, >>100h to 3D print) custom nodes TrussFormer uses. Getting rid of this 3D printing step speeds up the 155 

overall fabrication process by >10x. 156 

3.5 Personal Fabrication of Large-Scale Structures 157 

While most projects in soft robotics or actuated structures treat the structure, rather than the fabrication process, as 158 

their main contribution, works on the fabrication process show a way forward towards allowing a wider audience to 159 

fabricate large-scale structures. 160 

The most common way of integrating actuators with a static structure is by using 3D printer-like fabrication devices: 161 

Wehner et al., for example, present an integrated system for fabricating autonomous walking soft robots using a silicone 162 

dispenser [57]. Aeromorph [38] and Printflatables [45] used a CNC heat-sealing device to selectively seal two layers of 163 

fabric to achieve actuation. In addition to actuation, AirLogic [46] also fabricates control and computation using off-the-164 

shelf FDM printers. 165 

One drawback of using a fabrication device that encloses the structure, such as a 3D printer, is that the structure 166 

cannot surpass the size of the fabrication device. This makes this approach unsuitable for the fabrication of large-scale 167 

structures. Instead, large-scale truss structures tend to get assembled from multiple parts (e.g., MERO system [26]) or 168 

from a combination of 3D-printed parts and ready-made parts (e.g., TrussFab [14] and Digital Bamboo [11]). 169 

3.6 Single tube structures 170 

While the fabrication of large-scale structures historically involved piecing together many parts, AirTied [40] instead 171 

unrolls a single inflatable tube, holds on to selected segments, and ties segments into nodes. Inflating the tube produces 172 

the desired structure without the need for any scaffolding, which allows for the making of large structures using small 173 

equipment. 174 

AirForce builds on this line of work by introducing actuation and a process that does not rely on an assembly device, 175 

while maintaining the single-tube nature of the design. 176 

4 AIRFORCE’S THREE INTEGRATED ACTUATOR TYPES 177 

As mentioned earlier, Airforce offers three types of actuators. As already shown in Figure 1a, actuators are always part 178 

of a single-tube truss structure. 179 

4.1 Integrated Buckling Actuator 180 

Figure 2 shows the working principle of AirForce’s integrated buckling actuator, here used to animate the jaw of the T-181 

Rex sculpture. As shown, inflating the integrated buckling actuator causes it to unbuckle and thereby drive its two 182 

endpoints apart, which is here used to close the jaw. Releasing air pressure makes the actuator compliant, causing the 183 

associated structure to collapse under the influence of gravity, here opening the jaws. 184 

When inflated to 200 millibars, a 1.5m integrated buckling actuator allows lifting a 30kg load (see section: “Actuator 185 

Performance”). To obtain a more linear force profile, we typically do not fully extend buckling actuators, but operate 186 

them between different degrees of buckling. Not shown: an optional Velcro tie at the center of the actuator can be used 187 

to prime the actuator to buckle at this specific point. 188 



4.2 Integrated Telescoping Actuator 189 

Figure 5 shows a close-up of the integrated telescoping actuator type. While this actuator resembles the buckling type, 190 

we never allow it to buckle. We make sure of this by only lowering pressure to the point that the actuator’s ends collapse 191 

in a controlled way, causing them to act as telescopic pouches. This gives these actuators a stroke of about 15cm per 192 

end, 30cm overall (given ⌀30cm tube). 193 

 194 
Figure 5: Telescoping actuators provide high force output. We achieve this through precise pressure control which prevents buckling 195 
and creates telescopic pouches. 196 

We create this type of actuator from shorter tube segments (up to 1.2m at a ⌀30cm diameter), as these are less prone 197 

to buckling. Our blowers are pressure-regulated, which allows for precise pressure adjustments without allowing the 198 

pressure to drop below a critical level thus preventing buckling. 199 

As we show in the Section “Actuator Performance”, integrated telescoping actuators are capable of producing signifi-200 

cantly higher force than the buckling actuators. The main use case of telescoping actuators, therefore, is to literally do 201 

the heavy lifting, such as to lift a person on a motion platform, as shown Figure 1. 202 

Optionally, for increased control and a longer stroke, we pull a separate conical sleeve (Figure 8c) over the ends of the 203 

integrated telescoping actuator segment. This allows for a longer stroke of up to 40cm per end and creates a favorable 204 

linear force profile (as shown in Figure 21c). This works since the cone shape causes the area that the air pressure acts 205 

on to scale linearly as the actuator extends. The taper of the sleeve governs the stroke length. Sleeves are pulled over 206 

the tube before assembly or added later and heat-sealed from the outside. 207 

4.3 Integrated Muscle Actuator  208 

When applying a tensile load to a pneumatic segment, we obtain a very different effect, namely, the effort of the afore-209 

mentioned artificial muscle. The integrated muscle actuator allows us to produce models that actuate by means of ten-210 

sion. As shown in Figure 6 we use this to actuate the tail of an animatronic T-Rex sculpture (see Figure 2). Here, we 211 

implemented the T-Rex’s back as an integrated muscle actuator. As shown, when empty, the segment is stretched to its 212 

full extent under the weight of the tail. However, upon inflation, the segment gains in width, and what it gains in width 213 

is lost in length, causing the actuator to contract, thereby lifting the load. 214 

With our tube diameter of ⌀30cm, we obtain 2 x 8.6 = 17.2cm of shrinkage upon inflating a segment, independently 215 

of the length of the tube. As shown, we therefore maximize the stroke of the actuator by subdividing the actuator into 216 

a sequence of segments. We achieve this by adding ties to the actuator, typically with regular spacing. To allow the 217 

actuator to operate using a single blower, we use loose ties of 10cm (4”) diameter that allow for airflow. 218 



 219 
Figure 6: This integrated muscle actuator allows the T-Rex from Figure 2 to lift its tail when pressurized. 220 

4.4 Creating a Restoring Force 221 

Our integrated actuators exert a force in only one direction, i.e., they are single-acting. As illustrated by Figure 7a, when 222 

the buckling actuator deflates, we may produce a matching restoring force by (b) relying on gravity. However, when 223 

gravity cannot be used, i.e., when perfectly horizontal left-right action is required, we may instead use (c) a second 224 

antagonistic actuator. 225 

 226 
Figure 7: It is possible to restore the movement of the shown (a) buckling actuator either by (b) gravity or (c) a second, antagonistic 227 
actuator. 228 

AirForce’s single tube structures also offer a third option for generating a restoring force: as illustrated by Figure 8a 229 

the tube segments overlap at the node, which pushes segments away from each other. In most cases, this overlap is 230 

undesirable, as it applies torque to the adjacent tube segments, creating the risk of unintentional buckling. (b) We tend 231 

to suppress this by adding an additional short segment that loops around the node or by (c) covering tube segment ends 232 

in sleeves. However, we can also use the effect to serve as a restoring force. (d) An additional way to relieve unwanted 233 

force from nodes is to introduce an additional node that allows the tube to bend at sharp angles. We demonstrate this 234 

by fabricating a mattress for added safety under the motion platform (shown in Figure 1) 235 

 236 
Figure 8: (a) Tube segments push each other out at nodes. (b) We bypass this either by adding an additional short segment that loops 237 
around or by (c) covering tube segment ends in sleeves or by (d) introducing an additional node (used in mattress from Figure 1). 238 

4.5 Turning a Segment into an Actuator 239 

The main benefits of AirForce’s actuators derive from their integration into single tube structures. We will go into detail 240 

on fabrication in the following two sections. As a preview, however, Figure 9 shows how actuators (of any of the three 241 



kinds) integrate: given a prefabricated segment of single tube structure, (a) users seal off the left and (b) right end of a 242 

respective tube segment. They make the seals airtight by running the tube through a tie twice. (c) Users now create an 243 

incision, insert one of our custom inlets, and attach one of our custom blowers. 244 

 245 
Figure 9: Users turn a truss segment into any type of integrated actuator by adding four components (a-d). 246 

5 THE TECHNICAL COMPONENTS OF AIRFORCE 247 

Before we present how users create their specific structures, we show how users fabricate the required generic and 248 

reusable components, i.e., custom blowers, custom inlets, and tubes suitable for the resulting high pressure. 249 

5.1 Custom Blower: Casing, Mount, and Pressure Control 250 

Actuators require compressed air. Conventional compressors (e.g., [40]) cannot provide the flow rate required to actuate 251 

our three actuator types at reasonable speeds (and their flow rate drops further once their comparably small reservoirs 252 

(e.g., 64 liters [40]) are exhausted). AirForce therefore, uses dynamic compressors, also known as blowers [29]. 253 

For our custom blower design, we use a Domel 714 [5] series blower motor, which is capable of providing up to 254 

250mbar air pressure at 36V (350 mbar with fully charged 42V batteries). This pressure, applied to a 30cm diameter 255 

integrated telescoping actuator, will result in 1767N expansion force, i.e., capable of pushing ~180kg of load. 256 

As illustrated by Figure 10a, AirForce packages blowers into standalone untethered blower modules with a 3D-printed 257 

housing. The housing holds the battery, the controller board, and the blower motor, guiding pressurized air into a nozzle. 258 

The nozzle is made from flexible PVC tubing and contains a pressure sensor. Figure 10b shows the custom printed circuit 259 

board. Designed around an ESP32C3 microcontroller (Seedstudio XIAO). The firmware of this board receives commands 260 

from our control app (see Section 6.4) via Wi-Fi and, in response, controls the blower motor’s power using a pulse-width 261 

modulated signal. 262 

 263 
Figure 10: (a) Custom 3D-printed blower module. (b) The custom printed circuit board allows controlling blowers remotely via Wi-Fi.  264 



To achieve precise force control of our actuators, the blowers implement a pressure feedback loop using an Adafruit 265 

MPRLS 3965 pressure sensor. We have implemented and tuned a custom PID algorithm to keep the pressure at the desired 266 

levels, despite external disturbances. The blowers support a direct PWM control as well. 267 

The unit is powered by a 40V, 2.5Ah battery pack (Makita Corporation BL4025) that allows for 15-45 minutes of operation, 268 

depending on required pressure. The PID pressure control also helps here, increasing the battery life by reducing power 269 

when the desired pressure is reached. 270 

One of the limitations of our blower design is that it can only passively deflate the structure by stopping the motor, 271 

allowing air to exhaust back through the blower, as these types of centrifugal blowers cannot be reversed. 272 

5.2 Custom Inlet Made from Tube Material 273 

To make sure there is no pressure loss between the blower and the tube, users mount blowers by means of an inlet. As 274 

shown in Figure 11, our custom inlets are made from tube material. (b) At the marked location, users cut the top layer 275 

of the tube using a knife designed to produce a shallow slit (a so-called kiss-cut knife). (c) Users then insert the valve 276 

and permanently attach it either using double-sided adhesive tape or liquid rubber adhesive (e.g., kövulfix). 277 

 278 
Figure 11: Users mount a custom inlet by (a) cutting, (b) inserting, and (c) gluing.  279 

Our valve design builds on a Heimlich Valve [9], which is a one-way valve design that pumps air through a nozzle 280 

made from two parallel sheets of material inside a pneumatic cavity. As shown in Figure 12a, the design allows for 281 

airflow inwards, which spreads the two sheets. Reversing the airflow presses the two sheets together, sealing the inlet. 282 

We adapted this general design for integration into single-tube structures, as shown in Figure 12a. The main benefit 283 

of our adapted design is that it can be mounted into an already completed single-tube structure, (b) as mounting the 284 

inlet only requires access from the outside of the tube. This is crucial, as AirForce may employ very long tubes (the T-285 

Rex shown in Figure 2 uses 250m of tube), thus making it challenging to mount valves that require accessing the inside 286 

of the tube. 287 

Our inlet is made from the same TPU-coated nylon fabric as our tube structures; one side of it features a heat-sealing 288 

coating. As illustrated by Figure 12c, users fabricate an inlet by overlaying two strips with the heat-sealable side facing 289 

each other, welding it at both sides to form a small tube, but leaving the top open to fabricate a flap for connecting it to 290 

the tube. Using the valve as is would result in small leakages when mounting it in a slit on the tube. (d) Therefore, users 291 

cut away a small strip on the sealing line, fold it up, and glue it to the flap. This way the inlet has a flat surface for 292 

mounting it to the tube using double-sided tape or adhesive. Additionally, a loop gets heat-sealed onto mount the blower. 293 



 294 
Figure 12: (a) The inlet is designed to be installed from the outside of the tube using adhesive. (b) It includes a fabric loop to mount 295 
the blower unit. (c-d) The design is based on a Heimlich valve that we extend to work without leakages. Blowers that inflate static 296 
segments use (e) a short nozzle which acts a one-way check valve to keep them pressurized, while blowers that power an actuator, use 297 
(f) a long nozzle, which keeps the inlet open and allows for air to flow back out on the actuator. 298 

For static structures, we use the design shown in Figure 12e. Its one-way nature maintains pressure, even when blow-299 

ers are off. The design also allows inflating part of a structure, pulling the blower out (which closes the inlet), and then 300 

using the same blower to inflate a different segment. (f) For use with actuators, we use blowers with a longer nozzle. 301 

Inserting the blower now keeps the flap open and allows for bi-directional airflow, which allows blowers to inflate and 302 

deflate. However, as before, removing a blower closes the valves. This is useful during repair or when abandoning an 303 

actuator location after redesigning the structure. 304 

5.3 Tube Redesign for High Pressure 305 

AirForce uses a similar tube material as AirTied [40], i.e., Rivertex Ecoseal 200 [42]. It combines a 235den woven nylon 306 

fabric that takes up the tension with a single-sided coating of heat-sealable Thermoplastic Polyurethane. 307 

However, to make the resulting structures strong enough to lift humans, we increase the tube diameter from ⌀13cm 308 

to ⌀30cm, which increases the maximum load quadratically (F=A∙P, A=r2π), thus by about a factor of 4x. 309 

To accommodate the increased tension, we redesigned the tube construction, as illustrated by Figure 13: (a) AirTied 310 

(as well as Aeromorph [38], Printflatables [45]) use fin seals along the seam. This places all the load on the inner edge of 311 

the seam. The inner seam forms a line, and thus this design runs the risk of peeling open when high pressure is applied 312 

[33]. (b) We therefore switch to lap seals. Since lap seals distribute the load across an area, this raises the maximum 313 

permissible pressure of the seals beyond the tensile strength of the fabric.  (c) Since only one side of our tube material is 314 

heat-sealable, we update our design to use two distinct strips of material, one of which, if flipped inside-out, allows the 315 

heat-sealable surfaces of both strips to be fused. 316 

 317 
Figure 13: (a) The seams of fin seals peel away under pressure. (b) Lap seals are more robust. (c) AirForce makes lap seals from two 318 
strips to achieve lap seals with fabrics that have a heat-sealable coating (here: light yellow) on one side only. 319 

It is possible to seal the tube manually using an iron and a rubberized roller. If available, is it possible to use a special-320 

ized machine shown in Figure 14 (Leister HEMTEK ST [18]). The device allows sealing the tube using a 2.3kW heat gun. 321 

The pressure rollers apply pressure and guide the material. This allows us to seal 90m of tube per hour. (Fabricating the 322 

tube for the motion platform shown in Figure 1 takes 6min; the T-Rex from Figure 2 takes less than 3h). 323 



We feed the shown setup with two strips of material, both with the adhesive side up, but with 4cm of the bottom sheet 324 

exposed. We feed this stack of two sheets through a custom spiral-shaped jig, which folds 2cm from the bottom of the 325 

top sheet, thereby aligning them to be heat-sealed by the device. 326 

 327 
Figure 14: Our setup based on the Leister HEMTEK ST [18] heat sealing device. Our custom jig is key to aligning the adhesive sides of 328 
the two sheets which allows making a 90m tube per hour. 329 

5.4 Node and Seals 330 

While single-tube structures have previously been tied using wire ties [40], given the increased tube size and pressure 331 

of the AirForce designs, we switched to Velcro straps (2cm wide Velcro Brand Back To Back Tape [55]). Velcro ties are 332 

durable, do not damage the tubes, and are easy to apply and remove by hand. 333 

As illustrated in Figure 15, to combine two (or more) tubes into a node, (a) we first constrict each tube using a strap 334 

of Velcro tape, and then (b) use a third strap to connect the first two straps. To restrict air flow into or out of the actuator 335 

segment, (c) we form air-flow-blocking loops, and (d) finally combine the loops with other nodes. 336 

 337 
Figure 15: (a-b) We construct regular, airflow-permitting nodes using Velcro ties. Adding (c-d) forming a loop and then feeding a Velcro 338 
strip through blocks airflow at nodes next to the actuators.  339 

6 FABRICATING A CUSTOM ANIMATRONICS STRUCTURE 340 

Given components as described in the previous section, users are able to now design their own large-scale animatronics 341 

structures using the following four-step process. 342 

6.1 Step 1: Design Structure using our Blender Extension 343 

Users start by designing the structure as a wireframe. They may use the open-source design tools PneuMesh [8], Truss-344 

Former [13], or any other 3D editor capable of exporting 3D files in the .obj file format. To provide users also with the 345 

functionality required for actuators, we provide an AirForce plug-in for Blender [1], shown in Figure 16. (a) The plug-in 346 

allows users to convert segments into actuators and keeps users informed about the overall material cost and the number 347 



of required blowers. (b) When complete, the plug-in creates an optimized single tube routing through the model, auto-348 

matically determines blower positions (see Section “Algorithm”). 349 

 350 
Figure 16: The AirForce plugin for Blender [1] allows users to create structures and place actuators. Here, we just added the muscle 351 
actuator (thick outline) to the T-Rex’s tail from Figure 2. 352 

6.2 Step 2: Print and Apply Assembly Instructions 353 

When users click on “export”, the plug-in automatically generates assembly instructions, including blower and seal 354 

positions. It exports the model in the form of “1D” assembly instructions, i.e., where along the single tube to tie a node, 355 

where to add a blower, and where to seal off the tube. 356 

In theory, the resulting instructions could be fed into an automated tying machine (e.g., an AirTied [40] device scaled 357 

to double size), but to make the approach accessible to a wider audience without access to this assembly device, we here 358 

present a process that requires only manual tools and an inexpensive label printer: 359 

As shown in Figure 17a, our plug-in controls a label printer (here, Brother QL 700) and produces five types of stickers, 360 

one sticker at a time. (b) Each sticker contains an action to perform (see below), and where along the tube to place the 361 

sticker (here expressed in meters from the beginning of the tube) and which blowers to use. Users apply the stickers to 362 

the tube at the indicated position by laying out the tube along a measuring tape or using a measuring roller. 363 

 364 
Figure 17: (a) Our blender plug-in allows users to produce assembly instructions in the form of stickers, which (b) users apply to the 365 
single tube, at the locations stated on the labels. 366 



6.3 Step 3: Users Construct Nodes and Add Blowers 367 

Users create their structure following the instructions on the stickers. They begin by creating the topology of their 368 

structure: In order to create the nodes, users assemble all spots that show the same node ID and tie them up using Velcro 369 

ties as described earlier. An additional ‘seal’ on the stickers indicates that the respective node is supposed to be air-tight, 370 

as it is adjacent to an actuator, in which case users use a metal cuff instead of the Velcro tape (see Figure 15a).  371 

An animated preview in AirForce’s Blender plugin traces the single tube along its path, providing users with an addi-372 

tional overview of the fabrication process. 373 

Users then construct the actuators, which at this point is straightforward: following the instructions on the stickers, 374 

they insert blowers and clip them into the straps that are part of the inlets. 375 

6.4 Step 4: Inflate and Control 376 

Finally, we provide users with the simple smartphone app shown in Figure 18, which allows them to control the actuators 377 

inside their structure by communicating with the WiFi modules embedded in the blowers’ custom controllers. For blow-378 

ers that users classify as “actuators”, the app offers a slider to control their pressure and to name blowers, such as ‘head 379 

up’ or ‘tail left’; for “static” blowers, the app offers only on/off toggles. The app also allows connecting MIDI devices. 380 

Here, we use a MIDI-based board with audio faders to control the T-Rex, as shown in Figure 2.  381 

 382 
Figure 18: (a) The simple AirForce control app. (b) The app also allows users to control their structure using audio faders via MIDI. 383 

Actual applications instead talk to the blowers using our Python library. The motion platform in Figure 1, for example, 384 

syncs the motion platform movements to a 360° VR video of a rollercoaster ride. The player is implemented using JavaS-385 

cript and WebXR and sends the video playback progress periodically to a Python web server. The player reads tuples 386 

formatted like 15: [0.3, 1.0, 1.0, 1.0, 1.0, 1.0] to indicate that at second 15, all actuators except the 387 

first one are fully extended, while the first one is powered at 30%, tilting the user to the right. Finally, it sends the 388 

respective commands via WiFi and UDP to the respective blower. 389 

6.5 Step 5: Disassemble and Reuse Material 390 

AirForce structures are fully reusable. Removing ties turns any structure back into a single tube (see AirTied [42]); inlets 391 

self-seal, i.e., old inlets can stay without causing leakage. Velcro ties and blowers are reusable. Making a new model thus 392 

only requires adding new inlets. 393 

7 STRUCTURE GENERATION ALGORITHM 394 

The export algorithm in AirForce’s blender plug-in converts 3D truss models into single tube structures. Similar to 395 

AirTied’s algorithm [40], the objective of this algorithm is to find the tube path that traverses the model’s edges (a so-396 

called Eulerian path) while requiring only the minimum number of edges to be traced twice. Unlike AirTied’s algorithm, 397 

however, the AirForce algorithm also needs to handle actuators, which are tube segments that are sealed off from the 398 



rest of the segments. This creates additional optimization constraints, namely, to minimize the required number of blow-399 

ers for separated static segments. 400 

Figure 19 illustrates this problem at the example of a motion platform, the vertical members of which are telescoping 401 

actuators, while the top triangle is inflated statically. (a) Naïvely running the algorithm from related work traverses the 402 

three static segments (the top triangle) in random order. Since these segments come into contact with actuators, they 403 

must be sealed off and thus need three blowers of their own to inflate them. (b) Our optimized route traverses these 404 

static segments in succession and thus unifies them, requiring only one blower for the connected static segments. This 405 

saves time and cost. 406 

The AirForce blender plugin creates a tube routing that minimizes blowers and generates assembly instructions in a 407 

three-step process. 408 

 409 
Figure 19: (a) The AirForce Algorithm reduces the number of blowers required from the static segments from three to (b) one. It 410 
achieves this by routing the tube to traverse the static segments in succession, unifying them into one group. 411 

7.1 Step 1: Routing the Tube to Minimize the Number of Blowers 412 

To find an optimal path, our algorithm traverses the graph of the input model step-by-step and returns the order of 413 

nodes as a fabrication sequence. It starts at a node which is at an end of an actuator segment to avoid splitting connected 414 

groups of static segments in two, as this would require an additional blower. 415 

The AirForce algorithm then chooses the next edge according to the following criteria, in descending priority: (1) The 416 

next edge should not “disconnect” the model, i.e., it should not leave edges behind that are disconnected from the rest 417 

of the model, (2) if the last edge was a static edge, the next edge should also be a static edge. If none of these criteria are 418 

met, a random edge is picked. 419 

Our algorithm uses a randomized greedy approach, running iteratively until it converges. To avoid suboptimal results, 420 

we perform probabilistic boosting, rerunning with random starting nodes and tie breakers for the edge selection (we 421 

used 100 reruns in our experiments). The solution with the fewest blowers and seals is then returned to the user. Before 422 

traversing the model, we add additional double edges to ensure that it is traversable by a single tube using NetworkX’ 423 

Eulerize algorithm [31]. This inserts double edges where necessary. 424 

7.2 Step 2: Place Blowers 425 

The AirForce algorithm places one blower for every actuator. Due to the path routing, double edges may be placed by 426 

the algorithm in parallel to actuators. In this case, we only place one blower on the actuator and leave the second edge 427 

sealed off without a blower, thus remaining permanently deflated. For connected static segments, we place one blower 428 

in the middle of the static groups.   429 



7.3 Step 3: Render Stickers and Assembly instructions 430 

Finally, the plugin generates instructions to fabricate the structure. As mentioned previously these are in the form of 431 

stickers that will be placed along the tube by the user beforehand. An image is generated for each instance of a feature 432 

such as where to constrict the tube, which segments to seal-off, where to attach blowers, etc. In addition, we also gen-433 

erate a sequence of images that show the model at each assembly step for users to compare to during assembly. 434 

8 EVALUATION 435 

To evaluate our actuator design, we tested the force output and response time of our actuators, ran a user study to 436 

estimate fabrication time and fabricated two full models, a motion platform, and a 16m long, 8m high T-Rex animatronics 437 

sculpture.  438 

8.1 Technical Evaluation of Actuator Performance 439 

The key to animating AirForce’s structures lies in the actuators’ ability to lift the expected load. To help users choose 440 

the right actuators for the desired motion, we conducted a series of load tests with all three of our actuator types. 441 

To measure the force response of each actuator, we fixed the endpoints of the actuators in an aluminum frame with 442 

a height-adjustable upper carriage. The force gauge was used to complete a series of measurements at discrete actuator 443 

extension levels. All tests were repeated with three pressure values of 100, 150, and 200mbar. To keep pressure constant 444 

during the measurements, we used our custom PID-controlled blowers. For measurements, we used an Ailigu ZP digital 445 

dynamometer force gauge and a Senseca ECO 240-2 pressure gauge. The tube diameter in all the cases was ⌀30cm. All 446 

experiments were conducted with up to 200mbar pressure; our tube actuators can take even larger pressures. These 447 

forces can be approximately extrapolated from the experiments below. 448 

Bucking actuator: Figure 20a shows the test setup and measurement results of our buckling tube actuator. We tested 449 

a shorter 1.5m actuator, as well as a 2.5m actuator. As shown in the force diagrams, increasing the actuator length 450 

proportionally decreases the force. The maximum force these actuators could exert was (b) 480N and (c) 280N, respec-451 

tively (at 200mbar, 120° angle). However, we note that the buckling actuators have a local minimum in their force profile 452 

at around a 60° angle, so this minimum must be considered when sizing the actuator. 453 

Figure 20d shows the response time of a 75cm buckling actuator. It reaches its maximum pressure and force of output 454 

of 404N in about 1.88s. Deflation is somewhat slower, about 6 seconds, due to its passive nature. Both these values are 455 

dependent on the tube volume. 456 



 457 
Figure 20: (a) Integrated buckling actuator and (b, c) performance (force vs angle). We highlight that increasing the actuator length 458 
proportionally decreases the force. (d) The response time of a 75cm buckling actuator is about 2s. 459 

Telescoping Actuator: Figure 21 shows the telescoping actuator test. We tested this actuator type in two variations: 460 

(a) with its natural dome ending and (b) also with constricting cone sleeves on both ends, which creates a longer stroke 461 

and a more linear force profile. 462 

This type of actuator creates significantly higher forces than the previous buckling type (max. 1400N at 200mbar); 463 

however, the stroke is much shorter. With a natural dome ending, the force ramps up nonlinearly and reaches its max-464 

imum already after about 20 cm compression. However, this stroke can be significantly enlarged by adding a constricting 465 

sleeve on both ends (here 40 cm long) that proportionally reduces the diameter from 30cm to 10cm. This also makes the 466 

force profile linear as seen in Figure 21c. The limitation of this technique is that it makes the actuator more susceptible 467 

to unwanted buckling at the ends in the presence of sideways forces. 468 

 469 
Figure 21: (a) Integrated telescoping actuator test setup. (b) Force curve with natural dome-shaped endings, and (c) with added cone-470 
shaped sleeve constrictions. 471 

Muscle Actuator: The test setup for the artificial muscle-type actuator is shown in Figure 22a. The nominal length 472 

of the actuator was 2m in the relaxed state and could be contracted to about 145cm. The highest force was measured in 473 

the fully extended state, reaching 2330N at 200mbar. As is visible from the diagram, the force linearly decreases along 474 

the stroke. It is possible to increase the stroke by adding more constriction points, ; however, the spacing between them 475 

should remain larger than ~34cm to be able to reach the natural rounding. 476 



 477 
Figure 22: (a) Integrated muscle actuator test results in a (b) linear force profile. 478 

8.2 User Study to Estimate Fabrication Time 479 

To understand how long it takes for users to fabricate AirForce structures we conducted a simple user study. 480 

Procedure: We picked our most complex subassembly, the head of the 8m T-Rex from Figure 2 (2x3x5 m, 11 nodes 481 

and 24 edges), and the only challenging subtask, i.e., tying up the (labeled and Velcro-segmented) tube into the 3D model. 482 

We provided participants with a 24-image sequence showing increasingly longer pieces of tube (auto-generated using 483 

our Blender plugin). Before starting the study, we laid out the prepared tube in a zig-zag pattern with the start node 484 

facing the participant and walked them through the instruction manual beforehand. During assembly, we handed them 485 

Velcro strips and answered any questions that came up. If they deviated from the printed instructions, we informed 486 

them about their mistake. We stopped the time once the participant finished the last connection. At the end, they filled 487 

out questions on demographics and ease of assembly. 488 

 489 
Figure 23:  (a) The participants (here, P1) start with a tube with ties and stickers in front of them. (b) Then, they follow the assembly 490 
instructions until they connect the last segment and complete their task. (c) The result is an inflatable dinosaur head. 491 

Participants: We recruited 12 participants (11 male, 1 female, average age 23.3, σ = 3.1) without prior assembly 492 

experience from our institution. 493 

Results: All participants assembled the structure successfully, taking on average 24:20min (σ = 9:37min), and rated 494 

ease of assembly as 4.7/7 in our questionnaire. 495 

Discussion: To approximate overall assembly time using this data, we assume that the assembly effort scales linearly 496 

with the number of edges. This gives us 24:20min/24 edges = ~1min/edge for assembly. For the complete fabrication 497 

process, we need to consider steps taken before assembly, i.e., printing stickers and applying them at the measured 498 

position. When preparing the study, we measured, and these tasks took 30 minutes for 24 edges, resulting in another ~1 499 

minute/edge. Finally, adding a blower and inlet took 10 minutes/blower. This gives us an estimation of t = 2min * edges 500 



+ 10min * blowers. For the head (24 edges, 2 blowers), this results in 1 hours and 8 minutes of end-to-end fabrication 501 

time. Extrapolating to the entire T-Rex (108 edges, 7 blowers), it would approximately take 4 hours and 46 minutes. 502 

This is comparable to the manual labor required for TrussFormer [14] but does not require more than 100 hours of 503 

prior 3D printing for a similar object, significantly shortening the time from design to structure. 504 

8.3 Applications 505 

The 8m high animatronic T-Rex sculpture, shown in Figure 2, uses 250m of tube, contains 37 nodes, 108 edges, and is 506 

actuated using 11 blower modules. The design can open and close its jaw using a buckling actuator and lift its tail using 507 

an integrated muscle actuator in its back. It is secured with water-filled umbrella stands. 508 

The motion platform uses 10m of tube and consists of 7 nodes, nine edges, and six actuators, resulting in 7 blowers. 509 

We anchor the motion platform with a mattress made from a tube and connect the bottom nodes with velcro strips to 510 

form a triangle. 511 

9 CONCLUSION 512 

In this paper, we presented AirForce, a system that fabricates actuated human-scale truss structures. We integrate our 513 

actuators into single-tube structures, which gives us a range of benefits, including efficient single user assembly, 100% 514 

reusability of the tube by unfolding and refolding the structure, easy transport and setup, and excellent strength-to-515 

weight ratio which allows lifting human weight while being a human-safe. 516 

As future work, we plan to explore how the tube structures presented in this paper might allow us to create the 517 

elements required for mass-spring-damper systems. 518 
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