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Figure 1: An example Sustainfatable system which can performs self-regulating plant insulation. The wind energy is harvest 
through a wind pump. The thermal valves incorporated in the system can sense the ambient temperature and adjust the 
infation of the windbreaker accordingly. During warm weather, the windbreaker remains defated (a). In contrast, during cold 
and windy weather, the system utilizes the collected energy to infate the windbreaker and provide insulation to the plants (b). 

ABSTRACT 
While the majority of pneumatic interfaces are powered and con-
trolled by traditional electric pumps and valves, alternative sustain-
able energy-harnessing technology has been attracting attention. 
This paper presents a novel solution to this challenge with the 
development of the Sustainfatable system, a self-sustaining pneu-
matic system that can harvest renewable energy sources such as 
wind, water fow, moisture, and sunlight, convert the energy into 
compressed air, and store it for later use in a programmable and 
intelligent way. The system is completely electronic-free, incorpo-
rating customized energy harvesting pumps, storage units with 
variable volume-pressure characteristics, and tailored valves that 
operate autonomously. Additionally, the paper provides a design 
tool to guide the development of the system and includes several 
environmental applications to showcase its capabilities. 
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1 INTRODUCTION 
Renewable energy sources have been utilized by humans since 
ancient times, as evidenced by the use of windmills [26] and wa-
terwheels [67]. However, with the rise of the industrial revolution, 
the majority of our energy now comes from non-renewable fos-
sil fuels such as oil, natural gas, and coal [28]. This dependence 
on non-renewable energy sources has resulted in environmental 
damage, energy crises, and climate change [21, 57]. 

To mitigate these problems, eforts have been made to increase 
the proportion of clean and renewable energy sources such as hy-
dro, wind, and solar power [64]. Related to HCI, some researchers 
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have focused on developing technologies for harvesting renew-
able energy to power wearable devices and interactive systems 
[10, 32, 42, 47, 82, 91]. While most of these technologies convert 
the harvested energy into electricity for storage and later use, re-
cent work in the robotics feld has demonstrated the feasibility of 
alternative pneumatic-energy-generating systems that can be more 
efcient, concise, and environmentally friendly [55, 56, 74]. 

Despite the growing interest in pneumatic interfaces in the 
human-computer interaction (HCI) feld [20, 23, 24, 37, 39, 44, 51, 
58, 70, 76, 79, 80, 86, 92–94], most current pneumatic interfaces are 
still powered by electronic pumps and valves, which limits their 
application in broader contexts. To address this limitation, this pa-
per investigates how to harvest various ambient renewable energy 
sources, convert them to compressed air, and store the compressed 
air for later actuating utilization in a pre-programmed way. 

We hope this research can promote the development of sustain-
able pneumatic interfaces that can operate autonomously in an 
ambient environment and potentially be used in a wide range of 
applications. The core contributions of this work are as follows: 
• A three-phase ambient energy harnessing strategy for the pneu-
matic interface: 
– Harvesting: non-electric pumps that can harvest a variety of 
ambient energy sources and leverage this energy to compress 
air; 

– Storage: storage units with distinct volume-pressure charac-
teristics to store the compressed air for diferent demands; 

– Utilization: non-electric valves that are triggered by environ-
mental factors with tunable thresholds to manage the com-
pressed air for actuation autonomously; 

• A corresponding design tool that: 
– guides users through the process of designing the system; 
– provides estimation of working results for quick iterations; 
– exports material list and fabrication instructions to facilitate 
prototyping. 

• Functional performance evaluation of the Susbtainfatable sys-
tem. 

• Several application examples that demonstrate the capability of 
the Susbtainfatable system. 

2 RELATED WORK 
2.1 Pneumatic Interface 
Over the past few decades, signifcant progress has been made 
in developing materials and methods for fabricating pneumatic 
(and hydraulic) tangible interfaces [31, 48], enhancing their shape-
changing and display capabilities, and improving their actuation 
structures [19, 38–40, 44, 49, 58, 70, 76, 92–95]. There have also 
been investigations into using these interfaces for sensing tech-
nologies [24, 44, 79, 86] and exploring the use of more compact 
electronic pumps for actuation [20, 51]. Additionally, the technical 
advancements of these interfaces have led to various studies ex-
ploring application contexts and evaluating user experiences, with 
a particular focus on exploring diverse haptic feedback experiences 
[13, 23, 36, 37, 80, 81]. Recently, several works have started to ex-
plore unconventional mechanical computing technologies[14, 41, 
71]. These technologies ofer an alternative method for controlling 
such interfaces, which can supplement or even replace electronic 

boards. Unlike traditional electronic control systems, these uncon-
ventional control systems operate rely on fuidic current instead of 
electric current. 

However, most of these systems still require an electronic pump 
to provide compressed air or pressurized liquid. To address this limi-
tation, researchers have investigated alternative actuation methods. 
For example, gas-producing chemical reactions have been adopted. 
But they require manual refueling of chemicals [90], and some of 
the reactions can be difcult to stop, resulting in a one-time use 
only [89]. Low boiling-point liquids (LBLs) have also been inves-
tigated for their potential to leverage ambient thermal energy for 
actuation [39, 50]. However, LBL-based infatables lack controlla-
bility and on-demand responses, as they deform or reverse directly 
in response to changes in environment temperature in this case. 
Slightly of-topic from the HCI feld, some researchers have started 
exploring the possibility of using human motion to generate energy 
for powering pneumatic assistive garments [55, 56, 74]. 

Overall, the current body of research in pneumatic interfaces 
and robotics lacks a further exploration of how to harvest and con-
vert various ambient renewable energy sources into compressed 
air. Furthermore, existing research doesn’t sufciently explore the 
intelligent and programmable storage and utilization of this com-
pressed air, particularly in a non-electronic manner. Identifying 
and addressing these gaps in research propels us towards not only 
creating more sustainable and efcient pneumatic power solutions 
but also advancing towards a greener approach in renewable energy 
usage. 

2.2 Sustainablility in HCI 
Sustainability is an increasingly important topic in HCI, given the 
signifcant impact of technology on the environment and social eq-
uity [46]. HCI researchers explored ways to promote sustainability 

Figure 2: A comparison between an electrical energy gener-
ating system (a) and a pneumatic energy generating system 
(b) shows that the latter has the potential to be more energy-
efcient, more concise, more cost-efective construction, and 
reduce the use of hazardous materials like heavy metals. Re-
vised based on the fgure from [73]. 
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Figure 3: The three-phase energy harnessing solution provided by Sustainfatabe. 

in interactive devices, such as degrading, recycling, and harness-
ing energy in a sustainable manner. One trend is using degradable 
material for prototyping interactive devices, such as heating plas-
tic wireless interfaces [75], soft interactive biodegradable devices 
[34], fexible vinyl fabric-like alganyl [4], electronic devices with 
mycelium [84]and wood veneer-based self-drilling interfaces [42]. 
These devices ofer easy breakdown and superior degradability, 
leading to reduced contamination and overall sustainability. 

At the same time, another signifcant efort in HCI research is 
in recycling. Projects like Digital Mechanical Metamaterials [29], 
Airlogic [71], and Fluidic Computation Kit [41] have facilitated easy 
recycling by creating electronic-free interactive devices that may 
be fully recycled based on their materials, without complex disas-
sembly. Researchers have also explored opportunities for reusing 
scrap materials [18, 35, 88] and upcycling waste materials [9] to 
reduce waste and promote sustainability. 

Lastly, various technologies are investigating harnessing energy 
for powering interactive devices. This approach can enable sustain-
able and self-powered devices that do not require external power 
sources [1, 2, 7, 15, 47, 82, 85]. While most of these systems focus 

on converting human kinetic energy to electric energy for elec-
tronic devices, we focus on developing non-electronic technologies 
that harness a broader range of renewable energy sources beyond 
human motion to generate pneumatic power. This substantially 
widens the scope of renewable energy sources that can be har-
nessed to power interfaces. Moreover, we have developed a design 
tool to foster engagement and adoption from both researchers and 
everyday users in creating and utilizing such ambient renewable 
energy powered systems. 

2.3 Energy Harvesting Technologies 
To power portable or wearable electric systems, energy can be har-
vested from sources such as solar, biomechanical, and biochemical 
through mechanisms like photovoltaics, piezoelectric, triboelec-
tric, or electromagnetic conversion [10, 32, 91]. However, each 
energy transformation step in these systems results in energy loss, 
as shown in Fig. 2.a [73]. For instance, in an electrically powered 
pneumatic system, a signifcant amount of energy is lost in the step 
of powering the pump to generate compressed air for actuation. 
Specifcally, 80%-90% of the energy is dissipated as heat [28]. 
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When it comes to a pneumatic system, a more direct and non-
electric process can be adopted (Fig. 2.b). The energy only changes 
from the original source to pneumatic energy. Pneumatic energy can 
be easily stored and used without conversion, leading to improved 
energy efciency, simpler and more cost-efective construction, and 
reduced use of hazardous materials such as heavy metals. 

Following this non-electricity-involved strategy, researchers have 
developed pneumatic wearable assistive devices powered by com-
pressed air generated by human-motion-induced energy, particu-
larly from foot strike [55, 56, 74]. While in this paper, we further ex-
plored harvesting other energy sources, especially ambient energy 
sources that can allow the pneumatic system to work unattended 
and even outdoors, expanding its applicability. 

Moreover, the current main approaches for utilizing compressed 
air still rely on manually or electrically operated valves. There 
are potential technologies that can be leveraged to improve this, 
including pressure-diference-operated pneumatic valves and com-
putation [16, 41, 62, 65, 66, 71]. Additionally, in the microfuidic feld, 
various micro valves triggered by temperature, humidity, radiation, 
etc., have been explored [25, 72, 87]. To complete the loop (Fig. 2.b) 
and enable a completely autonomous system, we developed a series 
of ambient environmental triggered non-electric "macro" valves, 
enabling the pneumatic system to work autonomously without the 
need for external power or human intervention. 

3 SUSTAINFLATABLE OVERVIEW 
To achieve the goal of harnessing ambient energy for a pneumatic 
interface, we propose a three-phase solution (Fig. 3). Firstly, we 
employ various non-electric pumps that can harvest a variety of 
ambient energy sources and leverage this energy to compress air. 
We then utilize storage units with distinct volume-pressure charac-
teristic curves to store the compressed air. Finally, we incorporate 
various non-electric valves that are triggered by environmental 
factors with tunable thresholds to manage the compressed air. 

3.1 Pumps for Energy Harvesting 
In this section, we will present the design, mechanism, and evalua-
tion of pumps designed for harvesting ambient thermal, moisture, 
and kinetic energy. 

3.1.1 Thermal Pump. A thermal pump can leverage temperature 
fuctuations to compress air. The structure of a thermal pump is 
shown in Fig. 4.a, b. The laser-cut acrylic lid contains a copper plate 
embedded in the middle and a bladder with a low-boiling-point 
liquid (LBL) attached to the bottom of the copper plate using a 
round thermal adhesive tape. The 3D printed body has two ports 
with check valves installed to ensure that air fows only in one 
direction, from the inlet to the outlet. The lid, sealing ring (Ecofex 
00-30), and body are held together with screws and nuts. 

When the ambient temperature rises above the boiling point of 
the LBL liquid, the bladder expands and pushes the air out from 
the outlet (Fig. 4.c2). Conversely, when the ambient temperature 
drops below the boiling point, the bladder contracts, and the pump 
reflls with air through the inlet (Fig. 4.c1). 

Figure 4: The thermal pump: a). The exploded view of the 
structure. LBL stands for Low Boiling Point Liquid which 
is pre-injected to the bladder before assembly. b). The side 
view and top view of the pump. c). The LBL bladder inside 
the pump performs cyclic defation (c1) and infation (c2) as 
the environment temperature fuctuates, gradually pumping 
air to the target airbag. 

Figure 5: The moisture pump: a). The exploded view of the 
structure. b). The side view and top view of the pump. c). The 
water beads perform cyclic deswelling (c1) and swelling (c2) 
along with the wet-dry cycle, gradually pumping air to the 
target airbag. 

In this paper, we demonstrate and experiment with Novec 7000 1 

as our primary working medium for the thermal pump (and thermal 
valve), which has a boiling point of 34◦C. However, it’s worth noting 
that 3M ofers a range of other Novec products with boiling points 

13M Novec 7000 Engineered Fluid 

https://www.3m.com/3M/en_US/p/d/b5005006004/
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ranging from 49◦C to 128◦C 2, which can also be used. Furthermore, 
the thermal pump requires a very small amount of LBL, typically 
less than 2 mL, which is sealed in the bladder for cyclic use and 
isolated from the atmosphere. Therefore, some fammable LBLs such 
as 1,2-Butadiene (boiling point 10.9◦C) and acetaldehyde (boiling 
point 20.8◦C) may also be used but need to be handled carefully 
during flling. 

3.1.2 Moisture Pump. A moisture pump can utilize dry-wet cycles 
to compress air. The structure of a moisture pump is shown in Fig. 
5.a, b. The pump consists of a porous lid that allows water to enter 
and evaporate. The body of the moisture pump is the same as that 
of the thermal pump. However, a thin elastic silicone membrane 
(Ecofex 00-30) is clamped in the middle instead of a sealing ring. Of-
the-shelf water beads are placed between the lid and the membrane. 
Its diameter can increase from ∼ 6 mm to ∼ 40 mm after swelling. 
When the pump gets wet, the water beads swell and push the air 
out from the outlet (Fig. 5.c2). Conversely, when the pump dries 
out, the water beads deswell, and the pump reflls with air through 
the inlet (Fig. 5.c1).
3.1.3 Kinetic Pump. A kinetic pump can use mechanical energy 
such as wind power or hydro energy to compress air. The structure 
of two types of kinetic pump is shown in Fig. 6.a. It has an identical 
body to the moisture pump and uses the same membrane. However, 
the lid of the kinetic pump has integrated mechanisms that are 
powered by either the wind or fowing water. These mechanisms 
convert the rotational motion of the windwheel (Fig. 6.b) or wa-
terwheel (Fig. 6.c) to linear reciprocating motion of the piston. As 
the slider moves down, it presses the membrane and pushes the 
compressed air out through the outlet (Fig. 6.d1). Conversely, when 
the slider moves up, the membrane is pulled up, and the pump 
reflls with air through the inlet (Fig. 6.d2). 

3.1.4 Performance Evaluation and Comparison of Pumps. The pump 
performance evaluation results are presented in Fig. 7. 

Thermal pump. The thermal pump had a low boiling liquid (LBL, 
Novec 7000) in the bladder and was equipped with a single port 
60 mm × 60 mm square thermoplastic airbag to its outlet. The air 
pressure at the airbag port was monitored throughout the exper-
iments (Fig. 7.a). To initiate the test, the thermal pump was kept 
at 20◦C and placed upside down to enhance the heat conductivity 
of the bottom copper plate. For each testing cycle, the pump was 
placed at 40◦C for 90 s and then back to a 20◦ for another 90 s. 
This cycle was repeated until the pressure reached its plateau (Fig. 
7.c). Moreover, we also conducted an experiment more refective 
of natural environmental temperature fuctuations, where each 
24-hour cycle incorporated a gradual temperature shift: 0h/20°C -
12h/40°C - 24h/20°C. Air pressure was documented at the end of 
each cycle. The general trend of pressure change was similar to 
that observed in Fig. 7.c, with the primary distinction being that 
the pressure peaked at 20 kPa during the 8th or 9th cycle in three 
repeat experiments, which took more cycles than the 180s cycle 
experiment. This can be attributed to the small, slow leak in the 
system. 

As shown in the frst row of Figure 7.b, the reference average 
pumping rate (Ref. R, ∼ 0.24 mL/s) and the reference pumping 
volume each cycle (Ref. V, ∼ 22 mL) were determined based on the 
2Novec Engineered Fluid comparison 

Figure 6: The kinetic pumps: a) The exploded view of the 
structure. The d2 is smaller than d1 to reduce the pressing 
distance of the slider, as the wood rod of the waterwheel is 
observed to have higher friction with the acrylic stand. b). 
The kinetic pump is powered by wind to generate compressed 
air. c). The kinetic pump is powered by a waterfall to generate 
compressed air. d), The piston is pushing the membrane down 
(d1) and pulling the membrane up (d2) periodically, pumping 
air to the target airbag. 

frst cycle at a temperature shift from 20 to 40◦C before the pressure 
of the airbag was built up. To understand how the performance of 
the thermal pump changes with temperature ranges, as the Figure 
7.c insert shows, the maximum pressure (Max. P) under diferent 
temperature fuctuation ranges was measured. While we observed 
that the Max. P for each pump remains relatively constant during 
repeated experiments under the same conditions, the number of 
cycles before reaching the maximum pressure may vary a little. 
This variability may be attributed to minor fuctuations in external 
factors such as wind or water fow, humidity level, etc. 

Moisture pump. The experimental setup for the moisture pump 
was similar to that of the thermal pump, with the main diference 

https://multimedia.3m.com/mws/media/1091997O/3m-novec-engineered-fluids-for-heat-transfer-line-card.pdf
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Figure 7: The performance evaluation results of the energy harvesting pumps. a). The air pressure measure setup, taking 
the moisture pump as an example. b). Summary table of the results. Sample size is 3 for each test. c-f). The time-pressure 
relationship of the thermal pump under the 90s-20◦C-90s-40◦C cycle (c), the moisture pump under the 12 h-wet-12 h-dry cycle 
(d), the kinetic pump under a ∼ 7m/s wind (e), the kinetic pump under a 15 cm high, 15 mm thick, 100 mL/s water fow. 

being that the moisture pump was kept wet for 12 h at room tem- Kinetic pump. The kinetic pumps tested in this study both fea-
perature and then transferred to a 40 ◦C drying box for 12 h. This tured a single port 100 mm ×100 mm square thermoplastic airbag 
cycle was repeated until the water beads could no longer withstand connected to their outlet. Fig. 7.e and f present the test results for 
the pressure and showed visible cracks. The Ref. R and Ref. V were the wind kinetic pump under moderate wind conditions (∼ 7m/s) 
determined based on the frst wet-dry cycle (Fig. 7.b, d). and the water fow kinetic pump under a water fow with a height 

of 15 cm, a fow rate of ∼ 100mL/s, and a diameter of ∼ 15 mm. The 
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Ref. R and Ref. V reported in Figure 7.b were determined on the 
same conditions with the frst several cycles before the pressure 
of the airbag built up. In addition, the maximum pressures were 
also measured for diferent wind speeds and waterfall heights (see 
inserts in Fig.7.e and f) . 

In summary, the thermal pump and moisture pump are capable 
of generating higher compressed air pressure of ∼ 20 kPa or more 
under appropriate conditions, while the kinetic pump can reach 
a pressure of ∼ 5 kPa. This limitation primarily arises from the 
deformation of the thin membrane edge of the kinetic pump, which 
tends to deform upwards when subjected to high pressures. In 
addition, according to Ref. R, kinetic pumps have the largest average 
pumping rates (Ref. R) among all pumps tested. The pumping rate 
of the thermal pump is mainly limited by the speed of ambient 
temperature fuctuation, while the moisture pump is limited by the 
speed of (de)hydration of the water beads in real-world applications. 

3.2 Stimuli Responsive Valves for Energy 
Utilization 

The valves utilized in this system primarily rely on the tube kinking 
and/or the bistable membrane phenomenon for their operation. 
Tube kinking occurs when a fexible tube is bent or compressed 
to a certain extent, causing it to fold or collapse in on itself and 
obstruct the fow path [43]. The bistable semi-spherical membrane 
is a structure capable of existing in two stable equilibrium states [6]. 
Changes in air pressure between the two sides of the membrane can 
force it to transition between states, and its geometric parameters 
can be tuned to adjust the threshold pressure [33, 77]. 

By combining these two mechanisms, Rothemund et. al proposed 
a pressure-diference-operated bistable valve [68], which has since 
been utilized in the development of many pneumatic soft robot 
technologies [61, 62, 65]. 

Pushing it further, we developed reconfgurable valves triggered 
by various environmental factors. Diferent lid, body, (bistable) 

Figure 8: Demonstrating the tube-kinking phenomenon. The 
tube will kink and block the air fow when it is forced to fold 
(a to b). 

membrane and working medium designs can be combined for var-
ious environmental factors, making the system more adaptable, 
versatile, and autonomous. The tubes are positioned horizontally 
and enhanced with exoskeletons, which allows for easier pressing 
and kinking (Fig. 8). These developments not only improve the 
functionality of the Sustainfatable system but also pave the way 
for more innovative applications in various conditions. 

3.2.1 Bursting Valve. A bursting valve is designed to respond to 
changes in air pressure and either open or close accordingly. The 
bursting valve’s structure is illustrated in Fig. 9.a, b and consists 
of a 3D printed body with male thread, a 3D printed hollow lid 
with female thread, a casted bistable membrane (Mold Star 30), and 
two rubber tubes accompanied with 3d printed exoskeletons and a 
u-connector. The body has a pair of inlet/outlet ports, and a third 
control port. The control port and the inlet can either share the 
same or diferent air source. 

The bistable membrane enabled valve operates when the air 
pressure at the control port exceeds a certain threshold, causing 
the bistable membrane to snap upward and un-kink the tubes (Fig. 
9.c). This results in the bi-bursting valve remaining open unless 
there is negative pressure in the control channel or external force 
applied to the membrane. A monostable membrane may be used to 
let the valve reset and close automatically when air pressure drops. 

3.2.2 Thermal Valve. A thermal valve can respond to changes in 
ambient temperature. There are two types of thermal valves: nor-
mally closed (NC) and normally open (NO). The thermal valve also 
utilizes LBL as the working medium, similar to the thermal pump 
introduced earlier. By modifying the LBL material, the thermal 
valve can achieve various temperature thresholds. The NC thermal 
valve will open once the temperature goes beyond the threshold, 

Figure 9: The bursting valve: a). The exploded view of the 
structure. b). The side view and top view. c). The valve remains 
closed when the air pressure is below the threshold (c1), and 
bursts to open when the air pressure is above the threshold 
(c2). The control port and the inlet are sharing the same air 
source in this fgure. 
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while the NO thermal valve works in the opposite way. Both NC 
and NO thermal valves are reversible. 

The structure of the thermal valves is shown in Fig. 10.a - d. 
Compared to the bursting valve, the NC thermal valve has a window 
on the body with a heat sink mounted, and the third port acts as a 
liquid flling port for LBL. When the LBL turns into gas due to a rise 
in temperature, the internal pressure will increase and force the 
membrane to deform upward, gradually unkinking the tubes and 
opening the valve (Fig. 10.e2). Then, when the LBL cools down and 
turns back into liquid, the negative internal pressure will pull the 
membrane back and kink the tubes (Fig. 10.e1). In the NC thermal 
valve, the flling port is sealed, creating an enclosed space with a 
very limited volume, which weakens the bistable performance of 
the membrane. However, the bistable behavior is not necessary for 
the NC thermal valve’s operation. The valve will open/close before 
the membrane completely snaps through/back. 

As for the NO thermal valve, it features a small copper-plate-
embedded lid for efcient heat conduction, and a top center port 

Figure 10: The thermal valves: a,b). The exploded view of the 
structure. c,d). The side view and top view. e). The normally 
closed thermal valve will open when the temperature is above 
the threshold. f). The normally open thermal valve will close 
when the temperature is above the threshold 

for flling LBL. The balance port on the valve body is left open to 
maintain a constant atmospheric internal pressure. The membrane 
is mainly made of a low shore hardness silicone material (Ecofex 
00-30), which tends to wrinkle during lid screwing, causing air leaks. 
To reinforce the edge, a relatively rigid silicon ring (Mold Star 30) 
is casted and glued (using Sil-poxy) with the membrane. As the 
LBL turns into gas, the membrane infates and kinks the tubes (Fig. 
10.f2)., and when the LBL cools down and turns back into liquid, 
the membrane defates, and the tubes automatically unkink (Fig. 
10.f1). 

Both types of thermal valves have a slightly taller body than the 
bursting valve to avoid interference between the bistable membrane 
and the heat sink in the NC thermal valve, and to ensure the tubes 
are completely unkinked in the NO thermal valve. Additionally, 
the NC thermal valve body has a padding slope on the bottom to 
ensure its tubes can be fully kinked when triggered. 

3.2.3 Moisture Valve. A moisture valve can be triggered by the 
dry-wet cycle. Its structure is similar to that of a NO thermal valve 
and is illustrated in Fig. 11.a, b. However, instead of a copper plate 
embedded in the lid, a porous acrylic is used. The working medium 
in this valve are water beads, which will swell when wetted, pushing 
down the membrane to kink the tubes (Fig. 11.c1-c4). When the 
water beads dry out, they will deswell, allowing the membrane 
to recover and the tubes will unkink by themselves. For the same 
reason as the NO thermal valve, the moisture valve also has a 
relatively taller body. 

Figure 11: The moisture valve: a). The exploded view of the 
structure. b). The side view and top view. c). The valve gradu-
ally closes when it gets wet. 
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Figure 12: The performance evaluation results of the energy utilization valves. a). Summary table of the results. b). The 
geometry (top) and the experiment setup (bottom) of the bursting valve. c). The test results of bursting valves with diferent 
bistable membranes. The abrupt variations in air pressure during pressurization/depressurization are attributed to the bistable 
membrane’s rapid snap up/down movement. 

Figure 13: a). The relation of “volume of compressed air pumped in” and pressure of the sample rigid, low elastic, and highly 
elastic storage. b). The dimension of the tested samples, and the comparison of them before and after being infated. 
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3.2.4 Performance Evaluation and Comparison of Valves. The re-
sponse time of the valves was primarily evaluated and the minimum 
response time magnitude and example response time under specifc 
conditions are summarized in Figure 12.a. 

The bursting valve is capable of reacting within deciseconds once 
the air pressure threshold is reached due to the bistable membrane. 
While there are many factors that can infuence the threshold pres-
sure [33, 68, 77], we primarily adjust the membrane thickness � and 
central angle � to achieve diferential thresholds (Figure 12.b). The 
threshold pressure and response curves are depicted in Figure 12.c. 
The rapid and distinct transitions in air pressure observed during 
both pressurization and depressurization processes are attributed 
to the swift snap up and snap down movements of the bistable 
membrane. These movements dictate the response speed of the 
bursting valve. 

Although the NC thermal valve uses a � = 2 mm, � = 75◦C bistable 
membrane, it doesn’t rely on the abrupt bistable phenomenon to 
operate. As to the NO thermal valve and moisture valve, they both 
feature a thin non-bistable membrane. Although the thermal valve 
responded within minutes and the moisture valve took hours to 

respond under our test conditions, their response times in real-
world applications will depend on ambient conditions, such as the 
speed of temperature fuctuations for thermal valves and moisture 
fuctuations for moisture valves. Also, the threshold temperature 
of the thermal valve is mainly decided by the LBL types. 

3.3 Storages for Energy Accumulation 
Storage units made of diferent materials will exhibit diferent vol-
ume and pressure characteristics. The testing results of a rigid 
acrylic cylinder storage (ID 10 mm, L 50 mm), a square low elas-
ticity thermal plastic storage (50 mm x 50 mm, 10 mm x 50 mm 
after folding), and a rectangular high elasticity rubber storage (10 
mm x 50 mm) are plotted in Fig. 13.a. It is evident that the rigid 
storage is suitable for use cases where rapidly building up pressure 
is a priority, but only a limited volume of compressed air can be 
efciently accumulated. On the other hand, highly elastic storage 
is ideal for applications requiring a high volume of compressed air, 
but its pressure builds up slowly. A low elastic storage is a more 
balanced choice for both metrics. 

Figure 14: Design tool interface. a). The GUI that allows users to input design confgurations. b). Visualization and simulation 
based on the design confguration selected in (a). c-e). Other visualization examples based on alternative design confgurations. 
For all previews shown in (b-e), the volume changing of the components is visualized by three-dimensional models; the internal 
pressure changes of the pump and storage are demonstrated through the varying transparency of the red fll; the open or 
closed state of the valves is signaled by their transition between translucent and solid appearances. In (b-e), we also provide the 
corresponding diagrams at the bottom to visualize input stimuli and data output along the temporal dimension. 
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4 DESIGN TOOL 
We developed a design tool to guide users through the design and 
fabrication process of Sustainfatable system. The design tool en-
ables the users to explore diferent confgurations and structures 
of the system with a simple GUI. It also provides a preview of the 
system’s working procedure reacting to the environment changes, 
which will helps users better understand and iterate the function 
of the designed system. Lastly, the tool can export corresponding 
model and material list to facilitate prototyping of the system. We 
developed the design tool on Rhino 7 Grasshopper platform. We 
introduced the user workfow and implementation in the following 
sections. 

4.1 User workfow 
The overall user workfow of the design tool are introduced in the 
following four steps. 

4.1.1 Step 1. Design a Sustainflatable system. First, the user designs 
a Sustainfatable system by confguring a few pneumatic compo-
nents based on a template. In this version, we pre-defned a template 
with four elements connected in series: a pump, valve1, storage, and 
valve2, which covers most of the system design we have explored 
and also maintains a relatively simple structure (Fig. 14.b-e). For 
each component, users can confgure basic type and most of the 
related functional parameters (Fig. 14.a). Specifcally for the valve, 
we provides two orientations (Bridged and isolated orientations in 
Fig. 14.b) to extend the design space of the system structure. The 
user can get a real-time structure diagram in three-dimensional 
preview window in the design tool. 

4.1.2 Step 2. Configure the environmental cycle inputs. Next, the 
user confgures the environmental condition with a series of cycles. 
Here, a cycle refers to a shortest period of environmental change 
that may lead to a periodic working processes of the system, which 
contains a round-change of temperature and a constant moisture 
and wind condition. (For example, a day with a lower temperature 
at early morning and midnight, a higher temperature at noon, and 
a relative constant rain and wind condition may constitute a cycle.) 
Users can carefully design the condition of each cycle in the design 
tool (Fig. 14.a). 

4.1.3 Step 3. Generate preview results. Then, the user hits the ’Up-
date Preview’ button, slides the timeline to watch the preview of 
the system’s working procedure corresponding to the cycles of the 
environmental conditions from step 2. The design tool provides 
previews of a few status parameters, e.g., the pressure and the 
pumping volume of the pump, the pressure and the air amount of 
the storage, and the states of the valves. The changing process of 
the parameters, as well as and their logical correlation with the 
environmental conditions, preview the primary functionality of 
the system design (Fig. 14.b-e), which are expected to provide an 
intuitive understanding for the users before their actual applica-
tion. Users can go back to step 2 to iterate the system design if the 
previewed function is not satisfying. 

4.1.4 Step 4. Export the components list. Upon completing the de-
sign of the Sustainfatable system, the user can click on the "Export 
model and material list" button. Subsequently, the design tool will 

provide relevant instruction manual detailing the material lists, 
fabrication methods and assembly process of the utilized compo-
nents. These instructions can also be found in the supplementary 
materials provided. 

4.2 Implementation 
The implementation of the computational model for the design tool 
follows the main workfow in Fig. 15a. Here, we frst interpreted 
the inputs of environment cycles from the users into a group of 
environmental factor functions {�� (�)}, which describes the chang-
ing process of the environment factors in the algorithm, including 
temperature � (�), moisture �� (� ), and wind speed �wind (�) in this 
version. Next, based on our analytical pump models, we transformed 
the above {�� (�)} into a unifed actuated pressure function �� (� ), 
served as a pneumatic pressure input applied on the pump in the 
system by the environment factors. Then, we solved a group of 
system status parameters {�� (�� )} as the output preview results at 
time �� , which describe the status of each component in the system 
with a few variables defned in Fig. 15.b. This procedure works 
on an iterative algorithm to simulate the pneumatic quasi-static 
process of the gas, which solves each {�� (�� )} based on previous 
system status parameters {�� (��−1)}, current environmental fac-
tors �� (�), and current actuated pressure �� (�� ). We detailed the 
above workfow in the following three parts: 

4.2.1 Analytical models for the pump, storage, and valve. We used 
analytical models to quantify the relationship of critical physical 
parameters for each type of components, embedding the models in 
the algorithm as computational models for the system. 

Figure 15: Design tool implementation. a). The main work-
fow of the computational model of the design tool. b). Def-
nition of the system status parameters used in the computa-
tional model. 
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Table 1: Empirical parameters in the design tool 

Value Reference 

�∗ Formula techanical data sheet of LBL (e.g. Novec 7000)LBL 
�∗ 128.3 kPa measurement in Fig. 7.b plus �atm (101.3kPa)moi 
�∗ 7.7 × 10−2 linear regression (� 2 = 0.95) according to Fig 7.ewin 
� ∗ 56.5 mL pump mechanical designpum 

� ∗ 22/29/20 mL measurement in Fig. 7.bpum 

� ∗ Customized storage design or measurementsstg 
�∗ (rigid) 0.58 linear regression (� 2 = 0.998) according to Fig. 13.a 

�∗ (low elastic) 0.52 linear regression (� 2 = 0.999) according to Fig. 13.a 
�∗ 167.3 kPa estimation according to Fig. 13.a plus �atmels 

The pump model is used to solve the actuated pressure �� of each 
type of the pump according to the corresponding environmental 
factor. Given by Equ. 1-3, �� for thermal pump is assumed to be the 
saturated vapor pressure �∗ 

LBL (� ) of the LBL under temperature 
� when larger than �atm, for moisture pump, is assumed to be the 
maximal pressure �∗ 

moi of the water beads applied to the pump, and 
for kinetic pump, to be �atm plus an additional pressure, which is 
proportional to the square of the wind speed �wind according to 
Bernoulli’s law with an empirical coefcient �∗ 

win. In our pneumatic 
system, �� serves as either the pressure input applied to the pumps 
by the environment, or the upper limit of the pressure the pump is 
able to build in the system, which can be estimated by the maximum 
pressure measured in section 3.1.4 for the pump. 

�� = max {�atm, � ∗ (Thermal) (1)LBL (� )} 
�� = � ∗ (Moisture) (2)moi 

�� = �atm + � ∗ 
wind (Kinetic) (3)win�
2 

The pump model is also used to solve the status parameters for 
the pump, given �� above. Here to simplify the model, we ignored 
the temperature fuctuation inside the pump. When �� > �atm, 
the pump is pressurized and tends to maintain a maximal inner 
pressure �pum under a few physical constraints given by Equ. 4-5, 
where � ∗ 

pum denotes the inherent volume of the pump, Cpum is the 
isothermal product of air pressure and volume depending on the 
amount of the air inside the pump, and � ∗ 

pum denotes the maximal 
pumping volume. When �� ≤ �atm, we assumed that the pump 
immediately breath in air from outside and return to initial state The soft storage is assumed to follow an isobaric process before

reaching � ∗ w stg , and follo an isochoric process as the rigid storage 
after, given by Equ. 7. The elastic storage performs a more complex 
expansion process in the experiments according to Fig. 13.c, which 
is simplifed as an isobaric process holding an empirical stable
pressure �∗ , only when �� is larger than �∗ , given by Equ. 8.els els

�� 
�stg = �stg

∗ �atm    = � ¯∗ � air (Rigid) (6)
�stg � stg  �atm, ∗(�̄air  < �stg)  

�stg = �  w Elastic¯ ¯ (Lo )∗ atm ∗  (7)� � , (� ≥ � ) � ∗ air air 
stg stg(  

 
 �atm, (� < ∗

�  � = 0els ∨ �̄ ) air 
�stg = Highly¯ (  Elastic)  (8)

�∗ , (� ∧ � 
� ≥ �∗ air >  0) els els

(�pum = �atm, �pum = 0). 

max �pum (4) 
�pum    

�pum × (� ∗ 
pum − �pum) = Cpum 

0 ≤ �pum ≤ � ∗ (5) s.t. pum 
�atm < �pum ≤ �� 

The storage model is used to solve the status parameters for three 
kinds of storage. The rigid storage is assumed to follow an isochoric 
process when working. Based on the Ideal Gas Law, we used Equ. 6 
to solve the storage pressure �stg given the volume of inside air at 
standard atmospheric pressure ¯ �air, where � ∗ 

stg denotes the inherent 
volume of the storage and �∗ is a correction factor to compensate 
for the measurement error and slightly elastic expansion of � ∗ 

stg. 
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The operational states of the thermal and moisture valves are 
determined according to the simple binary environmental con-
dition. The bursting valve is assumed to follows the hysteretic 
characteristic[68], which uses two critical pressure thresholds at 
open and closed states respectively. 

All variables marked with an asterisk (*) may vary empirically 
depending on the customization of the situation, such as the choice 
of materials, mechanical design, and so forth. The values of these 
variables as implemented in our design tool are provided in Table 
1. These values can also be modifed directly within the program. 
For clarity, we would like to note that all pressure-related variables 
in our implementation use absolute pressure for computation. 

4.2.2 Interpretation of environment cycles. The design tool inter-
prets the environment cycles input from the users to a group of 
environmental factor functions {�� (�)} for further actuated pressure 
function �� (�) computation. As shown in Fig. 15a, the temperature 
in one cycle is assumed to change linearly and then produces a 
continuous pressure changes of �� according to Equ. 1 The mois-
ture and the wind speed are assumed to keep constant in one cycle, 
producing a constant �� according to Equ. 2-3. While, between 
two cycles, the moisture change is interpreted as a linear changing 

process of �� , and the wind speed change is interpreted as an oscil-
lating process of �� until the inside pressure reaches a stable value, 
which imitates the pumping process actuated by the rotation of the 
windwheel. 

4.2.3 Iterative algorithm of pneumatic quasi-static process simula-
tion. We used an iterative Algorithm 1 to solve the system status 
{�� (�� )} given every environmental factors {�� (�� )} and actuated 
pressures �� (�� ). At each time step �� , the program repeatedly 
runs algorithm until the system status remains stable based on the 
quasi-static process assumption. 

5 APPLICATION EXAMPLES 
The Sustainfatable system is designed to be versatile and adaptable, 
making it suitable for deployment in various settings, whether 
indoors or outdoors. It is also autonomous, meaning that it does 
not require constant human intervention or monitoring. In this 
section, we present several examples of how the system can be 
used in a backyard garden context (Fig. 16). These concepts serve to 
illustrate the potential of our technique and inspire HCI researchers 
and designers to develop even more innovative and sophisticated 
applications in a wide range of scenarios. 

Figure 16: Overview of application examples. a). Automatic seeds ejection under the right time and conditions. b). Subsequent 
self-feedback irrigation and bird baths fll. c). Appropriately timed fertilization when the seedlings are strong enough. d). 
Self-regulating plant insulation for fowering and fruiting period. 
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5.1 Automatic Seeds Ejection under Suitable 
Conditions 

Some plants have evolved unique and efective seed dispersal mech-
anisms. For example, when squirting cucumber’s fruit is ripe, any 
slight touch or disturbance can cause it to burst open, ejecting the 
seeds inside with a forceful squirt This mechanism is an adapta-
tion that allows the plant to disperse its seeds over a wider area, 
increasing the likelihood of successful germination and growth. 

Inspired by natural phenomena, we have developed an automatic 
seed dispersal system, illustrated in Fig. 17.a and 14.b. Compared 
to the design shown in Figure 14.b, the current design has omitted 
valve 1, which was used to limit the maximum air pressure and 
prevent damage to the water beads. Additionally, a rigid storage 
has been adopted in this demonstration to allow for faster pressure 
accumulation. 

Imagine a garden in a temperate continental climate zone, where 
winters are cold and dry but springs are characterized by frequent 
rain. In the system, a moisture pump will compress air towards 
the storage unit when spring starts, accumulating pressure (Fig. 
17.b1). The successive thermal valve ensures that compressed air is 
only released to the bursting valve when it is warm enough (Fig. 
17.b2). Once the necessary pressure has been accumulated and the 
temperature is favorable, the bursting valve ejects the seeds with 
an initial velocity of approximately ∼ 4m/s (Fig. 17.c). The bursting 
valve features a customized body and a customized membrane [33] 
that enables faster snap-through speed. Additionally, a small shelter 

structure may be added to the bursting valve to make it rainproof. 
Multiple bursting valves can be connected in parallel to disperse 
more seeds. 

5.2 Self-feedback Irrigation and Bird Baths Fill 
Timely irrigation plays a crucial role in successful seed germination. 
By watering the soil at the right time, we can provide sufcient 
moisture for the seeds to absorb and start growing. Moreover, plac-
ing bird nests, bee houses, and bird baths in the garden can attract 
pollinators and predators of pests [60][54]. By creating a welcom-
ing environment for these benefcial creatures, we are promoting a 
healthy and sustainable ecosystem in the garden. 

As shown in Fig. 18, the rainwater collector is controlled by a 
bursting valve which will open simultaneously with the seeding 
dispersal (Fig. 18.b1 to b2). This will enable rainwater to fow into 
the irrigation and birdbath fll system (Fig. 18.d1, c1). Successive 
moisture valves will halt the irrigation and refll processes once the 
soil is sufciently moist and the birdbath is full (Fig. 18.d2, c2), and 

Figure 17: Automatic Seeds Ejection Under Suitable Condi-
tions. a). The system overview. b1) The moisture pumps begin 
to operate when it becomes rainy. b2) The thermal pump grad-
ually opens when the weather is warm. c) Seeds are dispersed 
when both conditions are met. 

Figure 18: Self-feedback irrigation and bird baths refll. a). 
The system overview. b) The bursting valve opens simultane-
ously with the seeding dispersal and releases the stored rain 
water. c1) The irrigation begins. c2) The irrigation stops when 
the soil is sufciently moist. d1) The bird bath fll begins. d2). 
The fll stops when the bird bath is full. 
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will resume the processes when the soil dries out and the water 
level in the birdbath drops. Due to the relatively slow response time 
of the moisture valves, we have incorporated ceramic porous rods 
to prevent over-irrigation and over-reflling by allowing water to 
seep out gradually. In addition, to prevent contamination of the 
birdbath refll system by the fertilizer which will be added later, a 
check valve is installed in front of the mixing point. 

5.3 Appropriately Timed Fertilization 
Fertilizers can promote plant growth and ensure optimal yields. 
However, the timing of fertilizer application is crucial, and applying 
fertilizer at the wrong time can have negative consequences. For 
instance, applying fertilizer to a newly germinated seedling can 
lead to fertilizer burn, a condition where the fertilizer salts build up 
around the delicate root system of the young plant, causing damage 
or even death [63]. 

The appropriately timed liquid fertilizer distribution system we 
developed is depicted in Fig. 19 and Fig. 14.e. At the same time 
as the seeding dispersal, the bursting valve opens, unblocking the 
inlet of the thermal pump and allowing it to generate compressed 
air based on daily temperature fuctuations (Fig. 19.b1, b2). After a 
specifed number of days, when the seedlings are strong enough, 
the second bursting valve bursts, allowing the compressed air to 
squeeze the liquid fertilizer out and mix it with rainwater before 
being applied to the plants via the irrigation system (Fig. 19.b3). 

Figure 19: Appropriately Timed Fertilization. a). The sys-
tem overview. b1). The bursting valve opens along with the 
seeding dispersal, allowing the subsequent thermal to begin 
operating. b2). Air accumulates daily as temperature fuc-
tuates and the seedlings are growing. b3). The fertilizer is 
squeezed out and added to the irrigation system when the 
seedlings are strong enough. 

To prevent the backfow of the irrigation rainwater, a check valve 
is installed in front of the mixing point. The waiting time before 
distributing the fertilizer can be estimated and optimized using our 
design tool ahead. 

5.4 Self-regulating Plant Insulation 
Wind is an important factor in the growth and survival of plants, 
providing several benefts such as promoting pollination [12], im-
proving transpiration [27], and pest control [59]. However, a cold, 

Figure 20: Self-regulating plant insulation. a). The system 
overview. b1). The windbreaker will not infate during warm 
weather. The high air pressure accumulated inside the pump 
restricts the movement of its thin membrane, which pre-
vents the windmill from turning with the wind. b2). The 
windbreaker will infate and protect the plant during cold 
windy days. 



UIST ’23, October 29–November 01, 2023, San Francisco, CA, USA Lu, et al. 

strong wind in the late fall can have negative efects on plants. The 
low temperatures and high wind speeds can cause excessive wa-
ter loss through transpiration, leading to dehydration and wilting. 
Additionally, the harsh winds can cause delayed ripening or even 
chilling injury to the fruits [45]. 

To harness the advantages of wind while mitigating potential 
hazards, we have implemented a self-regulating insulation system, 
as demonstrated in Fig. 20 and Fig. 14.d. The wind pump can be posi-
tioned to face the prevailing wind direction during autumn. During 
warm weather before the fall, the NO thermal valve closes while 
the NC thermal valve opens. This prevents air from being pumped 
into the infatable windbreaker, enabling the plants to beneft from 
the wind (Fig. 20.b1). When there is cold wind, the NO thermal 
valve opens while the NC thermal valve closes and the wind pump 
will operate, gradually infating the windbreaker and shielding the 
plants from the wind (Fig. 20.b2). If the temperature fuctuates and 
rises above the threshold, the windbreaker can slowly defate. This 
automated process ensures that the windbreaker provides the nec-
essary protection to the plants during inclement weather without 
many human interventions. 

6 DISCUSSION, LIMITATION AND FUTURE 
WORK 

6.1 Beyond Energy Sustainability 
The Sustainfatable system is good at harnessing renewable en-
ergy. Here, we would like to discuss further regarding the material 
sustainability of it form these three aspects: 

Reusing and Recycling materials can reduce waste and decrease 
the need for virgin materials. Our pumps and valves are designed 
with a consistent design language. As a result, they share many 
interchangeable parts that can be reused in reconfgurations, con-
tributing to a more sustainable approach. Additionally, the Sus-
tainfatable components have only a few material compositions, 
making it much simpler to disassemble and recycle compared to an 
electronic energy utilization system. 

Biodegradability. Although not all of the materials used in the 
prototypes of our system are biodegradable – mainly due to the 
need of rapid iteration – our system can potentially be fabricated 
with biodegradable materials. The rigid components may be 3D-
printed with biodegradable polymers, such as polyvinyl alcohol 
(PVA) that can be easily dissolved [3], or polylactic acid (PLA) that 
is also biodegradable [5]. The silicone membranes may be replaced 
by bio-based synthetic elastomers for various shore hardness [78]. 
We envision our system can be produced with biodegradable com-
ponents to further contribute to a sustainable future. 

Material Safety. Our Sustainfatable components primarily con-
sist of commonly used polymers, elastomers, hydrogels, and wood, 
which are considered non-toxic or have limited toxicity compared 
to substances like heavy metals in electronic devices or even many 
common household chemicals. The only relatively unique mate-
rial is the LBL inside the thermal pump and valve, among which 
the Novec LBLs are generally considered to have low toxicity and 
has been adopted in designing thermal-pneumatic actuators and 
interfaces by many researchers [22, 39, 50, 52, 53, 69]. To achieve 
functional thermal pump and valve at a lower threshold, we also 

proposed using other LBLs like acetaldehyde 3 and 1,2-Butadiene 
4 5, which have no known critical hazards at low amounts when 
handled properly according to the SDS. Acetaldehyde is a natural 
substance found in many foods, such as cofee, bread, and ripe 
fruit, and is produced by plants [83]. Furthermore, the amount of 
LBL required for the pump and valve is minimal, and it is confned 
within the pump or valve. Nevertheless, we are looking forward 
to the development of new LBL or low temperature-responsive 
materials to further extend the working temperature range while 
maintaining even higher standard material safety. 

6.2 Long-Term Operating Performance 
Pressure Maintenance. For application scenarios spanning extensive 
time frames, maintaining the airtightness of the system is crucial 
for efcient energy collection and accumulation. In general, pumps, 
valves, and rigid storage units can provide satisfactory airtightness 
when properly assembled, with a typical air pressure loss of ∼ 0.3 
kPa per day. However, storage units with low elasticity may experi-
ence a higher pressure loss over time. As an example, we studied a 
50 mm x 50 mm square airbag crafted from 1 mm thick TPU flm. 
The pressure drop over 24 hours fuctuated between 0-0.8 kPa as 
the internal pressure escalated from 0-20 kPa (in 5 kPa increments). 
This variability could clarify why the 24-hour cycle thermal pump 
experiment took longer to build pressure compared to the 180 s 
cycle experiment. Regarding highly elastic storage, the pressure 
remains relatively stable during the plateau period as shown in 
Fig. 13.a. However, air loss can still occur due to the permeable 
nature of rubber. Based on our tests, an infated 100 mL rubber 
latex balloon may lose ∼ 15 mL of air per day. This air loss can be 
signifcantly reduced to 2-5 mL per day when manually coated with 
HiFloat6, depending on the quality of the coating. In conclusion, 
when selecting low or high elastic storage materials, those with 
lower permeability coefcients are preferred. If such materials are 
not available, post-processing methods may be employed to reduce 
the permeability. 

Pump durability. As the components that cycle most frequently, 
all the pumps generally display robust iterative performance. Ki-
netic Pump: We conducted a test in which the piston cycled up 
and down ∼ 15 times per minute. After 12 hours, encompassing 
over 10,000 cycles, the pump remained functional. Moisture Pump: 
The water beads employed in the moisture pump can be used re-
peatedly; we’ve successfully utilized some for more than 50 cycles. 
However, these beads soften and may crush under high air pres-
sure when swelled, which defnes the moisture pump’s maximum 
pressure. For optimal pump performance, crushed beads should be 
replaced. In many scenarios, such as when connected to a bursting 
valve, the moisture pump doesn’t reach its maximum pressure, thus 
preventing bead crushing. Thermal Pump: We have observed that 
the LBL bladder might not be able to fully reversible even at low 
temperatures after long-term use (∼ 4 weeks or more), which can 
diminish the thermal pump’s performance. While this situation may 
not occur frequently, if the performance is signifcantly impaired, 
the LBL bladder can be drained and reflled. 
3Acetaldehyde safety data sheet 
41,2-Butadiene safety data sheet 1 
51,2-Butadiene safety data sheet 2 
6HiFloat Coating 

https://www.sigmaaldrich.com/US/en/sds/sial/402788
https://www.sigmaaldrich.com/US/en/sds/aldrich/743704
https://www.siad.com/safety/material-safety-data-sheet?p_p_id=com_liferay_sheet_portlet_SecuritySheetPortlet_INSTANCE_T7lbJDQJQNxs&p_p_lifecycle=2&p_p_state=normal&p_p_mode=view&p_p_cacheability=cacheLevelPage&_com_liferay_sheet_portlet_SecuritySheetPortlet_INSTANCE_T7lbJDQJQNxs_filename=00012_LIQ_EN.pdf&_com_liferay_sheet_portlet_SecuritySheetPortlet_INSTANCE_T7lbJDQJQNxs_initial=B
https://www.hi-float.com
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6.3 Design Tool Optimization 
The current design tool provides users with the ability to explore 
diferent system designs and understand system functions through 
a preliminary simulation and preview. However, there is room for 
improvement. 

Since some of the analytical models in the design tool integrate 
coefcients and other constants derived from our empirical experi-
mental data, the comprehensiveness and accuracy of the physical 
experiments can afect the accuracy of the preview. To increase the 
accuracy of the preview function, we suggest two improvements 
for future study. Firstly, more experimental data can be collected 
under diferent controlled conditions, such as varying tempera-
ture, moisture, and wind conditions, as well as long-term natural 
environmental conditions. This will allow us to further improve 
the performance of the analytical models. Secondly, variations in 
size, mechanical design, and choices of environmentally responsive 
materials can be considered, experimented with, and embedded in 
the computational models in the design tool. Lastly, we can include 
the waterfall kinetic pump in the design tool to provide users with 
more options for their designs. 

Additionally, to make the tool more applicable to various sce-
narios, we can consider extending the algorithmic functionality. 
Currently, the tool implements the most representative templates 
of the Sustainfatable system structure. In the future, more combi-
natorial confgurations of the components could be included, such 
as connecting more components in series or parallel. These addi-
tions would expand the design possibilities, provide previews of 
functions with more complicated logic, and allow a better under-
standing of more complex system design. Moreover, modeling the 
system to elucidate the underlying physics can also further increase 
accuracy and universality, and enable optimization to maximize 
energy-harnessing performance [74]. 

6.4 Broader Adaptability, Broader Impact 
To push the Sustainfatable system even more versatile, we can 
explore more mechanisms to harness other forms of renewable 
energy. For instance, the kinetic pump can be modifed with a lever 
structure to collect tidal and wave energy [11, 17], and a small 
compost pile can be integrated to the thermal pump to harvest 
energy from microbial decomposition [8, 30]. Similarly, we can 
develop new mechanisms to leverage these new energy sources as 
the environmental stimuli to trigger the valve as well. 

Additionally, we can further expand the potential impact of the 
Sustainfatable system by persistently exploring its applications in 
both outdoor and indoor environments. The system’s electronic-
free and waterproof design, coupled with its ability to operate 
autonomously, make it an ideal solution for various in wild applica-
tions. To achieve this, we could work towards a more integrated and 
compact design while utilizing more aforementioned biodegradable 
and environment-friendly materials. In the future, we may envision 
deploying these systems in wild to aid in aforestation, environ-
ment monitoring, and wildlife shelter distribution, among other 
applications. 

Furthermore, there are numerous forms of ambient energy re-
lated to human activities that we can harness. For instance, we 
might design a wearable system that harvests wind energy produced 

during running to power the deformation of pneumatic clothing, 
thereby aiding in temperature regulation and heat dissipation. Al-
ternatively, we could develop a humidity control system for homes 
or greenhouses that is powered and controlled by moisture levels. 
Another possibility is to deploy a temperature regulation system 
for home kitchens or chemical storage facilities in factories, which 
is powered and controlled by temperature fuctuations. In summary, 
the continued development and exploration of renewable energy 
sources, coupled with innovative indoor and outdoor applications of 
the Sustainfatable system, can pave the way for new and inventive 
approaches to implementing sustainable technology. 

7 CONCLUSION 
In conclusion, the Sustainfatable system ofers a sustainable so-
lution to power and control pneumatic interfaces. The system’s 
ability to harvest renewable energy sources, convert the energy 
into compressed air, and store it for later use in a programmable 
and intelligent way, make it a cost-efective, energy-efcient and 
environmentally friendly alternative to traditional electric pumps 
and valves. The system’s electronic-free design, incorporating cus-
tomized energy harvesting pumps, storage units with variable 
volume-pressure characteristics, and tailored valves that operate 
autonomously, demonstrates its ability to signifcantly improve the 
sustainability of pneumatic interfaces. 
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